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Plants holds secrets...

By Sam Bruun-Lund



“I know of no pleasure deeper than that which comes from
contemplating the natural world and trying to understand it.”
— David Attenborough

Preface

The work accumulated in this thesis is the result of my PhD research,
supervised and reinforced by professor and curator Nina Rensted, at the
Natural History Museum of Denmark (NHM), University of Copenhagen.
The thesis is comprised of an introduction followed by five main chapters
that forms the core of the PhD research conducted. Following the main
chapters, a series of appendices is included, presenting some of the
additional output produced during my PhD. The appendices are not the
main body of work, but represent an opportunity to use my knowledge
and expertise on other groups of plants too through collaborations and
co-supervision of students. Other studies during my PhD years that have
not been included in this thesis, but will eventually lead to additional
publications, are: ‘Origin of Aloe vera L. using plastid genomic data’
(Grace et al., in prep.), and Sanger sequencing-based studies on
‘Phylogeny and biogeography of snowdrops (Galanthus L.)" (Bruun-Lund et
al., in prep.), 'Phylogeny of South African geophytes (Amaryllidaceae)’
(David et al., in prep.), and ‘Resolving species concepts in Andean
Elaeagia Wedd. (Rubiaceae) (Maldonado et al., in prep.)’. These studies

are not included, as they are in too early of a stage.

| have had a curiosity about plants and nature ever since | can remember —
which has led to taking over my parent’s garden and making the lawn into
many different biomes/flowerbeds. | also made my room into a forest —
starting with succulent plants, then moving into carnivorous plants and

later a mix of odd and peculiar plants — at one point in time, you could



count as many as 100 different plants in my room! This interest naturally
led to a bachelor and master’s degree in biology. Most master-courses
were taken at NABIS (Nordic academy of Biodiversity and Systematic
Studies) a joint network of Universities in Scandinavia focusing on

systematics and related tools.

In 2012 Cruaud, Rensted and co-authors published a monumental paper
on figs and their pollinators from a molecular perspective: An extreme
case of plant-insect codiversification: figs and fig-pollinating wasps
(Cruaud, Rensted et al. Syst. Biol. 2012). However, the origin and evolution
of the fig-wasp mutualism was still not resolved with satisfaction despite
the huge effort. This is where | first met the figs! I've never thought that |
would come to have such an enormous love of figs or trees. Trees were
always something ‘a bit boring’ to me, compared to other plants such as
carnivorous or medicinal plants. Yet, when | started to learn about the figs,
the mutualism with their wasp pollinators, and the huge diversity with
more than 800 species as well as almost any trait, | could not stop thinking
about how cool and interesting they actually were. Besides many
unanswered questions about the biology and evolution of figs, the study in
Systematic Biology, left out many exciting fig species. Likewise, lack of
resolution and sufficient support in the analysis lead to equivocal
inferences of the origin and evolution of figs. So, several questions and
much more work was left to do on figs! Luckily for me. This was the start of
an amazing journey into the exciting world of figs and the many, many
layers of interactions and adaptations that have led to their global success.
The amazing thing about figs, is that they are usable for so much.
In addition to all the exciting research described in this thesis and the work
of many others, figs are also an ideal group of plants for communication
and engagement, because most people will actually know at least one fig
species (and probably have several as ornamental houseplants at home
too). What most do not know, is how much more diversity exists — and
how extreme their biology is. Consequently, | have also used my study
group for so much more than research, which was made possible by being



based at a Natural History Museum that engage with the public on a

regular basis.

Finding a place as NHM and Nina Rensted’s group where | could share the
interest and enthusiasm for plants and nature has been absolutely
amazing. | find it extremely important to share research with the general
public and engage people in natural science to make it less mysterious
and more trustworthy, exiting and worthwhile spending time and funding
on. It is especially important for the younger generation to see that
scientists are not only dusty photos of Charles Darwin or Albert Einstein.
Scientists can also be you and me, or anybody else. Luckily, my mission
aligns perfectly with the mission for NHM: “To empower citizens to
connect with nature”.

| have therefore engaged as much as possible in a diversity of
communication activities as well as in working groups focusing on creating
new visions and strategic plans for visitor experiences in the Botanical
Garden collections and the new Natural History Museum to be built in the

coming years.

One of the best places for communication activities has been the Botanical
Garden and palm houses where students, and the public, can engage with
the figs on their own, or, together with me. | have developed content for
guided tours in the Botanical Garden, where botanical research at NHM
was in focus and importantly, conveyed research in a way that the general
public can relate to, instead of focusing on the otherwise difficult and
technical aspects. Furthermore, seeing the great potential in the Botanical
Garden, and knowing it as well as the back of my hand, | have participated
in creating and building up a stronger social media presence at the NHM
and Botanical Garden'’s profiles with exciting and shocking stories from the
plant- and research world (@botaniskhavekbh
@statensnaturhistoriskemuseum and associated facebook pages).

| have likewise participated in activities outside the museum and
garden, such as ‘Naturvidenskabsfestivallen’ several times, where high-



schools invite scientists to their schools to give talks about their research,
methods, fieldwork and findings. | for example presented chapter IV with
emphasis on murderous strangler figs, and how humanlike this lifeform can
be, in an attempt to captivate students’ interest in evolution and botany
early on in the education system. | also used the strangler figs in video

communication for social media (https://vimeo.com/248171446).

| have also been able to contribute to the museum'’s scientific collections
on several occasions. | had the pleasure of conducting fieldwork in
Australia in the Summer of 2017 together with Nina. Here we sampled
Ficus species for chapter V in the several habitats and biomes, such as
rainforests and the arid outcrops. Thus, having to travel great distances to
find the many specimens. We followed the tracks that many great fig
scientists have walked, using their references and GPS coordinates. It was
a privilege to go back and re-find Ficus species that have not been
sampled, since they were described many years ago!

In 2017, we acquired 20 selected Ficus species from The
Arboretum and Botanical Garden, Milde (University of Bergen) from the
personal collection of the great fig taxonomist Cornelius C. Berg, who
passed away in 2012. The adoption of this collection was made into a
press release, several social media posts and signs in the Botanical
Garden. The gardeners and | worked together to organize the fig species
according to their phylogenetic clades and geographical distribution when

possible. See appendix IV for press release.

Another great part of the environment at NHM and the University of
Copenhagen is teaching responsibilities. The place to encourage the next
generation of scientists and producers of knowledge. We need to pass on,
how enjoyable it can be in academia. If only | could count how many times
| was told that “there’s no possible way to get a carrier or take courses in
botany in Copenhagen any more"” — until | meet Nina and her can-do
attitude — and look where | am, ready to defend my PhD thesis in botany!
Teachers that can encourage you to keep going and study in a specific



area, are highly important. Therefore, | have found so much satisfaction in
teaching university courses and help develop a curriculum that can make
students see, how many approaches there can be to botany — and that it is
exciting and possible to do botany! The joy of recognizing a plant in
nature is big, but then also knowing that it is deadly, or perhaps have been
used for treatment of illnesses though centuries, makes you remember
that species even more. | think, botany becomes a more attractive subject
to study and build a career in, by linking the basic curriculum with all the
exciting botanical stories and applications. Courses where | have been
involved in teaching include forensic botany (Msc), plant ecophysiology
(Bsc), and plant-animal interactions (Msc). | have also participated in the
training of the Danish delegation for The International Biology Olympiad
in botany a couple of years. Teaching taxonomy, plant ID, phylogenetics,
plant anatomy and physiology is even more rewarding as these subjects
are often not well-covered in the traditional high-school curriculum.

Near the end of my PhD | was invited to present my latest research results
at The Science Gala, the annual culmination of the museums popular Wine
and Science talks in the historical banquet hall of the University of
Copenhagen. This had been a goal of mine for a long time, and finally
being able to do this was a great privilege and experience; giving the
newly produced knowledge back to the citizens.

Sam Bruun-Lund, March 2019



“Standing on the shoulders of Giants"
— Isaac Newton, 1675

Acknowledgements

If | was asked the question: “would you do it all over again?” | would
without hesitation say yes! | have found so much joy in the work and
development of new knowledge in the field of evolution and botany. |
have enjoyed all the different aspects, from developing the ideas, to the
challenges with new methodologies and bioinformatics analysis, and
interpretation and communication of the results, all being so much more
enjoyable because | could work on figs. Likewise, | have developed a lot
through the years. I've learned to use my strengths and personality, even
ones that | did not see as strengths at first. This is all due to the fact that |
found Nina at an early state in my scientific career, and at that time, her
small group at the NHM. Nina you have been my advisor, officially, but
you have been so much more that that! It became very apparent from the
first few emails we shared — the energy and lack of patience in both of us,
and that we both could use this energy to achieve things was the start of
something amazing. | will hope we can continue our collaborative work
and friendship for many more years. Thank you for the continuous support,
help, guidance, mentorship, opportunities etc. etc. Thank you so much for
everything — so far! To my co-supervisors, Wendy Clement, Finn Kjellberg
and Tom Gilbert, thanks for being there with specialist advice and general
interest and support in my work.

| want to thank the past and present members of the Rensted
group. Especially | would like to thank the past members from when |
joined the group, for welcoming me with open arms, and the great times
spent together working and laughing - the first insight into a research

environment is so important! The present members for the great support



and collaborations. In particular | would like to thank Haris Saslis-
Lagoudakis, Mette Wenge, Olwen M. Grace & Brecht Verstraete. Also big
thanks to the present members: Natalie Iwanycki Ahlstrand, Louise Isager
Ahl (#instaoffice), Stephen Garrett, Chris Barnes, Nataly Allasi Canales and
Kia Dahl Sgrensen. Equally, a big thanks to Charlotte Hansen for being
one of my first tutors of the basic lab-work — | know | can always come to
you, if | need advice in the lab. Thank you all! | also want to thank the
EvoGenomics sections past and present people and especially the
inspiration from Tom Gilbert and his genomic work and the many people |
have got some sort of input and help from: Sama, Fatima, Stine, Liz as well
as Mike. Mike is now at NTNU where | spent an exciting research visit
learning from him and Vanessa, thanks. The gardeners of the Botanical
Garden should also have a big thanks for inspirational chats, and helping
me to retain the “real” living plants and the joys that follows being around
them. Likewise, the people at the rest of NHM, especially in the ‘public
outreach department’ for letting me be part of your important and fun
work. Thank you! And finally, but not least, all the people who provided
me with plant material or helped me with fieldwork as detailed in the

papers.

In the world outside of DNA, botany, biology and science | also have a lot
of people | want to say a big thank to. My martial art community. Being
part of this, have made me the person | am today too. | have learned that
no obstacle is too big and a ‘yes | can’ attitude will get you a long way on
its own. Thank you! | want to thank two people that | do not have contact
to any more, unfortunately. My biology teacher in high-school
(gymnasium) Annli Jeerger Rasmussen, who saw the ‘talent’ in me for the
natural sciences, similarly, the spark of joy biology gave me, and guided
me to pursue my education in biology at KU. Also, my Grandmother,
Annlise Lund who | believe has been one of the greatest inspirations for
my general interest in botany and plants. The number of hours | have
spent in the Botanical Garden, various parks and in her own garden are
enormous and irreplaceable. Thank you!



Thank you to my second family, my friends, who have managed to
follow me on the side-line for all these years: Magnus, Zandra, Marianne,
Alexander, Anne Sofie, Mette and Silvia. Thank you, Marius, for everything
along the last, heavy part of the PhD - and for helping me remined myself
that sometimes | ‘just got to sit still and enjoy the moment’. Also thank
you for being so extremely understanding of my craziness and enduring
ups and downs in this last few months.

To my parents Ole and Karin Bruun-Lund who have shaped me
from birth and given me the best possible conditions for succeeding in life
at all levels. The amount of support, love and help from you two is without
a doubt one of the only reasons | have been able to do what | have done
in my life, so far. Having you whenever | needed you and could not cope
with work, life or so, has been absolutely irreplaceable. Thank you!!!

Finally, a warm thank you to the committee members taking their
time to read through my work and for the funding bodies: Independent
Research Fund Denmark and Carlsberg Foundation.



English summary

Figs (Ficus spp. L.) constitute one of the largest angiosperm lineages with
~800 species distributed in tropical and sub-tropical regions all over the
world. Figs may be mostly known for their obligate mutualism with their
pollinating fig-wasps (Agaonidae, Chalcidoidea, Hymenoptera). The two
linages have codiversified for the last 75 million years. Additionally, figs
present a diversity of habits and habitat usage and are considered
keystone species in rainforests due to abundant fruit set. Our
understanding of the evolutionary history of figs is based on the milestone
monographs of Corner and Berg, primarily based on morphology.
Meanwhile, the advent of DNA sequencing has unravelled conflicting
relationships and questioned all our understanding of the evolution and
diversification of figs. However, decades of Sanger sequencing have not
provided a comprehensive phylogenetic hypothesis needed to re-test
standing hypotheses about the origin and specificity of the mutualism, nor
why the figs have been successful in adapting to many environments. In
this PhD project, the figs have entered the era of high-throughput
sequencing (HTS) plus undergone investigations to why there are so many
fig species and the diversification patterns facilitating their diversity.

In chapter |, an updated classification is presented with the current
largest dataset available with more than 300 species of figs. This proposed
new working classification of major lineages and groups is reflecting their
evolutionary relationships. However, many relationships between clades
are still hindered by lack of resolution in the DNA data. In chapter I,
diversification and biogeography in Neotropical figs was investigated.
Most diversity is recent, happening within the last 16 million years and
diversification during unstable climatic periods seem to have shaped the
current diversity. The hemi-epiphytic habit, together with small
propagules, seem to lower extinction rates in Neotropical figs. In chapter

lll, the diversification dynamics of the entire genus was explored. The



success and diversity of figs appear to be the product of slow, steady
diversification rates with low extinction. No significant bursts of
diversification were detected. We hypothesize the success of the genus to
be affiliated with hemi-epiphytism, allowing occupation of new niches —
and being monoecious with active pollination ensuring reproductive
success. In chapter IV, figs entered the era of HTS and the first plastid
genome of Ficus religiosa L. was assembled and annotated. Near
complete plastid genomes (plastomes) of 65 taxa were used to gain a first
ever insight into the evolutionary history of the plastome in fig
phylogenetics. We found that cyto-nuclear discordance was present in the
genus, possibly as a result of host-shifts and ancient plastome
introgression. Thus, chapter V utilizes HTS and targeted sequence capture
to focus on nuclear loci for reconstruction the phylogenetic hypothesis. A
set of probes that can be used in the entire genus was developed and
assessed; our probes can confidently resolve relationships of major
lineages. The probes were used on a preliminary taxon set of an
Australasian clade of figs and show efficiency to resolve closely related
species. The final dataset will be used to test for biomes shifts and linked

traits, between wet and dry regions.



Dansk resumé

Figner (Ficus spp. L.) er en af de sterste sleegter af deekfroede planter med
~800 arter fordelt over hele verden i tropiske og subtropiske omrader.
Figner er mest kendt for deres obligate mutualisme med deres bestavende
figen-hvepse (Agaonidae, Chalcidoidea, Hymenoptera). De to
udviklingslinjer har co-diversificeret igennem de sidste 75 millioner ar.
Dertil har figneme en stor morfologisk forskellighed, bade i vaekstform og
habitat brug. Derudover er de en keystone art i regnskove, da de seetter
frugt aret rundt. Vores forstaelse af fignernes evolutionshistorie er baseret
pa en milepael af monografer fra Corner og Berg, primeert baseret pa
morfologi. Nyere DNA-sekventering har afslaret systematiske konflikter og
sat spergsmalstegn ved hele vores forstaelse af fignernes evolutionen og
diversifikationen. Imidlertid har et arti af Sanger sekventering ikke kunne
bidrage med en velunderbygget fylogenetisk hypotese, som er ngdvendig
for at teste nuveerende hypoteser omkring oprindelse og specificitet af
mutualismen — samt hvorfor figner har vaeret sa succesfulde i deres
tilpasning til forskellige miljger. | denne Ph.d.-athandling bringes fignerne
ind i en ny eera af high-throughput sekventering (HTS) samtidig med at
hypoteser for fignernes succes og diversifikationsmenstre undersgges.

| kapitel | preesenteres en opdateret klassifikation baseret pa det til
dato starste dataseet med mere end 300 figenarter, saledes at
klassifikationen af de sterste udviklingslinjer og grupper af figner reflekterer
deres evolutionzere historie. Dog er mange af relationerne mellem klader
stadigveek udfordret af manglende information i forhandenvaerende DNA-
data. | kapitel Il undersgges diversifikation og biogeografi for neotropiske
figner. Det meste af diversiteten er udviklet indenfor de sidste 16 millioner
ar, derudover ser det ud til at diversifikationen af figner i klimatisk ustabile
perioder ogsa har veeret med til at forme den nuveerende mangfoldighed.
Den hemi-epifytiske form, sammen med sma spredningslegemer, ser ud til
at have saenket raten for at uddg i neotropiske figner. | kapitel IlI
undersgges diversifikations-dynamikker for hele figen-sleegten. Succes og
diversiteten af figner ser ud til at skyldes en langsom og konstant
diversifikations-rate, med meget lidt uddgen. Vores hypotese for succesen
er dels tilknyttet hemi-epifytisme, som tillader etablering af nye nicher - og
delsveaerende enbo og med aktivt bestavende hvepse, som sikrer



reproduktion. | kapitel IV ledes fignerne ind i HTS-aeraen og det farste
plastide genom (plastom) af Ficus religiosa L. blev samlet og annoteret.
Naesten komplette plastomer for 65 taxa blev brugt til at skabe det
allerferste forste indblik i evolutionshistorien for plastomer i arbejdet med
fignernes fylogeni. Cyto-nukleare uoverensstemmelser i figensleegten, kan
muligvis skyldes veert-skifte og forhistorisk plastom introgression. | kapitel
V anvendes HTS-metoden targeted sequence capture til at fokusere pa
kerne-loci til rekonstruktionen af en fylogenetisk hypotese. Et seet af prober
der kan anvendes pa hele slegten blev udviklet og testet og kan med
statistisk sikkerhed afklare forholdene mellem de starste udviklingslinjer
hos figner. Proberne blev anvendt pa en Australasian klade af figner som et
casestudie, og viste effektivitet at kunne afklare forholdet mellem
neertbesleegtede arter. Det endelige dataseet vil blive brugt til at teste for
biom-skift mellem vade og terre miljger, samt associerede veekstformer og
morfologiske karakterer.
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Introduction

Plant diversification in the tree of life

Take a walk during summer in the Botanical Garden and
Palm Houses at the Natural History Museum of Denmark — you
will find yourself surrounded by flowering plants in full bloom.
This situation is not just found in a Botanical Garden even though
the overall species diversity might be higher, most natural
terrestrial ecosystems will be like the Botanical Garden,
dominated by flowering plants. The flowering plants, or
angiosperms, are an extremely diverse group consisting of
~304.000 named species. An estimated additional 156.000 still
remain unnamed (Pimm and Raven, 2017) and all these species
originated from 146-100 million years ago (Mya) up till now,
more recently than any other clade of vascular plants (Davies et
al., 2004; Silvestro et al., 2015).

Flowering plant diversity is astonishing (Figure 1). From
the size of tiny plants such as the duckweed, Wolffia globose
(Roxb.) Hartog & Plas — to the largest trees up to 100 meters
high as the giant sequoias, Sequoiadendron giganteum (Lindl.)
J.Buchh., and the world’s largest flowers on Rafflesia arnoldii
R.Br.

20



Figure 1 | Flowering plant diverity. Wolffia globose (top left), Sequoiadendron
giganteum (top right), Rafflesia arnoldii (bottom). See page 50 for photo credits.

When you enter to the Victorian inspired Palm House of
the Botanical Gardens you will encounter a magnificent collection
of figs (genus Ficus L., Moraceae). You will face a small peak view
of the heterogeneity of habit, morphology and habitats the

genus Ficus presents. The genus includes habits as shrubs, root-
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climbers, hemi-epiphytes, rheophytes, lithophytes and banyan
trees — a wide array of fig shape and color, and morphology. See

Figure 2 and cover of this thesis (Berg and Corner, 2005).

With at least 800 named species in tropical and subtropical areas
across the globe, Ficus account for more than half of the species
diversity of the mulberry family, Moraceae (ca. 1,100 species;
Clement and Weiblen, 2009). This diversity is remarkably high
even comparing Ficus to the rest of the angiosperms where as
few as 57 genera together contain more than 500 species each
and these genera account for most of the diversity of
angiosperms (Frodin, 2004). Ficus are not only diverse, but also
play an important part in the ecosystems providing edible figs
throughout the year making Ficus key-stone species in rainforests
(Harrison et al., 2012)

The unifying character for members of the genus Ficus is
the distinctive inverted inflorescence (syconium — Figure 3),
which is the site of an obligate mutualism with pollinating fig
wasps (Figure 3) of the Hymenopteran family Agaonidae (Cook
and Rasplus, 2003). Generally, each species of fig is only
pollinated by its own species of pollinating wasp, although
reports of multiple pollinators are common. Figs are pollinated
only by female wasps, which lay their eggs exclusively through
the style of the ovary where wasp larvae feed on some of the

seed’s endosperm (Kjellberg et al., 2001; Jousselin et al., 2004).
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Figure 2 | Diversity of the genus Ficus. A wide diversity in habit, roots,
leaves, colors and syconium are seen in the many species of Ficus. Species: Ficus
drupacea Thunberg, Ficus pleurocarpa F. Muell., Ficus watkinsiana F.M. Bailey, Ficus
sycomorus L., Ficus benghalensis L., Ficus minahassae Miq., Ficus dammaropsis Diels,

Ficus punctata Thunb. See page 50 for photo credits.
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The extreme mutualism has gained much attention by scientists
through time because of its high specificity and many trophic
layers of interactions (Cook and Rasplus, 2003). In addition to the
pollinating wasps, different lineages of parasitic wasps raise their
own offspring either on Ficus endosperm or other wasps
(Kjellberg and Proffit, 2016).

Figure 3 | The syconium. The inverted, urn-shaped
inflorescence, which is a unifying character for Ficus. Here
Ficus ottonifolia Mig. syconium from the Botanical Garden at
NHM Denmark.

Why so species rich and ecologically successful?

Like the devotion the origin and evolution of the mutualism
between Ficus and their pollinators have received, the origin and
subsequent diversification of angiosperms has received high
attention and puzzled evolutionary biologists as an “unsolvable
mystery”. In Charles Darwin’s letters to J.D. Hooker in 1879 he
famously referred to the origin of angiosperms as “an
abominable mystery” (Darwin, 1872; Davies et al., 2004; Crepet
and Niklas, 2009). “Darwin’s abominable mystery” generally

highlight a problem of origin and timing — from what and where
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did the angiosperms evolve? However, Darwin was also
perplexed about the subsequent diversification of angiosperms,
which lead to his famous sentence: “why are the angiosperms so
species rich and ecologically successful?”, sometimes referred to
as Darwin’s “second abominable mystery” (Darwin 1871, 1903,
Crepet and Niklas, 2009).

In the fossil record there is a point in time in Early to mid-
Cretaceous about 125-80 Mya where the angiosperms abruptly
began to appear in vast numbers (e.g. Wang et al., 2016).
Molecular phylogenetics and dating have shown a similar history
and there is evidence of early rapid radiations and many lineages
date back to early cretaceous (146-100 Mya). Thus, all major
lineages go back to a similar point in time (Soltis et al., 2008;
Vamosi et al., 2018; Coiro et al., 2019). Bursts of diversification
for other organisms correspond to the rise of angiosperm-
dominated forests where several organismal clades also
diversified: ferns, ants, herbivores beetles, amphibians, primates
and phytophagous insects (Mitter et al., 1988; Wilf et al., 2000;
Schneider et al., 2004; Moreau et al., 2006; Wilkinson et al.,
2007; Gémez and Verdu, 2012; lkeda et al., 2012).

Through time, many studies have tried to elucidate the
origin of the sudden bursts of diversification focusing on many
different aspects such as genomics, phylogenetic inference and
paleobotany (Soltis et al., 2008; Chamala et al., 2013). However,
what Darwin did not know was that angiosperms represent not
just one but multiple deep-level radiations (Soltis et al., 2008). A
major unresolved question in angiosperm evolution is what the
underlying causes of the subsequent diversification of flowering

plants are?
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During the cretaceous (145-66 Mya) the Earth did not look
like the Earth we know today. The climate was much warmer with
a high humidity and the level of CO, was much higher as a result
of volcanic activity. Accordingly, flowering plants originated and
evolved in a much different world than what we see today.
Additionally, the break-up of landmasses led to habitat
fragmentation and divergence. The most severe change on Earth
happened around the Cretaceous-Paleogene or K-P boundary
some 66 million years ago when a massive asteroid impact
happened affecting the environment. Light was suddenly limited
and earth became cooler. Many flowering plants and animals
went extinct. Particular linages survived and continued to evolve
during the Cenozoic (from 66 Mya), including the rosids which
now account for more than one fourth of all angiosperms (Wang
et al., 2009). After the major angiosperm lineages had originated
and started to diversify, the crown group of Ficus also originated
around 75 Mya, with a possibility to be even older (Cruaud et al.,
2012; Zhang et al., 2018).

Many justifications have been given to explain the
diversification ability of the angiosperms, such as the rise of new
niches due to the changing of landscapes and environments,
plus, the possibility for interactions with simultaneously
diversifying insects (Soltis et al., 2008; Wang et al., 2009). Could
the presence of all these opportunities have contributed to the

diversity we see today?
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Rainforest diversification as clues

When studying diversity, it is a great start to look for clues in
diversity patterns of rainforests as they are containing most of
the biodiversity in terrestrial ecosystems on the planet (Gentry,
1992). The warmer climate in past time show similarities to our
present day rainforests (Couvreur et al., 2011a). However,
rainforest diversity is not well understood and it has variously
been attributed to be a ‘'museum of diversity’, showing constant
diversification rates along with low extinction rates leading to a
gradual accumulation of lineages in response to a long-lasting
and stable tropical ecosystem (Stebbins, 1974; Wallace, 1878),
or a ‘cradle of diversity’, referring to an increase in diversification
rates towards the present with rapid radiations in response to
climatic, tectonic or biotic changes (Richardson et al., 2001;
Pennington et al., 2015). In line with Couvreur et al. (2011b) who
suggested a mixed model of steady processes and mixed
diversification, Koenen et al. (2015) proposed a concept of highly
dynamic diversification processes across ecosystems that are
linked to environmental changes (Xing et al., 2014). Explaining
the diverse assemblage of species that inhabit the rainforest
remains one of the challenges to understand how and which
factors contributes to the diversity we see in the present day of
angiosperms. To increase our knowledge of speciation
processes, potential key innovations, and biogeographical
patterns, the use of molecular phylogenetic hypotheses of
species-rich plant genera can aid in the understanding of these

patterns (Chapters II-llI).
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Ficus L. - evolutionary history and puzzles

Over the past 20 years, there have been important
advancements in our understanding of the evolutionary history of
figs (Herre et al., 1996; Weiblen, 2000; Jousselin et al., 2003;
Ransted et al., 2005, 2008a; Xu et al., 2011; Cruaud et al., 2012).
This work guides the re-evaluation of the current classification of
figs primarily based on morphology (Berg and Corner, 2005)
which divides Ficus into six subgenera (Ficus, Pharmacosycea,
Sycidium, Sycomorus, Synoecia, and Urostigma) and a number of

sections — see Figure 4 and Chapter | for further information.
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Subgenera Diversity Section
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Figure 4 | Classification of Ficus. The numbers of species per
subgenus is represented as a proportion of total Ficus species
richness. Modified from (Cruaud et al., 2012).

The most recent and comprehensive phylogenetic work on figs
by Cruaud et al. (2012) sampled ~200 species from five rapidly
evolving coding and non-coding nuclear markers (ITS, ETS,
G3pdH, waxy, ncpGS) and did not obtain support for the
monophyly of three of the six subgenera - Ficus, Pharmacosycea,

and Urostigma (Figure 5). Conflict between the morphological
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classification and the phylogenetic results based on DNA
sequences was also reported in previous studies (Jousselin et al.,
2003; Ransted et al., 2005, 2008a). Furthermore, in the same
study by Cruaud et al. (2012) it was found that the pollinators
(genus Tetrapus Mayr), of section Pharmacosycea, was
embedded within the phylogenetic tree of the Agaonidae
(Figure 5). This was unexpected based on previous results
showing Pharmacosycea to be sister to the remainder of Ficus
and the wasps’ pollination biology with affinity exclusively to
section Pharmacosycea. Considering the high degree of
specificity and co-diversification in the fig-wasp mutualism, this
result raises the question of whether Pharmacosycea and
Tetrapus are indeed sisters to the remainder of figs and their
pollinating wasps respectively, or whether we simply have not
resolved the phylogenetic history of the fig-wasp mutualism yet.
These findings further complicate the reevaluation of the

classification and evolutionary history for figs.
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Figure 5 (previous page) | Phylogenetic inference of Ficus and pollination wasps
showing co-diversification. Ficus phylogenetic tree based on 5 nuclear markers and
dated using secondary calibrations and a single fossil. From Cruaud et al. (2012).

Despite a consistent increase in genetic data and species
sampling of Ficus through more than a decade, the current status
of the phylogenetic tree of Ficus does not provide sufficient
resolution or clade support to unambiguously resolve
relationships deep within Ficus, thus leaving the backbone of the
phylogenetic tree uncertain (Figure 5). Lack of a well-supported
and densely sampled phylogenetic hypothesis for Ficus has
hindered progress on key research questions regarding
diversification, biogeography and species interactions (Herre et
al., 2008; Cruaud et al., 2012). Lack of resolution has also
hindered our understanding of the evolution and adaptations of
Ficus within clades. For example, the Australasian Ficus section
Malvanthera (Rgnsted et al., 2008b; Chapter V) contains both
rainforest hemi-epiphytes, lithophytes adapted to drier
environments and transitional species. Again, lack of resolution
obtained by Ransted et al. (2008b) did not allow for testing of a
hypothesis of radiation from rainforest to savanna though

transitional species.

Most previous evolutionary studies of figs have focused on
using rapidly evolving nuclear markers. Chloroplast markers are
commonly employed in plant phylogenetic studies but often lack
variability to confidently resolve relationships at infrageneric
levels, especially within large genera (Rensted et al., 2007b; Roy
et al., 2010). To date, only few studies have employed
chloroplast markers and mostly on a small or taxonomically

narrow sample of Ficus. Herre et al. (1996) produced the first
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published molecular phylogenetic hypotheses of figs including
only 15 species based on trnL-F and rbcL chloroplast markers. In
2009 Renoult and coworkers sampled five non-coding plastid
markers for 38 species of African figs in the section Galoglychia.
They discovered significant conflicts when the plastid
phylogenetic inference they produced was compared to the
phylogenetic inference of Galoglychia produced by Rensted and
coworkers (2007a) based on nuclear ribosomal DNA markers ETS
(nuclear ribosomal external transcribed spacer) and ITS (nuclear
ribosomal internal transcribed spacer). As such, the evolutionary
history of Ficus reconstructed from plastid markers has yet to be
fully explored leading to Chapter IV in this thesis where near-
complete plastid genomes (plastomes) were used to infer a

phylogenetic hypothesis.

The position of section Pharmacosycea as sister to all other Ficus
has also been questioned as introduced above. Prior studies
including an outgroup of other genera in the Moraceae have all
recovered this relationship (Herre et al., 1996; Rensted et al.,
2005, 2008a; Xu et al., 2011; Cruaud et al., 2012), but not with
significant support and it has been suggested that the recovered
placement of section Pharmacosycea may be the result of long-
branch attraction with the outgroup taxa based on lack of
characters in common with the ingroup (Cruaud et al., 2012)
although tests have not been able to confirm this. The
implication of and interest in the placement of Pharmacosycea
come from a long-standing debate about where Ficus originated.
As Pharmacosycea is a Neotropical lineage, intuitive

interpretation based on Pharmacosycea being sister to the
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remainder of Ficus, leads to a hypothesis of a Southern
Gondwanan origin (Machado et al., 2001; Rensted et al., 2005)
rather than a Eurasian origin suggested by ancestral area analysis
(Zerega et al., 2005; Cruaud et al., 2012). Additionally, in the
phylogenetic hypothesis of Agaonidae, Tetrapus, the genus of
pollinators associated with section Pharmacosycea, was
embedded in Agaonidae rather than recovered as sister to all
other agaonids (Cruaud et al., 2012). The mismatch between
Ficus and the Agaonidae phylogenetic topologies contradicts the
theory of strict cospeciation among Ficus and their pollinating
wasps (Machado et al., 2005). The closest relatives of Ficus in the
subtribe Castilleae (Zerega et al., 2005) contain a mixture of
Neotropical and Australasian genera. A better understanding of
the evolutionary history of Ficus seems to be the only way

forward to resolve the debate of the origin of Ficus.

The purpose of this thesis work has therefore been to use both
traditional Sanger sequencing and high through-put sequencing
techniques to help resolve the evolutionary history and
infrageneric classification of Ficus as well as to shed new light on

Darwin's abominable mystery of angiosperm diversification.

Methods, techniques and technology

Many old and profound questions in evolutionary biology can
now be re-addressed with the improvement of molecular
techniques over the last 10-25 years or so (Savolainen and Chase,
2003; Harrison and Kidner, 2011; Soltis et al., 2013). A set of

different molecular techniques from the classical Polymerase
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Chain Reaction (PCR) to innovative high-throughput hybridization
captures techniques have been used in this thesis work. In the
following, a brief overview is provided of the methods applied to

generate data in this thesis.

First Generation Second Generation Third Generation

Sanger Sequencing Massively Parallel Sequencing Single-molecule Sequencing
Primer

5' eI

3 5

Template
P ® ddarp P ddcte
ddeTP @ ddTTP

S arrrmQ 3

—— Mask hairpin
ST o £ ——— sequences
S PP 3
Generate consensus
S o o R sequence
Sy @3 TAC T
- Sequencing by synthesis « Sequencing by synthesis «Single-molecule templates
« High accuracy + Amplified templates are generated « Low accuracy
- Long read lengths during sequencing, reducing the «Long read lengths
- Relatively small amount of requirements for starting material
data generated + High accuracy e.g., Single-Molecule Real-Time (SMRT) —
« Short read lengths Sequencing (Pacific Biosciences),
e.g., ABI capillary sequencer (ABI) MinION (Oxford Nanopore Technologies)

e.g., MiSeq (lllumina), lon Torrent
(Thermo Fisher Scientific)

Figure 6 | Overview of first to third generation technology of
sequencing. Highlighted is examples of platforms and pros/cons of each.
Modified from Ronholm et al. (2016).

For over 40 years, sequencing was performed using the so-called
Sanger sequencing method that requires a single stranded DNA
template and will use modified dideoxynucleoside triphosphates
(ddNTP’s) to terminate the elongation process at different
lengths together covering the entire DNA template.
Subsequently, ddNTP’s labeled with fluorescent dyes can be
detected using chromatographs to decode the template DNA
sequence. Plant molecular systematics has undergone a
revolution over the past decades with the breakthrough of DNA
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sequences to infer evolutionary relationships among species
(Chase et al., 1993; Soltis et al., 1998, 2000, 2011; Ruhfel et al.,
2014). Sanger sequencing is still a tremendously powerful
method widely used for decoding DNA sequences due to its
simplicity and well-known workflow. However, the high-
throughput sequencing (HTS) methods revolutionized the way
sequencing works. Several technologies have been developed in
a very short amount of time and costs have gone down but are
still substantial, hindering their general use in taxonomy and
across larger genera (Delseny et al., 2010; Metzker, 2010). The
continuous aim to reduce costs and time for sequencing while
increasing data output led to the invention of second generation
technology (Figure 6), e.g. lon Torrent’s PGM and the lllumina
MiSeqg/HiSeq platforms, which applies sequencing by synthesis
using reversible terminator technology and thereby reaching a
very high output compared to earlier platforms (Bentley et al.,
2008; Quail et al., 2012). Other so-called long-read sequencing
techniques (Figure 6) like Pacific Biosciences and the Oxford
Nanopore platforms work by reading single molecules rather
than strands, but are still having high error rates making them
primarily useful for complementing the standard lllumina and
other techniques (Bleidorn, 2016).

DNA sequencing methods are constantly under
development trying to find alternative options to make it faster,
more precise, easier and less costly. Tunneling current
sequencing and sequencing by hybridization using microarrays is
under development and an alternative to second and third

generations technologies (Qin et al., 2012; Di Ventra, 2013).
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HTS approaches greatly improves resolution for closely related
species and are particularly valuable for resolving relationships
between species with low genetic variation, and have been found
to outperform previously widely used microsatellite data (Baird et
al., 2008). In addition to direct sequencing techniques, new HTS
based fingerprinting methods such as Genome by Sequencing
(GBS) and Restriction site associated DNA (RADseq) have also
been developed for population level studies (Miller et al., 2007;
Elshire et al., 2011).

Most HTS technologies have a couple of steps that are
universal. They require DNA to be sheared, which can be done
enzymatically or with sonication depending on preference, need
and availability. In the library preparation steps the goal is to
repair the ends of the DNA, plus, ligate adaptors to the double
DNA strands making them sequencing able. After library
preparation the sample can in principle be sequenced using so-
called shotgun sequencing, however, as the names suggests this
is a very unspecific method. Although this principally makes it
possible to sequence the whole genome of any organism in a
single run, this is often neither required nor desired as a lot of
the sequencing capacity is spent on unused data. However, in
the case of Chapter IV, multiple samples where indexed and
pooled into a single lane. The resulting coverage was still high
making it possible to extract further data from each sample

besides the plastome, which could be used to verify the samples.

Differences in copy number and size of nuclear, plastome,
and mitochondrial genomes and factors such as coverage depth
needs, experimental focus, sample number, and cost can make

target enrichment more suitable. The two basic approaches to
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target enrichment is PCR-based ampilification and hybrid capture.
These methods make it possible to focus on specific regions of
interest and increasing depth of coverage of targeted sequences
(Avila-Arcos et al., 2011; Ekblom and Galindo, 2011). Currently
the most widely used method for targeted enrichment is based
on in-solution target enrichment where biotinylated baits are

manufactured on known sequences (see Chapter V).

In this thesis work | have applied Sanger sequencing of PCR
products and products from molecular cloning, together with
different platforms of lllumina sequencing using and further

optimizing different library preparation kits and protocols.

High-throughput sequencing of plants

The low cost of HTS is making it achievable for non-model plants,
but as highlighted by Hirsch and Buell (2013), at least four major
factors hinder the process of obtaining sequence data in a
standardized pipeline: the extent of genome duplication
(segmental, tandem, and whole-genome), the heterozygosity, the
ploidy level, and repetitive sequence composition. Genome
duplication is assumed to be a factor in the evolution and
diversification of plants as it enables the evolution of new gene
functions, rearrangements and is likely driving speciation events.
The origin of angiosperms was probably accompanied by a
genome duplication event indicating that even the ancestral
angiosperm was a polyploid with an assembly of both unique and
ancient genes that survived to play a role in angiosperm biology

and evolution (Unamba et al., 2015). Several other duplication
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events in separate lineages of angiosperms have likewise been
identified (Cui et al., 2006; Soltis and Soltis, 2009).

The consequence of the above for using DNA sequencing
means an extensive phase of trial and error before a working
pipeline can be applied without, or with limited, verification. For
example, even the otherwise routinely used ITS and nearby
regions such as ETS in plants are still criticized for the lack of
knowledge about their conservation mechanism when using
Sanger sequencing, which may lead to multiple copies being
sequenced and compromising interpretation of results (Soltis et
al., 1998; Calonje et al., 2009) as we also explored for ETS in
Chapter I. The explorative phase of HTS of plants is still on-going
— as is the development of pipelines to analyze the data. The go-
to pipelines that work well in the animal Kingdom, with much less
potential genomic variability, does not apply to the plant

kingdom due to the reasons above.

The downstream analysis and inference of evolutionary
history through phylogenetics is often based on the assumption
of dichotomous branching, which is rarely met due to
hybridization, introgression and polyploidy (Lemey et al., 2009).
Therefore, we need more examples and many more attempts to
use the many genomic tools available today. We might continue
to run into issues along the way, but as long as they are pointed
out and considered in the most appropriate way, the promises of
exploring plant genomics in a phylogenetic framework are very

worthwhile.
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Ficus in the high-throughput sequencing era

The huge interest in the evolutionary history of Ficus has resulted
in a plethora of studies using many different approaches (see
Chapter ). Especially PCR and Sanger sequencing have been
applied, but only a few studies have taken the figs into the HTS
era besides the work in this thesis. The latest applied use of
RADseq data (Rasplus et al., 2018) shows the possibility to use
the RADseq in Ficus, however, their findings contradicts many
previous findings with regards to the first divergent lineage and
sister to the rest of Ficus not being section Pharmacosycea (see
Chapter IV for further information). In Chapter IV, plastome data
provides full statistical support for Pharmacosycea as the first

divergent lineage.

The huge phylogenetic work on the global phylogenetic
hypothesis of Ficus produced over the last two decades all
experience lack of resolution in the short internal branches that
should resolve clade relationships (Weiblen, 2000; Jousselin et
al., 2003; Rgnsted et al., 2005, 2008a; Xu et al., 2011; Cruaud et
al., 2012). Even using rapidly evolving markers such as single-
copy coding and non-coding nuclear markers to infer the
evolutionary history has not provided enough resolution of these
short internal branches (Ragnsted et al., 2008a; Cruaud et al.,
2012). This indicates that Ficus have experienced several rapid
diversification events or possibly isolations (e.g. reproductive or
geographical) leading to very little time to accumulate
differences in their genetic makeup, resulting in short branches
separating clades. Moreover, as only few differences have had
time to accumulate in the DNA, the statistical support inferred

using e.g. bootstrap support or posterior probabilities, will be
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low as a consequence of short branches - i.e. little resolution is
observed (Lemey et al., 2009).

In this thesis work, HTS genome skimming techniques were used
to explore the evolution of plastomes across Ficus (Chapter IV)
and a targeted sequence capture approach was developed to
capture genomic information across the genomes and provide a
powerful tool for resolving the evolutionary history of Ficus at

various taxonomic scales (Chapter V).

Targeted sequence capture

Working with phylogenetic inferences the power and scale of
HTS provides the necessary sequencing depth for phylogenetic
analysis and pairing with target capture technology can greatly
increase discovery (Figure 7). Isolating specific genomic loci,
results in enriched pools of target sequences, thus reducing
wasted coverage on regions with little/too much information. By
targeting specific regions or loci, costs can also be reduced
compared to sequencing of whole genomes. In the design of
probes that target specific traits of the (phylogenetic) markers is
very useful in evolutionary biology where clade specific issues,
such as short internal branches, can appear (Grover et al., 2012;

Tennessen et al., 2013).

The development of techniques and pipelines that allow for
processing samples for species that currently lack reference

genomes have advanced evolutionary genomic studies on many
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plants that have not been studied with HTS before. However,
lack of a reference genome complicates downstream analysis and
could potentially result in subsequent phylogenetic inference
achieving low levels of support (Grover et al., 2012; Straub et al.,
2012; Jones and Good, 2015).
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Figure 7 | Schematic overview of sequence capture. Probes/baits bind to
specific sequences, which already are indexed and with adaptors attached.
The retained sequences are PCR amplified, pooled and used for
sequencing. Modified from Soltis et al. (2013)

Bioinformatic pipelines for HTS data

The processing of HTS data present a number of challenges and
advantages. Projects involving HTS approaches result in vast
volumes of DNA sequence data (reads) and require high-
performance computer systems for data processing and storage
— a laptop computer will often have too little power for these
tasks. Additionally, many of the analysis steps are greatly
memory- and CPU-intensive. There has been a huge progression
in bioinformatic programs being published, to match the analysis
associated with data handling (see e.g. Godden et al., 2012). To
discuss the toolbox available for HTS analysis would be a mission
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in itself. However, generally there are certain steps, which are
universal for the analysis; such as quality check (QC) and cleaning
of the data to get past issues from low quality reads and adaptor
leftovers in the reads. Most times mapping to a reference
genome will give information useable in phylogenetics,
sometimes this is not possible and a de novo assembly of for
example the plastome will follow (Figure 8). Subsequently,
phylogenetic inference is deducted (see Chapters IV+V). The
range of possibilities expands impressively depending on data
and goal (Godden et al., 2012; Soltis et al., 2013).

Most programs for analysis of HTS data are Unix/Linux
command-line based, and often require custom scripts to be
developed, manipulated or parse the input and output datafiles.
Thus, the handling of HTS data requires ample bioinformatics
skills, which is mainly attained by trained bioinformaticians.
Without the proper training or assistance, a number of graphical
and web-based interfaces exists that can be applied for the data
processing and analysis of more simple tasks. The graphical
interfaced software available, such as Geneious

(www.geneious.com, Biomatters Limited, New Zealand) are

practical, but flexibility can be missing for some analysis, and
they often require extensive analysis times on a desktop
computer. Several limitations exist, for example, absence of
possibilities to adjust several settings, which would be possible in
command-line based programs. However, using these graphical
based programs, instead of command-line workflows, will make
the barrier of missing skill-sets be easier to overcome in some

cases and allow for a broad application of HTS techniques.
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Figure 8 | General strategy for genome assembly. (A) DNA reads are
assembled into contigs based on overlaps. (B) contigs are linked together
into scaffolds based on paired read information. (C) super-scaffolds are
made from e.g. PCR based information or further information in the DNA
data itself. Modified from Soltis et al. (2013).

Conclusions and perspectives

Ficus and their pollinators offer a unique model system for
comparative biology. Therefore, substantial research into the
system and especially their evolutionary history, will aid the
understanding of mutualisms and diversification patterns on a
larger scale. The mutualism is well studied, which makes the
system perfect for explaining some of the challenging questions

in evolutionary biology on both Ficus and their pollinators.

Ficus have been studied using the traditional Sanger method for
more than a decade and several well supported clades have
been documented with strong support, however their
relationships are still uncertain (Chapter I). It has proven

challenging to infer a robust phylogenetic hypothesis due to
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limitations in the Sanger method, consequently not providing
sufficient resolution in large genera like Ficus. This limits the
interpretation of species relationships, diversification patterns,
codiversification and other studies (Chapter I-1ll). The
phylogenetic hypothesis at genus level has shown issues along
the backbone of the phylogeny due to short, internal branches,
causing low statistical support in e.g. bootstrap percentages.
Using HTS methods (such as plastome data) have shown to be a
powerful tool for resolving the short internal branches with
strong support in the phylogenetic inferences (Chapter IV) and
provides substantial resolution and information in internal

branches of the phylogenetic tree (Chapter IV-V).

The capacity of HTS methods will make it possible to re-
visit the global phylogenetic hypothesis for Ficus and hopefully
resolve the relationships of clades recovered and discussed in
Chapter I. The use of plastome data to resolve clades have
proven to be powerful (Chapter IV), but due to the complicated
evolutionary history of the plastome in Ficus, the plastome data
is not suitable for systematic purposes on a global scale.
Nonetheless, the results of Chapter IV have provided an
important insight into the evolutionary dynamics in past of Ficus
revealing cyto-nuclear discordance with potential ancient
introgression of the plastome. Thus, care should be taken in

using plastid markers for phylogenetic inferences.

The use of targeted sequence capture methods in
Chapter V have proven to be extremely useful in the Australasian
section Malvanthera. The bait set developed for this chapter has
also been applied on global scale (not included in this thesis),

where preliminary analysis has shown similar promising results in
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recovering strongly supported phylogenetic trees with clades
corresponding to known relationships based on morphological
characters, biogeography and pollinators. Hence, the next step
will be to construct a phylogenetic hypothesis for the genus
using targeted sequence capture. Furthermore, we have tested
the method on tissues from historical herbarium specimens with
promising results, making it possible to endeavor in retrieving
DNA from the historically important collections in herbaria. Due
to the huge work undertaken by previous and present day Ficus
taxonomists, many important species of Ficus can be found in
herbaria with trustworthy species identification, which naturally
otherwise constitute a problem in such large and complicated

genera as Ficus.

The application of Ficus research, as mentioned, will make it
possible to dive into questions such as how a strict and well-
functioning mutualism originates, and continues to existent with
vast number of trophic layers, and internal competition between
Ficus and pollinators. Our research has so far shown the need for
seeing Ficus in a large perspective and in principle not as a single
genus (as shortly mentioned above). Ficus have a strong and
important tie to their pollinators. Every assumption should
include their perspective too, to ensure the best possible
conclusions. Furthermore, phylogenetic inference is one thing for
systematics and diversification analysis; when dealing with
classifications of such complicated genera, it is important to
remember classifications must be useful in understanding key
aspects and characters of the taxon in question. Classifications

hereby become a synergistic result, where information from
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morphology, biogeography, pollination biology etc. will be
included. Still, we will never know the true underlying phylogeny,
making it even more essential to evaluate classifications in the

light of all available evidence.

Using an old, pan-tropical genus as Ficus to explain and
understand diversification patterns has also proven to be
beneficial for understanding global patterns, rather than focusing
on local patterns that might not apply elsewhere. However, the
lack of a robust phylogenetic hypothesis is a hindrance for any
applied use (Chapters llI-1ll). Ficus, and especially their hemi-
epiphytic habit, exhibits an extraordinary ability to adapt to
niches that other plants cannot exploit due to the physiological
adaptions of hemi-epiphytes and the ability to ensure high
pollination success. The ability to adapt to new niches is also
seen in other successful pioneer plants that are generally
opportunistic species with low competitive abilities such as
orchids, Piper L. species and Bromeliads (Harrison, 2005;
Silvestro et al., 2014; Frenzke et al., 2016). Additionally, there has
been a shift in our understanding of how plant groups, with high
species numbers, might be accumulating. Previously it was
believed that one specific trait (a key innovation) was responsible
for the success of a group, however, in recent years it has
become apparent that several (key) traits might constitute a
synergistic syndrome (Donoghue, 2005). Thus, the paradigm is
changing — and with an abundance of diverse traits, Ficus
continues to be an extraordinary model system for addressing

questions in evolutionary biology.
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Returning to Darwin’s abdominal mystery, of why some lineages
are more diverse in species numbers and morphology than
others, Ficus have proven useful for casting new light on the
mystery. The right conditions and circumstances have been
present for some Ficus lineages to be evolutionary successful, a
success that does not appear to be related to one key trait.
Moreover, the huge diversification of flowering plants could be
seen as a synergistic result of geological changes/opportunities,
together with new possibilities for niche-growth and exploration
of insects and mammals for pollination and dispersal (Harrison,
2005; Soltis et al., 2008; Cardelu et al., 2012; Wang et al., 2016).
Darwin’s mystery still remains but with a better understanding of

potential explanations from the perspective of Ficus.
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Objectives of the thesis

Present an improved phylogenetic framework for Ficus and
Castilleae using 307 Ficus species and 43 Castilleae species -
the most robust species sampling to date. Using the
phylogenetic tree reconstructed here as a framework to
suggest revisions to the classification of Involucraoideae to
reflect evolutionary relationships (Chapter I)

Investigate diversification dynamics in genus Ficus and drivers
of diversification (Chapters Il & lll).

Apply high-throughput sequencing technology to the
phylogenetic reconstruction of Ficus on global and local scale.
Using both plastid genome sequences (Chapter IV) and
targeted sequence capture (Chapter V) and thereafter assess
the usefulness of these techniques to understand the
evolutionary history of Ficus.
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Photo credits for introduction

Figure 1
Wolffia globose: https://goo.gl/images/hdYUek
Sequoiadendron giganteum: https://goo.gl/images/QCZQFu

Rafflesia arnoldii: https://goo.gl/images/débimS

Figure 2
Ficus pleurocarpa (sample NR772) by Sam Bruun-Lund
F. benghalensis (sample NR767) & F. watkinsiana (NR752) taken by Sam Bruun-Lund.

F. drupaceae:
https://upload.wikimedia.org/wikipedia/commons/a/a4/Ficus_drupacea_%28Mysore_Fig%29_in_Bhon
gir_fort%2C_AP_W_IMG_2955.jpg,

F. Sycomorus:

https://upload.wikimedia.org/wikipedia/commons/4/4f/Ficus_sycomorus_near_Segeneyti_Eritrea.jpg,
F. minahassae: https://alamendah.files.wordpress.com/2011/03/langusei-ficus-minahassae.jpg,
F. dammaropsis: https://davesgarden.com/guides/pf/showimage/149486/#b,

F. punctate: https://floraofsingapore.files.wordpress.com/2011/05/img_3608.jpg

Figure 3

Ficus ottonifolia by Sam Bruun-Lund in the Botanical Garden Natural History Museum DK

50



References

Avila-Arcos, M.C., Cappellini, E., Romero-Navarro, J.A., Wales, N., Moreno-
Mayar, J.V., Rasmussen, M., Fordyce, S.L., Montiel, R., Vielle-Calzada, J.-
P., Willerslev, E., Gilbert, M.T.P., 2011. Application and comparison of
large-scale solution-based DNA capture-enrichment methods on ancient
DNA. Scientific Reports, 1. https://doi.org/10.1038/srep00074

Baird, N.A., Etter, P.D., Atwood, T.S., Currey, M.C., Shiver, A.L., Zachary, A.,
Selker, E.U., Cresko, W.A., Johnson, E.A., 2008. Rapid SNP discovery and
genetic mapping using sequenced RAD Markers 3, 1-7.
https://doi.org/10.1371/journal.pone.0003376

Bentley, D.R., Balasubramanian, S., Swerdlow, H.P., Smith, G.P., Milton, J.,
Brown, C.G., Hall, K.P., Evers, D.J., Barnes, C.L., Helen, R., Boutell, J.M.,
Bryant, J., Carter, R.J., Cheetham, R.K., Cox, A.J., Ellis, D.J., Flatbush,
M.R., Gormley, N.A., Sean, J., Irving, L.J., Karbelashvili, M.S., Kirk, S.M.,
Li, H., Maisinger, K.S., Murray, L.J., Obradovic, B., Ost, T., Michael, L.,
Pratt, M.R., Rasolonjatovo, I.M.J., Reed, M.T., Rigatti, R., Rodighiero, C.,
Ross, M.T., Sabot, A., Sankar, S.V, Schroth, G.P., Smith, M.E., Smith,
V.P., Spiridou, A., Peta, E., Tzonev, S.S., Vermaas, E.H., Walter, K., Wu,
X., Zhang, L., Banerjee, S., Barbour, S.G., Baybayan, P.A., Benoit, V.A.,
Bridgham, A., Brown, R.C., Brown, A.A., Buermann, D.H., Bundu, A.A.,
Cooley, R.N., Crake, N.R., Dada, O.0., Konstantinos, D., 2008. Accurate
whole human genome sequencing using reversible terminator chemistry.
Nature, 456, 53-59. https://doi.org/10.1038/nature07517.Accurate

Berg, C.C., Corner, E.J.H., 2005. Flora Malesiana, Series I. Volume 17 part 2.,
in: Nooteboom, H. (Ed.), Flora Malesiana Series | - Seed Plants Vol. 17
Part 2. Nationaal Herbarium Nederland, Leiden, pp. 1-730.

Bleidorn, C., 2016. Third generation sequencing: Technology and its potential
impact on evolutionary biodiversity research. Systematics and
Biodiversity, 14, 1-8. https://doi.org/10.1080/14772000.2015.1099575

Calonje, M., Martin-Bravo, S., Dobes, C., Gong, W., Jordon-Thaden, I., Kiefer,
C., Kiefer, M., Paule, J., Schmickl, R., Koch, M. a., 2009. Non-coding
nuclear DNA markers in phylogenetic reconstruction. Plant Systematics
and Evolution, 282, 257-280. https://doi.org/10.1007/s00606-008-0031-
1

Cardelu, C.L., Fern, T., Cycle, L., Farrar, R., 2012. Ferns in an angopsperm
world: Cretaceous radiation into the epiphytic niche and diversification
on the forest floor. International Journal of Plant Sciences, 173, 695-710.

51



https://doi.org/10.1086/665974

Chamala, S., Chanderbali, a. S., Der, J.P,, Lan, T., Walts, B., Albert, V. a.,
DePamphilis, C.W., Leebens-Mack, J., Rounsley, S., Schuster, S.C., Wing,
R. a., Xiao, N., Moore, R., Soltis, P.S., Soltis, D.E., Barbazuk, W.B., 2013.
Assembly and validation of the genome of the nonmodel basal
angiosperm Amborella. Science, 342, 1516-1517.
https://doi.org/10.1126/science.1241130

Chase, M.W., Soltis, D.E., Olmstead, R.G., Morgan, D., Les, D.H., Mishler,
B.D., Duvall, MR, Price, R.A., Hills, H.G., Qiu, Y.-L., Kron, K.A., Rettig,
J.H., Conti, E., Palmer, J.D., Manhart, J.R., Sytsma, K.J., Michaels, H.J.,
Kress, W.J., Karol, K.G., Clark, W.D., Hedren, M., Gaut, B.S., Jansen,
R.K., Kim, K.-J., Wimpee, C.F., Smith, J.F., Furnier, G.R., Strauss, S.H.,
Xiang, Q.-Y., Plunkett, G.M., Soltis, P.S., Swensen, S.M., Williams, S.E.,
Gadek, P.A., Quinn, C.J., Eguiarte, L.E., Golenberg, E., Learn Jr., G.H.,
Graham, S.W., Barrett, S.C.H., Dayanandan, S., Albert, V.A., 1993.
Phylogenetics of seed plants: An analysis of nucleotide sequences from
the plastid gene rbcl. Annals of the Missouri Botanical Garden, 80, 528—
580. https://doi.org/10.2307/2399846

Clement, W.L., Weiblen, G.D., 2009. Morphological evolution in the mulberry
family (Moraceae). Systematic Botany, 34, 530-552.
https://doi.org/10.1600/036364409789271155

Coiro, M., Doyle, J.A., Hilton, J., 2019. How deep is the conflict between
molecular and fossil evidence on the age of angiosperms?, New
Phytologist. https://doi.org/10.1111/nph.15708

Cook, J.M., Rasplus, J.Y., 2003. Mutualists with attitude: Coevolving fig wasps
and figs. Trends in Ecology and Evolution, 18, 241-248.
https://doi.org/10.1016/50169-5347(03)00062-4

Couvreur, T.L.P., Forest, F., Baker, W.J., 2011a. Origin and global
diversification patterns of tropical rain forests: Inferences from a
complete genus-level phylogeny of palms. BMC Biology, 9, 44.
https://doi.org/10.1186/1741-7007-9-44

Couvreur, T.L.P., Pirie, M.D., Chatrou, L.W., Saunders, R.M.K., Su, Y.C.F,,
Richardson, J.E., Erkens, R.H.J., 2011b. Early evolutionary history of the
flowering plant family Annonaceae: Steady diversification and
boreotropical geodispersal. Journal of Biogeography, 38, 664-680.
https://doi.org/10.1111/j.1365-2699.2010.02434.x

Crepet, W.L., Niklas, K.J., 2009. Darwin’s second “abominable mystery”: Why

52



are there so many angiosperm species? American Journal of Botany, 96,
366-381. https://doi.org/10.3732/ajb.0800126

Cruaud, A., Ragnsted, N., Chantarasuwan, B., Chou, L.S., Clement, W.L.,
Couloux, A., Cousins, B., Genson, G., Harrison, R.D., Hanson, P.E.,
Hossaert-McKey, M., Jabbour-Zahab, R., Jousselin, E., Kerdelhué, C.,
Kjellberg, F., Lopez-Vaamonde, C., Peebles, J., Peng, Y.-Q., Pereira,
R.A.S., Schramm, T., Ubaidillah, R., van Noort, S., Weiblen, G.D., Yang,
D.-R., Yodpinyanee, A., Libeskind-Hadas, R., Cook, J.M., Rasplus, J.-Y.,
Savolainen, V., 2012. An extreme case of plant-insect codiversification:
Figs and fig-pollinating wasps. Systematic Biology, 61, 1029-47.
https://doi.org/10.1093/sysbio/sys068

Cui, L., Wall, P.K., Leebens-mack, J.H., Lindsay, B.G., Soltis, D.E., Doyle, J.J.,
Soltis, P.S., Carlson, J.E., Arumuganathan, K., Barakat, A., Albert, V.A,,
Ma, H., Claude, W., 2006. Widespread genome duplications throughout
the history of flowering plants 738-749.
https://doi.org/10.1101/gr.4825606.738

Darwin , C. 1871 . On the origin of species by means of natural selection.
Appleton, New York, New York, USA.

Darwin, F.[ed.]. 1903 . More letters of Charles Darwin, a record of his work
in hitherto unpublished letters, vol. 2. John Murray, London, UK.

Davies, T.J., Barraclough, T.G., Chase, M.W., Soltis, P.S., Soltis, D.E.,
Savolainen, V., 2004. Darwin’s abominable mystery: Insights from a
supertree of the angiosperms. Proceedings of the National Academy of
Sciences, 101, 1904-1909. https://doi.org/10.1073/pnas.0308127100

Delseny, M., Han, B., Hsing, Y.l., 2010. High throughput DNA sequencing: The
new sequencing revolution. Plant Science, 179, 407-422.
https://doi.org/10.1016/j.plantsci.2010.07.019

Di Ventra, M., 2013. Fast DNA sequencing by electrical means inches closer.
Nanotechnology, 24, 2-4. https://doi.org/10.1088/0957-
4484/24/34/342501

Donoghue, M.J., 2005. Key innovations, convergence, and success:
Macroevolutionary lessons from plant phylogeny. Paleobiology, 31, 77—
93. https://doi.org/10.1666/0094-8373(2005)031[0077:KICASM]2.0.CO;2

Ekblom, R., Galindo, J., 2011. Applications of next generation sequencing in
molecular ecology of non-model organisms. Heredity, 107, 1-15.
https://doi.org/10.1038/hdy.2010.152

53



Elshire, R.J., Glaubitz, J.C., Sun, Q., Poland, J.A., Kawamoto, K., Buckler, E.S.,
Mitchell, S.E., 2011. A robust, simple genotyping-by-sequencing (GBS)
approach for high diversity species. PLoS ONE, 6, 1-10.
https://doi.org/10.1371/journal.pone.0019379

Frenzke, L., Goetghebeur, P., Neinhuis, C., Samain, M.-S., Wanke, S., 2016.
Evolution of epiphytism and fruit traits act unevenly on the diversification
of the species-rich genus Peperomia (Piperaceae). Frontiers in plant
science, 7, 1145. https://doi.org/10.3389/pls.2016.01145

Frodin, D.G., 2004. History and concepts of big plant genera. Taxon, 53, 753-
776.

Gentry, A.H., 1992. Tropical forest biodiversity: Distributional patterns and
their conservational significance. Nordic Society Oikos, 63, 19-28.

Godden, G.T., Jordon-Thaden, I.E., Chamala, S., Crowl, A. a., Garcia, N.,
Germain-Aubrey, C.C., Heaney, J.M., Latvis, M., Qi, X., Gitzendanner, M.
a., 2012. Making next-generation sequencing work for you: Approaches
and practical considerations for marker development and phylogenetics.
Plant Ecology & Diversity, 5, 427-450.
https://doi.org/10.1080/17550874.2012.745909

Goémez, J.M., Verdl, M., 2012. Mutualism with plants drives primate
diversification. Systematic Biology, 61, 567-577.
https://doi.org/10.1093/sysbio/syr127

Grover, C.E., Salmon, A., Wendel, J.F., 2012. Targeted sequence capture as a
powerful tool for evolutionary analysis. American Journal of Botany, 99,
312-319. https://doi.org/10.3732/ajb.1100323

Harrison, N., Kidner, C., 2011. Next-generation sequencing and systematics.
What can a billion base pairs of DNA sequence data do for you? Taxon,
60, 1552-1566.

Harrison, R.D., 2005. Figs and the diversity of tropical rainforests. BioScience,
55, 1053. https://doi.org/10.1641/0006-
3568(2005)055[1053:FATDOT]2.0.CO;2

Harrison, R.D., Rensted, N., Xu, L., Rasplus, J.-Y., Cruaud, A., 2012. Evolution
of fruit traits in Ficus subgenus Sycomorus (Moraceae): To what extent do

frugivores determine seed dispersal mode? PloS one, 7, e38432.
https://doi.org/10.1371/journal.pone.0038432

Herre, E.A., Machado, C.A., Bermingham, E., Nason, J.D., Windsor, D.M.,
McCafferty, S.S., VanHouten, W., Bachmann, K., 1996. Molecular

54



phylogenies of figs and their pollinator wasps. Journal of Biogeography,
23, 521-530. https://doi.org/10.1111/].1365-2699.1996.tb00014.x

Herre, E.A., Jandér, K.C., Machado, C.A., 2008. Evolutionary ecology of figs
and their associates: recent progress and outstanding puzzles. Annual
Review of Ecology, Evolution, and Systematics, 39, 439-458.
https://doi.org/10.1146/annurev.ecolsys.37.091305.110232

Hirsch, C.N., Buell, C.R., 2013. Tapping the promise of genomics in species
with complex, nonmodel genomes. Annual Review of Plant Biology, 64,
89-110. https://doi.org/10.1146/annurev-arplant-050312-120237

Ikeda, H., Nishikawa, M., Sota, T., 2012. Loss of flight promotes beetle
diversification. Nature Communications, 3.
https://doi.org/10.1038/ncomms 1659

Jones, M.R., Good, J.M., 2015. Targeted capture in evolutionary and
ecological genomics. Molecular Ecology, n/a-n/a.
https://doi.org/10.1111/mec.13304

Jousselin, E., Rasplus, J., Kjellberg, F., 2003. Convergence and coevolution in
a mutualism: Evidence from a molecular phylogeny of Ficus. Evolution,
57, 1255-1269. https://doi.org/10.2307/3448849

Jousselin, E., Kjellberg, F., Herre, E.A., 2004. Flower specialization in a
passively pollinated monoecious fig: A question of style and stigma?
International Journal of Plant Sciences, 165, 587-593.
https://doi.org/10.1086/386558

Kjellberg, F., Jousselin, E., Bronstein, J.L., Patel, A., Yokoyama, J., Rasplus, J.,
2001. Pollination mode in fig wasps: The predictive power of correlated
traits. Proceedings of the Royal Society B: Biological Sciences, 6.
https://doi.org/10.1098/rspb.2001.1633

Kjellberg, F., Proffit, M., 2016. Tracking the elusive history of diversification in
plant — herbivorous insect — parasitoid food webs: Insights from figs and
fig wasps. Molecular Ecology, 25, 843-845.

Koenen, E.J.M., Clarkson, J.J., Pennington, T.D., Chatrou, L.W., 2015.
Recently evolved diversity and convergent radiations of rainforest
mahoganies (Meliaceae) shed new light on the origins of rainforest
hyperdiversity. New Phytologist, 207.

Lemey, P., Salemi, M., Vandamme, A.-M., 2009. The phylogenetic handbook: a
practical approach to phylogenetic analysis and hypothesis testing, 2nd
ed. Cambridge University Press. https://doi.org/10.1002/ajhb.20017

55



Machado, C.A., Jousselin, E., Kjellberg, F., Compton, S.G., Herre, E.A., 2001.
Phylogenetic relationships, historical biogeography and character
evolution of fig-pollinating wasps. Proceedings. Biological sciences / The
Royal Society, 268, 685-694. https://doi.org/10.1098/rspb.2000.1418

Machado, C.A., Robbins, N., Gilbert, M.T.P., Herre, E.A., 2005. Critical review
of host specificity and its coevolutionary implications in the fig fig-wasp
mutualism. Proceedings of the National Academy of Sciences of the
United States of America, 102.

Metzker, M.L., 2010. Sequencing technologies - the next generation. Nature
Reviews. Genetics, 11, 31-46. https://doi.org/10.1038/nrg2626

Miller, M.R., Dunham, J.P., Amores, A., Cresko, W.A., Johnson, E.A., 2007.
Rapid and cost-effective polymorphism identification and genotyping
using restriction site associated DNA (RAD) markers. Genome Research,
17, 240-248. https://doi.org/10.1101/gr.5681207.high-throughput

Mitter, C., Farrell, B., Wiegmann, B., 1988. The phylogenetic study of adaptive
zones: Has phytophagy promoted insect diversification? The American
Naturalist, 132, 107-128. https://doi.org/10.1086/284840

Moreau, C.S., Bell, C.D., Vila, R., Archibald, S.B., Pierce, N.E., 2006. Phylogeny
of the Ants: Diversification in the age of angiosperms. Science, 312, 101-
104.

Pennington, R.T., Hughes, M., Moonlight, P.W., 2015. The origins of tropical
rainforest hyperdiversity. Trends in Plant Science, 20, 693-695.
https://doi.org/10.1016/j.tplants.2015.10.005

Pimm, S.L., Raven, P.H., 2017. The fate of the world's plants. Trends in
Ecology and Evolution, 32, 317-320.
https://doi.org/10.1016/j.tree.2017.02.014

Qin, Y., Schneider, T.M., Brenner, M.P., 2012. Sequencing by hybridization of
long targets. PLoS ONE, 7, 5-10.
https://doi.org/10.1371/journal.pone.0035819

Quail, M.A., Smith, M., Coupland, P., Otto, T.D., Harris, S.R., Connor, T.R.,
Bertoni, A., Swerdlow, H.P., Gu, Y., 2012. A tale of 3 NGS sequencing
platforms. https://doi.org/10.1186/1471-2164-13-341

Rasplus, J., Rodriguez, L.J., Tollon-cordet, C., 2018. Revisiting the phylogeny
of Ficus (Moraceae): When next generation sequencing corroborates
past generation botanists. Submitted paper.

Renoult, J.P., Kjellberg, F., Grout, C., Santoni, S., Khadari, B., 2009. Cyto-

56



nuclear discordance in the phylogeny of Ficus section Galoglychia and
host shifts in plant-pollinator associations. BMC Evolutionary Biology, 9,
248. https://doi.org/10.1186/1471-2148-9-248

Richardson, E.J., Pennington, R.T., Pennington, T.D., Hollingsworth, P.M.,
2001. Rapid diversification of a species-rich genus of Neotropical rain
forest trees. Science, 293, 2242-2245.
https://doi.org/10.1126/science. 1061421

Ronholm, J., Nasheri, N., Petronella, N., Pagotto, F., 2016. Navigating
microbiological food safety in the era of whole-genome sequencing.
Clinical Microbiology Reviews, 29, 837-857.
https://doi.org/10.1128/CMR.00056-16

Ransted, N., Weiblen, G.D., Cook, J.M., Salamin, N., Machado, C.A.,
Savolainen, V., 2005. 60 million years of co-divergence in the fig-wasp
symbiosis. Proceedings of the Royal Society B: Biological Sciences, 272,
2593-2599. https://doi.org/10.1098/rspb.2005.3249

Rensted, N., Salvo, G., Savolainen, V., 2007a. Biogeographical and
phylogenetic origins of African fig species (Ficus section Galoglychia).
Molecular Phylogenetics and Evolution, 43, 190-201.
https://doi.org/10.1016/j.ympev.2006.12.010

Ransted, N., Yektaei-Karin, E., Truk, K., Clarkson, J.J., Chase, M.W., 2007b.
Species-level phylogenetics of large genera: prospects of studying
coevolution and polyploidy, in: Reconstructing the Tree of Life:
Taxonomy and systematics of species rich taxa. Systematic Association
Series, pp. 129-147.

Rensted, N., Weiblen, G.D., Clement, W.L., Zerega, N.J.C., Savolainen, V.,
2008a. Reconstructing the phylogeny of figs (Ficus, Moraceae) to reveal
the history of the fig pollination mutualism. Symbiosis, 45, 1-12.

Rensted, N., Weiblen, G.D., Savolainen, V., Cook, J.M., 2008b. Phylogeny,
biogeography, and ecology of Ficus section Malvanthera (Moraceae).
Molecular phylogenetics and evolution, 48, 12-22.
https://doi.org/10.1016/j.ympev.2008.04.005

Roy, S., Tyagi, A., Shukla, V., Kumar, A., Singh, U.M., Chaudhary, L.B., Datt, B.,
Bag, S.K., Singh, P.K., Nair, N.K., Husain, T., Tuli, R., 2010. Universal plant
DNA barcode loci may not work in complex groups: a case study with
Indian Berberis species. PloS one, 5, e13674.
https://doi.org/10.1371/journal.pone.0013674

57



Ruhfel, B.R., Gitzendanner, M. a, Soltis, P.S., Soltis, D.E., Burleigh, J.G., 2014.
From algae to angiosperms-inferring the phylogeny of green plants
(Viridiplantae) from 360 plastid genomes. BMC evolutionary biology, 14,
23. https://doi.org/10.1186/1471-2148-14-23

Savolainen, V., Chase, M.W., 2003. A decade of progress in plant molecular
phylogenetics. Trends in Genetics, 19, 717-724.
https://doi.org/10.1016/j.tig.2003.10.003

Schneider, H., Schuettpelz, E., Pryer, K.M., Cranfill, R., Magallo, S., Lupia, R.,
2004. Ferns diversified in the shadow of angiosperms. Global
Biogeochemical Cycles, 428, 553-557.
https://doi.org/10.1029/2001GB001442

Silvestro, D., Zizka, G., Schulte, K., 2014. Disentangling the effects of key
innovations on the diversification of Bromelioideae (Bromeliaceae).
Evolution, 68, 163-175. https://doi.org/10.1111/evo.12236

Silvestro, D., Cascales-Minana, B., Bacon, C.D., Antonelli, A., 2015. Revisiting
the origin and diversification of vascular plants through a comprehensive
Bayesian analysis of the fossil record. New Phytologist, 207, 425-436.
https://doi.org/10.1111/nph.13247

Soltis, D.E., Soltis, P.S., Doyle, J.J., 1998. Molecular systematics of plants, Il:
DNA sequencing, 2nd ed, Molecular systematics of plants, [Il: DNA
sequencing. Kluwer Academic Publishers.

Soltis, D.E., Soltis, P.S., Chase, M.W., Mort, M.E., Albach, D.C., Zanis, M.,
Savolainen, V., Hahn, W.H., Hoot, S.B., Fay, M.F., Axtell, M., Swensen,
S.M., Prince, L.M., Kress, W.J., Nixon, K.C., Farris, J.S., 2000.
Angiosperm phylogeny inferred from 18S rDNA, rbcL, and atpB
sequences. Botanical Journal of the Linnean Society, 133, 381-461.

Soltis, D.E., Bell, C.D., Kim, S., Soltis, P.S., 2008. Origin and early evolution of
angiosperms. Annals of the New York Academy of Sciences, 1133, 3-25.
https://doi.org/10.1196/annals.1438.005

Soltis, P.S., Soltis, D.E., 2009. The role of hybridization in plant speciation.
https://doi.org/10.1146/annurev.arplant.043008.092039

Soltis, D.E., Smith, S.A., Cellinese, N., Wurdack, K.J., Tank, D.C., Brockington,
S.F., Refulio-Rodriguez, N.F., Walker, J.B., Moore, M.J., Carlsward, B.S.,
Bell, C.D., Latvis, M., Crawley, S., Black, C., Diouf, D., Xi, Z., Rushworth,
C.A., Gitzendanner, M.A., Sytsma, K.J., Qiu, Y.L., Hilu, KW., Davis, C.C.,
Sanderson, M.J., Beaman, R.S., Olmstead, R.G., Judd, W.S., Donoghue,

58



M.J., Soltis, P.S., 2011. Angiosperm phylogeny: 17 genes, 640 taxa.
American Journal of Botany, 98, 704-730.
https://doi.org/10.3732/ajb.1000404

Soltis, D.E., Gitzendanner, M.A., Stull, G., Chester, M., Chanderbali, A.,
Jordon-Thaden, I., Chamala, S., Jordon-Thaden, I., Soltis, P.S., Schnable,
P.S., Brad Barbazuk, W., 2013. The potential of genomics in plant
systematics. Taxon, 62, 886-898. https://doi.org/10.12705/625.13

Stebbins, G.L., 1974. Flowering Plants: Evolution above the species level.
Harvard University Press, Cambridge, MA, USA.

Straub, S.C.K,, Parks, M., Weitemier, K., Fishbein, M., Cronn, R.C., Liston, A.,
2012. Navigating the tip of the genomic iceberg: Next-generation
sequencing for plant systematics. American Journal of Botany, 99, 349—
64. https://doi.org/10.3732/ajb.1100335

Tennessen, J.A., Govindarajulu, R., Liston, A., Ashman, T., 2013. Targeted
sequence capture provides insight into genome structure and genetics of
male sterility in a gynodioecious diploid strawberry, Fragaria vesca ssp.
bracteata (Rosaceae) 3, 1341-1351.
https://doi.org/10.1534/93.113.006288

Unamba, C.I.N., Nag, A., Sharma, R.K., 2015. Next generation sequencing
technologies: The doorway to the unexplored genomics of non-model
plants. Frontiers in plant science, 6.
https://doi.org/10.3389/fpls.2015.01074

Vamosi, J.C., Magallén, S., Mayrose, 1., Otto, S.P., Sauquet, H., 2018.
Macroevolutionary patterns of flowering plant speciation and extinction.
Annual Review of Plant Biology, 69, 685-706.
https://doi.org/10.1146/annurev-arplant-042817-040348

Wallace, A.R., 1878. Tropical Nature, and Other Essays. Macmillian, London,
UK. Wang,

Wang, H., Moore, M.J., Soltis, P.S., Bell, C.D., Brockington, S.F., Alexandre, R.,
Davis, C.C., Latvis, M., Manchester, S.R., Soltis, D.E., 2009. Rosid
radiation and the rapid rise of angiosperm-dominated forests.
Proceedings of the National Academy of Sciences, 106, 3853-3858.
https://doi.org/10.1073/pnas.0813376106

Wang, W., Lin, L., Xiang, X.G., Ortiz, R.D.C,, Liu, Y., Xiang, K.L., Yu, S.X., Xing,
Y.W., Chen, Z.D., 2016. The rise of angiosperm-dominated herbaceous
floras: Insights from Ranunculaceae. Scientific Reports, 6, 6-13.

59



https://doi.org/10.1038/srep27259

Weiblen, G.D., 2000. Phylogenetic relationship of functionally dioecious Ficus
(Moraceae) based on ribosomal DNA sequences and morphology.
American Journal of Botany, 87, 1342-1357.
https://doi.org/10.2307/2656726

Wilf, P., Labandeira, C.C., Kress, W.J., Staines, C.L., Windsor, D.M., Allen, A.L.,
Johnson, K.R., 2000. Latest cretaceous to cecent timing the radiations of
Leaf Beetles: Hispines on gingers from latest cretaceous to recent.
Science, 289, 291-295. https://doi.org/10.1126/science.289.5477.291

Wilkinson, M., Roelants, K., Gower, D.J., Wilkinson, M., Loader, S.P., Biju, S.D.,
Guillaume, K., Moriau, L., Bossuyt, F., 2007. Global patterns of
diversification in the history of modern amphibians. Proceedings of the
National Academy of Sciences, 104, 887-892.
https://doi.org/10.1073/pnas.0608378104

Xing, Y., Onstein, R.E., Carter, R.J., Stadler, T., Linder, H.P., 2014. Fossils and
a large molecular phylogeny show that the evolution of species richness,
generic diversity, and turnover rates are disconnected. Evolution, 68,
2821-2832. https://doi.org/10.1111/evo.12489

Xu, L., Harrison, R.D., Yang, P., Yang, D.R., 2011. New insight into the
phylogenetic and biogeographic history of genus Ficus: Vicariance
played a relatively minor role compared with ecological opportunity and
dispersal. Journal of Systematics and Evolution, 49, 546-557.
https://doi.org/10.1111/j.1759-6831.2011.00155.x

Zerega, N.J.C., Clement, W.L., Datwyler, S.L., Weiblen, G.D., 2005.
Biogeography and divergence times in the mulberry family (Moraceae).
Molecular Phylogenetics and Evolution, 37, 402-416.
https://doi.org/10.1016/j.ympev.2005.07.004

Zhang, Q., Onstein, R.E., Little, S.A., Sauquet, H., 2018. Estimating divergence
times and ancestral breeding systems in Ficus and Moraceae. Annals of
Botany, 123, 191-204. https://doi.org/10.1093/aob/mcy159

60



Chapter |

Evolution and classification of figs (Ficus) and their
close relatives (Castilleae) united by involucral bracts

(Submitted)

Examples of inflorescences partially enclosed in Castilleae
(right) and cross section of enclosed Ficus (left)

61



Botanical Journal of the Linnean Society

= BOTANICAL

N &
Y A

28
> Journal % s

Evolution and classification of figs (Ficus) and their close
relatives (Castilleae) united by involucral bracts

Journal:

Botanical Journal of the Linnean Society

Manuscript ID

Draft

Manuscript Type:

Original Article

Date Submitted by the
Author:

n/a

Complete List of Authors:

Clement, Wendy ; College of New Jersey, Biology

Bruun Lund, Sam; University of Copenhagen, The Natural History
Museum of Denmark

Cohen, Alanna; Rutgers University, Department of Biochemistry and
Microbiology

Kjellberg, Finn; University of Montpellier

Weiblen, George; University of Minnesota Twin Cities, Plant Biology
Rgnsted, Nina ; University of Copenhagen, The Natural History Museum
of Denmark

Keywords:

classifications < Systematics, phylogenetic relationships < Systematics,
Morphology, ITS < Genetics, molecular phylogenetics < Genetics,
lineage history < Systematics, infrageneric classification < Taxonomy

62

SCHOLARONE™
Manuscripts

Botanical Journal of the Linnean Society




Page 1 of 87

oONOUVT A WN =

Botanical Journal of the Linnean Society

Evolution and classification of figs (Ficus) and their close relatives

(Castilleae) united by involucral bracts

Short running title: Evolution of figs and Castilleae

WENDY L. CLEMENT!, SAM BRUUN-LUND?, ALANNA COHEN"3; FINN

KJELLBERG* GEORGE D. WEIBLEN?>, NINA RONSTED?*

!Department of Biology, The College of New Jersey, Ewing, NJ USA.

2The Natural History Museum of Denmark, University of Copenhagen, Denmark.

3Department of Biochemistry and Microbiology, Rutgers University, New Brunswick, NJ

USA.

‘CEFE, CNRS, University of Montpellier, University Paul Valéry Monipellier, EPHE, IRD,
Montpellier, France.

SDepartment of Plant Biology, University of Minnesota, MN USA.

*Corresponding author: nronsted@snm.ku.dk

Botanical Journal of the Linnean Society

63



oONOUVT A WN =

Botanical Journal of the Linnean Society Page 2 of 87

ABSTRACT

Figs and fig wasps are a classic example of an obligate pollination mutualism. Decades of
work untangling the ecology and evolution of these organisms has simultaneously
contributed to development of the fields of mutualism, coevolution, and plant-insect
interactions at large. With more than 800 species, figs (Ficus, Moraceae) are among some of
the larger genera of angiosperms. Phylogenetic studies of Moraceae have supported the
clade Castilleae as the sister lineage of figs. Compared to figs, Castilleae has many fewer
species (60 species and 11 genera), suggesting changes in rates of diversification along
these two branches. Relatively little is known about Castilleae compared to Ficus, and we
argue that defining the clade comprising figs and Castilleae, hereafter Involucraoideae,
focuses attention on opportunities for comparative studies of pollination mutualisms and
diversification rates. In this study, we define Involucraoideae and propose a revised
classification scheme that accounts for the phylogenetic reconstruction based on the most
comprehensive sampling of this group to date. Moving forward, this classification will
better guide and support evolutionary, ecological, and comparative pollination biology

studies of this most notable group.

ADDITIONAL KEYWORDS: Castilleae — classification — external transcribed spacer —
parology — Ficus — involucral bracts — Involucraoideae — morphology — phylogenetic

reconstruction
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INTRODUCTION

With at least 800 named species, figs account for more than half of the species diversity
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of the mulberry family, Moraceae (ca. 1,100 species; Clement & Weiblen, 2009).

12 Phylogenetic analyses of Moraceae have strongly supported Castilleae C.C. Berg as sister to
14 the figs (Ficus L.) based on plastid (Datwyler & Weiblen, 2004), nuclear (Zerega et al.,

16 2005), and morphological data (Clement & Weiblen, 2009). Figs have been central to

19 advancing study of pollination mutualisms, coevolution, and cospeciation (Bronstein, 1988;
21 Herre, 1989; Herre & West, 1997; Lopez-Vaamonde ef al., 2001; Weiblen, 2001; Weiblen
23 et al.,2001; Weiblen & Bush, 2002; Cook &Rasplus, 2003; Jousselin et al., 2003; Weiblen,
2004; Machado et al., 2005; Rensted ef al., 2005; Marussich & Machado, 2007; Silveus et
28 al., 2007; Jackson et al., 2008; Jousselin ef al., 2008; Herre et al., 2008; Cruaud ef al.,

30 2012a; Cruaud et al., 2012b; McLeish & van Noort, 2012; Conchou et al., 2014; Bain et al.,
2016; Rodriguez et al., 2017). Figs occur in tropical and subtropical regions worldwide and
35 include trees, hemi-epiphytes, epiphytes, shrubs, climbers, rheophytes, and lithophytes. By
37 comparison, Castilleae are a group of 11 genera and 60 species of trees and shrubs with four
species distributed in the Paleotropics and 56 species in the Neotropics. Figs and Castilleae
2 diverged from one another at least 65 Ma (Zerega et al., 2005) and the striking difference in
44 contemporary species richness suggests differing rates of diversification.

46 Together, figs and Castilleae differ from other Moraceae in having involucral bracts that
subtend the inflorescences on a disc or urn shaped receptacle. In the case of Castilleae, the
51 involucral bracts do not completely enclose the inflorescence as in figs. The positioning of
53 these bracts has profound implications for their reproductive ecology. In the case of figs, the
involucral bracts form a tight pore, or ostiole, at the apex of the receptacle. Mated

58 pollinating wasps force themselves through this opening into the cavity of the fig
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(syconium) where they pollinate flowers, lay eggs, and usually die. Pollinator offspring
emerge from galls inside the fig to mate and collect pollen from staminate flowers before
exiting in search of other receptive figs. In contrast to the ‘cradle to grave’ relationship
between figs and their pollinating wasps, Castilleae inflorescences are only partially
enclosed by involucral bracts thereby allowing pollinators to come and go. From the limited
study of Castilleae pollination, both wind (Osmaston, 1965; Croat, 1978) and insect (Sakai
et al. 2000; Zerega et al., 2004) pollination syndromes are present. As in figs, insect
pollinated Castilleae are also involved in brood site pollination mutualisms where
pollinators mate and lays eggs in the inflorescences. Pollination by thrips has been
documented for two Castilleae species, Antiaropsis decipiens K. Schum., endemic to New
Guinea (Zerega et al., 2004) and Castilla elastica Sess., widespread in the Neotropics (Sakai
et al., 2000).

Comparative study of figs and Castilleae can offer insight on the evolution of
morphological and molecular diversity, pollination ecology, diversification rates, and
historical dispersal patterns. However, aside from family level phylogenetic studies
(Datwyler & Weiblen, 2004; Zerega et al., 2005; Clement & Weiblen, 2009), figs and
Castilleae have seldom been the subject of comparative work (Clement, 2008; Moe et al.,
2012). Comparing Castilleae and fig pollination syndromes, Moe et al. (2012) hypothesized
that the nature of the pollinator reward and the number of floral visits by a pollinator may
account for the difference in diversification in these two lineages. For instance, fig wasp
offspring develop in galled or fertilized fig ovules. When wasp offspring fare better in
pollinated flowers, pollination can increase wasp fitness, and the fig can furthermore reduce
pollen production to the benefit of pollinator production. Thrips pollinated Castilleae do not

depend on successful pollination as thrips eat pollen and mate on male inflorescences.
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Selective pressure on host choice also differs among fig and Castilleae pollination
syndromes. In many species, foundress fig wasps lose their wings and antennae on entering
a fig so that they cannot reach another tree which likely results in intense selection to
discern host quality before host selection. Castilleae pollinators visit multiple inflorescences
per generation with little consequence for visiting a non-rewarding inflorescence. Differing
selective pressures resulting from the nature of these pollination interactions may have
impacted the evolutionary trajectory of both lineages. Further testing of this hypothesis
requires additional study of Castilleae pollination biology and an improved phylogenetic
framework for figs and Castilleae.

Our current understanding of Ficus classification is largely based on a massive Malesian
revision of Ficus initiated by E. J. H. Corner completed by C. C. Berg after Corner's death
(Berg 2003a-e; 2004a-b; Berg & Corner, 2005) building on earlier work (summarized in
Corner, 1965). Berg's classification based on morphological and anatomical characters
added emphasis on vegetative characters compared to Corner's treatments that focused on
flower and fruit characters (Corner, 1965). Ultimately, Berg and Corner (2005) subdivided
Ficus into six subgenera: (1) Pharmacosycea (Miq.) Miq. (monoecious), (2) Urostigma
(Gasp.) Miq. (monoecious) (3) Ficus Corner (gyno-dioecious), (4) Sycidium (Miq.) Mildbr.
& Burret (gyno-dioecious), (5) Synoecia (Miq.) Miq. (gyno-dioecious), and (6) Sycomorus
(Gasp.) Miq. (gyno-dioecious and monoecious). Subgenera Pharmacosycea, Sycidium,
Sycomorus and Urostigma are distributed from the Pacific to West Africa and subgenera
Pharmacosycea and Urostigma additionally include a distinct Neotropical section.
Subgenera Ficus and Synoecia are almost exclusively restricted to the Malesian region and

Mainland Asia (Berg, 2003a).
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The most recent comprehensive molecular phylogenetic analysis of 200 species of figs
supported the monophyly of subgenera Sycidium, Sycomorus, and Synoecia, while
subgenera Ficus, Pharmacosycea, and Urostigma were paraphyletic (Cruaud et al., 2012b)
concurring with prior work on fig phylogenetic trees (Weiblen, 2000; Jousselin ef al., 2003;
Rensted et al., 2005; Rensted et al., 2008a; Xu et al., 2011). While many sections and
subsections within these subgenera were not monophyletic, several supported clades do
broadly correspond to published sections (Adenosperma Corner, Americanae Miq.,
Eriosycea Miq., Galoglychia Gasp., Oreosycea (Miq.) Miq., Pharmacosycea (Miq.)
Benth.& Hook.f, Sycocarpus Miq., Sycomorus (Gasp.) Miq) and subsections (Conosycea
(Miq.) C.C. Berg, Ficus Corner, Frutescentiae Sata, Malvanthera (Corner) C.C. Berg,
Urostigma (Gasp.) C.C. Berg) (Berg & Corner, 2005; Ronsted et al., 2008a). Given that
phylogenetic evidence only partly supports previous taxonomic treatments based on
morphology, there is much potential for confusion.

Relationships along the backbone of the fig phylogenetic tree remain unsupported and
conflicts between ribosomal DNA and low copy nuclear gene trees for Ficus are not
resolved (Cruaud et al., 2012b; Harrison ef al., 2012). Further, a recent phylogenetic
reconstruction from whole plastids representing 59 species of Ficus (Bruun-Lund et al.,
2016) provided strong support for relationships deep in the Ficus phylogenetic tree.
However, a number of conflicts were identified and await increased resolution and clade
support of phylogenies reconstructed from nuclear gene regions for further investigation.

Similar to Ficus, the current classification of Castilleae is primarily based on
morphology. Castilleae are trees, generally diagnosed by unisexual inflorescences with
discoid to cup-shaped receptacles, bracts subtending the inflorescence (involucre), large

seeds, septate wood fibers, and the lack of cystoliths. Molecular phylogenetic analysis of
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plastid (ndhF; Datwyler & Weiblen, 2004) and nuclear (26S; Zerega et al., 2005) sequence
data in addition to morphology (Clement & Weiblen, 2009) supported the unity of
Castilleae, including Antiaropsis K. Schum, Poulsenia Eggers, and Sparattosyce Bureau
(formerly part of tribe Artocarpeae, breadfruit and relatives) plus all eight genera of
neotropical Castilleae (Datwyler & Weiblen, 2004). Morphological analysis of the tribe
further supported two subtribes, Antiaropsineae, comprising Antiaropsis and Sparattosyce,
and Castillineae, including the remaining nine genera (Clement & Weiblen, 2009). As
Castilleae has only been treated in the context of Moraceae, revision of Castilleae
classification awaits molecular phylogenetic study.

To facilitate further comparative work among figs and Castilleae, we present an
improved phylogenetic framework for both clades. First, we propose the name
Involucraoideae to recognize the well-supported clade including Castilleae and Ficus. This
name reflects a key morphological feature shared between the two lineages — involucral
bracts. Next, we present a molecular phylogenetic tree of 307 Ficus species and 43
Castilleae — the most robust species sampling of the group to date. Finally, using the current
classification of Ficus and Castilleae based on morphology (Berg, 1977; Berg & Corner,
2005; Berg et al., 2006), we use the phylogenetic tree reconstructed here as a framework to
suggest revisions to the classification of Involucraoideae that now reflect evolutionary
relationships. The subfamily Involucraoideae is circumscribed by the tribe Castilleae and

the monotypic tribe Ficeae.

MATERIALS AND METHODS

TAXON SAMPLING
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To assess the current classification and describe the evolutionary relationships of
Ficus and Castilleae, we assembled the most comprehensive data matrix to date, sampling
representatives of all 11 Castilleae genera and more than 40% of 800 named Ficus species.
Data were assembled in two matrices. The first data matrix focused on phylogenetic
reconstruction of Involucraoideae and included 133 taxa. Taxon sampling included 94 fig
species representing 2-3 species per major clade (Cruaud ef al., 2012b), 39 species of
Castilleae representing all 11 genera, and Prainea King ex Hook.f. (Artocarpeae, Moraceae)
as an outgroup. This data set included three gene regions: the internal transcribed spacer
region of nuclear ribosomal DNA (ITS), glyceraldehyde 3-phosphate dehydrogenase
(G3pdh), and granule bound starch synthase (GBSSI; Suppl. Table S1). The second matrix
focused on Ficus and included 307 fig species adding more than 100 species to the most
recent comprehensive phylogenetic sample (Cruaud et al., 2012b). We designated
Antiaropsis decipiens, Castilla elastica, Poulsenia armata (Miq.) Standl. and Sparattosyce
dioica Bureau as outgroups to root the phylogenetic tree. This data set included six gene
regions: ITS, external transcribed spacer region (ETS), and four low copy nuclear gene
regions: G3pdH, GBSSI, glutamine synthase (ncpGS), and for the first time in Ficus, Mg-
protoporphyrim monomethyl ester cyclase (4¢/03; Suppl. Table S1).

Leaf material for sequencing newly added species was obtained from herbaria (A,
AAU, F, HON, HUH, K, LAE, MIN, MO, PUH, UNAM), living collections (BG, BR, C,
HITBC, K, NBG, REU), and recent field collections (Suppl. Table S1). New data (>400 =
34 % of analysed sequences) were combined with data from prior phylogenetic work on
Moraceae (Azuma et al., 2010; Chantarasuwan ef al., 2015; Cruaud et al., 2012b; Harrison
et al., 2012; Jackson et al., 2008; Jousselin et al., 2003; Kusumi et al., 2012; Machado et al.,

2005; Mcleish et al., 2011; Renoult et al., 2009; Ronsted et al., 2005, 2008a, 2008b;
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Silvieus et al., 2007; Weiblen, 2000; Xu ef al., 2011). Genbank accessions for all taxa are

available in Supplementary Table S1.

DNA EXTRACTION, AMPLIFICATION, AND SEQUENCING

Total genomic DNA was extracted from 15-30 mg of dried leaf-fragments or herbarium
material following Rensted et al. (2008a). Amplification of ITS, ETS, G3pdh, ncpGS and
GBSSI for all Ficus species were performed following Cruaud ef al. (2012b) and references
therein. Amplification of At103 followed protocols by Li ef al. (2008). Amplification
primers are listed in Supplementary Table S2.

ITS, G3pdh and GBSSI for Castilleae genera were amplified in a 25 pL reaction using
1x TaKaRa Ex Taq buffer 2mM MgCl,; Otsu, Shiga, Japan), 0.2 mM each dANTP, 10 uM
Bovine Serum Albumin (BSA), 12-25 uM forward and reverse primers (Suppl. Table S2),
1.25 U TaKaRa Ex Tag DNA polymerase, and ~20 ng of genomic DNA. In instances when
ITS amplification was not successful, a nested PCR approach was used by first amplifying a
larger region encompassing ITS with 25 uM of external primers 17SE and 26SE (Sun et al.,
1994), followed by a second PCR using 1 uL of the previous PCR product, and 25 uM of
both ITS4 and ITSS. Thermal cycler conditions for all ITS amplifications were: 94°C for 2
min, 25 cycles of 94°C for 1 min, 50°C for 1 min, 70°C for 2 min, followed by 72°C for 7
min. Thermal cycler conditions for G3pdh were: 95°C for 3 min 30 sec, 35 cycles of 95°C
for 1 min, 49°C for 1 min, 70°C for 2 min, followed by 72°C for 7 min. Thermal cycler
conditions for GBSSI followed a “stepdown” protocol modified from Evans et al. (2000) as
follows: 94°C for 3 min, 2 cycles of 94°C for 1 min, 58°C for 1 min, 72°C for 2 min, 2
cycles of 94°C for 1 min, 54°C for 2 min, 72°C for 2 min, 2 cycles of 94°C for 1 min, 50°C

for 1 min, 72°C for 2 min, and 24 cycles of 94°C for 1 min, 48°C for 2 min, 72°C for 2 min,
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followed by 72°C for 20 min. PCR products were column purified using a Qiagen PCR
cleanup kit (Qiagen, Valencia, California, USA) and quantified using a Turner Quantech
Fluorometer (Barnstead-Thermolyne, Dubuque, lowa, USA) using Hoecsht 33258 dye prior
to sequencing.

ANLITS, ETS, G3pdh, ncpGS and At103 PCR products were directly sequenced.
GBSSI and ITS amplicons showing signs of divergent alleles in direct sequencing were
cloned prior to sequencing using either a TOPO-TA (Invitrogen, Carlsbad, CA) or
Stratagene PCR cloning kit (Agilent Technologies, Santa Clara, California, USA) following
manufacturer protocols. Transformed bacteria were grown overnight on LB + ampicillin
agar plates at 37°C. Eight to ten colonies per PCR product were screened using PCR for
insert size. Three positive clones per accession were grown in LB + ampicillin broth
overnight at 37°C and plasmids were isolated using Qiagen Plasmid Isolation kit (Qiagen,
Valencia, California, USA). In other cases, the gene region of interest was cleaned directly
from the clone screen PCR using a Qiagen PCR cleanup kit.

Previously published ETS gene trees in Ficus have been in conflict with other
nuclear genes, as the ETS tree failed to recover a monophyletic subgenus Sycomorus
because section Sycocarpus formed a separate clade sister to subgenus Urostigma
(excluding subsection Urostigma) (e.g. Rensted et al., 2008a). Multiple copies of ETS
within Ficus have been suspected (Cruaud, personal communication and NR personal
observations) and potential problems with ETS parology have been reported (Calonje et al.,
2009). We explored the problem in Ficus by resampling species from clades in conflict and
not in conflict among the ETS and other gene trees. Our sampling included: section
Sycocarpus (F. condensa King, F. fistulosa Reinw. ex Blume, F. hispida Blanco, and F.

scortechinii King), section Adenosperma (F. ochrochlora Ridl., F. pseudopalma Blanco,
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and F. itoana Diels), and section Sycomorus (F. sur Forssk., F. sycomorus L., and F. vallis-
choudae Delile) covering subgenus Sycomorus as well as subsection Conosycea (F.
drupacea Thunb.), and subsection Urostigma (F. lacor Buch.-Ham). In an effort to capture
a greater proportion of ETS paralogs potentially present, we relaxed PCR conditions by
lowering the annealing temperature from 49°C to 45°C, increasing the number of cycles
from 25 to 40, and extending the duration of the premelt from 2 min 30 sec to 4 min. We
also designed and used a Ficus specific primer (ETS-Ficl, Suppl. Table S2), and cloned all
PCR products. We column purified and sequenced 6-9 clones per accession (except for F.
hispida in which only three amplicons were recovered).

Sequencing for all cleaned PCR products was performed using Big Dye 3.1
sequencing reagents and protocols (Applied Biosystems, Foster City, CA, USA).
Sequencing reactions were performed in 10 pL reactions with 20 ng of PCR product or 200
ng of isolated plasmids. Sequencing primers for each gene region are listed in
Supplementary Table S2. Products were visualized and data were collected on an ABI 377
automated DNA sequencer (Applied Biosystems). Sequences were assembled using
Sequencher 4.6 (Gene Codes Corp., Ann Arbor, Michigan, USA) or Geneious v. R6-7
(www.biomatters.com). Individual gene regions within each data set were first aligned using

MAFFT (Katoh & Standly, 2013) and manually inspected.

PHYLOGENETIC ANALYSES
Trees for each gene region were reconstructed using maximum likelihood and
Bayesian inference for Involucraoideae and Ficus. Prior to analysis, the best fitting model of
sequence evolution was determined using jModeltest v. 2.1.4. (Darriba et al., 2012)

following the AIC criterion (Posada & Buckley, 2004). In the Involucraoideae dataset,
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TIM3+G, TVM+I+G, and TIM2+I+G was selected for G3pdh, ITS, and GBSSI
respectively. For Ficus, a GTR+G model of sequence evolution was selected for ITS, ETS
and G3pdh, and TIM2+G, TPM2uf+G, TPM3uf+I+G were selected for ncpGS, GBSSI, and
At103 respectively. Maximum likelihood analyses were performed in Garli v 2.01.167
(Zwickl, 2006) and repeated five times, each time using a random starting tree and allowing
model parameters to be estimated. Support was assessed using 500 bootstrap replicates in
Garli (Zwickl, 2006). As these models are nested within the general time reversible model,
all matrices were analysed with a GTR+G model for Bayesian analyses. Bayesian analyses
were run with MrBayes v. 3.2.1 (Huelsenbeck & Ronquist, 2001) for 30 million
generations. Stationarity was assessed using the Trace option in Geneious v R7 (Biomatters,
Ltd) and with Tracer v 1.5 (Rambaut, 2007), and the first 25% of trees sampled in the
posterior distribution were removed as burnin.

Before concatenation in a combined analysis, gene trees were visually inspected and
compared for supported (using bootstrap and posterior probabilities) topological
congruence. Using PartitionFinder (Lanfear ef al., 2012), we determined the best
partitioning strategy and models of sequence evolution for the combined datasets. The
combined analyses of the Ficus and Involucraoideae datasets were conducted using the

same analysis protocols as described for individual gene regions.

RESULTS
CONGRUENCE OF INVOLUCRAOIDEAE GENE TREES
ML and Bayesian analyses recovered similar topologies but with different levels of
clade support. Bayesian analyses often had higher support for relationships as compared to

ML bootstrap analyses (Fig. 1, TreeBase accession S24008). Here, we recovered congruent
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1
2
3
4
5 relationships among the gene trees with one exception. Subsection Urostigma was
Z recovered as monophyletic in the ITS gene tree (bootstrap [BS]=97, posterior probability
? 0 [PP]=1) but not the G3pdh gene tree (subsection Urostigma was not fully sampled in GBSSI
1; gene tree; Fig. 1, TreeBase accession S24008). As the dedicated analysis of Ficus offered an
E expanded sampling of this clade, a detailed description of relationships recovered in trees
13 resulting from that analysis will be described in the Ficus gene tree section below.
12 With respect to the Castilleae clade with the Involucraoideae analyses, Castilla,
g? Helicostylis Trécul, and Maquira Aubl. were recovered as monophyletic (Fig.1). Antiaris
22
;i Lesch. and Poulsenia are monotypic and Antiaropsis and Sparattosyce were represented by
;Z one of the two species in the respective genera. Naucleopsis Miq. was recovered as
;; monophyletic in G3pdh and ITS gene trees (Fig. 1, TreeBase accession S24008). However,
g; two clades of Naucleopsis species were consistently recovered in all gene trees with one
;; clade containing N. glabra Spruce, N. krukovii (Standl.) C.C. Berg, N. ulei (Warb.) Ducke,
g;—l and N. imitans (Ducke) C.C. Berg and a second clade containing N. caloneura Ducke, N.
gz guianensis (Mildbr.) C.C. Berg, and N. ternstroemiiflora (Mildbr.) C.C. Berg. Perebea
4313 Aubl. and Pseudolmedia Trécul were not consistently recovered among the gene trees. The
j; paraphyly of Perebea was due to the exclusion of Perebea mollis (Poepp. & Endl.) Huber
:i and P. rubra (Trécul) C.C. Berg, which formed a clade independent of other Perebea
45
2? species (Fig. 1). The core Perebea clade often did not include P. guianensis Aubl. but there
22 was little support for excluding it. Pseudolmedia was recovered as monophyletic in the
g? GBSSI gene tree and two well-supported Pseudolmedia clades were recovered by ITS.
g% These relationships differ as ITS suggested P. laevis (Ruiz & Pav.) J.F. Macbr. and P.
22 macrophylla Trécul are sister taxa (BS=100, PP=1) while GBSSI placed P. laevis as sister
g; to all of Psuedolmedia including P. macrophylla (BS=90, PP=1; Fig. 1, TreeBase accession
59
60
75
13

Botanical Journal of the Linnean Society



ONOUVTA WN =

Botanical Journal of the Linnean Society Page 14 of 87

S24008). G3pdh did not recover a clade containing Psedolmedia as P. laevigata Trécul and
P. rigida (Klotzsch & H.Karst.) Cuatrec. (which are well-supported sister taxa in all three
gene trees) were more closely related to Perebea mollis and P. rubra (BS=73, PP=1; Fig. 1,
TreeBase accession S24008).

Few well-supported relationships among Castilleae genera were recovered in the gene
tree analyses. Neotropical taxa were supported as a clade only by ITS (BS=86, PP=1; Fig. 1,
TreeBase accession S24008), and none of the gene trees recovered the relationship of the
paleotropical to neotropical genera due to lack of resolution. ITS strongly supported a clade
containing Pseudolmedia, Perebea, Helicostylis and Maquira (BS=91, PP=1; Fig. 1,
TreeBase accession S24008) and GBSSI was unresolved for these nodes. The G3pdh gene
tree conflicted with this clade; this gene tree recovered a clade of Pseudolmedia, Perebea
and Helicostylis (BS=88, PP=1; Fig. 1, TreeBase accession S24008) to the exclusion of
Magquira. Instead, Maquira was recovered as sister to Naucleopsis with moderate to strong
support (BS=71, PP=0.98). Further, within the clade containing Psedolmedia, Perebea, and
Helicostylis, the placement of Pseudolmedia rigida and P. laevigata (as described above)

conflicted with both the ITS and G3pdh gene trees.

INVOLUCRAOIDEAE COMBINED ANALYSIS
Although there were supported conflicts when comparing the gene trees, many of these
supported conflicts were only supported by the results of the Bayesian analysis and have
low to moderate support in the ML bootstrap analysis. As such, we chose to combine our
gene trees in a total evidence analysis knowing that more data will be needed in the future to

resolve deeper relationships of the group.
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Combining the ITS, G3pdh, and GBSSI data improved the resolution and clade support
of the Involucraoideae phylogenetic tree (Fig. 1). All Castilleae genera, except Perebea,
were strongly supported with high bootstrap support and high posterior probabilities (Fig.
1). Perebea was recovered paraphyletic as P. mollis and P. rubra formed a well-supported
clade outside of Perebea (BS=82, PP=1; Fig. 1) similar to results of the gene tree analyses.
Antiaropsis decipiens and Sparattosyce dioica were sister taxa (BS=99, PP=1; Fig. 1) and
formed a clade sister to all other Castilleae (BS=86, PP=0.99; Fig. 1). Antiaris toxicaria was
recovered as sister to Mesogyne insignis BS=96, PP=1; Fig. 1), and this clade was recovered
as sister to the well-supported clade of Neotropical Castilleae (BS=94, PP=1; Fig. 1). Within
the Neotropical Castilleae, Poulsenia was recovered as sister to all other Neotropical genera
(BS=91, PP=1; Fig. 1). Here, Maquira was well supported as sister to Helicostylis, Perebea
and Pseudolmedia (BS=78, PP=1; Fig. 1) similar to the ITS and GBSSI gene trees. Also,
Pseudolmedia laevigata and P. rigida were recovered within a larger clade of Pseudolmedia

as opposed to Perebea rubra and P. mollis as observed in the G3pdh gene tree.

F1cus GENE TREE CONGRUENCE

The final data set included 307 species of Ficus. Numbers of species sampled for
each gene region were as follows: A1103 - 140, ETS - 244, ITS - 311, G3pdh - 209, GBSSI -
60, and ncpGS - 79. No strongly supported conflicts between individual dataset were
recovered. Individual analysis of the A¢/03 region provided limited resolution and support
but did not conflict with previous findings (phylogenetic reconstruction not shown).

Amplification success of the ETS region was improved considerably using the new
Ficus specific primer ETS-Ficl (Supplementary Table S2) resulting in the addition of 39

new sequences of the ETS region (Supplementary Table S1). The targeted sampling of ETS
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using relaxed PCR conditions recovered two copies of the ETS region for several accessions
from section Sycocarpus (F. condensa, F. fistulosa, F. hispida and F. scortechinii) and sect.
Adenosperma (F. adenosperma). We found that the Hell primer used in previous studies
preferentially amplified a paralogous copy of ETS for some taxa, which resulted in the
polyphyly of subgenus Sycomorus recovered in previous studies. Using the new Ficus
specific primer ETS-Ficl, we successfully amplified the presumably correct copy resulting
in new sequences placing section Sycocarpus and all members of section Adenosperma with
the remainder of subgenus Sycomorus as supported by ITS and other genes and
morphology. Using the ETS-Ficl primer (Supplementary Table S2), the new ETS data
recovered a monophyletic subgenus Sycomorus. All ETS sequences of section Sycocarpus
and F. adenosperma produced prior to this study that represent a paralogous copy were

excluded from the data matrix prior to the final analysis.

F1cus COMBINED ANALYSIS

The emerging picture of the phylogenetic tree of Ficus (Figures 2 and 3A-F) was
largely consistent with sections or subsections proposed by morphology and provided a
coherent global framework, although infrageneric relationships remain uncertain and many
relationships were not well-supported. The extensive sampling in the present study allowed
for interpretation of relationships of several taxa that have been difficult to place using
morphology.

Three of the six subgenera (Berg & Corner, 2005), namely Sycidium (80%
BP/PP=0.99), Sycomorus (97% BP/PP=1.00) and Synoecia (100% BP/PP=1.00), were
monophyletic, whereas subgenera Ficus, Pharmacosycea and Urostigma were polyphyletic.

The American section Pharmacosycea (100% BP/PP=1.00) was sister to the remainder of
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Ficus (68% BS/PP=0.90) although this was not strongly supported. Relationships within the
remainder of Ficus were not well resolved, but a number of clades were well supported.
Section Oreosycea (Miq.) Migq. is divided between two clades consisting of the Albipilae
species group (100 % BS/PP=1.00) and the remainder of section Oreosycea (77%
BP/PP=1.00). Subgenus Urostigma is also split into a clade with subsection Urostigma
(100% BP/PP=1.00) and a larger clade (100% BS/PP=1.00) including the remainder of the
former subgenus Urostigma. Sections Urostigma (Gasp.) Endl. and Stilpnophyllum Endl.
are polyphyletic. Subgenus Ficus is split into three clades corresponding to the Ficus carica
group (100 % BS/PP=1.00), which is unplaced, and sections Frutescentiae Sata (92%
BP/PP=1.00) and Eriosycea Miq. (100% BP/PP=1.00), which form a clade (98%

BP/PP=1.00) together with subgenus Synoecia (Miq.) Miq. (100% BP/PP=1.00).

DISCUSSION

PHYLOGENETIC TREE OF INVOLUCRAOIDEAE

Here we present the name, Involucracoideae, to represent the clade containing Ficus and
Castilleae. We present the first integrated systematic study of Involucraoideae as well as the
first focused phylogenetic study of Castilleae. With striking variation in numbers of species,
genetic diversity, and morphology, we discuss differences in historical biogeography,
molecular evolution, and pollination ecology between figs and Castilleae to propose future
research on evolutionary mechanisms driving the diversification of these two lineages.

The center of diversity of Castilleae is in the Neotropics, whereas the center of diversity
of figs resides in the Paleotropics, specifically Borneo and New Guinea (Berg 2005b; Berg

et al., 2006). Our study of the phylogenetic tree of Castilleae strongly supports the
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monophyly of Neotropical Castilleae, suggesting a single colonization event to the New
World tropics. In contrast, figs likely colonized the Neotropics twice as phylogenetic studies
of Ficus have recovered two well-supported clades of Neotropical figs which diversified at
different points in evolutionary history (Jousselin et al., 2003; Rensted et al., 2005; Ronsted
et al., 2008a; Cruaud et al., 2012b). Molecular phylogenetic analysis of figs has tentatively
identified the Neotropical section Pharmacosycea as sister to all other lineages of Ficus
(Herre et al., 1996; Rensted et al., 2005; Rensted et al., 2008a; Cruaud et al., 2012b, Bruun-
Lund et al., 2016; Zhang et al., 2018) although the crown group of section Pharmacosycea
diversified only 16 Ma ago and long after the origin of Ficus at least 75-48.5 Ma ago
(Ronsted et al., 2005; Zhang et al., 2018). Estimates of the crown age of Castilleae (50-31.2
Ma) predate the diversification of the Neotropical figs (Rensted et al., 2005; Zerega et al.,
2005; Xu et al., 2011; Cruaud et al., 2012b; Zhang et al., 2018). Differences in the number
of colonization events and in the timing of diversification, seen in light of differences in
historical climate and biogeographical events (e.g. the Andean uplift; Machado et al., 2018)
should inform our comparison of diversification rates between the two lineages.

Highly specific pollination mutualisms, like the fig-fig wasp interaction, have been
hypothesized to increase rates of speciation (Stebbins, 1981), although studies in yuccas and
yucca moths have shown the opposite (Smith et al., 2008). Pollination syndromes of the
sister group (Castillae) are worthy of consideration in terms of how they might influence
speciation and extinction (Moe et al., 2012; Sakai et al., 2000; Zerega et al., 2004). It
remains unknown if thrips and Castilleae depend on each other for survival, as thrips may
be able to breed elsewhere and Castilleae could receive pollen from other insects. Research

dedicated to assessing the probability of extinction in the two lineages given their
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pollination syndromes ought to examine the degree to which speciation and extinction rates

are associated with diversification (Moe et al., 2012).

oONOUVTA WN =

If we consider the morphological evolution of figs and Castilleae as it relates to

12 pollination biology, some of the traits associated with the fig-fig wasp pollination mutualism
14 evolved in the ancestor of both figs and Castilleae (Clement & Weiblen, 2009). For
instance, the appearance of an involucre, which is correlated with a shift from wind to insect
19 pollination, occurred prior to the split between figs and Castilleae (Datwyler & Weiblen,

21 2004; Clement & Weiblen, 2009). Although the involucre is not exclusive to figs, tracking
23 subsequent modifications of this trait are important to understanding the evolution of fig
pollination where pollinators, born from the functional male figs, are part of the male

28 investment of the plant (Anstett ef al., 1997). Comparisons of molecular evolutionary rates,
30 morphologies, and pollination syndrome are needed to identify factors affecting rates of

diversification.

37 PHYLOGENETIC TREE AND TAXONOMY OF CASTILLEAE

Strong support was recovered for the monophyly of the Neotropical taxa (Fig. 1) also
2 recovered in prior phylogenetic studies of the family (Zerega et al., 2005). Within this

44 group, monotypic Poulsenia was recovered as sister to all other Neotropical Castilleae.

46 Poulsenia has several unique characters that separate it from the rest of Castilleae including
prickles and the loss of septate wood fibers (Berg, 2001).

51 Perebea was consistently recovered as paraphyletic in the individual and combined

53 analysis (Fig. 1, TreeBase accession S24008). Perebea section Noyera (Trécul) Engler
including P. rubra and P. mollis did not group with the rest of the genus. Noyera Trécul

58 (1847) was first designated as a genus with the description of Noyera rubra. The genus was
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later reduced to a section of Perebea (Engler, 1889) and also included P. mollis. Ducke
(1922) reinstated Noyera including N. mollis, N. rubra, and later a third species, N.
glabrifolia (Ducke, 1932). In 1972, Noyera was again reduced to a section of Perebea
(Berg, 1972), and P. rubra was reduced to a subspecies of P. mollis. Later, P. mollis ssp.
rubra was reinstated as P. rubra, and P. glabrifolia was reduced to P. rubra ssp. glabrifolia
(Berg, 2001). Section Noyera differs from the rest of Perebea in having pluricellular
globose capitate hairs on the lower leaf surface, filiform stigmas, and inner involucral bracts
that are long and incurved prior to anthesis (Berg, 1972; Berg, 2001). Based on molecular
evidence and these diagnostic features, we recommend reinstating the genus Noyera with N.
mollis and N. rubra as the sole members.

An alternative taxonomic proposal would be to expand the circumscription of Perebea
to encompass Pseudolmedia. However, Pseudolmedia, has recognizably distinct
morphology that supports maintaining it as a genus for practical reasons. All species of
Pseudolmedia are dioecious with uniflorous pistillate inflorescences (Berg, 1972; 1977a;
2001). Further, ITS and GBSSI gene trees support the monophyly of Pseudolmedia, but the
G3pdh gene tree recovered a paraphyletic Pseudolmedia. While more data are needed to
investigate this conflict among gene trees, the relationships recovered by the ITS and
GBSSI gene trees, not G3pdh, are corroborated by morphology.

Our analysis supported the monophyly of Helicostylis and confirms the position of the
morphologically distinct H. fovarensis (Klotzsch & H.Karst) C.C. Berg as sister to all other
Helicostylis (Fig. 1). Helicostylis tovarensis differs from the rest of the genus on account of
free rather than basally connate tepals in pistillate flowers, which are uniflorous rather than

multiflorous, and one or two staminate inflorescences per leaf axil (Berg, 1972).
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Although a combined analysis strongly supported the monophyly of all Castilleae genera
except Perebea (and apart from the three monotypic genera — Poulsenia, Antiaris,
Mesogyne Engl.), gene tree analysis of the Involucraoideae data set shed light on a number
of conflicts. As the analysis was based on just two low copy nuclear genes and the internal
transcribed spacer region of ribosomal DNA, there is much room for conflict among
diverging gene trees. We speculate that the G3pdh gene tree is discordant with a Castilleae
species tree based on nuclear ITS, GBSSI, 26S (Zerega et al., 2005; 2010), plastid gene
region ndhF (Datywler & Weiblen, 2004), and morphology. Specifically, the placement of
Magquira and the monophyly of Pseudolmedia were called to question by G3pdh (Fig. 1).
Other conflicts were observed but supported only by Bayesian posterior probabilities that
seem to consistently over estimate branch support (Huelsenbeck et al., 2002; Erixon et al.,

2003).

PHYLOGENETIC TREE AND TAXONOMY OF FICUS

Compared to the most recent comprehensive phylogenetic studies (Xu et al., 2011;
Cruaud et al., 2012b), the present study increased taxon sampling by 42 species that were
not included in any of the previous studies, introduced data from a gene region, AT103, new
to the study of the fig phylogenetic tree, and reduced the amount of missing data in the
matrix adding ca. 140 new Ficus sequences. The topology obtained from the At103 region
was consistent with prior phylogenetic studies of figs (e.g., Cruaud ef al., 2012). Of the
Ficus species included for the first time here (highlighted in bold font on figures 3A-F),
most are placed in the same clades as their closest relatives predicted from their current

classification sensu Berg & Corner (2005). The inclusion and verification of the placement
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of these taxa in a comprehensive phylogenetic framework provides stronger evidence for the
current circumscription of clades and infrageneric relationships of Ficus.

A number of taxa that have been difficult to classify based on their morphology were
also included in this phylogenetic analysis of Ficus for the first time. For example, inclusion
of additional taxa from subgenus Sycidum including F. tsiangii Corner as a second
representative of the Sinosycidium group (section Sinosycidium Corner) helped to
confidently identify four major subclades of subgenus Sycidium, namely Palaeomorphe,
Phaeopilosae, Sinosycidium, and Sycidium (Fig. 3D). On the other hand, additional
sampling of the Oreosycea and Synoecia clades highlighted the need for further revision of
these groups as emerging subclades do not reflect the current morphological classification
(Fig. 3A, 3B). Taxonomic implications of this most comprehensive phylogenetic framework

are discussed below.

CURRENT CLADES TO GUIDE THE CLASSIFICATION OF FICUS

The comparison of morphology-based classification to phylogenetic reconstruction of
evolutionary relationships among Ficus identifies taxonomic revisions that are needed to
guide future evolutionary studies of the clade. We propose the recognition of a number of
clades within Ficus that in some cases reinforce the classification of Berg & Corner (2005)
and in other cases depart from it to provide clarity and precision when communicating about
Ficus diversity. Each clade name is presented in conjunction with the closest Linnaean
name and rank when possible for comparison to prior publications on Ficus classification.

Synoecia. This clade (Fig. 3A; 100% BS/PP=1.00) corresponds to the subgenus
Synoecia (Miq.) Miq. including about 72 species of dioecious root climbers in Asia and

Austral-Asia (Berg 2003d; Berg and Corner 2005). Berg & Corner (2005) subdivided
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Synoecia into two sections Rhizocladus Endl. (primarily in New Guinea) and Kissosycea
Migq. (primarily in Borneo), which are not clear-cut based on morphology. The sections are
not resolved by the present molecular study. Notably there is a clade consisting of F.
sarmentosa Buch.-Ham. Ex Sm. and F. diversiformis Miq. Ficus sarmentosa is traditionally
considered a member of section Rhizocladus, but is a very variable species with affinities to
the Punctata group of section Kissosycea (Berg & Corner, 2005). Ficus diversiformis is
traditionally considered a member of the Malesian section Kissosycea, but it is one of only
two species confined to the Asian Mainland (Berg & Corner, 2005). The other species, F.
hederacea Roxb., has not been sequenced for this study. Ficus pumila L. is also a root
climber traditionally included in section Rhizocladus, but previous studies (e.g. Rensted,
2008a) have shown that F. pumila is more closely related to traditional subgenus Ficus
species of section Frutescentiae, showing that the rootclimbing habit has evolved at least
twice. A couple of other root climbers such as the essentially Sino-Himalayan F. laevis
Desf. and F. pubigera (Wall. ex Miq.) Miq. also show affinities to subgenus Ficus members
(Berg & Corner, 2005). Ficus laevis was not sequenced for this study, but F. pubigera is
imbedded in section Rhizocladus.

Frutescentiae. This clade (Fig. 3A; 92% BS/PP=0.87) corresponds to section Ficus
subsection Frutescentiae Sata and consists of 25-30 species including F. pumila and F.
iidaiana Wilson, mostly from the Sino-Himalayan region and eight species from western
Malesia. The Frutescentiae clade is closely related to the Eriosycea and Synoecia clades.

Eriosycea. This clade (Fig. 3A; 100% BS/PP=1.00) corresponds to section Eriosycea
Miq. with about 34 species ranging from Sino-Himalaya to New Guinea. The Eriosycea and

Frutescentiae clades are closely related to the Synoecia clade and together this group forms
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a well-supported clade (Fig. 3A; 98% BS/PP=0.98), which has also been resolved in
previous studies.

Sycidium. This clade (Figs. 2, 3B; 80% BS/PP=0.81) corresponds to subgenus Sycidium
(Migq.) Berg & Corner and includes about 110 dioecious species primarily in Asia and
Australasia both with about 10 species in Africa and Madagascar (Berg, 2003¢e; Berg &
Corner, 2005). The Sycidium clade also largely corresponds to section Sycidium sensu
Corner 1965, but excluding series Pungentes Corner (F. minnahassae (Teifjsm. & de
Vriese) Miq. and F. pungens Reinw. ex Blume), which Berg transferred to subgenus
Sycomorus, and including section Sinosycidium and series Sinosyceae (Berg, 2003¢). Berg
(2003¢) subdivided subgenus Sycidium into two sections based primarily on differences in
growth habit and the flowers, section Palaeomorphe King with aerial adventitious roots and
hermaphroditic flowers with ovules galled by pollinators, and section Sycidium without
aerial adventitious roots. In the present study, four major clades are recognised, which may
be ranked as sections if stronger support is obtained in the future: Palacomorphe,
Phaeopilosae, Sinosycidium, and Asperae clades. Three Asian mainland species constituting
section Sinosycidium are sister to the remaining subclades.

Asperae. This clade (Fig. 3B; 55% BS/PP=0.56) corresponds to section Sycidium (Miq.)
Berg & Corner, but excluding Phaeopilosae (King) Corner and Sinosycidium.

Phaeopilosae. This clade constitutes a well-supported clade (Fig. 3B; 92% BS/PP=0.91)
of species endemic to New Guinea largely corresponding to the Conocephalifolia group
sensu Berg including F. wassa Roxb. and F. copiosa Steud. but excluding Ficus gul
Lauterb. & K. Schum. As a result, the Phaeopilosae clade is confined to Eastern New
Guinea. Ficus complexa Corner, the type species for Corner’s series Phaeopilosae, as well

as a number of other species included in Corner’s series Phaeopilosae or in Bergs
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Conocephalifolia group are not included in this study so that the circumscription and name
of the Phaeopilosae clade is uncertain at present.

Palaeomorphe. This clade (Fig. 3B; 60% BS/PP=0.65) corresponds to section
Palaeomorphe (King) Berg & Corner and includes about 30 species of climbers or hemi-
epiphytes with aerial adventitious roots. The name refers to the frequent presence of
hermaphroditic flowers instead of male ones, with an ovule capable of becoming a gal.

Sinosycidium. This clade (Fig. 3B; 100% BS/PP=1.00) corresponds to the monotypic
Chinese section Sinosycidium Corner (F. tsiangii) and subsection Ficus series Sinosycea
Corner comprising F. henryi Diels and F. subincisa Sm. from the Asian mainland. Ficus
subincisa was not included in this study. The species of section Sinosycidium are atypical
within Sycidium in that they present elongate stigmas in female figs and two anthers per
male flower in male figs, two traits probably linked to being passively pollinated. Passive
pollination has not been reported for any other species of subgenus Sycidium.

Sycomorus. This clade (Fig. 3C; 97% BS/PP=1.00) corresponds to subgenus Sycomorus
(Gasp.) Miq., which includes members of sections Sycomorus s.1. (18 spp. including former
section Neomorphe), Sycocarpus (86 spp.), and Adenosperma (20 spp.). In addition, this
group includes a number of smaller sections (sensu Berg & Corner, 2005) with difficult
affinities, namely Dammaropsis (Warb.) C.C. Berg (5 spp.), Hemicardia C.C. Berg (3 spp.),
Papuasyce (Corner) C.C. Berg (3 spp.), and Bosscheria (Teijsm. & de Vriese) C.C. Berg (2
spp.). Corner (1965) only included the monoecious section Sycomorus in subgenus
Sycomorus. However, based on early molecular studies (Weiblen 2000; Jousselin ef al.,
2003), morphological evidence (Corner, 1967; Berg, 1989; Weiblen, 2000) and a shared
genus of pollinating wasps (Ceratosolen), Berg & Corner (2005) transferred a number of

dioecious sections from Corner’s (1965) subgenus Ficus into an enlarged subgenus
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Sycomorus, which we here refer to as the Sycomorus clade. Two preceding molecular
studies including more taxa (Rensted et al., 2005; 2008a) did not find support for such an
expanded subgenus Sycomorus, but this was attributed to lack of resolution and informative
characters using limited DNA sequence information. Undiscovered paralogous copies were
problematic in Rensted et al. (2005; 2008a). In the present study, it was discovered that the
primers used in previous studies preferably amplified a paralogous copy of ETS explaining
previously unconfirmed incongruence between the ETS topology and other DNA regions.
The design of a new Ficus specific ETS primer resulted in preferential amplification of the
correct copy. After removal of the erroneous copies of ETS, Sycomorus was recovered as
monophyletic. However, relationships within the Sycomorus clade are not well supported
and are likely to change with future analyses, but we expect to recover clades largely
corresponding to sections Sycomorus s.1., Sycocarpus and Adenosperma once the many
difficult taxa in the subgenus Sycomorus clade are placed. Section Sycocarpus, and sect.
Adenoesperma, are both resolved with low support. Section Sycomorus s.1. is not resolved
(Fig. 3C) and we therefore refrain from naming a corresponding clade.

Berg and Corner’s (2005) section Papuasyce includes three species, F. itoana Diels
and F. microdictya Diels endemic to New Guinea and New Britain, and F. pritchardii
Seem. endemic to Fiji (Berg & Corner, 2005). Section Papuasyce was listed as subsection
Papuasyce in section Sycocarpus by Corner (1965). Section Papuasyce and section
Adenosperma lack the nodal glands typical of section Sycocarpus Berg & Corner (2005).
The dioecious F. ifoana and the monoecious F. microdictya are sisters in the present study,
whereas F. pritchardii was not included.

Section Dammaropsis includes five species, F. dammaropsis Diels, F. pseudopalma

Blanco, F. rivularis Merr., F. solomonensis Rech. and F. theophrastoides Seem. ranging

88
26

Botanical Journal of the Linnean Society



Page 27 of 87

coOoNOULT D WN =

oouuuUuuuuuuuuudbDdDbdDBEADDDMDEDDAEDRMDNWWWWWWWWWWNRNNNNNNNNN=S =2 23 23929323239
OCWVWONOIOTULPAWN=_OVONOOUDAEWN—_O0OUVONOCTULPPWN—_,OUVONOOCTULDWN—_OLOVONOUVIA, WN=O

Botanical Journal of the Linnean Society

from the Philippines to the Solomon Islands. Corner (1965) placed F. dammaropsis as
subsection Dammaropsis and F. solomonensis and F. theophrastoides in subsection
Auriculisperma, as series Theophrastoides in section Sycocarpus. Ficus pseudopalma and F.
rivularis was included as series Pseudopalmae and Rivulares respectively in subsection
Ficus by Corner (1965). In the present analysis, all of the above species except F.
solomonensis are included and their relationship is unresolved amongst members of Berg &
Corner’s (2005b) section Adenosperma, with which they share spirally and terminally
arranged and more or less conspicuously tufted leaves (Berg, 2004a; Berg & Corner 2005).

Berg & Corners (2005) section Hemicardia was originally described as series
Prostratae in section Sycidium (subgenus Sycidium; Corner, 1965). Section Hemicardia is
supported by free tepals, and 1-2 anthers per male flower, is primarily Sino-Himalayan and
includes F. koutumensis Corner, F. prostrata (Wall. ex. Miq.) Miq. and F. semicordata
Buch.-Ham. ex Sm., the latter extending to Malesia.

Berg (2004a) remarked closer morphological affinities of section Hemicardia to section
Sycomorus than to any of the other sections of the subgenus. In the present analysis, F.
koutumensis is not included, but F. prostrata and F. semicordata form a clade (Fig. 3C;
98% BS/PP=1.00) with uncertain affinity.

Berg & Corner’s (2005) section Bosscheria includes F. minnahassae and F. pungens
ranging from the Philippines to New Guinea. Berg & Corner’s (2005) section Bosscheria
forms a clade, which is embedded in the Sycocarpus group in the present analysis. They are
atypical within the subgenus because of their very small figs and very small flowers.

Sycocarpus. This clade (Fig. 3C; 68% BS/PP=0.71) corresponds to section Sycocarpus

Mig.
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Adenosperma. This clade (Fig. 3C; 68% BS/PP=0.51) largely corresponds to section
Adenosperma Corner.

Oreosycea. This clade (Fig. 3D; 77% BS/PP=0.62) corresponds to the paleotropic
section Oreosycea (Miq.). Miq. tentatively including most of subsections Glandulosae C.C.
Berg and Pedunculatae Sata sensu Berg and Corner (2005), but excluding subseries
Albipilae Corner (Berg, 2003a; Berg & Corner, 2005). Corner (1960) placed section
Oreosycea in subgenus Pharmacosycea (Miq.) Miq, but molecular phylogenetic evidence
has suggested section Oreosycea is more closely related to subgenus Sycomorus although
this is not well-supported (54 % BS/PP<0.50 in this study) nor consistent. Berg and Corner
(Berg, 2003b; Berg & Corner, 2005) divided section Oreosycea into subsections
Glandulosae C.C. Berg (including series Austrocaledonicae Corner and series Nervosae
Corner and Pedunculatae (including subseries Vasculosae Corner and subseries Albipilae
Corner).

Urostigma. This clade (Fig. 3D; 100% BS/PP=0.99) corresponds to section Urostigma
sensu Corner 1960. Due to the placement of section Urostigma in this phylogenetic analysis
and prior studies of Ficus (Jousselin et al. 2003; Ronsted et al. 2005; 2008a), subgenus
Urostigma is polyphyletic. Additionally, Berg & Corner (2005) expanded section
Urostigma uniting Corner’s sections Urostigma, Leucogyne and Conosycea which is not
supported by this study. The Sino-Himalayan F. orthoneura H. Lév. & Vanoit appears to be
sister to the rest of (sub)section Urostigma (100 % BP/PP=1.00). Ficus orthoneura, F.
hookeriana Corner (also Sino-Himalayan, but not included in this study), and F.
cornelisiana Chantaras & Y.Q. Peng (Chanterasuwan et al. 2014) present a mixture of
section Urostigma and section Conosycea characters and were placed in their own series

within section Urostigma by Corner (1965). In a recent study of (sub)section Urostigma
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(Chantarasuwan et al., 2015), F. madagascariensis C.C. Berg (not included here) was found
to be sister to the remainder of the (sub)section and the next diverging clade consisted of F.
orthoneura and F. hookeriana.

Albipilae. This clade (Fig. 3A; 100% BS/PP=1.00) corresponds to subseries A/bipilae
Corner and comprised two African species F. variifolia Warb. and F. dicranostyla Mildbr.,
as well as F. albipila (Miq.) King which occurs from Thailand to Australia. Morphological
study of subseries A/bipilae also assigns F. capillipes Gagnep. from mainland Asia and the
Madagascan F. assimilis Baker and F. ampana C.C. Berg to this group but remain to be
included in phylogenetic studies. The A/bipilae clade can be distinguished from the
Oreosycea clade primarily by the presence of hairs on the inner surface of the fig receptacle.
The exact circumscription of the A/bipilae clade awaits comprehensive species sampling.

Cariceae. This clade (Fig. 3D; 100% BS/PP=1.00) includes only the domesticated
Mediterranean F. carica L., and F. palmata Roxb. extending from north-eastern Africa to
Pakistan. Together with F. iidaiana Wilson from Bonin Island (Japan), these three species
formerly constituted Ficus section Ficus subsection Ficus Berg & Corner, but F. iidaiana is
a member of Frutescentiae in the present study. The traditional subgenus Ficus is
polyphyletic consisting of three strongly supported major clades: Cariceae, Eriosycea and
Frutescentiae clades corresponding to clear-cut subdivisions by Berg & Corner (2005; Berg,
2003c¢). The relationship of the Cariceae clade is uncertain. Ficus carica is the type of genus
Ficus.

Mixtiflores. This clade (Fig. 3D; 100% BS/PP=1.00) corresponds to subgenus
Urostigma (Gasp.) Miq. excluding section Urostigma (Gasp.) Miq and includes about 265
monoecious species in two subclades, one (100% BP/PP=1.00) consisting of sect.

Conosycea Corner (98% BP/PP=0.99) and (sub)sect. Malvanthera Corner (100%
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BP/PP=0.99), and the other (100% BP/PP=1.00) including sect. Galoglychia (Gasp.) Endl.
(66% BP/PP=0.68) and sect. Americanae Miq. (100% BP/PP=1.00). In all the species, the
staminate flowers are scattered among the pistilate flowers in the fig cavity.

Galoglychia. This clade (Fig. 3E; 66% BS/PP=0.68) corresponds to the African section
Galoglychia (Gasp.) Endl. Early studies (Rensted et al., 2005; 2007; 2008a) suggested that
Galoglychia is paraphyletic to Americanae, but monophyly of Galoglychia has been
confirmed by later studies (Renoult et al., 2009; Cruaud et al., 2012b). Detailed
phylogenetic studies of section Galoglychia were published by Rensted et al. (2008b) and
Renoult ef al. (2009). Based on nuclear sequences, Reonsted et al. (2007) found that
Galoglychia consists of two major clades within Africa possibly corresponding to two main
centers of diversity. One clade comprises members of subsections Platyphyllae (Mildbraed
& Burret) C.C. Berg and Chlamydodorae (Mildbraed & Burret) C.C. Berg, which are more
concentrated in Eastern Africa, and extend to Madagascar and neighbouring archipelagos
(Comoros, Mascarenes, Aldabra Islands and Seychelles) and is sister to Americanae in the
study by Rensted et al. (2007). The other main clade (includes members of subsections
Caulocarpae (Mildbraed & Burret) C.C. Berg, Cyathistipulae (Mildbraed & Burret) C.C.
Berg, Crassicostae (Mildbraed & Burret) C.C. Berg and Galoglychia, which are
concentrated in West and Central Africa (Berg, 1986). Renoult et al. (2009) found
discordance of highly variable plastid data with the nuclear data, possibly caused by
introgressive hybridization. In the present study, the six subclades are evident, but their
relationships are not well-supported.

Americanae. This clade (Fig. 3E; 100% BS/PP=1.00) corresponds to Neotropical

section Americanae Miq. including about 110 species of hemi-epiphytes with low sequence
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variation possibly representing a rapid radiation. A detailed study of the Americanae clade
has been published by Machado et al. (2018).

Conosycea. This clade (Fig. 3F; 99% BS/PP=0.99) corresponds to Corners (1965)
section Conosycea (Miq.) Corner plus Corner’s acceptation of section Stilpnophyllum Endl.
(Ficus elastica Roxb.) and section Leucogyne (F. amplissima Sm. and F. rumphii Bl.),
which Berg and Corner (2005) considered members of section Urostigma s.s. (= subsection
Urostigma).

A number of clades are resolved within section Conosycea, some of which correspond
to traditional series and subseries but the subdivisions proposed by Corner (1965) and Berg
and Corner (2005) are not reflected.

Malvanthera. This clade (Fig. 3F; 98% BS/PP=0.99) corresponds to section
Malvanthera Corner, which was reduced to subsection rank by Berg and Corner (2005). The
Malvanthera clade includes 23 Australasian species with centers of diversity in New Guinea
and in Australia. The section was included in section Stilpnophyllum Endl. by Berg &
Corner (2005) together with F. elastica, but phylogenetic evidence shows that F. elastica is
a member of the Conosycea clade and section Stilpnophyllum sensu Berg & Corner (2005)
is therefore polyphyletic. A detailed phylogenetic tree of the Malvanthera clade was
published by Rensted ef al. (2008b) and relationships in that study are mirrored in the
present study including the same sampling for the section. Rensted et al. (2008b) also
highlighted problems with the species concept of Berg & Corner (2005) for Malvanthera. In
particular Berg and Corner united the majority of the New Guinea species under F.
hesperidiiformis King, which is not supported by phylogenetic evidence (Rensted et al.,
2008b), and at the same time Berg & Corner (2005) kept a narrow species concept for the

Australian species.
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Pharmacosycea. This clade (Fig. 3D; 100% BS/PP=1.00) corresponds to section
Pharmacosycea (Miq.) Bent. & Hook, includes ca. 25 species restricted to the Neotropics
and was recovered as sister to all other species of Ficus. Polyphyly of subg. Pharmacosycea
has been firmly established by molecular phylogenetic tree (e.g. Weiblen, 2000; Ronsted et
al., 2005; 2008a; Cruaud et al., 2012b). Morphologically, the Pharmacosycea clade is very
similar to the Old World section Oreosycea s.s, the remaining section of subg.
Pharmacosycea (sensu Berg and Corner, 2005). Relationships within section
Pharmacosycea were recently evaluated by Pederneiras (2015), although species names

were not fully clarified.

CONCLUSIONS

Despite the extensive study of figs for their striking diversity and brood-site pollination
mutualism, the deep evolutionary history of the group cannot be understood without
attention to and comparison with its closest relatives, Castilleac. We introduce the subtribe
Involucraoideae to recognize that figs and Castilleae comprise a group united by a trait that
is central to their inflorescence morphology and pollination syndromes— involucral bracts.
Here with the first intensive sampling of Castilleae and the most comprehensive
phylogenetic reconstruction of figs to date, we delineate and name clades that are well
supported to guide sampling in future studies of Involucraoideae and highlight those aspects

of phylogenetic tree that warrant further investigation.
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Figure captions

Figure 1. Phylogenetic trees from individual (upper left panel) and combined (main tree)
maximum likelihood analyses of Involucraoideae using ITS, G3pdh, and GBSSI. Thickened
branches represent posterior probabilities greater than 0.95, and maximum likelihood
bootstrap values are indicated above the branches (main tree only). Genera within
Involucraoideae are represented by different colours consistent between the gene trees and
combined phylogenetic tree. Within Ficeae, clades corresponding to named sections have
been collapsed where possible (full tree not shown). For the three gene trees, G3pdh, ITS
and GBSSI, clades have been collapsed based on genus or clades with a genus to compare
relationships among these groups within each tree (all trees are available in TreeBase

accession S24008).

Figure 2. Cladogram based on relationships reconstructed from the maximum likelihood
analysis of the six-gene Ficus dataset (detailed tree in Fig. 3A-F) providing an overview of
the current phylogenetic understanding of relationships within Ficus. Approximate number
of species in each clade indicated to the left of each clade name, and the subgeneric
classification based on Berg & Corner (2005) indicated on the right hand side of the

coloured boxes. ML bootstrap support indicated as follows: thickened branch = 95-100%,
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thin branch = 70-94%, and dashed branches = <69%; posterior probability greater than 0.95

indicated with an asterisk.
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12 Figure 3A-F. Maximum likelihood tree of the combined analysis of six gene regions for

14 307 species of Ficus. ML bootstrap support indicated as follows: thickened branches = 95-
16 100%, thin branches = 70-94%, and dashed branches = <69%; posterior probability greater
19 than 0.95 indicated with an asterisk. Species included in phylogenetic analysis of Ficus for
21 the first time marked in bold. Proposed names for monophyletic groups of figs are indicated

23 to the right of each clade throughout the figure.
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Figure 1. Phylogenetic trees from individual (upper left panel) and combined (main tree) maximum
likelihood analyses of Involucraoideae using ITS, G3pdh, and GBSSI. Thickened branches represent
posterior probabilities greater than 0.95, and maximum likelihood bootstrap values are indicated above the
branches (main tree only). Genera within Involucraoideae are represented by different colours consistent
between the gene trees and combined phylogenetic tree. Within Ficeae, clades corresponding to named
sections have been collapsed where possible (full tree not shown). For the three gene trees, G3pdh, ITS and
GBSSI, clades have been collapsed based on genus or clades with a genus to compare relationships among
these groups within each tree (all trees are available in TreeBase accession S24008).
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Figure 2. Cladogram based on relationships reconstructed from the maximum likelihood analysis of the six-
gene Ficus dataset (detailed tree in Fig. 3A-F) providing an overview of the current phylogenetic
understanding of relationships within Ficus. Approximate number of species in each clade indicated to the
left of each clade name, and the subgeneric classification based on Berg & Corner (2005) indicated on the
right hand side of the coloured boxes. ML bootstrap support indicated as follows: thickened branch = 95-
100%, thin branch = 70-94%, and dashed branches = <69%; posterior probability greater than 0.95
indicated with an asterisk.
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Figure 3A-F. Maximum likelihood tree of the combined analysis of six gene regions for 307 species of Ficus.
ML bootstrap support indicated as follows: thickened branches = 95-100%, thin branches = 70-94%, and
dashed branches = <69%; posterior probability greater than 0.95 indicated with an asterisk. Species

included in phylogenetic analysis of Ficus for the first time marked in bold. Proposed names for monophyletic
groups of figs are indicated to the right of each clade throughout the figure.
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Figure 3A-F. Maximum likelihood tree of the combined analysis of six gene regions for 307 species of Ficus.
ML bootstrap support indicated as follows: thickened branches = 95-100%, thin branches = 70-94%, and
dashed branches = <69%; posterior probability greater than 0.95 indicated with an asterisk. Species
included in phylogenetic analysis of Ficus for the first time marked in bold. Proposed names for monophyletic
groups of figs are indicated to the right of each clade throughout the figure.
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Figure 3A-F. Maximum likelihood tree of the combined analysis of six gene regions for 307 species of Ficus.
ML bootstrap support indicated as follows: thickened branches = 95-100%, thin branches = 70-94%, and
dashed branches = <69%; posterior probability greater than 0.95 indicated with an asterisk. Species
included in phylogenetic analysis of Ficus for the first time marked in bold. Proposed names for monophyletic
groups of figs are indicated to the right of each clade throughout the figure.
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33 Figure 3A-F. Maximum likelihood tree of the combined analysis of six gene regions for 307 species of Ficus.
ML bootstrap support indicated as follows: thickened branches = 95-100%, thin branches = 70-94%, and
dashed branches = <69%; posterior probability greater than 0.95 indicated with an asterisk. Species
included in phylogenetic analysis of Ficus for the first time marked in bold. Proposed names for monophyletic

36 groups of figs are indicated to the right of each clade throughout the figure.
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Figure 3A-F. Maximum likelihood tree of the combined analysis of six gene regions for 307 species of Ficus.
ML bootstrap support indicated as follows: thickened branches = 95-100%, thin branches = 70-94%, and
dashed branches = <69%; posterior probability greater than 0.95 indicated with an asterisk. Species
included in phylogenetic analysis of Ficus for the first time marked in bold. Proposed names for monophyletic
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45 Figure 3A-F. Maximum likelihood tree of the combined analysis of six gene regions for 307 species of Ficus.
46 ML bootstrap support indicated as follows: thickened branches = 95-100%, thin branches = 70-94%, and
47 dashed branches = <69%; posterior probability greater than 0.95 indicated with an asterisk. Species
48 included in phylogenetic analysis of Ficus for the first time marked in bold. Proposed names for monophyletic
49 groups of figs are indicated to the right of each clade throughout the figure.
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Chapter I

Atlantic forests to the all Americas:
Biogeographical history and divergence times of
Neotropical Ficus (Moraceae)
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ARTICLE INFO ABSTRACT

Keywords: Ficus (Moraceae) is well diversified in the Neotropics with two lineages inhabiting the wet forests of this region.
Americanae The hemiepiphytes of section Americanae are the most diversified with c. 120 species, whereas section
Ancestral range estimation Pharmacosycea includes about 20 species mostly with a terrestrial habit. To reconstruct the biogeographical
Biogeography . history and diversification of Ficus in the Americas, we produced a dated Bayesian phylogenetic hypothesis of
g};zii;t;zsevolunon Neotropical Ficus including two thirds of the species sequenced for five nuclear regions (At103, ETS, G3pdh, ITS/
Pharmacosycea 5.8S and Tpi). Ancestral range was estimated using all models available in Biogeobears and Binary State

Speciation and Extinction analysis was used to evaluate the role of the initial habit and propagule size in di-
versification. The phylogenetic analyses resolved both Neotropical sections as monophyletic but the internal
relationships between species in section Americanae remain unclear. Ficus started their diversification in the
Neotropics between the Oligocene and Miocene. The genus experienced two bursts of diversification: in the
middle Miocene and the Pliocene. Colonization events from the Amazon to adjacent areas coincide with the end
of the Pebas system (10 Mya) and the connection of landmasses. Divergence of endemic species in the Atlantic
forest is inferred to have happened after its isolation and the opening and consolidation of the Cerrado. Our
results suggest a complex diversification in the Atlantic forest differing between postulated refuges and more
instable areas in the South distribution of the forest. Finally the selection for initial hemiepiphytic habit and
small to medium propagule size influenced the diversification and current distribution of the species at
Neotropical forests marked by the historical instability and long-distance dispersal.

1. Introduction

Neotropical rainforests are among the most diverse global biomes
(Pennington et al., 2004) and exhibit higher biodiversity compared to
African and Asian rainforests (Koenen et al., 2015). Explanations for the
high diversity in rainforests have been subject to debate as to whether
they are old or recent radiations (e.g. Antonelli and Sanmartin, 2011;
Hughes et al., 2013; Pennington et al., 2015; Bruun-Lund et al., 2017).
The “museum model” of diversification (Stebbins, 1974) explains their
hyper diversity as old and evolving by constant rates of diversification
and low rates of extinction with relative ecological stability over a long
time. Another hypothesis considers rainforest as cradles of diversifica-
tion with recent and elevated speciation rates (e.g. Richardson et al.,
2001) and this so-called “cradle model” gained further support with the
“refuge theory” suggesting that drier climates during glacial periods

* Corresponding author.
E-mail address: machadoafp@gmail.com (A.F.P. Machado).

https://doi.org/10.1016/j.ympev.2018.01.015

caused speciation by vicariance in rainforest species (Haffer, 1969;
Prance, 1982; Carnaval and Moritz, 2008). The two models may not be
mutually exclusive (Pennington et al., 2015) and consequently a recent
hypothesis suggests that the diversity of rainforests could result from
recent radiations from a large stock of higher-level taxa (Koenen et al.,
2015).

Several studies of pantropical rainforest tree families have sup-
ported the museum (Couvreur et al., 2011; Wang et al., 2012), whereas
generic level studies focused on the Neotropics have supported the
cradle model. (Richardson et al., 2001; Kay et al., 2005; Erkens et al.,
2007; Sarkinen et al., 2007) suggesting that Neotropical rainforests may
be cradles of recent diversity within a pantropical museum model.

Compared to other typical rainforest genera, Ficus L. possess unique
diversification patterns. With approximately 750 species distributed in
tropical and subtropical regions worldwide is one of the most important

Received 7 April 2017; Received in revised form 20 January 2018; Accepted 20 January 2018
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Table 1
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Main differences between the two Neotropical fig clades: Ficus section Americanae vs. Ficus section Pharmacosycea.

Pharmacosycea Americanae
Number of species ~20 ~120
Distribution Rainforests, rare in other biomes All biomes

Initial habit/habit Terrestrial (one case of hemi-epiphytic habit)/Tall trees

Hemiepiphytic, hemiepilhitic, rupicolous, terrestrial

Shrubs, small trees or large “banyan trees”

Glandular spot(s)
Syconia position
Syconia size and color

A pair in the axils of basal lateral veins
Axillary and generally solitary
Large (> 2.5 cm diam.) rare small. Often green

One at the top of the petiole
Axillary or along the branches. Generally in pairs or grouped
Small (0.5-1 cm diam.); medium (1-2.4 cm diam.) or large (> 2.5 cm diam.). Yellow, red,

purple
Basal bracts 3 2
Male flowers 2-stamens 1-stamen

plant genera in lowland tropical rainforests with high alpha-diversity
(Harrison, 2005). A diversification rate analysis of Ficus by Bruun-Lund
et al. (in press) found that they generally follow the museum model of
evolution with a gradual accumulation of species over time and with
very low extinction rates and no significant evolutionary shifts. How-
ever, a shift in diversification rate related to the lineage including
Neotropical section Americaneae was detected, although with a non-
significant probabability.

Neotropical Ficus appear clearly separated into two monophyletic
sections (Rgnsted et al., 2005, 2007, Regnsted et al., 2008a,b; Cruaud
et al., 2012): a speciose section Americanae (Miq.) Corner (~120 spp.)
consisting of hemi-epiphytic stranglers and section Pharmacosycea
(Miq.) Benth. & Hook.f. (~ 20 spp.) including mostly large free-standing
trees (Table 1; Fig. 6) (Berg and Simonis, 1981; Berg, 1989).

The morphological variation, complexity, and the massive diversi-
fication of Ficus in the Neotropics make this genus an important element
for understanding diversification in species rich biomes such as the two
major blocks of Neotropical rainforests, Amazonia (AM) and Atlantic
Forest (AF).

Amazonian Ficus show greater morphological diversity compared to
Atlantic Forest elements. The Amazonian figs comprise about 50 species
of large and small trees with a great variety of leaves and syconia (fig
inflorescences, propagule) sizes, but endemism in this area is low and
most Amazonian species are also found in the Antilles, Mesoamerica
and North America. Some taxa exhibit a disjunct distribution with the
Atlantic rainforest (e.g. F. castellviana Dugand, F. mariae C.C.Berg et al.,
F. pulchella Schott, F. trigona L.f.) and others are widely distributed in
the Americas (e.g. F. gomelleira Kunth, F. obtusiuscula (Miq.) Migq., F.
obtusifolia Kunth., F. pertusa L.f. and F. citrifolia Mill.).

Although less diverse, the Atlantic Forest (with about 35 species;
Carauta, 1989; BFG, 2015) the Atlantic forest harbors mostly endemic
species of Ficus (e.g. F. bahiensis C.C.Berg & Carauta, F. cestrifolia Schott,
F. hirsuta Schott, F. enormis Mart. ex Miq., F. luschnathiana (Miq.) Migq.,
and F. guaranitica Chodat), some also ocurring in adjacent areas.

In spite of the diversity and importance of Ficus in the Neotropics,
phylogenetic studies have focused only on the small section
Pharmacosycea (Honorio Coronado et al.,, 2014; Pederneiras et al.,

Table 2

2015; Costa et al., 2017). No published study to date has focused on the
phylogeny and diversification of the megadiverse section Americanae.
Consequently, little is known about the origin and diversification of
Neotropical Ficus in general and this could improve our understanding
of diversification patterns and processes in the tropical forests. About
half of the fig species are hemiepiphytic woody plants (Berg and Corner,
2005; Harrison, 2005), a growth habit that could have evolved in-
dependently three times in Ficus (Jousselin et al., 2003), and which may
have influenced the ability to diversify and colonize new areas in
neotropical rainforests.

Likewise, the dispersal ability of propagules may have influenced
the diversification of Ficus in the Neotropics. Two major morphofunc-
tional propagule types are found in Neotropical Ficus. The mostly bat-
dispersed type is characterised by larger, green or yellow syconia,
which provide little color contrast against the background, but instead
produce many volatile compounds and large peduncles evident among
the leaves (Lomascolo et al., 2008, 2010). In contrast, the mostly bird-
dispersed syconia are small with bright colors (red, orange or purple,
never green) at maturity, growing between the foliage and procucing
few volatile compounds (Lomaéscolo et al., 2010). Syconia with inter-
mediate traits may be dispersed both by bats and birds (Loméascolo
et al., 2010). Species with small and intermediate syconia are expected
to have higher dispersal range/efficiency due the bird dispersal effec-
tiveness (Traveset, 1998; Jacomassa and Pizo, 2010; Lomaéscolo et al.,
2008, 2010).

A biogeographical analysis of Ficus in a phylogenetic context pro-
vides the opportunity to investigate the diversification patterns of the
South American rainforests and its correlation with the main biogeo-
graphical events that might have influenced their high species diversity.
From a comprehensively sampled dated phylogeny of Neotropical figs
we adresse the following questions (1) When and where did the most
recent common ancestor (MRCA) of both sections of Neotropical figs
originate? (2) How is Neotropical Ficus phylogeny geographically
structured in Amazonia and Atlantic rainforests? (3) How did geological
events influence the divergence history of Ficus? Could the initial
growth habit and the propagule traits have influenced diversification
rates of Ficus in Neotropical rainforests?

Estimated ages (Mya; median and 95% HPD) for crown nodes of the main lineages for selected nodes and their corresponding support values (BS, maximum-likelihood bootstrap; PP,

Bayesian posterior probability).

Node Cruaud et al. (2012) This study This study Support (BS/PP)
Median ages Calibration with crown ages Calibration with crown and stem ages
Ma (95% HPD)

Crown Ficus 74.9(101.9-60.0) 63.4(80.8-47.8) 63.5(83.5-45.4) 100/1

Crown Americanae 20.5(29.3-13.1) 25.9(32.45-20.3) 26.7(33.2-20.5) 88/0.99

Stem Americanae 32.3(46.1-22.1) 31.36(40.5-23.6) 32.6(42.65-24.2) -

Crown Pharmacosycea 16.2(25.7-8.2) 19.87(26.6-13.6) 20.1(27.0-13.9)

Stem Pharmacosycea 74.9(101.9-60.0) 63.37(80.8-47.8)

100/1
55.4(74.9-38.0) -
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2. Material and methods
2.1. Sampling

To assess the biogeographical history and diversification of Ficus in
the Neotropics we assembled the largest and most representative data
matrix to date including 66 species of section Americanae and 11 species
of section Pharmacosycea (more than 65% of the Neotropical Ficus).
Samples were collected in the field or from herbarium specimens and a
list of material and vouchers is included in Appendix A. We produced
188 new sequences for Ficus expanding the sampling of Neotropical
species available in GenBank for phylogenetic studies considerably
from 31 species included in Cruaud et al. (2012) to 77 species (65%)
included in the present study. Our sampling comprises species from all
areas of the Americas including 28 of approximately 50 species found in
Amazonia and 30 of 35 species of the Atlantic Rainforest (see Carauta,
1989; BFG, 2015; Berg and Villavicencio, 2004). Antiaropsis decipiens,
Castilla elastica and Sparratosyce dioica representing Castilleae, the sister
tribe of Ficus, were used as outgroups following previous studies
(Ronsted et al., 2005; Zerega et al., 2005).

2.2. DNA extraction, amplification, and sequencing

Total genomic DNA was extracted using the CTAB protocol of Doyle
and Doyle (1987) from 15 to 30 mg of silica dried leaf-fragments or
herbarium material. Since plastid regions provide little phylogenetic
information within Ficus (Rgnsted et al., 2008a), phylogenetic studies of
Ficus have focused on the more informative single- or low copy nuclear
regions. For the present study, we sequenced five nuclear markers: the
Internal Transcribed Spacer including the coding (ITS) region, the Ex-
ternal Transcribed Spacer (ETS) region, the Glycerol-3-phosphate de-
hydrogenase gene (G3pdh), the Magnesium-protoporphyrin IX mono-
methyl ester cyclase (At103) and the Triosephosphate isomerase gene
(Tpi).

We chose the ITS, ETS and the G3pdh regions because they have
provided good resolution of Ficus in previous studies (Rgnsted et al.,
2008a). Additionally, At103 and Tpi were selected because they have
provided both good amplification and resolution in other studies
(Strand et al., 1997; Li et al., 2008).

Amplification of ITS, ETS and G3pdh followed Rgnsted et al.
(2008a). Amplification of At103 followed Li et al. (2008) except that
1 yL each of DMSO and BSA were added to all reactions. Amplification
of Tpi was performed in 25 uL reactions adding 0.5 pL. DNA to a reaction
mixture of 1x Buffer, 1.5 mM MgCl,, 0.2 mM of each dNTP, 0.5 mM of
each primer, 1U of Taq polymerase (VWR international, Haasrode,
Belgium), 1 pL of BSA and DMSO. The PCR protocol for Tpi consisted of
2min at 95°C, followed by 35 cycles of 1 min at 95°C, 1.30 min at
46.5°C, 2min at 72°C and a final extension for 9 min at 72 °C. PCR
products were purified using a Qiagen PCR purification kit (Qiagen Inc.,
Valencia, California, USA) except for PCR products of Tpi which were
purified using ExoSAP-IT® (Affymetrix UK Ltdn, High Wycombe, UK),
following the manufacturers protocols.

PCR products were sequenced using Big Dye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, Austin, Texas, USA) and purified
sequencing products were run on an AB3130x1 Genetic Analyzer
(Applied Biosystems/HITACHI, Tokyo, Japan) at the Laboratério de
Sistemdtica Molecular de Plantas of the Universidade Estadual de Feira
de Santana (LAMOL/UEFS) or at the National Sequencing Centre,
Natural History Museum of Denmark. Forward and reverse sequences
were edited and assembled in Geneious V. 7 to V. 8 (http://www.
biomatters. com) or with Sequencer 4.8™ software (Gene Codes, Ann
Arbor, MI, USA). Alignments were conducted using MUSCLE (Edgar,
2004) with default settings and were inspected in Mesquite (Maddison
and Maddison, 2015).
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2.3. Phylogenetic analyses

Despite some missing data all major clades are represented by all
DNA regions sampled. Prior to analysis, the best fitting model of se-
quence evolution was determined using jModeltest v. 2.1.7. (Darriba
et al., 2012) following the AIC criterion (Posada and Buckley, 2004).
The HKY + G model of sequence evolution was selected for At103, ETS,
G3pdh and Tpi; and GTR + G was selected for ITS.

Maximum-likelihood (ML) analysis was performed in RAXML v. 8
(Stamatakis, 2014) in the CIPRES Science Gateway v.3.3 (Miller et al.,
2010). We executed 1000 rapid bootstrap inferences and, thereafter, a
thorough ML search following Stamatakis (2014).

Bayesian analyses were conduced in MrBayes v.3.2.5 (Ronquist and
Huelsenbeck, 2003) in the CIPRES Science Gateway v.3.3 (Miller et al.,
2010). Two separate MCMC runs each initiated with a randon tree and
eight simultaneous chains set at default temperatures (Ronquist and
Huelsenbeck, 2003). Markov chains were run for 2 X 107 generations
sampling every 1000th generation. Convergence of runs was tested by
inspecting whether the standard deviation of split frequencies of the
runs was < 0.01 and by using the effective sample sizes (ESS) > 200 in
Tracer v.1.6 (Rambaut and Drummond, 2013). We then used MrBayes
command “sumt” to summarize 75% of the trees sampled from post
burn-in generations into a 50% majority rule consensus tree that in-
cluded posterior probabilities (PP) as branch support estimates. The
trees were annotated for presentation using FigTree v.1.4.2 (Rambaut,
2014).

2.4. Divergence time estimation

To obtain the chronograms we used the uncorrelated log-normal
relaxed clock implemented in the BEAST package v.1.8.0 (Drummond
et al., 2012) in the CIPRES Science Gateway v.3.3 (Miller et al., 2010)
with a null tree prior (Yule speciation), and a random starting tree. A
XML file was generated in BEAUti v.1.8.0 (Drummond et al., 2012). We
conducted 2 runs of 60 X 10° generations, sampling trees every
6 x 10° generations. The output files were examined in Tracer v.1.6
(Rambaut and Drummond, 2013) to assess convergence of the runs and
that the ESS values were > 200 for all parameters. The runs were
combined using LogCombiner v.1.8.2 (Drummond et al., 2012). Fol-
lowing the removal of 10% burn-in, the sampled posterior trees were
summarized using TreeAnnotator v.1.8.2 (Drummond et al., 2012) to
generate a maximum clade credibility tree and calculate the mean ages,
95% highest posterior density intervals (95% HPD) and PP. The
chronogram was visualized and annotated using FigTree v.1.4.2
(Rambaut, 2014).

For the molecular dating, calibration points were selected based on
sampling of lineages and the ages derived from the most comprehensive
analyses of Ficus (Cruaud et al., 2012). We adopted the dates from
Cruaud et al. (2012) for the Most Recent Common Ancestor (MRCA) of
the genus Ficus; the MRCA of section Americanae; section Conosycea;
section Galoglychia; section Malvanthera; section Pharmacosycea and
section Sycomorus using a normal prior for each node.

2.5. Biogeographical analyses

For biogeographical analyses we defined nine areas based on the
current species distribution (Table 3) and the biogeographical regions
of the neotropics defined by Morrone (2014). Species occurrence data
were compiled from the literature including taxonomic revisions, floras
and checklists (Berg and Villavicencio, 2004, Carauta, 1989; BFG,
2015) as well as from inspections of scientific collections of plants of
Neotropical area mainly in Brazilian herbaria: ALCB, ASE, B, BHCB,
BOTU, C, CEPEC, CESJ, CGMS, CVRD, EAC, ESA, FLOR, FUEL, FURB,
GUA, HB, HRB, HUEFS, HUESB, HUFU, IAC, IAN, IAL, INPA, K, MBM,
MBML, NX, NY, PACA, PAMG, R, RB, SP, SPF, SPFR, UEC, VIC and
VIES. Herbarium acronyms follow Thiers (continuously updated).
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Table 3
Geographical areas used in the Biogeographical analysis.

Code Geographical areas

Antilles

Mesoamerica

Amazonia

South American transition zone

Brazilian seasonally dry tropical forest: Caatinga

Brazilian Atlantic forest

Cerrado, Chacoan and Pampean provinces (Sensu Morrone, 2014)
Afrotropics

Australia and Asia

“rnommgow>»

Reconstructions were inferred using the MCC tree obtained in BEAST.
The maximum number of areas was restricted to the maximum number
of regions observed among extant taxa (five) and dispersion prob-
abilities among areas were equally weighted (unconstrained model).

The analyses were conducted in the package BioGeoBEARS 0.2.1
(Matzke, 2013a) implemented in R 3.1.2 (R Core Team, 2016), which
allows comparison of different models of ancestral range estimation
(ARE). We used six different models, namely DEC, DEC+J, DIVA,
DIVA +J, BayArea, BayArea+J (J models include a j parameter con-
trolling founder event speciation). Massana et al. (2015) suggest the
DEC model underestimates local extinction because the model allows
observed species to transition into being present in no areas (i.e., null
range). Consequently, we also accounted for the impact of the null
range for each tested model to improve inference of local extinction
(Massana et al., 2015, Matzke 2013b). These modified models are
identified with an asterisk (") in Table 4. Fit of the models was com-
pared using AIC values in BioGeoBEARS.

2.5.1. Diversification through time

The temporal accumulation of lineages was assessed with a lineage-
through-time plot (LTT) using the R package phytools 0.4-45 (Revell,
2012). We use the MCC tree and 1000 ultrametric trees randomly
sampled from the posterior distribution of trees obtained in the BEAST
analyses to obtain the 95% confidence interval (CI).

2.5.2. Diversification and evolution of life-history traits and propagule
(syconia) size in Neotropical figs

Neotropical figs are composed of two distinct lineages, sections
Americanae and Pharmacosycea (Rgnsted et al., 2005; Jackson et al.,
2008; Cruaud et al., 2012), which both have different life forms in the
initial phase of development ( see Table 1; Fig. 6).

To explore the importance of the initial life-history traits to the
diversification of Neotropical Ficus, we reconstructed the evolution of
habit (terrestrial vs hemiepiphyte). We also evaluate propagule traits
and their association with diversification patterns. A matrix was con-
structed scoring syconia as small (0.5-1cm diam.) or medium

Table 4
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(1-2.4 cm diam.) yellow, orange or purple at maturity vs. large syconia
(> 2.5cm diam.) usually green at maturity. Data for life histories and
syconia size were obtained from taxonomic literature (Berg and
Villavicencio, 2004; Carauta, 1989) supplemented by measurements
made by the authors.

We tested the hypothesis that small and medium syconia being
yellow, red or purplish at maturity (state 1) have allowed for greater
diversification compared to larger syconia green at maturity (state 2).
To test whether life history or propagule characteristics are associated
with differential rates of diversification, ancestral-state reconstruction
on the MCC tree and the 1000 subsampled posterior trees was assessed
in phytools 0.4.98 using stochastic character mapping (Huelsenbeck
et al.,, 2003). We also implemented the Binary State Speciation and
Extinction model (BiSSE) (Maddison et al., 2007) using the R package
Diversitree 0.9-7 (FitzJohn, 2012). BiSSE estimates speciation and ex-
tinction rates among lineages with different states of a binary trait. We
compared eight models: full; equal.L. (lambda0 = lambdal); equal.m
(mu0 = mul); equal.q (q01 = ql0); equal.lm; equal.lq; equal.mg;
equal.lmgq. Fit of alternative models were evaluated using LnL and AIC
scores. The estimated speciation and extinction rates are plotted using a
R Package plot3D (Soetaert, 2013). All analyses were run on the 1000
random trees as well as on the maximum credibility tree.

3. Results

Both Neotropical Ficus sections Americanae and Pharmacosycea were
supported as monophyletic and with sect. Pharmacosycea sister to all
other sampled sections (Fig. 1). Most speciation events yielding the
current diversity of these sections occurred between 15.0 and 2.0 Mya
and the greater diversification was observed from the middle Miocene
(Fig. 1; Table 2).

Ancestral range estimation recovered the BayArea” +J (Landis et al.,
2013) as the best-fit model for our data set (InL = —369.2,
AIC = 744.3) followed by the BayArea"’ (Table 4; Fig. 2). The use of
parameter j (founder-event speciation) and the impact of the null range
(Massana et al., 2015) both significantly improved the fit of all models
tested (Table 4).

Both molecular dating analysis and ancestral range estimation in-
dicate that Neotropical Ficus sections arrived in eastern Brazilian
Atlantic Forest from Old World ancestors between the late Oligocene
and earlier Miocene (Fig. 2; Table 2). Pharmacosycea likely diverged in
the Paleogene 58.1 Mya (95% HPD 34.6-60.8) from an Asian ancestor
(clade I'in Fig. 2) and the MRCA of section Pharmacosycea was dated to
the early Miocene (19.9 Mya; 95% HPD: 26.6-13.6 Mya). The diver-
gence of section Americanae is dated to around 31.4 Mya (95% HPD
23.6-40.5) (Fig. 1). Atlantic Forest is the most probable ancestral area
of this clade in the Oligocene (Fig. 2II) and the MRCA of Americanae
was dated to the Oligocene (25.9 Mya; 95% HPD: 32.5-20.3 Mya)
suggesting that both lineages of Neotropical Ficus arrived on the con-
tinent between the later Oligocene and the early Miocene (Fig. 2). We

Likelihood (LnL) and Akaike information criterion (AIC) scores from each of the models tested in BioGeoBEARS. The best model is highlighted in bold.

LnL Numparams d e J AIC
DEC —459.3 2 0.010 0.0046 0 922.6
DEC+J —458.1 3 0.0098 0.0032 0.0060 922.2
DIVALIKE —478.8 2 0.012 0.0088 0 961.5
DIVALIKE +J —477.8 3 0.010 1.0e—12 0.0071 961.5
BAYAREALIKE —405 2 0.0059 0.054 0 814
BAYAREALIKE +J —399.7 3 0.0056 0.050 0.0022 805.4
DEC —436.1 2 0.019 0.10 0 876.2
DEC +J —436.1 3 0.020 0.11 1.0e—05 878.2
DIVALIKE" —445.1 2 0.024 0.15 0 894.2
DIVALIKE" +J —436.1 3 0.020 0.11 1.0e—05 878.2
BAYAREALIKE" —372.8 2 0.0063 0.080 0 749.7
BAYAREALIKE +J —369.2 3 0.0060 0.076 0.0017 744.3
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detected a first diversification event resulting in F. bonijesulapensis a
species endemic to Seasonally Tropical Dry Forests (STDF) of Brazil. A
second lineage consisting of all other Americanae species diverged in the
early Miocene with inferred origin in both rainforests (Atlantic Forest,
Amazonia, Central America).

At the end of the early Miocene there was a split resulting in the
origin of a group with Atlantic rainforest species (Fig. 2IV). In the
middle Miocene we detected a divergence between lineages of Ficus in
the Atlantic Forest and the Amazon or Central America (Fig. 2III). In the
late Miocene (11.6-5.3 Mya) our analysis (Fig. 2) identified coloniza-
tion events from Amazonia to the Antilles, Central American and Andes.

Neotropical figs expanded to other American rain forests by the
early to middle Miocene, evidenced by the reconstruction of a com-
posed BCG area for the MRCA (Fig. 2) of the most speciose clades in
both sections. Ficus also had an increase in diversification rate between
16 and 5Mya (Fig. 1 B). From the middle Miocene, diversification rate
increases in both sections and remained high until the Pleistocene
(2.6-0.0 Mya), which was marked by a slightly smaller Ficus diversifi-
cation in rainforests (Fig. 2B). However, there was diversification to
adjacent biomes e.g. F. lagoensis (Cerrado and Atlantic Forest) and F.
caatingae (endemic to Caatinga) (Fig. 2).

The current endemic species of the Atlantic Forest and Amazonia
started diversification in the late Miocene (Fig. 2). We also detected
dispersal events between Amazonia and Atlantic Forest and diversifi-
cation in a group of endemic species to Central and North America at
this time. At the end of the Miocene and Pliocene, dispersal and di-
versification of Ficus was inferred from rain forests to seasonally dry
forests, and savannas on the continent. In the Pliocene (5.3-2.6 Mya)
we detected the first occurrence of species in the Antillean and the
Andes region (Fig. 2). The analysis detects an expansion of Amazonian
and Atlantic species to the Cerrado and Caatinga and intensification of
floristic exchanges between the Amazon and the Atlantic Forest in this
period.

A

Molecular Phylogenetics and Evolution 122 (2018) 46-58

We detected two transitions between the different initial habits
(terrestrial vs. hemiepiphyte) in Neotropical Ficus (Fig. 3A and B). Only
one species in section Pharmacosycea (F. crassivenosa, not sampled
here), initially exhibits the hemiepiphytic habit. DAIC scores from
BiSSE analyses recovered equal.l (lambdal = lambda0) as the best-fit
model (Fig. 5B and C; Table 5). We did not find evidence for different
rates of speciation associated with the hemiepiphytic habit. However,
posterior density of the parameters q (transitions) and mu (extinction)
were differentiated (Fig. 5B and C) suggesting lower extinction asso-
ciated with the hemiepiphytic habit (see Fig. 6).

Eleven transitions among syconia size were inferred in Neotropical
Ficus. The best-fit model was equallq (lambdal = lambda0;
q01 = q10) (Fig. 5E-G; Table 6) meaning that the speciation and
transitions between traits are equal. However, we found lower extinc-
tion rates associated with small or medium and coloured syconia (mu0)
compared to large green syconia (mul).

4. Discussion
4.1. Phylogeny, divergence times and diversification of Neotropical figs

In agreement with previous molecular studies including Neotropical
samples (Rgnsted et al., 2005, Ronsted et al., 2007, Rgnsted et al.,
2008a; Cruaud et al., 2012) we found a strong statistical support for
monophyly of sections Americanae and Pharmacosycea. However the
internal relationships among the species, mainly in section Americanae,
are not strongly supported. This lack of phylogenetic resolution with
the short branch lengths is probably a consequence of recent diversi-
fication observed in Neotropical Ficus. This pattern is also found in
other species-rich lineages in Neotropical rainforests [e.g. Inga
(Richardson et al., 2001); Gesneriaceae (Perret et al., 2013); Astro-
caryum (Arecaceae, Roncal et al., 2013); Attalea (Arecaceae, Freitas
et al., 2016); Philodendron (Araceae, Loss-Oliveira et al., 2016)] and
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Fig. 3. A. Result from 10,000 stochastic character-mapping reconstructions of the life forms (terrestrial vs. hemiepiphyte) on the MCCT of the Neotropical Ficus using Phytools. Red
indicates hemiepiphytic habit. B. Result from 10,000 stochastic character-mapping reconstructions of the life forms (terrestrial vs. hemiepiphyte) from 1000 subsampled posterior trees
using Phytools. The colour of branches in the tree indicates the posterior probability along the branches. Red indicates high posterior probability of hemiepiphytic habit. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. A. Result from 10,000 stochastic character-mapping reconstructions of the syconia size (small vs. medium and large) on the MCCT of the Neotropical Ficus using Phytools. Red
indicates small size. B. Result from 10,000 stochastic character-mapping reconstructions of the syconia size (small vs. medium and large) from 1000 subsampled posterior trees using
Phytools. The colour of branches in the tree gives the posterior probability of each size along the branches. Red indicates high posterior probability of small syconia. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

have been interpreted as a consequence of incomplete lineage sorting
due to their recent diversification since the late Miocene (Hughes et al.,
2013), as we found here in Ficus.

Most of the divergence in Neotropical Ficus took place in rainforests
and happened in the last 16 Mya. In fact, high levels of rainfall, tem-
perature, and habitat heterogeneity have been correlated with high
species richness in general (Kreft and Jetz, 2007) and were the pre-
valent conditions by the middle Miocene climatic optimum, allowing
the expansion of rainforests in America (Morley, 2000; Zachos et al.,
2001). All idiosyncratic geographical and climatic events in the Neo-
tropical region probably variously influenced the diversification of Ficus
in different domains of the region.

4.2. Diversification of Ficus in Amazonia

Amazonian species of Ficus appeared scattered across the phylogeny
(Fig. 3). The lack of geographic structure was observed in other Ama-
zonian groups (Hughes et al., 2013) such as Clusia (Gustafsson and
Bittrich, 2002) , Guatteria (Erkens et al., 2007), Inga (Richardson et al.,
2001) and Swartzia (Torke and Schaal 2008). This pattern suggests that
vicariance events (e.g. the Pebas System) were not the major driver of
speciation in this region (Hughes et al., 2013) and that these commu-
nities were assembled mostly by dispersal. The importance of im-
migrants in the composition of the Amazonian flora has already been
suggested (Pennington et al., 2004; Pennington and Dick, 2004).

We found species endemic to the Amazon diversifying only in the
last 10 Mya (late Miocene), which coincides with the end of the Pebas
system and the establishment of the current course of the Amazon River
(Hoorn et al., 2010). Biotic interchange between South America, the
Antilles and Central America occurred mainly at 23-20 and 8-6 Mya
(Bacon et al., 2015). Events of colonization of adjacent areas from
Amazonian taxa were inferred at this time. Diversification in Mesoa-
merica is detected for a clade of endemic species diverging from
10 Mya. Ficus reached the Antillean region around 8-5 Mya, coinciding
with the closure of the Isthmus of Panama connecting these areas.

Species shared between the Amazon and the South American
Transition Zone (sensu Morrone, 2014) are rare and probably colonized
the latter area around 10 Mya coinciding with the end of the Pebas
System (Hoorn et al., 2010) as a potential barrier to colonization of
these areas. Other colonization events between these areas were
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detected in the Pliocene, which were probably due to the final phase of
the Andes uplift creating new niches. Despite the biotic interchange
between Amazonia, the Antilles and the South American Transition
zone we did not find an increase in diversification rates in these areas as
reported for Arecaceae (Roncal et al., 2013; Freitas et al., 2016).

4.3. Diversification of Ficus in the Atlantic Forest

Neotropical Ficus of both sections diversified first in Atlantic Forest
and expanded to other areas during the Oligocene and Miocene in ac-
cordance with favorable climatic conditions and the continuity of
Neotropical wet forests during this time (Morley, 2000; Zachos et al.,
2001). Thenceforth Ficus in the Atlantic Forest experienced two bursts
of diversification in the middle Miocene (16.0-11.6 Mya) and in the
Pliocene (5-3 Mya), respectively. We compared the patterns observed
in Ficus with the different available hypotheses of diversification in this
area reflecting the complexity and different histories of Atlantic Forest
areas.

Historically situated in an area with less drastic tectonic and hy-
drological changes the Atlantic Forest was considered more stable than
Amazonia (Pennington et al., 2004; Carnaval and Moritz, 2008; Hoorn
et al., 2010; Hughes et al., 2013; Pennington et al., 2015). The first
diversification burst of neotropical Ficus in the middle Miocene
(16.0-11.6 Mya) is chronologically coherent with the Miocene climatic
optimum (Morley, 2000; Zachos et al., 2001) and continuous rainforests
in the Americas. Examples of wet forest Neotropical taxa originating in
the Miocene are well documented: Inga (Richardson et al., 2001) Ges-
neriaceae (Perret et al., 2013), Astrocaryum (Arecaceae, Roncal et al.,
2013); Attalea (Arecaceae, Freitas et al., 2016); Philodendron (Araceae,
Loss-Oliveira et al., 2016) and the Miocene favorable climatic condi-
tions also appears to have driven the diversification of Myrcia (Lucas
et al., 2011) in AF and Amazonia.

The Pliocene was characterized by a gradual decrease in tempera-
ture and humidity resulting in contraction of wet forests and expansion
of dry forests (Zachos et al., 2001). Some AF areas served as refugia
during this time (Carnaval and Moritz, 2008; Thomé et al., 2010). As an
effect of these fluctuations, Ficus experienced a second burst of di-
versification in the Pliocene (5-3 Mya) resulting in the majority of
species endemic to the Atlantic Forest and the southern part of the
domain. Besides identifying an increase in diversification, our analyses
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Table 5

Likelihood ratio test and AIC of each tested model in BiSSE analyses of correlated di-
versification. Initial habit (terrestrial vs hemiepiphytic) of the Neotropical Ficus. The best
model is highlighted in bold.

Df InLik AIC ChiSq Pr(> |Chi|)

full 6 —358.78 729.56

equal.l 5 —358.79 727.57 0.0113 0.91
equal.m 5 —360.55 731.10 3.5383 0.059
equal.q 5 —360.13 730.26 2.698 0.10
equal.lm 4 —365.00 738.00 12.44 0.001
equal.lq 4 —360.20 728.40 2.835 0.24
equal.mq 4 —363.07 734.13 8.573 0.013
equal.lmq 3 —366.34 738.68 15.11 0.001

also detected evidence of colonization of the newly opened formations
followed by in situ diversification. Dispersal events from Atlantic Forest
to adjacent areas and Amazonia are common (DaSilva and Pinto-da-
Rocha, 2011) and were reported in Attalea (Freitas et al., 2016) and
other genera occurring in dry forests (Pennington et al., 2004).

The distinct histories between the southern and northern part of AF
generated different patterns in species distribution in the AF. The ex-
istence of a more stable area in the northern part of the AF, the Bahian
refugium (Carnaval and Moritz, 2008), is supported by recent studies
(e.g. Martins, 2011; Staggemeier et al., 2015). The occurrence of en-
demic species of Ficus is coherent with in situ speciation into refuges
(Staggemeier et al., 2015). The shared species between Amazonia and
the northern part of AF could have resulted from past forest connections
between Amazonia and AF in climatically favorable times at the Neo-
gene and Quaternary (Santos et al., 2007).

In contrast, the southern part of the AF was more unstable due to
neotectonic events in the Pliocene. These were followed by a decrease
in rainfall and a fragmentation of the southern parts (Ricommini and
Assumpcao, 1999), a scenario, which would have prevailed until the
end of the Pliocene (Grazziotin et al., 2006). A recent hypothesis sug-
gests that the southern part of the AF would have expanded (not con-
tracted) during the last glacial maximum (21 kya) (Leite et al., 2016). In
spite of the unfavorable climatic conditions in the southern part of the
AF there were probably more terrestrial habitats in areas at lower
elevation and an expansion of the forest would have promoted im-
migration between areas of the Atlantic Forest. This hypothesis is par-
tially corroborated by a palynological study (Freitas et al., 2013), which
supports the occurrence of a tropical forest in a region of the Brazilian
continental shelf during this epoch.

4.4. Evolution of traits: the importance of being hemiepiphyte

Hemiepiphytism in Ficus is thought to be an adaptation to avoid
deep shade in the forest understory (Ramirez, 1977; Harrison, 2005).
This trait enables greater initial access to light in the canopy and the
hemiepiphytic woody species are adapted to adverse water conditions,
which possibly could have been an advantage in colonizing unstable
areas and dry regions. We hypothesize that the hemiepiphytic habit
provides the species of section Americanae with greater ability for es-
tablishment under adverse lighting conditions and water stress (Hao
et al., 2012).

According to our results hemiepiphytism reduces the extinction
rates (Fig. 4A-D) if compared with primarily terrestrial lineages. The
hemiepihiphytic habit can reduce risks related to terrestrial growth
such as high competition, flooding, and terrestrial herbivores, which
are common in tropical rainforests (Hao et al., 2012). This could have
been particularly important for the diversification of Ficus in highly
unstable and newer habitats such as the Amazonia.

In addition, all Neotropical Ficus species occurring in drier regions
today are hemiepiphytes or hemiepilithics/lithophytes (“rock split-
ters”), as has also been found in a lineage of Australian and Australasian
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Ficus (Ronsted et al., 2008b). Hao et al. (2012) suggest that an im-
portant characteristic related to drought resistance is the loss and re-
generation of the canopy. In the Neotropics several of the section
Americanae are deciduous (e.g., F. bahiensis, F. bonijesulapensis, F. caa-
tingae, F. enormis, F. eximia, F. gomelleira, F. hirsuta, F. holosericea and F.
mexiae; AFPM, pers. obs.; Pereira et al., 2007; Bianchini et al., 2015).
However, it is not known if all Neotropical hemiepiphytic species have
this characteristic.

4.5. Evolution of traits: the importance of having small (and more)
propagules for dispersal ability

Ficus shows traits typical of pioneer species such as small seeds, high
fecundity, flexible rooting habits and high growth rates (Harrison,
2005). However, the obligatory pollination mutualism between Agao-
nidae wasps and Ficus is a limiting factor for reproduction (Janzen,
1979; Ramirez, 1970; Wiebes, 1979).

Our results indicate that occurrence of small and medium propa-
gules reduce extinction rates (Fig. 5E-G). This may be related with the
fact that species with small syconia having red shades or yellow ones
are likely dispersed by birds and syconia with intermediate character-
istics are probably dispersed both by bats and birds (Lomaéscolo et al.,
2008, 2010). Species with small syconia have more infructescenses
along the branches and higher reproductive success compared to spe-
cies with large, bat-dispersed syconia (Lomaéscolo et al., 2008, 2010).
While small syconia can be swallowed whole and dispersed over long
distances, larger syconia are dispersed by larger animals over a shorter
distance. It also seems to be an advantage to have the seeds in many
infructescences instead of having seeds concentrated in few in-
fructescences.

In addition, larger syconia generally have far fewer inflorescences
per individual compared to species with smaller syconia. Large syconia
are also more susceptible to attacks by non-pollinating wasps.
Aditionally, large syconia tend to be dispersed by bats, which are less
effective dispersers compared to birds and bats also eat immature sy-
conia as well (Jacomassa and Pizo, 2010). Finally, many seeds loose
viability when passing through the digestive tract of bats, which hap-
pens at a much lower rate when passing through birds (Traveset, 1998).

5. Conclusions and perspectives

The first biogeographic approach focused in Neotropical Ficus is
presented here. This study provides a phylogenetic background, which
allows for addressing questions about the history of diversification and
the importance of traits of Ficus in this process.

Despite the inclusion of both more species and more DNA regions,
the internal relationships between the species of section Americanae are
still not completely resolved. Future studies should preferably include
several terminals per taxa and use a high-throughput NGS approach to
fully resolve the phylogeny and clarify the relationship of most of its
species. Despite uncertainty in some of the species relationships, the
present study showed that the two lineages of Ficus with different traits
arrived in the Americas at the Atlantic Forest, began to diversify in the
Miocene, and expanded to other regions of the continent.

The Amazonian Ficus species diversity is a result of immigrations to
this region occurring during unstable periods. Our results are consistent
with well-documented events that influenced the history of these forests
(the Andean uplifts, the end of Pebas system, and the closure of the
Panama Isthmus). Dispersal events from the Amazon to the Andes,
Antilles and Central America after the end of the Pebas system supports
the hypothesis of colonization of new habitats in the Andes after the
end of this barrier. The diversification of Ficus in Atlantic Forest was
significantly different, being marked by endemisms related to its iso-
lation after the separation of two blocks of Neotropical wet forests. Our
results point to a complex diversification in the Atlantic Forest during
two periods in the middle Miocene and the Pliocene as a result of
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Fig. 6. Habit, branches and syconia diversity in Neotropical figs. A-D: Habit diversity. A: F. bonijesulapensis growing on stones, B. F. arpazusa h

iphytic, C. F. lleira hemi-

epiphytic; D. F. cyclophylla in an urban area. E-L: Branches. E: F. castellviana, F. F. clusiifolia, G. F. holosericea, H. F. luschnathiana, 1. F. cestrifolia, J. F. crocata, K. F. hirsuta, L. F. pulchella,
M-Y: Syconia diversity, M. F. adhatodifolia (Section Pharmacosycea), N. F. arpazusa, O. F. bahiensis, P. F. cyclophylla, Q. F. eximia, R. F. guaranitica, S. F. gomelleira, T. F. hirsuta, U. F.
lagoensis, V. F. mariae, W. F. mexiae, X. F. pertusa, Y. F. trigona. Photos A, D, T by E. Matos; B-C, E-I, N-Q, U-X by A. Machado; J-K. by R. Lacerda; L, R, S, Y by R. Pereira and M, V. by G.

Siqueira.

neotectonic events in the southern and southeastern distribution and a
more stable area in the northern distribution of this forest.

Finally, our BiSSE analysis of specific traits in Neotropical Ficus
suggests that some traits may also have influenced the diversification
and current distribution of the species. The hemiepiphytic habit of
section Americanae and the adaptation to adverse water conditions (i.e.,
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apparently common feature of losing and regenerating the canopy
during the dry season) allowed further expansion of this lineage in the
Neotropical biomes. Additionally, small and medium sized propagules
possibly provided a long-distance dispersal advantage in Neotropical
forests allowing greater diversification success.

The successful diversification of Neotropical Ficus was likely the
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Table 6

Likelihood ratio test and AIC of each tested model in BiSSE analyses of correlated di-
versification. Syconia size (Large vs. Small) of the Neotropical Ficus. The best model is
highlighted in bold.

Df InLik AIC ChiSq Pr(> |Chi|)

full 6 —395.75 803.51

equal.l 5 —396.25 802.49 0.9876 0.3203
equal.m 5 —396.18 802.35 0.8478 0.3572
equal.q 5 —395.76 801.53 0.0195 0.8890
equal.Im 4 —397.33 802.66 3.1548 0.2065
equal.lq 4 —396.38 800.76 1.2493 0.5354
equal.mq 4 —396.42 800.84 1.3335 0.5134
equal.Imq 3 —398.65 803.30 5.7917 0.1222

result of a complex and different history in each Neotropical area. This
study provides new insights into the biogeographical history of Ficus in
the Neotropical region and to the broader understanding of diversifi-
cation of large genera. Future studies in Ficus or other megadiverse
genera should include phylogeography and species distribution mod-
elling approaches to better understand diversification in tropical forest
communities.
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ARTICLE INFO ABSTRACT

Tropical rainforests harbour much of the earth's plant diversity but little is still known about how it evolved and
why a small number of plant genera account for the majority. Whether this success is due to rapid turnover or
Fic”-fv ) constant evolution for these hyper-diverse plant genera is here tested for the species-rich genus Ficus L. (figs).
Key-innovations The pan-tropical distribution of figs makes it an ideal study group to investigate rainforest hyper-diversification
E::?:s?;}?;’;rmy patterns. Using a recently published, dated and comprehensive phylogenetic hypothesis, we infer that figs are an

old lineage that gradually accumulated species and exhibits very low extinction rates, which corresponds to the
‘museum model’ of evolution. Overall, no major significant shifts in evolutionary dynamics are detected, yet two
shifts with lower probability are found. Hemi-epiphytism, monoecy, and active pollination are traits that pos-
sibly are associated with the hyper-diversity found in figs, making it possible for the plants to occupy new niches
followed by extensive radiation over evolutionary time scales. Figs possess unique diversification patterns

Keywords:
Diversification rates

compared to other typical rainforest genera.

1. Introduction

Rainforests harbor the majority of biodiversity on Earth and are
viewed as old ecosystems that have been prevalent throughout much of
the Cenozoic (65-0 Ma). However, rainforest hyper-diversity is not well
understood and it has variously been attributed to be a museum of
diversity, showing constant speciation and low extinction (Wallace,
1878; Stebbins, 1974), or a cradle of diversity, referring to more recent
and rapid speciation (Pennington et al., 2015; Richardson et al., 2001).
Previous phylogenetic studies of diversification patterns in typical
rainforest plant families, such as Annonaceae, Arecaceae, and Menis-
permaceae, have suggested that they are old lineages having experi-
enced a gradual and more or less constant lineage accumulation over
time, supporting the museum model (Couvreur et al., 2011a, 2011b;
Wang et al., 2012). In contrast, other studies have inferred more recent
radiations of rainforest lineages at the genus level for Inga, Costus,
Guatteria, and Renealmia, supporting the cradle model of recent di-
versification (Erkens et al., 2007; Kay et al., 2005; Richardson et al.,
2001; Sérkinen et al., 2007). Further complicating the picture, Koenen
et al. (2015) recently documented that despite the Meliaceae family
originated already in the Eocene (56-34 Ma), the majority of the rain-
forest species diversity is recent and associated with higher speciation
rates compared to non-rainforest lineages.

* Corresponding author. Tel.: +45 35 32 22 22.
E-mail address: sam.bruunlund@snm.ku.dk (S. Bruun-Lund).

https://doi.org/10.1016/j.actao.2017.11.001

In line with Couvreur et al. (2011b) who suggested a mixed model
of steady processes and mixed diversification, Koenen et al. (2015)
proposed a concept of highly dynamic diversification processes across
ecosystems that are linked to environmental changes (Xing et al., 2014)
rather than to climatic stability, as suggested by the museum model.
This view is, for example, supported by the Miocene (23-5 Ma) radia-
tion of succulents (Arakaki et al., 2011) and grasses (Edwards et al.,
2010), which was interpreted as an effect of global cooling and the
subsequent spread of seasonally dry ecosystems. Furthermore, fossil
evidence has shown that Eocene rainforests were more diverse than
contemporary rainforests but experienced a period of decreasing di-
versity up to the Early Miocene, implying both ancient rapid diversifi-
cation and high past extinction rates (Jaramillo et al., 2010; Wilf et al.,
2003). More examples are needed to help clarify if there are general
patterns explaining rainforest diversification or if individual plant
groups exhibit specific patterns.

Figs (Ficus L., Moraceae) are an old Cretaceous (75-90 Ma; Cruaud
et al., 2012; Ronsted et al., 2005; Zerega et al., 2005) but mega-diverse
(~800 species; Berg and Corner, 2005) and a significant component of
tropical forests with many species having wide distribution ranges and
ubiquitously high alpha-diversity in lowland tropical rainforests (Berg
and Corner, 2005; Harrison, 2005). Harrison (2005) argued that no
diversity pattern of any other genus resembles that of figs: other diverse
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genera have either geographically restricted distributions or are espe-
cially diverse in only one region. This indicates that figs possess certain
traits that make them exceptionally well adapted to a broad range of
niches, which has led to their high diversity all over the tropics (Corner,
1961).

A range of different traits have been suggested as possible drivers
for fig diversification (Harrison, 2005; Jousselin et al., 2003a; Weiblen,
2004). They exhibit a variety of growth forms, including typical rain-
forest habits like hemi-epiphytes (stranglers and banyans), trees (with/
without buttress roots), and large woody climbers. Furthermore, many
species are pioneers of forest succession and possess many pioneer
traits, such as small seeds (Harrison, 2005). Furthermore, fig wasps
have evolved a unique active pollination behaviour that is very un-
common in most other plants except a few known cases such as in
Yucca. Fig wasps use coxal combs to collect pollen into pollen pockets
and deposit the pollen onto receptive flowers before oviposition. Active
pollination is found in two thirds of the species. For the other third of
the genus, passive pollination happens when wasps carry pollen dis-
persed on their bodies without specialized behaviour (Cook and
Rasplus, 2003; Kjellberg et al., 2001). Due to their obligate pollination
mutualism with short-lived wasps (Agaonidae), crops are available at
population level year-round, providing an important food source for
over 1200 mammal species globally (Shanahan et al., 2001).

In addition, quick responses to climatic changes and/or the presence
of key innovations could promote high diversification (Drummond
et al.,, 2012; Heard and Hauser, 1995; Hodges et al., 1995; Mayhew,
2007; Sanderson and Donoghue, 1994; Silvestro et al., 2014; Vamosi
and Vamosi, 2011). The idea of key innovations as a single causal ex-
planation for the rapid diversification of a lineage has largely been
abandoned in favour of more complex models developed across an-
giosperms (Smith et al., 2011) and using more nuanced explanations
involving multiple interacting traits assembled step-wise through evo-
lution referred to as synnovation (Donoghue and Sanderson, 2015).
Therefore, traits that are shared among species from diverse genera
could very well be responsible for the rise of high species richness in
general (Lovette et al., 2002). Certain comparative phylogenetic
methods allow for testing and comparing the influence of certain traits
on diversification patterns. Using those techniques to study the evolu-
tionary history of a pan-tropical diverse genus such as the figs, and to
identify diversification rates shifts and/or specific traits linked to higher
diversification and survival might provide insights into the evolution of
tropical biodiversity across ecosystems and continents in general.

Using a time-calibrated phylogenetic tree of figs, we address the
following questions: (1) does the diversification pattern of figs support
the museum model of ancient gradual diversification or the cradle
model of recent rapid radiations? (2) Do significant diversification
shifts within Ficus exist and if so, (3) are they correlated with specific
traits representing one or more key-innovations?

2. Materials and methods
2.1. Taxon sampling

As input for the different diversification rate analyses, the most
recently published dated phylogenetic hypothesis of figs was used
(Cruaud et al., 2012). This phylogenetic hypothesis is also the most
comprehensive, including 200 species (> 25% of the diversity of the
genus) and was constructed based on the 5 low or single copy nuclear
markers ITS, ETS, G3pdh, ncpGS, and waxy. Sampling broadly covers
the diversity of Ficus with section Oreosycea and subgenus Synoecia
being the least inclusive with 12% of the species of these lineages in-
cluded (Supplemetary data S1). Although support and resolution of
certain infrageneric relationships within Ficus are still low, the phylo-
genetic tree of Cruaud et al. (2012) represents by far the best hypothesis
available to date rooted with four taxa of Castilleae, the sister lineage of
Ficus (Clement and Weiblen, 2009).

Acta Oecologica 90 (2018) 4-11

2.2. Diversification rate analyses

A lineage through time (LTT) plot for the entire genus was gener-
ated with the R package paleotree 2.7 (Bapst, 2012). One thousand
random post-burnin trees from the BEAST inference analysis by Cruaud
et al. (2012) were used as input. A median curve with the 95% con-
fidence interval is displayed.

A Bayesian Analysis of Macro-evolutionary Mixtures (BAMM 2.5)
(Rabosky et al., 2014) was used to infer shifts in speciation and ex-
tinction rates across the phylogenetic tree. To account for non-random
incomplete taxon sampling, total diversity and sampling fractions for all
clades (see Supplementary data file S1) within figs were obtained from
the literature (Berg and Corner, 2005; Rgnsted et al., 2008a). The
MCMC analysis was run for 1 million generations with sampling every
1000 generations and, after checking for convergence with the R
package coda 0.19-1 (Plummer et al., 2006), the first 10% was dis-
carded as burn-in. We used the R package BAMMtools 2.1.6 (Rabosky
et al., 2014) and ape 4.0 (Paradis et al., 2004) to summarize rates over
each branch of the phylogenetic tree (visualized in the so-called ‘phy-
lorate’ plot), to plot the 95% credible shift set (CSS) with sampling
frequencies of the different shift configurations, and to obtain the shift
configuration with the maximum a posteriori (MAP) probability.

Problems with estimating extinction rates have been reported for
earlier versions of BAMM (Moore et al., 2016) and although they have
been accounted for in the latest version, we decided to include a ME-
DUSA analysis as a second method to infer diversification rate shifts
(Alfaro et al., 2009). MEDUSA requires species richness to be assigned
to unresolved clades and we therefore pruned the original dated phy-
logenetic tree of Cruaud et al. (2012) to section level and assigned di-
versity to each terminal. The R package geiger 2.0.6 (Alfaro et al.,
2009) was used to perform the MEDUSA analysis.

2.3. State-dependent diversification rate analyses

State-dependent diversification rate analyses were performed with
the Binary-State Speciation and Extinction (BiSSE) model (Maddison
et al., 2007) and the MultiState Speciation and Extinction (MuSSE)
model, as implemented in the R package diversitree 0.9-9 (Fitzjohn,
2012). The influence of two traits on the diversification rates was
analysed using the BiSSE model: 1) pollination mode with the states
active versus passive pollination, and 2) monoecious versus (gyno)-
dioecious plants. The influence of habit was analysed using the MuSSE
model and four different states were defined: shrub or small tree
(< 30 m, understory), climber, large tree (=30 m, canopy), and hemi-
epiphyte. Information on the trait states for each taxon was extracted
from the literature (Fig. 1; Berg and Villavivencio, 2004; Berg, 2012;
Berg and Corner, 2005; Berg and Wiebes, 1992; Burrows and Burrows,
2003; Corner, 1967; Zhengyi et al., 2003; supplemented by our own
taxonomic knowledge). For each analysis, we corrected for state-spe-
cific incomplete taxon sampling. Likelihood ratio tests were performed
to test for significant differences between the unconstrained and con-
strained rate models and these found the unconstrained model to be the
best-fit model for all characters. The MCMC analysis was performed
with a standard Cauchy distribution as hyper-prior to avoid zero rates
(Burin et al., 2016) and was run for 10,000 generations with sampling
every 1000 generations. Chain convergence and effective sampling size
(ESS) parameters were inspected with the R package coda 0.19-1
(Plummer et al., 2006). The mean speciation, extinction, and net di-
versification rates and their respective 95% credibility intervals were
calculated for each state of each character. A Cohen's d effect size test
was performed to test for differences between these means. The results
were visualized in posterior probability distribution plots.
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Fig. 1. Phylorate plot of Ficus with branches colored according to speciation rate (lineages/Ma), resulting from the Bayesian Analysis of Macro-evolutionary Mixtures (BAMM) analysis.
For 70% of the samples in the posterior distribution no shift is observed. However, at a lower probability, a shift in diversification dynamics is observed at the lineage leading to section
Americanae (20% of the samples in the posterior distribution) and at the lineage containing both section Americanae and section Galoglychia (3.6% of the samples in the posterior
distribution), as indicated with red circles. The M is located on the branch where a rate shift occurs according to the MEDUSA analysis. The scored traits along with the species are
indicated on the tips of the tree. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3. Results
3.1. Diversification shifts

The BAMM analysis revealed that 70% of the samples in the pos-
terior distribution exhibit no shifts in speciation rates, thus a constant
model of evolution is favoured with no sudden increase in diversifica-
tion rates for any clades (Fig. 1). However, shifts in diversification rates
are detected with lower probability at the branch leading to section
Americanae (20% of the samples in the posterior distribution) and at the
branch leading to the clade containing both section Americanae and
section Galoglychia (3.6% of the samples in the posterior distribution)
(Fig. 1; red circles & Supplementary data file S3). The detected shifts
with a lower probability (20% and 3.6%) are at a lower marginal shift
probability and therefore not as well supported and significant as a
model of constant evolutionary rate. MEDUSA identified significant
acceleration of net speciation rates at one point in the tree where a
branch leading to the clade containing both section Americanae and
section Galoglychia (Fig. 1; red circle with an M). Overall net diversi-
fication rates inferred by MEDUSA and BAMM are very similar, con-
firming the robustness of our result.

The LLT plot shows a gradual increase in lineage accumulation
through time, meaning that no sudden radiation of lineages is detected
at any point (Fig. 2). This demonstrates consistency between the pat-
terns inferred by BAMM, where no strongly supported shifts in rate
dynamics is observed either.

3.2. State-dependent diversification rates

Following the methodology of the Cohen d effect size test, the dif-
ferences in diversification rates between traits found in the BiSSE
analysis are defined as ‘very small’, ‘small’, ‘large’, ‘very large’, and
‘huge’ and this terminology is used in the description of the results. See
supplementary data file S2 for all inferred rates by BiSSE and MuSSE
analysis.

Pollination mode. The BiSSE analysis inferred a huge difference in
net diversification rates between active and passive pollination: species
with active pollination (r = 0.071) diversify faster than species with
passive pollination (r = 0.052) — see supplementary data file S2. There
is a large difference in extinction and speciation rate between the two
traits, with extinction rate being higher for passively pollinated fig
species and speciation faster for actively pollinated figs, as also sug-
gested in Kjellberg et al. (2001). The transition rate from passive to
active pollination was found to be larger than the reverse.

Monoecy and dioecy. When comparing monoecious and dioecious
figs, the BiSSE method inferred a huge difference in net diversification
rate between monoecious and dioecious fig species. We found that
monoecious figs evolve faster (r = 0.076) than dioecious species
(r = 0.055). Extinction rate is similar with a very small difference
between the two trait states (thus, less different than for the mode of
pollination). The speciation rate is hugely different between dioecious
and monoecious species, with monoecious species evolving faster than
the dioecious ones (see supplementary data file S2). The transition rate
from dioecy to monoecy is also much higher than the reverse.

Life forms (habits) of Figs. In order to account for the various life
forms of figs, a state-dependent diversification analysis using the
MuSSE model was performed and four trait states were defined: shrubs/
small trees, large trees, climbers, and hemi-epiphytes. Net diversifica-
tion rate of hemi-epiphytes (r = 0.076) is much higher than net di-
versification for the three other life forms (shrubs/small trees, large

trees, climbers) which also show very similar rates (r between 0.049
and 0.057). The speciation and extinction rates for all life forms are
somewhat similar, however, the hemi-epiphytic figs show a slightly
higher speciation rate and a slightly lower extinction rate, resulting in
the generally higher net diversification rate.

Transition rates between life forms. The rate of transitions between life
forms varies considerably (see Fig. 3). The highest transition rates are
inferred for figs transitioning from large canopy trees (=30 m) to
smaller understory trees (< 30 m) or shrubs (mean = 0.033), as well as
for the opposite direction (mean = 0.029). The transition rate from
either of these life forms as well as climbers to hemi-epiphytic figs is
low (from 0.006 up to 0.035). However, the transition rates from hemi-
epiphytes to any of the other three life forms are much lower - all
ranging between 0.001 and 0.003.

4. Discussion

Our results, which are based on the largest and most recent phylo-
genetic tree of figs, provide possible explanations for some of the di-
versification patterns that have been hypothesized up till now. Our aim
was to (1) test if the diversification patterns of Ficus support a museum
model of ancient gradual diversification or a cradle model of recent,
rapid radiation. Also, (2) to see if any significant shifts in diversifica-
tions patterns occur within Ficus and (3) if they are linked with specific
traits.

4.1. Diversification patterns

To investigate diversification patterns in figs, we constructed a
lineage-through-time (LTT) plot and performed an analysis using both
BAMM and MEDUSA to test how lineages evolve and diversify through
time. Diversification of figs seems to correspond with a museum model
of constant evolution and little extinction, leading to the gradual ac-
cumulation of lineages, possibly in response to long-lasting and stable
tropical ecosystems (Figs. 1 and 3). However, it is worth noting that
other examples of rainforest lineages supporting the museum model of
gradual diversification are detected for pan-tropical rainforest tree fa-
milies (Couvreur et al., 2011a,b; Wang et al., 2012), whereas generic
level studies have primarily focused on the Neotropics and largely
support the cradle model of recent diversification (Richardson et al.,
2001; Kay et al., 2005; Erkens et al., 2007; Sérkinen et al., 2007). These
patterns could suggest that Neotropical rainforests may be cradles of
recent diversity within a pantropical museum model.

Consequently, the diversification patterns we have found lend
support to the statement by Harrison (2005) that no other genus
compares to the diversity pattern of Ficus as other diverse genera have
either geographically restricted distributions or are especially diverse in
only one region. Furthermore, the overall net diversification rate for the
genus (r = 0.1) is higher, largely explained by a lower extinction rate
(1 = 0.009), than the overall net diversification rate inferred across all
angiosperms (r = 0.07-0.09) (Magallon and Sanderson, 2001).

Overall, the BAMM analysis inferred no significant rate shifts in
most of the samples from the 95% credibility set, but at a lower mar-
ginal probability two shifts towards increased speciation rates are found
(Fig. 1). The shift with the second highest probability is found at the
lineage leading to section Americanae and the third rate shift is detected
at the branch leading towards the clade containing both section
Americanae and section Galoglychia (Fig. 1; red circles). The latter rate
shift was also detected by the MEDUSA analysis on the branch leading
towards a clade with both sections. Even though the analysis do detect a
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Fig. 2. Lineage-though-time plot depicted on the dated phylogenetic tree from Cruaud et al. (2012). A gradual increase of lineages through time is observed and no sudden bursts of

speciation are present within the genus.

shift in rate diversification this is only at a very low probability and the
most supported analysis detects no shifts in the genus.

4.2. State-dependent diversification patterns

The aim of the diversification analyses was to explore the potential
link between traits or key innovations and varying diversification rates.
Our separate results show higher diversification rates linked to figs that
are actively pollinated, monoecious, and hemi-epiphytes compared to
passively pollinated, dioecious figs exhibiting other life forms.
Furthermore, these traits all occur in clades associated with higher di-
versification rates from BAMM and MEDUSA (sections Americanae and
Galoglychia; see Fig. 1). It should also be noted that the traits were
analysed separately and are perhaps not necessarily linked together.

Active pollination in fig species is positively linked with higher di-
versification rates, i.e. species that are actively pollinated evolve faster.
It has previously been hypothesized that active pollination could be a
driver of speciation, which is in line with our results (e.g. Harrison,
2005; Jousselin et al., 2003b; Kjellberg et al., 2001). It has also been
suggested that active pollination might have evolved as a way for wasps
to ensure fertilization of the flowers in which they oviposit (Jousselin
et al., 2003a). Harrison (2005) suggests that maintaining high levels of
heterozygosity due to ensured outcrossing, together with a very high
proportion of inflorescences pollinated could also be a driver of faster
speciation in actively pollinated figs. Also, active pollination could be
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maintained over evolutionary time by actively pollinating species being
less prone to extinction than passively pollinating ones (Kjellberg et al.,
2001), which is confirmed by results exhibiting a lower extinction rate.

The efficiency of active pollination has enabled figs to occupy rare
(micro)-niches and it is therefore an important factor for the high alpha-
diversity in figs, since the ability to outcross at extremely low popula-
tion densities may also have lowered extinction rates (Harrison, 2005).
Our results support these hypotheses by inferring an extinction rate
almost twice as low for actively pollinating species (0.007 vs. 0.016)
compared to passively pollinated species.

Monoecy or (gyno)-dioecy. Being monoecious is correlated with in-
creased rates of diversification in figs. In contrast to angiosperms in
general (Kifer et al., 2014), monoecious fig species have a higher di-
versification rate and this has also been shown elsewhere for other plant
species (Laenen et al., 2016), which has been explained by the long-
term advantages of outcrossing. In figs, however, this does not seem to
be the case. It could instead be explained by self-compatible bisexual
species being more likely to establish new colonies following long-dis-
tance dispersal than unisexual or self-incompatible ones, potentially
promoting allopatric speciation and finding new niches (Heilbuth,
2000; Laenen et al., 2016).

Life forms. Figs that are hemi-epiphytic have an increased diversi-
fication rate compared to other life forms, which all show a somewhat
similar net diversification rate (see supplementary data file S2). Around
half of the species are hemi-epiphytic, further suggesting that this life
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form is advantageous for figs (Cruaud et al., 2012; Harrison, 2005).
They seem to possess some key innovations or a syndrome of ad-
vantageous traits explaining their diversification success. The ability to
grow on rocky outcrops using aerial roots has probably been very im-
portant in the diversification and evolution of figs. Even though hemi-
epiphytic figs are present in low population densities, most hemi-epi-
phytic species have large ranges related to a more diffuse dispersal
mechanism as opposed to terrestrial species, which tend to have more
locally restricted dispersal abilities (Harrison and Rasplus, 2006). Dis-
persal range also differs between dioecious figs, which may be more
restricted compared to monoecious figs. Whereas pollinators of mono-
ecious figs disperse by ascending above the canopy and drifting in the
wind until they reach the fume of receptive fig odour emitted by a tree,
the pollinators of dieocious figs disperse more locally and do not use the
wind for dispersal (Harrison and Rasplus, 2006).

The hemi-epiphytic life form allows for occupation of niches that
most plants do not readily colonize. Hemi-epiphytes are adapted to
grow in the canopy layer with low water availability and high light
conditions. Adaptive root flexibility may also explain transitioning from
forest habitats to similar dry environments expressed by lithophytes in
Australia (Harrison, 2005; Harrison et al.,, 2003; Harrison and
Shanahan, 2005; Rensted et al., 2008b).

Transitioning between life forms. The rate of which the traits tested
evolve and transition into each other is an indication of the diversifi-
cation dynamics of figs and may offer explanations as to how they
became so successful. We scored large canopy trees and small unders-
tory trees/shrubs as separate life forms, but our results indicate that it is
easy to transition between these two states, probably because it does
not require large evolutionary sacrifices or changes.

The rate at which figs become hemi-epiphytic is not high but the
rate of hemi-epiphytic figs transitioning back towards another life form
is very low (Fig. 3). Consequently, the hemi-epiphytic life-form appears
to be a more stable state providing an adaptive advantage and ex-
plaining why such a high proportion of the figs are hemi-epiphytic
(Berg and Corner, 2005).

Acta Oecologica 90 (2018) 4-11

Fig. 3. Transitions rates between life forms (habits). The
circle size is proportional to the number of species with that
trait state and the thickness of the arrows is proportional to
the transition rates. Hardly any species evolve from a hemi-
epiphytic life form to any of the three other states.

hemi-epiphyte

4.3. What has made figs so successful?

The origin of figs has been dated to the late Cretaceous (75-90 Ma;
Cruaud et al., 2012) — which is before the K/Pg boundary (~65 Ma)
where a lot of plant diversity is hypothesized to have gone extinct (Wilf
and Johnson, 2004). For figs, this might have created opportunities to
expand into new niches, as they are generally opportunistic species
with low competitive abilities (Berg and Corner, 2005; Harrison, 2005).
After having established in such new niches, figs would have kept
evolving at a constant rate as competition is low in many (micro)-niches
(Frenzke et al., 2016; Gentry and Dodson, 1987). Figs do possess many
traits typical of pioneer plants — small seeds, high assimilation and
growth rates, high fecundity, and flexible rooting habits — that are ad-
vantageous in colonising new areas as also expressed by the genus Piper
and epiphytic Orchids (Harrison, 2005).

Furthermore, the renowned pollination system of figs with its un-
ique fig-pollinating wasps ensuring high pollination success is bene-
ficial when population densities are low. Even though fig species and
their pollinators show high levels of co-diversification and specificity
(Cruaud et al., 2012), multiple pollinators for a single fig species are
frequently reported (Machado et al., 2005). Hybridization and in-
trogression could also have contributed to the large genetic and species
diversity in figs (Bruun-Lund et al., 2016).

5. Conclusion

Overall, the diversification rate analyses show that figs generally
follow the museum model of evolution with a gradual accumulation of
species over time and with very low extinction rates and no significant
evolutionary shifts. However, the trait state-dependent analyses show
that monoecy, active pollination, and having a flexible root habit (i.e.
hemi-epiphytes) are linked with higher diversification rates and this is
further underpinned by these character states being expressed by a
subclade with higher diversification rate. These trait states are found
throughout most of the phylogenetic tree suggesting that they represent
key innovations or syndromes, possibly responsible for making the figs
so successful in terms of species diversity and accumulating high
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species diversity over an evolutionary time scale.
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Chapter IV

First plastid phylogenomic study reveals
potential cyto-nuclear discordance in the
evolutionary history of Ficus L. (Moraceae)

Buddha attaied enlightenment while meditating
under a tree belonging to Ficus religiosa L.
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Standard Sanger chloroplast markers provide limited information to resolve species level relationships
within plants, in particular within large genera. Figs (Ficus L., Moraceae) compose one of the 50 largest
genera of angiosperms with ~750 species occurring in the tropics and subtropics worldwide. Figs, in
addition to being a keystone food resource in rainforests, are well-known for the mutualistic interactions
with their pollinating wasps. It is regarded as a model system for understanding co-evolution dating back
more than 75 million years. However, despite significant taxon sampling, combinations of low copy
nuclear, nuclear ribosomal and chloroplast regions have not been able to confidently resolve relation-
ships among major groups of figs.

Using a high throughput sequencing approach we attempted to resolve the major lineages of Ficus
based on plastome data. In this study, we show that the use of a de novo assembled plastome from within
the genus provides less ambiguity and higher coverage across the 59 Ficus and 6 outgroup plastome
assemblies compared to using the nearest available reference plastome outside the genus resulting in
improved resolution and higher support of the phylogenetic relationships within Ficus inferred from plas-
tome data.

Chloroplast genome data confidently resolved relationships among major groups of figs and largely
support current understanding based on nuclear sequence data including passively pollinated
Neotropical section Pharmacosycea as sister lineage to all other Ficus. However, conflicts between the
new plastome topology and previous nuclear studies are observed for both individual species as well
as relationships among some sections at deeper levels. Conflicts could be caused by lack of resolution
in the nuclear data or may indicate potential cyto-nuclear discordance as previously observed in an
African lineage of Ficus.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

of two lineages that has been retained for at least 75 million years
(Cruaud et al., 2012b) and at the center of many coevolutionary

The figs (Ficus L., Moraceae) comprise ~750 species and account
for more than 80% of the diversity of Moraceae, the family to which
it belongs. Figs are distributed globally in tropical and subtropical
regions and exhibit tremendous diversity in growth habits includ-
ing freestanding trees, shrubs, root climbers, stranglers, epiphytes
and lithophytes (Berg and Corner, 2005). Figs produce fruit
throughout the year and often have large population sizes making
them keystone species for many tropical communities (Berg and
Corner, 2005; Harrison et al., 2012). However, figs might be best
known for their obligate pollination mutualism with fig wasps
(Agaonidae, Chalcidoidea, Hymenoptera), an intricate interaction

* Corresponding author.
E-mail address: sam.bruunlund@snm.ku.dk (S. Bruun-Lund).

http://dx.doi.org/10.1016/j.ympev.2016.12.031
1055-7903/© 2017 Elsevier Inc. All rights reserved.
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and cospeciation studies (Bronstein and McKey, 1989; Cook and
Rasplus, 2003; Cruaud et al., 2012a, 2012b; Herre, 1989; Herre
et al., 2008; Herre and West, 1997; Jackson et al., 2008; Jousselin
et al.,, 2008; Lopez-Vaamonde et al., 2001; Machado et al., 2005;
Marussich and Machado, 2007; McLeish and van Noort, 2012;
Rensted et al., 2005; Silvieus et al., 2007; Weiblen, 2004, 2001;
Weiblen and Bush, 2002).

Over the past 20 years, there have been significant advance-
ments in our understanding of the phylogeny of figs (Cruaud
et al, 2012b; Herre et al., 1996; Jousselin et al., 2003; Rensted
et al., 2008, 2005; Weiblen, 2000; Xu et al., 2011). This work guides
the re-evaluation of the current classification of figs primarily
based on morphology (Berg and Corner, 2005) which divides Ficus
into six subgenera (Ficus, Pharmacosycea, Sycidium, Sycomorus,
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Synoecia, and Urostigma). The most recent and comprehensive phy-
logenetic work on figs samples ~200 species from five rapidly
evolving coding and non-coding nuclear markers (nrITS, nrETS,
G3pdH, waxy, ncpGS) and does not support the monophyly of three
of the six subgenera - Ficus, Pharmacosycea, and Urostigma (Cruaud
et al., 2012b). The Cruaud et al. screened for paralogous sequences
for waxy, which was know to cause trouble from previous studies
in Rosales (Cruaud et al.,, 2012b).

Yet, despite a consistent increase in genetic data and species
sampling through the past decade of phylogenetic work on figs,
the current status of the fig phylogeny does not provide sufficient
resolution or clade support to unambiguously resolve relationships
deep within Ficus, thus leaving the backbone of the phylogeny
uncertain (Fig. 2).

Lack of a well-supported phylogenetic hypothesis for Ficus has
hindered progress on key research questions regarding diversifica-
tion, biogeography and species interactions (Cruaud et al., 2012b;
Herre et al., 2008). Further, few evolutionary studies of figs have
employed plastid markers in phylogenetic reconstruction and none
has adequately sampled the phylogenetic diversity of figs. Chloro-
plast markers are commonly employed in plant phylogenetic stud-
ies but often lack variability to confidently resolve relationships at
infrageneric levels, especially within large genera (Ronsted et al.,
2010; Roy et al., 2010). To date, two studies used chloroplast mark-
ers on a small or taxonomically narrow sample of figs. Herre et al.
(1996) presented one of the first published molecular phylogenies
of figs that sampling 15 species and was based on trnL-F and rbcL
chloroplast markers. More recently, Renoult et al. (2009) sampled
five non-coding chloroplast markers for 38 species of African figs
in subgenus Urostigma section Galoglychia and suggested that these
markers had potential for resolving deep nodes in the fig phy-
logeny. Significant conflicts were recovered when the plastid phy-
logeny (Renoult et al., 2009) was compared to the fig phylogeny
based on nuclear ribosomal ITS and ETS (Rensted et al., 2007). It
was hypothesized that the conflicts recovered were due to ancient
hybridization (Renoult et al., 2009). Neither study represented the
phylogenetic diversity of Ficus as we currently understand it and
sampled only a maximum of 3604 bp of plastid DNA (Herre et al.,
1996; Renoult et al., 2009; Rensted et al., 2010) As such, the evolu-
tionary history of Ficus reconstructed from plastid markers has yet
to be fully explored.

A growing number of studies are applying the use of phyloge-
nomic methods whereby a large number of base pairs from the
plastome can be sequenced and used in analysis (Clement et al.,
2014; Givnish et al., 2010; Henriquez et al., 2014; Jansen et al.,
2007; Moore et al., 2007; Parks et al., 2009). With well over 1000
plastomes of land plants (retrieved Dec 2016 from https://www.
ncbi.nlm.nih.gov/genome/organelle/), it is by far the most
sequenced genome of the plant cell. The number is rapidly growing
and chloroplast phylogenomic data hold the potential to resolve
deeper nodes in phylogenetic reconstructions (e.g., Henriquez
et al,, 2014; Jansen et al., 2007; Moore et al., 2007; Steele et al.,
2012) and also at lower taxonomic levels between species
(Clement et al., 2014; Parks et al., 2009). Furthermore, plastid
DNA is not affected by processes, such as paralogous copies or
recombination, as nuclear markers can be (Moore et al., 2007),
which may compromise biological inferences from nuclear data.
However, plastid DNA is maternally inherited and phylogenetic
relationships based on the chloroplast genome may obscure pro-
cesses such as hybridization (Crowl et al., 2014). Comparing
nuclear and plastid gene histories can offer valuable insights to
evolutionary processes (e.g., ancient hybridization) that may have
had significant impacts on the lineage of study (Maddison, 1997;
Raamsdonk et al., 1997). It is therefore crucial to obtain data from
multiple genome resources, making it possible to uncover and
investigate such mentioned processes as those above.

Here, we examine the potential of plastome data to resolve the
evolutionary history and relationships within Ficus. Figs are among
the 50 most speciose plant genera, thus providing the opportunity
to evaluate the utility and impact of a plastid phylogenomic
approach (Frodin, 2004; Straub et al., 2012). Additionally, this work
represents the first significant plastid phylogeny of Ficus sampling
all major lineages of the genus, and as such, we will use the phy-
logeny to make informed comparisons with phylogenetic hypothe-
ses based on nuclear data (Cruaud et al., 2012b; Xu et al., 2011).

To improve our understanding of the evolutionary history of
figs from plastid data, our goals are to (I) generate the first plastid
genome phylogenomic hypothesis for all major clades of Ficus, (II)
and describe the contribution of plastome phylogenomic data to
the understanding of the evolutionary history and relationships
within Ficus.

2. Material and methods
2.1. Sampling strategy

We sampled 59 species (Table 1) representing all major lineages
of Ficus as reported in Cruaud et al. (2012b) with several represen-
tatives for each clade. We included three additional species, F.
pseudopalma (subgenus Sycomorus section Adenosperma), F. semi-
cordata (subgenus Sycomorus section Hemicardia), and F. tsiangii
(subgenus Sycidium section Sycidium) with uncertain taxonomic
affiliation based on molecular phylogeny. In recent phylogenetic
analysis (Cruaud et al., 2012b; Weiblen, 2000; Xu et al., 2011) these
species did not fall within the taxonomic group suggested by mor-
phology (Berg and Corner, 2005) nor were they confidently
resolved as being closely related to any other clade of figs. The out-
group was comprised of six species of Castilleae, the sister group of
figs (Table 1; Clement and Weiblen, 2009).

2.2. DNA extraction and sequencing

DNA was isolated from fresh, silica dried, or herbarium material
(Table 1). Whole genomic DNA was either extracted using the
cetyltrimethylammonium bromide (CTAB) method (Doyle and
Doyle, 1987) or Qiagen DNeasy Minikit (Qiagen, Germantown,
Maryland, USA) following manufacturer’s protocol with two mod-
ifications to some samples to increase yield: (1) 50 pL Proteinase K
was added and incubated for 1 h at 45 °C following the second step
in the manufacturers protocol, and (2) the final elution step was
done twice in 50 pL AE buffer and left on the column membrane
for 10 min each iteration. See Supplementary Material S11 for dis-
cussion about extraction methods. DNA was quantified on a Qubit
2.0 fluorometer (HS; High Sensitivity) following manufacturers
instructions (Life Technologies).

In preparation for building libraries for high-throughout
sequencing (NGS), DNA was sheared to ca. 400 bp using a Biorup-
tor® (Diagenode). [llumina-compatible 100 bp paired-end libraries
from DNA extracts were prepared with a NEBNext Library building
kits for second-generation sequencing (New England Biolabs, Ips-
wich, MA, catalogue nr. E6E070L) following manufacturer’s protocol
or by in house protocols (e.g., Petersen et al., 2015) by the Danish
National High-Throughput DNA Sequencing Center. Libraries were
hereafter amplified and multiplexed with custom in-house indices.
Libraries were amplified with either AmpliTaq Gold (Life Technolo-
gies, Carlsbad, CA) or Platinum® Tag DNA Polymerase High
Fidelity (Invitrogen, Carlsbad, CA). Libraries were characterized
on a Qubit 2.0 fluorometer (Life Technologies) and quality
checked on an Agilent 2100 Bioanalyzer (Santa Clara, CA). The
libraries were sequences on several lanes on an Illumina
HiSeq2000 platform at the Danish National High-Throughput
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Fig. 1. Bayesian majority-rule consensus tree reconstructed from whole plastome sequences (assembled to F. religiosa) for 59 species of Ficus. As the majority of relationships
are well-supported (ML bootstrap [BS] > 70% and posterior probabilities [PP] > 0.95) only those branches with weak support are noted as follows: branches colored orange
indicate PP < 0.95 and BS < 70%; branches marked by an asterisk (*) indicate BS < 70% but PP > 0.95. Classification following Berg and Corner (2005) indicated on the right of
taxon names. Displaced taxa boxed and discussed in text.
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Fig. 2. Comparison of topologies recovered from analysis of the plastome data (left; this study) and nuclear markers (right; modified from Cruaud et al., 2012b). For each
phylogeny, terminal branches have been collapsed for simplicity to show relationships among sections and subsections following Berg and Corner (2005). Coloring scheme for
boxes indicating subgenera and colored section names follows Cruaud et al. (2012b), which is the most comprehensive phylogenetic study to date based on an average of 60%
of 5.5 KB from five nuclear markers. Dotted lines connect the phylogenetic position of the sections and subsections on the plastome (left) and nuclear phylogenies (right).
Bootstrap support values below 80% indicated with punctured lines.
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Table 1

Voucher information for each specimen included in the present study. Letters in parenthesis indicate herbarium where voucher is housed: A: Harvard University; AAU: Aarhus
University; BG: University of Bergen; C: University of Copenhagen; HITBC: Xishuangbanna Tropical Botanical Garden, Academia Sinica; K: Royal Botanical Gardens, Kew; MIN:
University of Minnesota; MPU: University of Montpellier; PUH: University of the Philippines; REU: Université de la Réunion; THNHM: Thailand Natural History Museum.

Taxa

Voucher specimen

Origin

Ficus L.

Sect. Adenosperma Corner.
F. adenosperma Migq.

F. rivularis Merr.

F. pseudopalma Blanco

Sect. Americana Miq.

F. albert-smithii Standl.

F. luschnathiana (Miq.) Miq.
F. americana Aubl.

F. petiolaris Kunth.

Subsect. Conosycea (Miq.) Corner.
F. consociata Blume

F. microcarpa Lf.

F. benjamina L.

Subsect. Eriosycea Miq.
F. chartacea King

F. fulva Reinw. Ex Blume
F. glandulifera Wall.

Subsect. Ficus
F. carica L.
F. palmata Forssk.

Subsect. Frutescentiae Sata.
F. deltoidea Jack.
F. ischnopoda Miq.

Sect. Galoglychia (Gasp.) Endl.

F. cyathistipula Warb.

F. natalensis Hochst.

F. ovata Vahl. (syn of laurifolia Lam.)
F. lutea Vahl.

F. lyrata Warb.

Sect. Hemicardia
F. semicordata Buch.-Ham. ex Sm.

Sect. Kissosycea Miq.
F. apiocarpa (Miq.) Miq.
F. punctata Thunb.

F. scratchleyana King.

Sect. Malvanthera Corner.

F. rubiginosa Desf. Ex Vent.

F. watkinsiana F.M. Bailey

F. platypoda (Miq.) A.Cunn. ex Miq.

Sect. Oreosycea (Miq.) Corner
F. callosa Willd.

F. magnoliifolia Blume

F. nervosa Roth

Albipillae group
F. albipila (Miq.) King
F. dicranostyla Mildbr.
F. variifolia Warb.

Sect. Palaeomorphe King.
F. obscura BI.

F. heteropleura Bl.

F. tinctoria Forst.f.

Sect. Pharmacosycea (Miq.) Benth. & Hook.

F. adhatodifolia Schott
F. insipida Willd.
F. maxima Mill.

Sect. Rhizocladus Endl.
F. pumila L.

F. sagittata Vahl.

F. villosa Bl.

Sect. Sycidium Miq.

F. copiosa Diels

F. wassa Roxb.

F. asperifolia Miq.

F. coronata Spin.

F. lateriflora Vahl.

F. tsiangii Merr. Ex Corner

180

Takeuchi 14359 (K)
Harrison 607 (PUH)
Harrison 610 (PUH)

Rensted 105 (K)
Rensted 78 (C)
Rensted 154 (BG)
Rensted 94 (C)

Rensted 164 (K/AAU)
Rensted 77 (C)
Rensted 81 (C)

Chantarasuwan NR246 (THNHM)
Kjellberg FK1998-79 (MPU)
Jousselin 18 (MPU)

Rensted 96 (C)
€10011606 (C)

Rensted 73 (C)
Rensted 278 (HITBC)

Rensted 80 (C)
Rensted 75 (C)
Rensted 205 (K)
Rensted 87 (C)
Rensted 85 (C)

Chantarasuwan NR241 (THNHM)

Chantarasuwan C14 (THNHM)
Kjellberg FK-1997-23 (MPU)
R. Johns PP10456 (K)

Rensted 89 (C)
Rensted 83 (C)
(K

Ronsted 142 (K)

Rensted 109 (K)
Harrison 619 (PUH)
Chantarasuwan NR225 (THNHM)

Chantarasuwan NR250 (THNHM)
Rensted 152 (K)
Rensted 131 (K)

Harrison 602 (PUH)
Rensted 70 (C)
Rensted 99 (K)

Rensted 148 (K)
Rensted 119 (K)
Rensted 156 (K)

Rensted 91 (C)
Rensted 266 (HITBC)
Chase 19851 (K)

Weiblen D8 (A)

Utteridge 101 (K)

Rensted 217 (K)

Rensted 71 (C)

Fournel & Micheneau IF130 (REU)
Rensted 298 (HITBC)

Papua New Guinea
Philippines
Philippines

Cult. BG89-519 (BG)
Cult. $1947-0243 (C)
Cult. BG1994-0678 (BG)
Cult. P1994-5326 (C)

Thailand
Cult. P1979-5041 (C)
Cult. P1870-5193 (C)

Thailand
Brunei
Brunei

Cult. E1859-0001 (C)
Ethiopia

Cult. E1859-0015 (C)
Cult. (HITBC)

Cult. E1859-0023 (C)
Cult. P1958-5167 (C)
Cameroon

Cult. P1928-5257 (C)
Cult. P1909-5032 (C)

Thailand

Thailand
Brunei
Irian Jaya, Indonesia

Cult. E1859-0014 (C)
Cult. $1959-1912 (C)
Cult. BG-93-220 (BG)

Cult. BG-99-561 (BG)
Philippines
Thailand

Thailand
Cult. BG-88-241 (BG)
Cult. BG-88-240 (BG)

Philippines
Cult. P1972-5164 (C)
Cult. BG-89-551 (BG)

Cult. BG-2001-0623 (BG)
Cult. BG-89-523 (BG)
Cult. (BG)

Cult. P1973-5350 (C)
Cult. (HITBC)
Cult. 1984-2930 (K)

Papua New Guinea
Irian Jaya, Indonesia
Cameroon

Cult. $1953-2381 (C)
Reunion

Cult. (HITBC)

(continued on next page)
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Table 1 (continued)

Taxa Voucher specimen

Origin

Sect. Sycocarpus Miq.
F. hispida L. F.
F. septica Burm.f.

Sect. Sycomorus (Gasp.) Miq.
F. mauritiana Lamarck

F. sur Forssk.

F. sycomorus L.

Sect. Urostigma (Gasp.) Endel.
F. densifolia Miq.

F. ingens (Miq.) Miq.

F. religiosa L.

F. verruculosa Warb.

Outgroup: Tribe Castillae

Antaris toxicaria Lesch.

Castilla elastica Sess.

Helicostylis tomentosa (R. & E.) Rusby
Mesogyne insignis Engl.

Naucleopsis krukowii (Standl.) Berg
Poulsenia armata (Miq.) Standl.

Rensted 88 (C)
Harrison 618 (PUH)

Micheneau 20/2/04 (REU)
Rensted 76 (C)
Rensted 72 (C)

Fournel & Micheneau IF117 (REU)
Rensted 106 (K)

Rensted 86 (C)

Rensted 115 (K)

€10011604 (C)

Bruun-Lund 3 (C)

€10011602 (C) Ethiopia
€10011601 (C)

€10011603 (C)

€10011557 (C)

Cult. E1859-0002 (C)
Philippines

Reunion
Cult. $1992-0213 (C)
Cult. P1965-5118 (C)

Reunion

Cult. BG-91-839 (BG)
Cult. P1951-5144 (C)
Cult. BG-90-1239 (BG)

Ethiopia
Cult. $1948-2585 (C)

Tanzania
Ecuador
Costa Rica

DNA Sequencing Center. The first lane consisted of 16 samples, one
of which was F. religiosa. The second lane consisted of 16 samples
(15 Ficus for this study). The third lane consisted of 20 samples (19
Ficus). The last round consisted of 37 (35 Ficus). A total of 70 sam-
ples were prepared.

Reads were filtered to remove adaptors and low quality reads
using AdaptorRemoval (Lindgreen, 2012) with default settings
and a minimum read length set to 30 bp. The quality of the raw
data was assessed using FastQC (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/).

2.3. De novo assembly of Ficus religiosa plastid genome

We performed additional filtering of our data to improve the
efficiency and quality of the de novo assembly. Raw data were com-
pared against a custom database consisting of 12 chloroplast gen-
omes (Supplementary Material, S2) across Rosales. Included in the
custom database was Morus indica L. (Moraceae), which is the clos-
est related species to Ficus with a published plastome (DQ22651;
Ravi et al., 2006). Filtering was conducted in Geneious R7 (Biomat-
ters Limited, New Zealand) using Geneious’ read mapper and all
mappings were done using default settings and allowing up to
100 iterations. We compared de novo assemblies using filtered
reads from F. religiosa and Velvet, SOAPdenovo2 and MIRA. De novo
assembly using Velvet v1.2.10 and VelvetOptimizer (Zerbino and
Birney, 2008) was conducted using the implemented version in
Geneious with k-mer choice based on n50 and Lbp. Using SOAPde-
novo v.2.01 (Luo et al., 2012), we implemented the default settings
and k-mer = 63. GapCloser by SOAP (Luo et al., 2012) was used to
close gaps and conduct the first round of scaffolding. Lastly, MIRA
v.4.0 was implemented in Geneious R7 (Biomatters Limited, New
Zealand) with quality level set to ‘accurate’. MIRA resulted in many
short and overlapping contigs. To improve the assembly, we used
the Geneious de novo assembler to merge contigs that overlapped
with the ‘custom sensitivity’ option set to 98% alike. With this
approach, we obtained much longer contigs (with higher N50) that
covered more of the plastome and avoided extensive gap closing.

Contigs and scaffolds from all three de novo assemblers they
were visually inspected in Geneious and mapped compared with
to the annotated plastome of M. indica to ensure proper orienta-
tion. Further gap closing and scaffolding were hereafter conducted
using an iterative approach. First, read mapping using Geneious’
read mapper and Bowtie2 (Langmead and Salzberg, 2012) imple-
mented in Geneious were used to repeatedly elongate either side

of the gap until the gap was closed. Then, additional mapping using
the original quality trimmed but unfiltered pool of reads (including
nuclear and mitochondrial data) were conducted to allow for
detection of any potential nuclear or mitochondrial insertions in
the chloroplast genome of F. religiosa, which would not be detected
using a database solely including plastome reads. Furthermore, it
was assured that reads did not have the wrong orientation, to
avoid mis-assembly.

Borders between the single copy regions and inverted repeat
(IR) regions were verified using Sanger sequencing (primers and
protocols listed in Supplementary Material, S3-S5). The resulting
assemblies for F. religiosa from Velvet, SOAPdenovo2, and MIRA
were aligned, and the differences were evaluated bioinformatically
or by Sanger sequencing (Tables S3 and S5). Based on the results a
consensus plastome sequence was generated. Quality-filtered
reads were mapped back to the resulting assembly to verify (e.g.,
Eserman et al., 2014).

Through this comparative approach, all base pair differences
between the three assemblies and the seven gaps closed with
readmapping were verified using Sanger sequencing. Primers for
closing seven gaps were designed using Primer3 (Untergasser
et al,, 2012) as implemented in Geneious (Supplementary Material
S5). Annotation of the final F. religiosa plastome was done using the
webserver DOGMA (Wyman et al., 2004), custom BLAST searches,
and comparison our initial annotations with the published annota-
tion of M. indica through the transfer annotations option to check
for consistency. Open reading frames were checked in Geneious
and used to aid the final annotation.

2.4. Reference based assembly of Ficus plastid genomes

Phylogenetic distance from a reference genome can signifi-
cantly affect plastome assembly (Straub et al., 2012) which can
pose problems for non-model groups where reference genomes
are not available. To evaluate the effect the choice of reference
has on assembly, high-throughput sequencing data from 64 addi-
tional plastome samples were mapped to both M. indica and F. reli-
giosa plastomes. Reference based assembly was achieved using
Bowtie2 (Langmead and Salzberg, 2012) with default settings. A
consensus sequence was produced in Geneious with a threshold
set to strict (50%) - if coverage was fewer 10 reads a “?” was called
suggesting missing data at those positions in the consensus
sequence. The annotated chloroplast genome of Ficus religiosa is
available from GenBank with accession number KY416513.
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2.5. Phylogenetic analyses

Alignment of 59 Ficus and six outgroup plastomes was achieved
using the MAFFT v7.017 plugin (Katoh and Standley, 2013) in Gen-
eious R7 with default settings and manually reviewed. To avoid
artificially increasing the phylogenetic signal from the inverted
repeated (IR) region in chloroplast genomes, one IR region was
removed prior to analysis. The aligned matrix is available from
www.DataDryad.org; http://dx.doi.org/10.5061/dryad.dk34k.

The most appropriate model of evolution (GTR + G) was found
using JmodelTest2 (Darriba et al., 2012) according to the AIC crite-
rion as recommended (Posada and Buckley, 2004). We considered
the plastid genome as a single inherited unit, and using Parti-
tionFinder V.1.1.1 (Lanfear et al., 2012), we confirmed the same
model for both the small and large single copy regions and the
included inverted repeat region.

Maximum Likelihood (ML) and Bayesian inference (BI) have
been shown to be less susceptible to problems in phylogenetic
reconstruction such as long branch attraction (Bergsten, 2005;
Moore et al., 2007) and is the preferred choice for high throughput
sequencing data (Bergsten, 2005; Eserman et al., 2014; Henriquez
et al., 2014; Moore et al., 2007; Parks et al., 2009; Petersen et al.,
2015). ML inference was conducted using RAXML v8.2.4
(Stamatakis, 2014) implemented on the CIPRES portal (Miller
et al,, 2010) using the rapid bootstrapping and search for best-
scoring ML tree setting with 1000 Bootstrap replicates.

Similarly, BI was conducted with Mr. Bayes v3.2.6 (Huelsenbeck
and Ronquist, 2001) on the CIPRES portal (Miller et al., 2010) with
MCMC using two independent runs and four chains, sampling
every 2000 generations for up to 20 million generations. Conver-
gence of the run was assessed using Tracer v.1.6 (http://beast.bio.
ed.ac.uk/tracer). The first 25% of samples were discarded as burn-
in. The Bayesian majority-rule consensus tree is available from
www.DataDryad.org; http://dx.doi.org/10.5061/dryad.dk34k.

Many phylogenetic studies using high-throughput sequencing
data will extract markers or gene regions prior to phylogenetic
analysis (Clement et al., 2014; Moore et al., 2007), but we recon-
structed phylogeny from the entire genome. To assess whether
noise in the data would generate an artificial signal, and thus,
result in an erroneous topology, we extracted three datasets con-
sisting of 11, 20 and 72 gene regions of coding and non-coding
DNA. The markers were selected due to being widely used in the
plant systematics community (e.g., Saslis-Lagoudakis et al.,
2015), previously used in Ficus (Herre et al., 1996; Rensted et al.,
2010) or being highly variable (Dong et al.,, 2012; Shaw et al.,
2005). To extract selected markers and gene regions, annotations
were transferred from F. religiosa to the remaining 64 plastomes.
Missing data in plastome sequences were not taken into account
when extracting regions. Models of evolution were inferred using
JmodelTest2 software (Darriba et al., 2012) and applied to the sub-
sequent analysis of the concatenated data sets. ML was conducted
using the RaxML (v. 7.2.8) plugin (Stamatakis, 2006) in Geneious
with the GTR + G model of evolution and 200 bootstrap replicates.
All trees were visualized and annotated in either Geneious R7 or
using FigTree v1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/).

To verify that our results are not a product of contamination or
other lab errors we returned to our raw high-throughput data and
assembled ITS, ETS, G3pdh, waxy and ncpGS, which have been sam-
pled in previous phylogenetic work on Ficus (Cruaud et al., 2012b).
ITS and ETS was obtained from most of the sequence data, whereas
the low copy nuclear regions G3pdh, waxy and ncpGS could only be
obtained from a subset of the samples in accordance with previous
findings based on Sanger Sequencing (Cruaud et al., 2012b).

These regions were subjected to nBLAST searches in GenBank to
confirm section membership. Additionally, we reconstructed a
phylogeny of the ITS data using a RAXML analysis with 500 boot-
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strap replicates. The topology of this phylogeny (data not shown)
was congruent with previously published nuclear phylogenies
and conflicted with our plastome phylogeny as described in detail
above.

3. Results
3.1. Ficus religiosa de novo assembly

Atotal of 12,960,076 paired end reads were produced on the Illu-
mina HiSeq 2000 platform from F. religiosa. Through de novo assem-
bly, a complete chloroplast genome with a total of 57x coverage
was assembled with a length of 160,627 bp comprising a large sin-
gle copy region, a small single copy region and two inverted repeats
(88,815 bp, 20,106 bp, 25,853 bp respectively). A map of the anno-
tated plastome is included in the Supplementary Material S6 using
the OrganellarGenomeDRAW tool (Lohse et al., 2013).

3.2. Effect of choice of reference genome on alignment and
phylogenetic analyses

For each of the 65 Ficus and outgroup species sequenced,
between 217,322 and 94,253,802 reads were generated (Supple-
mentary Material S7). Seven samples failed during library prepara-
tion and/or sequencing and was therefore not included. When
using F. religiosa as a reference, 8x - 2192x coverage of the plas-
tome was recovered (only 5 samples were less than 30x coverage;
Supplementary Material S7).

The choice of reference (M. indica vs. F. religiosa) had a notable
impact on coverage and base calls. Reference based assembly using
F. religiosa resulted in a 154,826 bp alignment after exclusion of
one IR. Reference based assembly using M. indica resulted in a
178,916 bp alignment again after excluding one IR (phylogenetic
trees can be found in Supplementary Material S8). A mean increase
of 37x coverage was observed when using F. religiosa as reference
over M. indica (Supplementary Material S7). Additionally, using F.
religiosa as reference reduced the number of ambiguities (e.g., Y
for a C or T) in the consensus sequence and increased coverage
across the plastid genome, thus, resulting in a more complete
and accurate plastome consensus sequence for the downstream
phylogenetic inference. For instance, Bayesian analysis of the M.
indica based alignment consistently resulted in problems with con-
verging after as many as 20 million generations, whereas analysis
of the F. religiosa based alignment converged after only ~50,000
generations.

3.3. Impact of noise on phylogenetic inference

Phylogenomic studies often perform tree reconstruction using
an extracted set of genes from the sequenced genome. Here, we
subjected the entire plastid genome (excluding one copy of the
IR) to phylogenetic analysis and compared it to phylogenies recon-
structed from concatenated data sets of 11, 20 and 75 gene regions.
The concatenated datasets resulted in several minor unsupported
differences in relationships within clades among closely related
species (see Supplementary Material S9-S11). The majority of
clades were recovered as in the full plastome sequence analysis,
but internal branches in the tree had significantly lower bootstrap
support values (if any support at all) as might be expected from a
less comprehensive data set.

3.4. Comprehensive plastid phylogeny of Ficus

ML and BI analyses of the plastid data resulted in no significant
differences in topology or clade support (Fig. 1, Bl topology shown).
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The resulting topology is strongly supported and recovered the
monophyly of Ficus and many infrageneric groups based on mor-
phology (Fig. 1). We recovered strong support for section Pharma-
cosycea as sister to all other figs (Fig. 1, clade A). Within the sister-
clade to section Pharmacosycea was a clade comprising subgenus
Urostigma sections Galoglychia and Americana, subgenus Sycomorus
section Sycomorus, and a few species of subgenus Pharmacosycea
section Oreosycea (Fig. 1, clade B). The remainder of fig lineages
sampled fell among two major clades (Fig 2, clades C and D). Clade
C (Fig. 1) included all of subgenera Sycidium and Ficus, as well as a
few species from subgenera Synoecia, Urostigma and Pharma-
cosycea (Fig. 1 clade C). Clade D (Fig. 1) included subgenus Synoecia
sections Kissosycea and Rhizocladus (Fig. 1, Clade E), subgenus Uros-
tigma subsections Conosycea, Malvanthera, and Urostigma (Fig. 1,
Clade F), subgenus Sycomorus sections Adenosperma and Sycocar-
pus, as well as a few species from subgenera Ficus and
Pharmacosycea.

Of the six subgenera defined by morphology, we only recovered
monophyly of subgenus Synoecia (to the exclusion of F. pumila,
Fig. 1, Clade E). The following sections were paraphyletic due to
the exclusion of a single species: subgenus Ficus section Eriosycea,
which excluded F. fulva; subgenus Synoecia subsection Rhizocladus,
which excluded F. pumila; and subgenus Urostigma section Ameri-
cana, which excluded F. albert-smithii (Fig. 1). Subgenus Sycidium
section Sycidium was paraphyletic to subgenus Sycidium section
Palaeomorphe and members of subgenus Ficus subsection Frutes-
centiae (Clade C, Fig. 1). Subgenus Pharmacosycea section Oreosycea
was polyphyletic and fell out among clades B, C, and D on the phy-
logeny (Fig. 1).

Of the three included species that have been considered difficult
to place based on morphology (Berg and Corner, 2005), F. tsiangii
was recovered together with members of section Sycidium as
would be expected from previous studies (Xu et al., 2011), F. pseu-
dopalma was recovered in section Adenosperma as has been found
for its close relative, F. dammaropsis (Rgnsted et al., 2008), whereas
F. semicordata, which was also recovered as sister to section Syco-
carpus, have previously been recovered as member of section Syco-
morus, which is in better line with expectations from morphology
(Berg and Corner, 2005).

4. Discussion
4.1. Impact of reference genome on reference-based assembly

Our assembly and annotation of the plastome of F. religiosa
(Supplementary Material S6) resulted in a sequence 160,627 bp
long with structural arrangements of the small single copy region
(SSR) and two inverted repeats (IR) similar to the Morus indica plas-
tome (158,484 bp; Ravi et al., 2006). Additionally, our annotated
plastome is similar to a recently published Ficus plastome of F.
racemosa (159,473 bp; Mao and Bi, 2015) in structure and also
gene content although our plastome is 1154 bp longer. Comparing
our plastome annotations to F. racemosa and M. indica it appears
that a few genes vary in length. This is probably due to the different
ways of annotation applied and it is not possible to know, which is
the more correct version without gene expression experiments. As
the majority of annotations from all three plastomes are very sim-
ilar it indicates a consistent assembly of the F. religiosa plastome.
Overall, length differences among the annotated plastomes was
likely mainly due to insertions and deletions but the methods of
data collection and assembly methods were not reported for F.
racemosa making it difficult to compare our findings. As described
in the methods, we verified with Sanger sequencing each junction
and area that was not well supported by the original de novo
assembly.

There are already around 800 annotated plastid genomes of
flowering plants that have been published in GenBank. This a vast
resource that can be used in future studies that was not available
few years ago. However, 800 plastid genomes is only a fraction
of the nearly 400,000 extant species of angiosperms. Phylogenomic
studies therefore have to sometimes rely on distantly related refer-
ence genomes or do a de novo assembly. Straub et al. (2012) found
that evolutionary divergence of the target taxon from the reference
genome can significantly affect plastome assembly (Straub et al.,
2012). Our results demonstrated that the choice of reference had
a significant effect not only on the quality of the reference-based
assemblies but also of downstream phylogenetic analyses. By using
F. religiosa as opposed to M. indica as a reference, our assemblies
had fewer ambiguities and higher coverage across all 65 genomes
assembled. Additionally, by using a reference genome within the
same genus, comparatively more reads could be mapped from each
high-throughput data set to less conserved areas that are often dif-
ficult to assemble (e.g., introns, intergeneric spacers, IR bound-
aries). Further, alignment of these data resulted in more
informative characters and improved resolution in the phyloge-
netic analysis and therefore greater clade support for relationships
within Ficus. It is thus highly recommended for future studies using
plastome phylogenomic data to de novo assemble a plastome from
within a study group to serve as a reference for subsequent refer-
ence based assemblies prior to phylogenetic analysis even if there
is a closely related published plastome available in GenBank.

4.2. Congruence and conflicts between plastome and nuclear data

Many of the infrageneric relationships corresponded to rela-
tionships recovered in previously published phylogenies (Cruaud
etal.,, 2012b; Reonsted et al., 2008). Despite a small sample size rep-
resenting less than 10% of all figs (59 of ~750 fig species), our sam-
pling reflects the phylogenetic diversity of Ficus (Cruaud et al.,
2012b) and resulted in a topology that recovered support for
well-known sections of Ficus as well as infrageneric relationships.
Several clades including Americana + Galoglychia (within clade B,
Fig. 1), Sycidium-Frutescentiae-Paleomorphe (clade C, Fig. 1), Kis-
sosycea + Rhizocladus (clade E, Fig. 1) and Conosycea-Malvanthera
(within clade F, Fig. 1) concur with prior work on Ficus phylogeny
(Fig. 2, Cruaud et al., 2012b). Also, South American section Pharma-
cosycea (clade A, Fig. 1) was strongly supported as sister to all other
Ficus (ML bootstrap = 100%, posterior probability = 1.00) - a result
that has been reported but never confidently supported (Fig. 2;
Cruaud et al., 2012b).

However, we observed conflicts between the new plastome
topology and previous nuclear studies are observed for both indi-
vidual species as well as relationships among some sections at dee-
per levels. Conflicts could be caused by lack of resolution (soft
incongruence) in the nuclear data or may indicate potential cyto-
nuclear discordance (hard incongruence) as previously observed
in an African lineage of Ficus (Renoult et al., 2009).

As discussed in the introduction, the currently known nuclear
loci based phylogeny does not provide sufficient resolution or
clade support to unambiguously resolve relationships within Ficus,
thus leaving the backbone of the phylogeny uncertain.

At shallow level in the plastid genome analysis, six species were
displaced into other sections (Fig. 1) resulting in the paraphyly of
subgenera Urostigma (including Conosycea-Malvanthera and Amer-
icana-Galoglychia-Urostigma clades) and Sycomorus (with section
Sycomorus separated from the Adenosperma-Hemicardia-Sycocarpus
clade, although this was not a hard incongruence as the subgenus
was resolved but not strongly supported in the nuclear topology by
Cruaud et al., 2012b). This stands in conflict with our current
understanding of fig evolutionary relationships based on the
nuclear sequence data, in which each of the aforementioned sec-
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tions and subsections are well-supported monophyletic groups
(Cruaud et al., 2012b). At deeper level, we recovered a polyphyletic
subgenus Sycomorus as sections Adenosperma, Sycocarpus, and
Sycomorus, which fell out in three places in the phylogeny (clades
B and D, Fig. 1). Also, section Urostigma, which has been separated
from the remainder of subgenus Urostigma (Americana-Conosycea-
Galoglychia-Malvanthera) in all previous studies based on nuclear
markers, is here sister to Conosycea-Malvanthera (clade F, Figs. 1
and 2). Lastly, the Americana-Galoglychia clade (clade B, Fig. 1)
was more closely related to Sycomorus + Oreosycea as opposed to
Conosycea-Malvanthera-Urostigma (Fig. 2).

4.3. Introgressive hybridization associated with pollinator shift could
explain potential cyto-nuclear discordance

Conflicts between plastome and nuclear data could be caused
by lack of support, but could also be the result of hard incongru-
ence. Discordance between nuclear and plastid markers has been
reported within African Ficus section Galoglychia (Renoult et al.,
2009) and is a rather common phenomenon in plant systematics
(Rieseberg and Soltis, 1991), which is becoming more evident as
high quantity phylogenomic data is being increasingly used
(Crowl et al., 2014; Jeffroy et al., 2006; Philippe et al., 2005).
Renoult et al. (2009) hypothesized that the cyto-nuclear discor-
dance within Galoglychia was likely caused by ancient hybridiza-
tion followed by introgression. Hybridization among closely
related species or species complexes within Ficus has been
reported (Kusumi et al, 2012; Machado et al., 2005; Parrish
et al., 2003; Renoult et al., 2009; Wei et al., 2014). Although polli-
nator specificity in a nursery mutualism is generally thought to
prevent hybridization (Moe and Weiblen, 2012; Parrish et al,,
2003; Ramirez, 1994), it has been hypothesized that figs may reg-
ularly exchange genes during divergence because of nonspecific
pollinators or host shifts, which could also explain patterns of con-
flicts between plant and pollinator phylogenies (Cruaud et al.,
2012b; Machado et al., 2005; Renoult et al., 2009). Consequently,
cyto-nuclear discordance within Ficus mirroring incongruence
between plant and pollinator phylogenies would support the host
shift hypothesis.

Three of the displaced species F. albert-smithii, F. ischnopoda and
F. pumila are all material from living collections in botanical gar-
dens, while F. albipila, F. fulva and F. magnoliifolia were collected
in the field. For the taxa collected in gardens, their position recov-
ered by the plastome phylogeny could be due to recent hybridiza-
tion with other garden material followed by either incomplete
lineage sorting or introgression, which has been suggested as
explanation for discordance in Galanthus and Armeria (Fuertes
Aguilar et al., 1999; Rensted et al., 2013). Ficus albert-smithii was
obtained from the living collection of C.C. Berg in Bergen, Norway
(BG). Berg was an authority of Ficus and obtained most of his mate-
rials from seeds of wild origin. However, he unfortunately passed
away a few years ago and no further information about his mate-
rials can be obtained (Van Welzen et al., 2013). His materials are
most likely introduced as seed directly from their natural origin
within his life-time. Ficus pumila growing in the botanic garden
in Copenhagen (C) was received as a plant in 1973 rather than
grown from seed but the origin is not recorded. Ficus ischnopoda
was obtained from the Xishuangbanna Tropical Botanical Garden
(HITBC, Yunnan, China) and is part of a large collection of primarily
wild sourced Ficus occurring naturally in China.

However, considering the generation time of trees and the likely
wild origins of the botanical garden samples, we consider the
explanation of hybridization with other garden material unlikely.
Alternatively, alien plastid capture could have occurred through
horizontal gene transfer during natural grafting as proposed by
Stegemann et al. (2012). For example, genetic mosaics, presumably
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formed by fusion of different individuals, have been reported for
several species of strangler figs (Thomson et al., 1991). A possible
mechanism could be fertilization of an aneuploid ovule by a non-
reduced male gamete, which would instantly lead to cytoplasm
exchange. Unreduced gametes are frequently involved in inter-
specific hybridization and have been suggested to represent a
mechanism for evolutionary speciation (Mason and Pires, 2015).

Ficus pumila is considered a member of section Rhizocladus
based on morphology and its root-climbing habit (Berg and
Corner, 2005), but nuclear sequence data has suggested it is more
closely related to subsection Frutescentiae (Cruaud et al., 2012b;
Jousselin et al., 2003; Ronsted et al., 2008), which is also supported
by its pollinator Wiebesia pumilae being close to the pollinator of F.
deltoidea (Cruaud et al., 2012b). Both F. deltoidea, and F. ischnopoda
are also members of subsection Frutescentiae according to nuclear
sequence data (e.g., Cruaud et al., 2012b). Displacement of F. albert-
smithii outside section Americana and F. fulva outside section Erio-
sycea, is not supported by any previous studies or morphological
features.

The three other displaced samples, F. albipila, F. fulva and F.
magnoliifolia are all of wild origin. Both F. albipila and F. magnoliifo-
lia are members of the Paleotropic section Oreosycea, from which
the Albipilae group has already been separated by nuclear sequence
data (e.g., Ronsted et al. (2008), but the Albipilae group was not
included in Cruaud et al. (2012b) and more comprehensive sam-
pling is likely to recover additional evolutionary linages.

Berg and Corner’s (2005) circumscription of subgenus Urostigma
included about 280 species of banyans and hemi-epiphytic stran-
glers. Nuclear phylogenetic studies have resolved a clade including
Americana-Galoglychia and Conosycea-Malvanthera as sister clades,
but excluding section Urostigma, which has been unplaced. Our
plastome phylogeny resolves section Urostigma together with the
Americana-Galoglychia clade, supporting the morphological classi-
fication and the pollinator phylogeny (Cruaud et al, 2012b,
Fig. 1). Furthermore, in the pollinator phylogeny, the pollinators
of section Malvanthera (genus Pleistodontes) are separated from
the clade with the pollinators of sections Americana-Conosycea-
Galoglychia supporting the possibility that ancient introgressive
hybridization associated with host-shifting may be a possible
explanation for the observed discordance.

Failure to recover monophyly of subgenus Sycomorus is in con-
flict with current understanding based both on nuclear sequence
data (Cruaud et al., 2012b; Harrison et al., 2012) and morphology
(Berg and Corner, 2005) and pollination of the entire subgenus
by the monophyletic wasp genus Ceratosolen (Cruaud et al.,
2012b). However, whereas Adenosperma is sister to Sycocarpus-
Sycomorus in the nuclear sequence based phylogeny, the pollina-
tors of section Sycomorus are sister to the pollinators of Adenos-
perma-Sycocarpus again suggesting a more complex genetic
history of this subgenus.

4.4. Impact of plastid phylogenomics on the evolutionary history of figs

This is the first study to confidently recover section Pharma-
cosycea as sister to all other figs (Fig. 1). Prior studies including
an outgroup have all recovered this relationship (Herre et al.,
1996; Rensted et al., 2005, 2008; Xu et al., 2011; Cruaud et al,,
2012b), but not with the significant bootstrap support (Fig. 2)
and posterior probability obtained in this study using plastid gen-
omes. The implication of section Pharmacosycea as sister to all
other figs supports the hypothesis that Ficus originated in Southern
Gondwana (Machado et al., 2001; Rensted et al., 2005) rather than
in Eurasia (Cruaud et al., 2012b; Zerega et al., 2005). Additionally,
the support of placement of section Pharmacosycea has important
implications for the co-evolutionary history of figs and their polli-
nating wasps. In the phylogeny of fig wasp pollinators, Tetrapus,
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the genus of fig wasp pollinators of section Pharmacosycea, was not
recovered as the first diverging lineage of wasps (Cruaud et al.,
2012b). This conflict does not support an evolutionary history of
strict co-speciation among these two lineages and points to more
ancient instances of host switching events which has also been
suggested by Machado et al. (2005).

5. Conclusions and future perspectives

A complete plastid genome of F. religiosa has been assembled de
novo, annotated, and used to reference assemble additional sam-
ples from 64 species to resolve the early diversification with suc-
cess. These data were used to reconstruct a phylogeny that
offered a well-resolved and strongly supported topology that
offered insight to relationships among major clades within Ficus.
This phylogenetic framework represents the first comprehensive
investigation of the evolution of figs using plastid data, and largely
supported the monophyly of many sections of Ficus as well as evo-
lutionary relationships previously recovered by nuclear data..
However, we also detected two types of cyto-nuclear discordance.
First, we recovered discordance at deeper levels concerning the
relationships of sections between major clades that could possibly
be explained by ancient introgressive hybridization associated
with pollinator shifts. Second, displacement of individual acces-
sions at shallow level could tentatively be explained by recent
unsorted garden hybridization, but we consider this unlikely due
to the long generation time of these plants.

Since the evolutionary relationships among figs reconstructed
with nuclear sequence data better correspond with morphology,
we suspect the discordance is caused by the plastome data reflect-
ing a divergent evolutionary history. Caution should be used when
relying on and interpreting plastid phylogenomic data in the future
particularly for purposes of classification. However, we are one
step closer to resolving the early diversification and understanding
the complex evolutionary history of Ficus.

To date, commonly used nuclear markers such as the nuclear
ribosomal ITS and ETS have been utilized in Ficus together with a
handful of low-copy nuclear markers. The availability of an
expressed sequence tag library (EST) from Ficus elastica Roxb. ex
Hornem. (Yao et al., 2013) and transcriptomic data from 1KP
(1000 plants) project opens up the possibility of phylogenomic
studies of Ficus based on more comprehensive sampling of the
nuclear genome. With those data in hand, we will be able to con-
tinue to compare and study the cyto-nuclear discordance recov-
ered from this work.
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Chapter V

From strangler figs to desert-dwellers

— Biome transitioning in Ficus sect. Malvanthera

Ficus lilliputiana on sandstones in Australia

Data is still being analyzed and only a subset of the data is included,
thus this chapter and its results should be considered preliminary
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Abstract

Biome shifts are rare and biome shifts from tropical rainforest to
arid biomes are hypothesized to be even more rare. Climate change is
often viewed as a major driver of plant distributions, but it is not known
what factors determine the successful migration and diversification of
some lineages. Australia has a long history of geographic isolation and
great climatic change, which make its flora unique with many endemic
species. Figs (Ficus L. ~800 spp.) exhibit an extremely high
morphological and adaptive variation with species occurring in very
different environments. An Australasian clade of figs, Ficus section
Malvanthera (~23 spp.) is here used as a case study for testing biome
shifts from rainforest to more arid biomes. This clade includes two
clearly defined growth habits; (i) hemi-epiphytic stranglers in the
rainforests of Eastern Australia, New Guinea, and some Australasian
islands — and (i1) lithophytic shrubs/smaller trees occurring in the arid
parts of Australia. In addition, section Malvanthera contains a number of
species believed to be transitional as their habit and geographical range
comprises both the arid and wet biomes and associated habits. To test for
biome shifts and associated adaptive traits, we utilize a high throughput
targeted sequence capture approach for reconstructing a phylogenetic
hypothesis of the section. A set of probes that can be used across the
entire genus of Ficus was developed and shown to confidently resolve
relationships of major lineages. The probes were used on a preliminary
taxon set of the Australasian clade of figs and also provide efficient

resolution among closely related species. The final taxon set will be used
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to test for biomes shifts and linked traits, between wet and dry regions

using relevant diversification analysis.

Kevwords (4-6)

Adaptations, biome shifts; dry habitats, niche shifts, transitional species,

Ficus

1. INTRODUCTION

1.1. Biome shifts and out of the rainforest radiations

Why are some lineages in the tree of life extraordinary successful
and species rich? Darwin described the rapid rise and early
diversification within the angiosperms as ‘‘an abominable mystery’’
(Darwin & Seward 1903; Davies et al. 2004). Within the group, sister
clades can differ in species richness over several orders of magnitude.
Darwin attempted to identify a single causal explanation for the rapid
diversification of angiosperms but described his own efforts as
““wretchedly poor’” and the idea of a single key innovation allowing a
lineage to diversify rapidly is now abandoned but the mystery is
unsolved (Smith et al., 2011).

Climate change is often viewed as a major driver of plant

distributions, but it is not known what factors determine the successful
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migration and diversification of some lineages (Davies et al., 2004;
Donoghue and Edwards, 2014). According to the concept of niche
conservation it may be “easier to move than to evolve” (Donoghue,
2008). Consequently, the plant lineages that fail to evolve in situ when
the environment change will instead track the later environmental
distributions, or, contract and develop disjunctions in their geographic
ranges. However, many lineages have managed to adapt and transcend
biome or niche boundaries as their environments have changed
(Donoghue and Edwards, 2014). Novel traits can support the process and
success of occupying new niches, but it is still not fully understood how
plants sometimes rapidly are able to occupy new niches — so called
niche- or biome shifts — and whether these traits are pre-adaptations or
‘key innovations’ (Donoghue and Edwards, 2014; Toon et al., 2015). In
evolutionary biology one of the most difficult problems to explain is how
adaptations appear at the optimal time for the next stage of evolution to
take place. Pre-adaptations would make it possible for plants to diversify
in newly accessible niches that might appear as a result of climate change
(Huskins, 1930). Another possibility is the invention of key-adaptations
that are suitable for a new opportunity (Heard and Hauser, 1995).

However, the concept of key-innovations has more or less been
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abandoned for more complex models where synergistic effects of several
traits are involved (Donoghue and Sanderson, 2015; Koenen et al., 2015;
Smith et al., 2011).

Modern tropical rainforests are one of the most important and
species rich biomes today, and it is likewise suggested that tropical
rainforests-like biomes were the first biomes on Earth, and that much of
our plant-diversity stems from these ancient biomes (Webb et al., 2005).
Thus, it is expected that species occurring in more arid areas are later
radiations from ancestors living in the tropical rainforest habitat, and that
these newly divergent lineages in arid biomes will be more closely
related than earlier diverging linages from ‘ancient rain forests’ (Hughes
et al., 2013).

Biome shifts are rare and biome shifts between tropical rainforest
to arid biomes are hypothesized to be even more rare (Donoghue and
Edwards, 2014) because the differences between wet and dry biomes
seems to be a significant barrier for plant groups to cross (Pennington et
al., 2009). However, it has for example been shown that grasses
(Poaceae) are able to adapt and further speciate in arid biomes due to
functional traits that were already present in their evolutionary linages

linked to C4 photosynthesis (Heibl and Renner, 2012; Toon et al., 2015).
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Plants that are well adapted to these new biomes have also been shown to
accelerate their diversification rate due to new opportunities for
speciation (Crayn et al., 2006). Plant colonization in arid habitats is often
linked to the evolution of traits related to fire tolerance and exploitation
of nutrient-poor soils, which may increase growth ability and diversity in
these habitats (Donoghue and Edwards, 2014; Edwards et al., 2010).
However, little is known about adaptations of larger shrubs and woody
plants in dry areas. In for example Bignoniaceae, it has also been
hypothesized that plants have radiated from drier (xeric) biomes into wet
tropical forests, in a direction much less common (Crisp et al., 2009;
Donoghue and Edwards, 2014).

Australian ecosystems are a unique model for investigating evolutionary
patterns in plants and biome shifts (Crayn et al., 2006). The high
diversity and high numbers of endemic species found in Australia is a
product of a long history of geographic isolation and great climatic
change during the Tertiary (from about 66 million years ago; Mya).
Climatic fluctuations during the Miocene (23-5 Mya) resulted in
aridification of the continent and retraction of forests towards the coast,

while some groups of plants radiated into the new drier biome (Crayn et
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al. 2006). For example, Crayn et al. (2006) documented radiation of dry-

adapted shrubs from rainforest tree progenitors in the Elaeocarpaceae.

1.2. Ficus L. section Malvanthera Corner as a model system

Another potential case of radiation out of the humid rainforest
into arid biomes is presented by an Australasian lineage of Ficus L.
(Moraceae). The genus Ficus is showing an impressive array of species
diversity with more than 800 known species most famously known for
their intricate pollination mutualism with fig-wasps of the family
Agaonidae (Cruaud et al. 2012; Clement et al. submitted; Berg & Corner
2005). Ficus section Malvanthera sensu Corner (1965) with updates from
Ransted et al. (2008b) includes 23 species (Table 1) of monoecious figs
with a range of habits, such as hemi-epiphyte and lithophytes with an
astonishing root system capable of producing aerial- and adventitious
roots (Corner, 1965). The section includes species with two clearly
defined growth habits; (1) hemi-epiphytic stranglers and free-standing
trees in the rainforests of Eastern Australia, New Guinea, and some
Australasian islands — and (ii) lithophytic shrubs/smaller trees occurring

in the arid parts of Australia (Dixon, 2003).
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Table 1

Ficus section Malvanthera sensu Corner (1965) with updates from Rensted et al. (2008)

and their habitat use.
LH—Lord Howe Island, NG—New Guinea, NSW—New South Wales, NT—Northern
Territory, PAC—Pacific islands, QLD—Queensland, SA—South Australia, SOL—

Solomon Islands, WA—Western Australia

Subsection Series Taxon Author Habitat use
Hesperidiiformes Glandiferae Ficus glandifera Summerhayes Transitional, forest, NG, PAC, SOL
Hesperidiiformes Glandiferae Ficus baola C.C. Berg Hemi-epiphyte, forest, SOL
Hesperidiiformes Glandiferae Ficus rhizophoriphylla King Hemi-epiphyte, forest, NG
Hesperidiiformes ~ Hesperidiiformes — Ficus hesperidiiformis King Hemi-epiphyte, forest, NG
Hesperidiiformes ~ Hesperidiiformes — Ficus sterrocarpa Diels Hemi-epiphyte, forest, NG
Hesperidiiformes ~ Xylosyciae Ficus augusta Corner Hemi-epiphyte, forest, NG
Hesperidiiformes  Xylosyciae Ficus heteromeka Corner Hemi-epiphyte, forest, NG
Hesperidiiformes — Xylosyciae Ficus mafuluensis Summerhayes Hemi-epiphyte, forest, NG
Hesperidiiformes _ Xylosyciae Ficus xylosycia Diels Hemi-epiphyte, forest, NG, SOL
Platypodeae Crassipeae Ficus crassipes F.M. Bailey Hemi-epiphyte, forest, QLD
Platypodeae Crassipeae Ficus destruens C.T. White Hemi-epiphyte, forest, QLD
Platypodeae Eubracteatae Ficus triradiata Corner Hemi-epiphyte, forest, QLD
Platypodeae Obliquae Ficus obliqua G. Forster Transitional, QLD, NSW, NG, PAC
Platypodeae Obliquae Ficus cerasicarpa D.J. Dixon Lithophyte, arid, QLD, NT, WA
Platypodeae Obliquae Ficus lilliputiana D.J. Dixon Lithophyte, arid, NT, WA
Platypodeae Obliquae Ficus platypoda (Miq.) A. Cunn. ex Migq. Lithophyte, arid, NT, WA
Platypodeae Obliquae Ficus subpuberula Corner Lithophyte, arid, NT, WA
Platypodeae Rubiginosae Ficus rubiginosa Ventenat Transitional, QLD, NSW
Platypodeae Rubiginosae Ficus atricha D.J. Dixon Lithophyte, arid, NT, WA
Platypodeae Rubiginosae Ficus brachypoda (Miquel) Miquel Lithophyte, arid, NT, QLD, SA, WA
Platypodeae Rubiginosae Ficus watkinsiana F.M. Bailey Hemi-epihyte, forest, QLD, NSW
Malvantherae Ficus macrophylla Persoon Tree, hemi-epiphyte, forest, QLD, NSW, LH
Malvantherae Ficus pleurocarpa F. Mueller Hemi-epiphyte, forest, QLD,

In addition, section Malvanthera contains a number of species

believed to be transitional as their habit and geographical range

comprises both the arid and wet biomes and associated habits (Dixon,

2003; Ronsted et al., 2008b). Ficus rubiginosa Dest. ex Vent. and Ficus

obliqua G. Forst. both occur as rainforest hemi-epiphytes and can be

found in drier areas occurring as lithophytes and deciduous vine thickets.

Ficus glandifera Summerhayes is part of a primarily New Guinean

rainforest clade but can also be found as transitional.
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It has previously been suggested that Ficus species with monoecious,
actively pollinated figs and a hemi-epiphytic habit foster high
diversification rates and possibility of living in niches other plants cannot
access (Bruun-Lund et al., 2018). In addition to the diversity in habitat
use and associated growth form and morphology, section Malvanthera
also show an unusual high diversity in other traits compared to Ficus in
general. A mix of actively and passively pollinating fig-wasps from the
genus Pleistodontes Saunders (Agaonidae, Hymenoptera) are associated
with section Malvanthera (Dixon, 2003) and several shifts between
active and passive pollination have been proposed (Kjellberg et al.,
2001).

An earlier phylogenetic study by Rensted et al. (2008b) suggested
that shifts into more arid biomes may have happened at least twice within
section Malvanthera (Ronsted et al., 2008b). However, lack of resolution
provided by a limited number of nuclear DNA regions, prohibited a
deeper understanding of biome shifts in this extraordinary lineage of
Ficus.

Tremendous work have been performed on Ficus using Sanger
sequencing focused on rapidly evolving single-copy nuclear markers

(e.g. Clement et al. submitted; Rensted et al. 2005, 2008a; Xu et al. 2011;
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Cruaud et al. 2012). However, as for many other large plant genera, the
resolution and support obtained is insufficient. Data from the plastid
genome has been attempted (Bruun-Lund et al., 2017; Renoult et al.,
2009), but found to provide a conflicting evolutionary history compared
to the nuclear data, which are aligned with current understanding based
on morphology and biogeography (Berg and Corner, 2005). Target
sequence capture using RNA probes allows customization of a taxon
specific probe-set focusing on genomic regions evolving at a suitable rate
and exclusion of organelle DNA (Gnirke et al., 2009; Horn, 2012).

The purpose of the present study therefore is to use a high
through-put targeted sequence capture approach to produce a well
resolved phylogenetic hypothesis for section Malvanthera, which will
allow us to (1) test the number and direction of biome shifts between
forest and drier habitats, and (2) identify potential drivers of biome shifts,
and (3) test if correlated traits are likely pre-adaptations or new key-

innovations.
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2. MATERIALS AND METHODS

2.1. Taxon sampling

We follow the species concept of section Malvanthera sensu
Corner (1965) updated by Dixon (2003) for the Australian species and
with the addition of Ficus baola CC Berg (Berg, 2002). Taxon sampling
was thus aimed at including multiple accessions of all species included in
Ficus subsection Malvanthera Berg and Corner (2005), as well as the
additional species recognized by Corner (1965). Sampling was conducted
through new fieldwork in Queensland and Northern Territory of
Australia, as well as in Papua New Guinea. Additional accessions were
acquired from collections in the following herbaria, Harvard University
(A), Natural History Museum of Denmark, University of Copenhagen
(C), James Cook University (JCT), Naturalis (L), and University of
Minnesota (MIN). In total, 83 accessions were included representing all
23 currently accepted species of section Malvanthera with multiple
accessions for the majority of the species. Ficus cyathistipula Warb.
(sect. Galoglychia) and F. microcarpa L.t. (sect. Conosycea) were used
as outgroup to represent other sections of subgenus Urostigma (Table 2,

Supplementary material).
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2.2. Ficus target baits development for sequence capture

Baits were designed on two transcriptomes from the 1000 plant
genome project (1KP) (Matasci et al., 2014). A transcriptome
representing the Ficus lineage (Ficus religiosa L.) and the outgroup
(Morus nigra L.) were selected. Due to the huge divergence in the figs
we chose to use a representative within the genus and one from the
outside to retrieve the loci of the genome which were most conserved and
to allow the baits set to be applicable for other studies across the genus.
Therefore, the setup is very similar to studies using UCEs (Ultra
Conserved Elements) where loci should be shared across large taxonomic
ranges (Baca et al., 2017). 120mer baits were designed with 2x tiling
density for a total of 57,657 initial probes, which were shared with Arbor
Bioscience to manufacture a myBaits Custom Target Capture kit.

To optimize the bait-kit we first sequenced 24 samples covering
the phylogenetic diversity of Ficus for the initial 57,657 probes.
Hereafter we evaluated the performance of the captured sequences and
selected the probes that covered most samples with sufficient divergence.

To do this, raw reads were mapped against the initial
transcriptome using PALEOMIX (Schubert et al., 2014). The mean

coverage of samples varied between 0.016X and 83.566X. For all 24
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samples, the mapped reads were used to generate BEDGRAPH files
using bedtools genomecov (Quinlan and Hall, 2010) with the —bg option.
bedtools unionbedg (Quinlan and Hall, 2010) was then used to combine
the BEDGRAPH files into a single multi-sample-file. To select capture
regions, only the 12 samples with a mean coverage higher than 6X were
used (S44 sagittata, S16_americana, S37 chartacea, S30 punctata,

S1 pseudopalma, S5 microcarpa, S53 cyathistipula, S46 _tinctoria,

S68 septica, S69 tsiangii, S39 magnoliifolia, S20 rubiginosa; Table 2).
All sites with coverage higher than ten times the mean coverage and sites
with coverage lower than one tenth the mean coverage (or lower than 1)
for each of the 12 samples were removed. To combine overlapping or
“book-ended” regions in the resulting file, bedtools merge (Quinlan &
Hall, 2010) was used to create a single bed file. As the capture probes
have a length of 120 bp, only sites longer than 120 bp were selected. A
custom python script was then used to extract the selected regions from
the transcriptome assembly as a fasta file, which was shared by Arbor
Bioscience to manufacture a final Ficus targeted myBaits Custom Target
Capture kit (20K probes). The final Ficus probe-set contained 11,951

baits covering 2,276 regions ranging from 120-806bp.
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2.3. Molecular work

All work was performed in designated DNA laboratories at the
Natural History Museum of Denmark, University of Copenhagen, which
are dedicated labs for working with samples of low DNA concentration

and strict cleaning procedures to avoid cross contamination.

2.3.1. DNA extraction

Extractions were performed on 12-40mg of silica-dried leaves or
herbarium tissue (often using less tissue to avoid disruptive sampling of
herbarium collections as much as possible). A TissueLyser IT (Qiagen®)
was used to rupture cell walls before starting the extraction with
KingFisher Duo Prime System (Thermo Scientific) and Thermo
Scientific KingFisher Pure DNA Plant kit protocol (Thermo Fisher
Scientific, Waltham, Massachussets, USA). In order to increase the yield
of DNA recovered, lysis buffer A was supplemented with 2%
polyvinylpyrrolidone (PVP) as recommended in the protocol. likewise,
25uL of Proteinase K was added to increase DNA recovery. Samples
were incubated at 65°C on a rotor for 1 hour. Finally, samples were
eluted in 50uL of EB buffer (instead of 100uL) to yield higher

concentration. DNA concentration was estimated using a Qubit® 2.0
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fluorometer (high sensitivity) following the manufacturer’s protocol. The
degree of degradation and general quality of the extraction was evaluated
using the Agilent 2200 TapeStation® System. Sheering using

Covaris M220 (Covaris, Wobum, MA, USA) was applied to modern

samples with long DNA fragments.

2.3.2. Library preparation and indexing

Two library preparation protocols were applied, rom here on
referred to as ‘NEBnext’ and ‘BEMT’; The NEBnext protocol was used
for the initial probe development and BEMT was subsequently used for
all samples due to it being optimized for plants and cheaper to use for
library preparation in general (Carge et al., 2017). For the NEBnext
protocol Illumina-compatible 100 bp paired-end libraries from DNA
extracts using the NEBNext DNA Library Prep Kit for [llumina (New
England Biolabs) following manufacturer's protocol or in house

protocols as in Bruun-Lund et al. (2017).

For the blut-end single-tube protocol ‘BEST’ (Carge et al., 2017)
the following modifications where applied: A column purification was

done using Monarch® DNA Cleanup Columns after the end-repair
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reaction to reduce the presence of enzymatic inhibitors. 450 ul enhanced
PB binding buffer (Allentoft et al., 2015) and centrifugation at 6,000 g.
The column was washed with 800 pl PE buffer and spun at 10,000 g,
followed by an additional spin for 3 min at 17,000 g. DNA was eluted in
34 pl EB buffer, with incubation at 37°C for 10 min before collecting
DNA at 17,000 g. For the ligation reaction, 2 ul Illumina adapters (20
mM) (Meyer and Kircher, 2010) were mixed with the end-repaired DNA.
The final libraries were purified using Solid Phase Reversible
Immobilization (SPRI) beads (Cat#: GE45152105050250; Sigma-

Aldrich).

Libraries were indexed and amplified using P7 and P5 Illumina
primers with a dual indexing approach to minimize tag jumping (Schnell
et al., 2015). PCR was performed in 50 pl reactions using 10 pl
template, 1 x AmpliTaq Gold buffer, 2.5 mM MgCI2, 0.8 pg/ul Bovine
Serum Albumin (BSA), 0.25 mM dNTP, 0.2 uM forward and reverse
indexed primer (specific for each sample), and 0.2 U/ul AmpliTaq Gold
polymerase. Libraries were amplified in an Applied Biosystems 2720
Thermal Cycler using the following conditions: 95°C for 12 min,
followed by a number of cycles of 95°C for 20 s, 60°C for 30 s, and 72°C

for 40 s, followed by 5 min at 72°C. cycle number varied depending on
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sample between 15-25 cycles. Quantification and size estimation were
performed with an Agilent 2100 Bioanalyzer high sensitivity kit. The
amplified library was cleaned using SPRIbeads and eluted in 30 pL of

EB buffer.

2.3.3. Capture

All amplified libraries were concentrated using the SpeedVac
(Thermo Scientific) until they contained 100-500 ng DNA in 7.14 pl.
The libraries were captured following the manufacturer’s instructions

(http://www.arborbiosci.com/wp-content/uploads/2018/04/myBaits-

Manual-v4.pdf or V3 for the initial 24 samples for bait optimization

design). The hybridization solution incubated in a Veriti 96-well thermal
cycler (Applied Biosystems, Foster City, CA) for approximately 20 hours
at 65 °C during which time the targeted DNA sequences hybridized to
the biotinylated RNA baits. Post-captured libraries were PCR amplified
using KAPA HiFi HotStart ReadyMix (Kapa Biosystems, Wilmington,
MA) for 10-20 cycles using primers IS5 (5'-AATGATACG
GCGACCACCGA) and IS6 (5'-CAAGCAGAAGACGGCA TACGA).
The final purification of the amplified post-capture reactions was done

using the Qiagen QIAquick PCR Purification Kit following
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manufacturer's protocol and eluting in 30 ul EB buffer incubated for 15

min at 37 °C.

Captured samples were pooled in equimolar amounts into one
lane and sequenced (100 bp paired-end reads) for the initial 24 samples
on a HiSeq2500 instrument. The second batch of Malvanthera species
was sequenced (150 bp paired-end reads) on a HiSeq4000 instrument,
both batches at the National High-throughput Sequencing Centre, Natural

History Museum of Denmark, Copenhagen, Denmark.

2.4. Phylogenomics analyses

For preliminary analysis, sequence read data from each sample
was processed using the PALEOMIX pipeline (Schubert et al., 2014).
Firstly, low quality and missing bases were trimmed from the reads,
followed by removal of leftover adaptors using AdaptorRemoval2
(Lindgreen, 2012). All paired-end reads where there was overlap by more
than 10 base pairs were merged into one read. Subsequently, the reads
from each of the samples were mapped to the a pseudo-reference, which
1s the optimized probes using bwa (Li et al., 2009). Mapped reads were

likewise filtered for PCR duplicates using Picard
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(https://broadinstitute.github.io/picard), and reads mapping to multiple

loci in the genome were excluded from the analysis.

GATK was used for genotype calls (Lee et al., 2015) and hereafter
a multi-sample consensus fasta file was created and used for input for
RaxML (Stamatakis, 2006) using model GTR+GAMMA and the
algorithm ‘rapid bootstrapping and search for best-scoring ML tree’ with

200 Bootstrap replicates.

2.5. Diversification rate analysis, molecular dating etc.
2.5.1. Molecular dating.

On the final dataset, we expect to use BEAST (Drummond et al.,
2012), a Bayesian method (MB) that estimates model parameters, tree
topology and divergence times, to estimate time-calibrated trees of
section Malvanthera. Due to the poor fossil record of Ficus, we will

explore both fossil, geological, and secondary dating points.

2.5.2. Ancestral state reconstruction.
Ancestral state analysis will be applied to investigate the
dynamics of habitat change and biome shifts throughout the evolutionary

history of Malvanthera.
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For Bayesian ancestral state reconstruction, we will use a
reversible jump Markov chain Monte Carlo method (Pagel and Meade,
2006), contained in the BAYESTRAITS package, which automatically
finds the posterior distribution of models if provided with the appropriate
choice of priors (Pagel et al., 2004). This yields posterior distributions of
rate coefficients and state probabilities, incorporating phylogenetic

uncertainty as well as uncertainty in the ancestral state reconstruction.

2.5.3. Diversification rate analysis.

To test for potential bursts in diversification rates we will explore
lineage through time (LTT) plots and BAMM (Bayesian Analysis of
Macro-evolutionary Mixtures) analysis. BAMM tests for changes in
diversification rates — if a rise in rate happens when ancestral area change
(e.g. from wet to arid habitats) it may indicate novel traits have evolved
to exploit the new habit. If no change is seen it could indicate that a pre-
adaptation aided the survival in these new environments.

Trees will be pruned to make clades with multiple accessions per
species into a single tip, which is needed for the subsequent analyses. A
LTT plot will be produced with the R package paleotree 2.7 (Bapst,

2012). One thousand random post-burnin trees from the BEAST inference
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analysis will be selected as input for the analysis. Subsequently, the
software BAMM 2.5 (Bayesian Analysis of Macro-evolutionary
Mixtures) will be used to test if the diversification rate and extinction rate
have been equal through time for section Malvanthera (Rabosky et al.,
2014). The MCMC analysis will be run 1 million generations with
sampling every 1000 generations. Check for convergence will be
performed with the R package coda 0.19—1 (Plummer et al., 2006) and
the first 10% will be expected to be discarded as burn-in. Hereafter we
will use the R package BAMMtools 2.1.6 (Rabosky et al., 2014) and ape
4.0 (Paradis et al., 2004) to summarize rates over each branch of the
phylogenetic tree (producing the so-called ‘phylorate’ plot), to plot the
95% credible shift set (CSS) with sampling frequencies of the different
shift configurations, and to obtain the shift configuration with the

maximum a posteriori (MAP) probability.

2.5.4. Traits and transitions between rainforest and savanna biomes
State-dependent diversification rate tests will be performed with
the Binary-State Speciation and Extinction (BiSSE) model (Maddison et

al., 2007) as implemented in the R package diversitree 0.9-9 (Fitzjohn,

210



2012) with traits linked to adaptions for either arid or wet biomes, which

is to be decided upon.

3. RESULTS
3.1. Target sequence capture data

We designed our initial set of probes using transcriptome data
from on Ficus religiosa and Morus nigra as described in the method
section. These probes where used on a subset of samples representing the
entire genus’ phylogenetic diversity. This was done with the aim to
optimize the probe set to only contain probes that work for the entire
genus. Thus, optimizing sequencing effort and costs. The first round of
sequencing using the initial probes worked well for 12 of the 24 samples,
producing coverage >6x for all sites. The resulting unrooted
phylogenetic hypothesis based on sequence capture can be seen in
Figure 1. Each of the 12 species are representing clades and the
evolutionary relationships between theses clades is agreeing with
findings in Cruaud et al. (2012) and Clement et al. (submitted — Chapter
I). Additionally, the resolution and bootstrap support is much higher for
the backbone of the phylogenetic tree, with only one branch below 100%

bootstrap (see Figure 1) compared to these previous studies. Backbone
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resolution has previously been problematic in assessing the global
phylogeny using nuclear markers (Cruaud et al. 2012; Clement et al.

submitted — Chapter I).

F. punctata (Synoecia) S30
100
100 F. sagittata (Synoecia) S44
59 F. chartacea (Eriosysea) S37

F. tinctoria (Palacomorphe) S46

100
F. pseudopalma (Adenosperma) S1
100
F. septica (Sycocarpus) S68
F. microcarpa (Conosycea) S5
100
F. rubiginosa (Malvanthera) S20
100
F. americana (Americanae) S16
100

F. cyathistipula (Galoglychia) S53

Figure 1. Unrooted phylogenetic hypothesis based on the initial set of probes.
Relationships are strongly supported and corresponding with previous findings.
Clade names according to Clement et al. (submitted — Chapter I) in parenthesis

after each species name.
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The optimized probe set was used on section Malvanthera for a
preliminary subset of the samples — 20 samples were sequenced in the
initial run, with 16 samples having coverage higher than >6x (ranging
between 0.53x-688x). Three samples with coverage <6x were excluded
from later phylogenetic analysis. RaxML produced a preliminary

phylogenetic hypothesis for the section (Figure 2), see below.

3.2. Phylogeny

Preliminary maximum likelihood analysis included 16 taxa of
section Malvanthera and 2 outgroup taxa. The backbone is well resolved
and medium to highly supported (>80% bootstrap support), whereas
some internal branches are not well supported. Within Malvanthera, the
primarily New Guinean rainforest clade of subsection Hesperidiiformes
(Clade A; F. augusta, F. hesperidiiformis, F. heteromeka, and F.
xylosycia) is sister to the primarily continental Australian Malvanthera
species (Clade B). Within this major Australian clade, subsection
Malvantherae consisting of two rainforest species (Clade C; F.
macrophylla and F. pleurocarpa), is sister to the remainder of the
Australian taxa (Clade D). Clade D consists of two subclades. Clade E

includes four lithophytic accessions (2X F. brachypoda, F. cerasicarpa,
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and F. subpuberula) — Note that F. brachypoda might consist of two
separate species (Peter Jobson, personal observation). Clade F include a
gradient of three rainforest species (F. crassipes, F. destruens and F.
watkinsiana) followed by a clade with a transitional species (F.

rubiginosa) and two accessions of a lithophytic species (F. platypoda).
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CL___Fr pleurocarpa 771 |3

oo — F. hesperidiiformis 806

100 L F. heteromeka 822

F. augusta 800
F. xylosycia 805

F. microcarpa NR77

Subsect. Hesperidiiformes

Lithophyte, arid
Transitional
Lithophyte, arid
Hemi-epiphyte, forest
Hemi-epiphyte, forest
Hemi-epiphyte, forest
Lithophyte, arid
Lithophyte, arid
Lithophyte, arid
Lithophyte, arid
Hemi-epiphyte, forest
Hemi-epiphyte, forest
Hemi-epiphyte, forest
Hemi-epiphyte, forest
Hemi-epiphyte, forest

Hemi-epiphyte, forest

F. cyathistipula NR80

Outgroup

Figure 2. Preliminary Maximum Likelihood inference of section Malvanthera with

habitat use mapped to each species. Clade A represents a primarily Papua New

Guinean clade and clade B represents a primarily Australian clade. Bootstrap

support is specified, which is high (100%) on most branches. Biome, habit and sub-

sectional classification is indicated on the right.
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4. DISCUSSION

4.1. Biome shifts out of the forest into drier habitats

As the understanding of biome shifts and adaptations are closely
related to climate changes it is very important to increase our
understanding in this area. This is especially true in a diverse group like
Ficus with a variety of traits and habits. The wide range of traits in a
well-known system such as Ficus makes the figs an ideal group of plants
to focus on in the objective of improving our understanding of the
evolutionary patterns of plant diversification.

The preliminary analysis including only 16 taxa of Malvanthera,
support the initial results of Rensted et al. (2008b) suggesting a pattern of
several biome shifts from rainforest to drier habitats associated with
rainforest strangling hemi-epiphytic and lithophytic habit respectively.
Only one transitional species, F. rubiginosa is included in this
preliminary dataset, and it forms a clade with both lithophytic taxa and
rainforest species. However, interpretations about both classification and
biome shifts will have to await more rigorous analysis of the final dataset
including all species of Malvanthera, most of which will be represented

by multiple accessions.
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4.2. Trait dependent diversification — pre-adaptations or key-
innovations?

Species with the hemi-epiphytic habit (i) have been shown to
diversify faster, and this lifeform could potentially have aided their
survival in niches other plants cannot occupy (Bruun-Lund et al., 2018).
The hemi-epiphytic habit together with other suggested traits such as
small fig size, phenology and active pollination (Bruun-Lund et al., 2018;
Harrison, 2005; Machado et al., 2018), might have aided their apparent
radiation from humid rainforests to the dry savannas observed by

Ronsted et al. (2008b) in the Australasian section Malvanthera.

4.3. Targeted gene capture method

Genetic or genomic data sequence data allows us to test
previously suggested hypotheses on clades and species relationships, and
also improve our understanding of organisms’ evolutionary history. Here
we applied a target sequence capture approach, using custom myBaits
(Arbor Bioscience, MA, USA) designed to work on the highly divergent
genus Ficus L. (Moraceae), with the aim to resolve deeper nodes that are
hampered by uncertainty. This work is a case-study of Australasian Ficus

section Malvanthera Corner, however, the probes designed, are usable
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for the entire genus and have shown promising results (Bruun-Lund et
al., in prep.) for resolving deep nodes with short branch lengths that have
otherwise hindered the elucidation of the evolutionary history of this

charismatic pan-tropical genus.

Accordingly, much higher coverage can be obtained using our
optimized probe set compared to genome skimming approaches
(Chapter 1V), thus making it possible to multiplex and pool more
samples per run and hereby lower sequencing costs, while still giving

sufficient resolution of the inferred phylogenetic tree (Figure 1 & 2).
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Identification of common
horsetail (Equisetum arvense L.;
Equisetaceae) using Thin Layer
Chromatography versus DNA
barcoding

C. Haris Saslis-Lagoudakis?, Sam Bruun-Lund?, Natalie E. Iwanycki*, Ole Seberg?,
Gitte Petersen?, Anna K. Jager* & Nina Rensted*

© The global herbal products market has grown in recent years, making regulation of these products

paramount for public healthcare. For instance, the common horsetail (Equisetum arvense L.) is used
in numerous herbal products, but it can be adulterated with closely related species, especially E.

palustre L. that can produce toxic alkaloids. As morphology-based identification is often difficult or

impossible, the identification of processed material can be aided by molecular techniques. In this
study, we explore two molecular identification techniques as methods of testing the purity of these
products: a Thin Layer Chromatography approach (TLC-test) included in the European Pharmacopoeia
and a DNA barcoding approach, used in recent years to identify material in herbal products. We test

the potential of these methods for distinguishing and identifying these species using material from

herbarium collections and commercial herbal products. We find that both methods can discriminate
between the two species and positively identify E. arvense. The TLC-test is more cost- and time-
efficient, but DNA barcoding is more powerful in determining the identity of adulterant species.
Our study shows that, although DNA barcoding presents certain advantages, other established
laboratory methods can perform as well or even better in confirming species’ identity in herbal
products.

© Tens of thousands of plant species are used medicinally! and a substantial portion of the world’s popula-
: tion depends on traditional medicine?. In recent decades, public interest in herbal products has grown®=,
. but these products are not always regulated. The safety of herbal products can be compromised through

accidental adulteration, misidentification and deliberate contamination®’, which can lead to severe
side effects due to the presence of toxic compounds®. This creates a need for authentication of species

© included in these products. The qualitative and quantitative composition of herbal products is regu-
. lated by international and national monographs such as the European Pharmacopoeia’, which presents

a series of monographs for herbal products, including recommended tests for identification and quality.

. These tests are often based on morphology. However, macroscopic or microscopic identification of plant

species requires considerable expertise to differentiate between closely related or similar looking spe-
cies. Furthermore, morphological characters may be indistinguishable in bulk, pulverised or otherwise

. processed material'®!!.

*Evolutionary Genomics Section, Natural History Museum of Denmark, Selvgade 83S, Copenhagen, DK-1307,

Denmark. 2Natural Products Research, Department of Drug Design and Pharmacology, University of Copenhagen,
Universitetsparken 2, Copenhagen, DK-2100, Denmark. Correspondence and requests for materials should be
addressed to C.H.S.L. (email: c.h.saslislagoudakis@gmail.com) or N.R. (email: nronsted @snm.ku.dk)
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To circumvent these problems, most monographs define a maximum allowance of foreign matter
often based on a Thin Layer Chromatographic (TLC) test using chemical markers allowing distinction
between the correct species and other, potentially toxic species'>!>. However, such chemical markers or
fingerprinting analyses have certain drawbacks. First, it is often difficult to find chemical markers that are
unique to the target species. Different species can produce the same marker, hindering species’ identifica-
tion. Second, chemical composition can demonstrate considerable intraspecific variability depending on
season, growth, storage conditions and harvesting process'*. Third, herbal products are sometimes spiked
with synthesised compounds'®. In these cases, the TLC-test may lead to false species’ identification.

An alternative method that has been used to identify components of herbal products is DNA barcod-
ing!®1116-1% DNA barcoding relies on sequencing of short fragments of the genome, which are unique to
the target species®®. The DNA sequences from the product are compared to a reference database, based
on which the identity of the species can be confirmed?*2. DNA-based identification methods have often
revealed adulteration in traditional medicinal preparations and herbal products. For example, potentially
toxic Ephedra L. and Asarum L. material was found in Traditional Chinese Medicinal products admin-
istered in Australia?’, and several adulterant plant species were found in herbal products from North
America'. Nevertheless, DNA barcoding also has limitations. First, depending on the condition of the
plant material, amplification of the target DNA marker may not be possible. Second, DNA barcodes
might show low interspecific variability, particularly among closely related species. Finally, because DNA
barcoding relies on the presence of a reference database, the absence of a species from the database will
impede its identification success'. Despite its limitations, DNA barcoding has often been discussed as
the primary method of molecular identification of plants in the last decade!"'¢22,

In this study, we explore molecular identification of the genus Equisetum L. (Equisetaceae), also
known as horsetails. The genus comprises 15 species and has a more or less cosmopolitan distribu-
tion?*?. Equisetum arvense L. is used traditionally against numerous conditions?® and many E. arvense
herbal products are sold on the market mainly against urinary and renal conditions?, as well as skin,
hair and nail remedies, potentially due to the species’ high silica content?. The separation of E. arvense
from other Equisetum species — especially E. palustre L. that contains toxic levels of the pyridine alkaloid
palustrine - is challenging??, particularly based on microscopic examination of commercial herbal
products. Therefore, the European Pharmacopoeia monograph for the common or field horsetail, E.
arvense, includes a TLC-test (Identification C) that tests for its positive identification, including a test
for foreign matter from E. arvense. However, it is not clear whether this test can positively identify either
E. arvense or E. palustre among other morphologically similar Equisetum species, several of which over-
lap geographically with E. arvense®'. This is a potential problem because palustrine is not specific to E.
palustre, but it is found in other horsetail species. An early study detected palustrine in E. arvense and E.
hyemale L2, A later study did not detect it in E. arvense, E. telmateia Ehrh., and E. sylvaticum L33, but
a more recent compendium of poisonous plants cites palustrine and palustridine alkaloid content for E.
fluviatile L., E. hyemale, E. palustre, E. sylvaticum, and E. telmateia®.

The main objective of this study was to investigate the resolution power of the European Pharmacopoeia’s
TLC-test and of the DNA barcoding approach for i) distinguishing between E. arvense and E. palustre
and ii) positively identifying these two species and discriminating them from other Equisetum species.
In order to perform these investigations, we needed to have a reliable species’ delimitation. Therefore,
we also reconstructed a molecular phylogeny of Equisetum to test currently accepted species boundaries.
Our study is based on herbarium collections of wild origin, as well as exemplar herbal products from
the market.

Results

Phylogeny of Equisetum. We reconstructed a phylogenetic tree of Equisetum (Fig. 1) in order to
test the monophyly of the species. Previous studies have provided phylogenetic hypotheses for the genus
using plastid DNA markers®-¥, but these studies only included one specimen per species. The topology
obtained here from nuclear and plastid markers, and including several accessions per species, largely
corresponds to the topology found previously’>~*". Equisetum bogotense Kunth is recovered as sister to
the rest of the genus and not as a member of subg. Hippochaete (Milde) Baker. The remainder of the
genus is resolved into two major clades, each comprising seven species and corresponding to the two
subgenera Equisetum and Hippochaete (Fig. 1). With the exception of E. diffusum D. Don and E. sylvati-
cum, all species were recovered as monophyletic, including E. arvense and E. palustre. These two species
are resolved in the same clade (subg. Equisetum), but not as sister species (Fig. 1).

Distinction between E. arvense and E. palustre.

Chemistry. 'The distinction between the two species based on the TLC-test of the European
Pharmacopoeia is based on the presence of a combination of marker bands in each species, shown in
Fig. 2. The results of the TLC-test reccommended by the European Pharmacopoeia are shown in Fig. 3 for
the E. arvense - E. palustre comparison. The two bands at the bottom of the plate that are used for the
identification of E. palustre are present in all accessions of this species, but not in any of the E. arvense
accessions. Although some of the marker bands used to identify E. arvense can be found in E. palustre
accessions, the combination of the four marker bands (Fig. 2) is not seen in any E. palustre accessions
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Figure 1. Phylogeny of Equisetum reconstructed with a Maximum Likelihood analysis based on five
DNA markers (ITS2, matK, rbcL, rps4, trnH-psbA). Bootstrap support values are given above respective
branches.

(Fig. 3). Therefore, the marker zones used as the distinguishing characters between the two species in
the monograph (Fig. 2) could consistently distinguish between E. arvense and E. palustre. We observed a
typical E. arvense TLC chromatogram for five out of eight commercial products included in the analysis
(Fig. 4). In one product (B - Bulgaria), we observed the marker bands that are used to identify both E.
arvense and E. palustre in the TLC-test of the European Pharmacopoeia, suggesting this product includes
a mixture of the two species (Fig. 4). One product (I - UK) seemed to not contain any Equisetum mate-
rial at all and another one (HB - UK) returned no chromatogram (Fig. 4).

DNA barcoding. 'The two plastid markers we used for the DNA barcoding of E. arvense and E. palustre
resolve the samples into two well supported, monophyletic clades, shown in Fig. 5. We were able to
amplify DNA from two of the herbal products, only; one was resolved within the E. arvense clade (BP
100). The other, which was shown to be a mixture from the TLC-test (B - Bulgaria), is recovered with
the E. palustre (BP 77) clade (Fig. 5). For both barcoding regions, we found 36 substitutions (25 for matK
and 11 for trnH-psbA) that can distinguish E. arvense and E. palustre. Some of them are unique to each
species and others are shared with other species, but not between E. arvense and E. palustre (Table 1).

Positive identification of E. arvense and E. palustre.

Chemistry. We analysed one exemplar specimen of all Equisetum species using the TLC-test recom-
mended by the European Pharmacopoeia (Fig. 6). For E. diffusum and E. sylvaticum, which were not
monophyletic in the DNA analysis, we could test only one sample, as the other sample did not come
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Top of the plate

2 red fluorescent zones
2 greenish-blue fluorescent zones

An orange fluorescent zone

Caffeic acid

Hyperoside

. <€— 2 greenish-blue fluorescent zones
Rutin

2 greenish-blue fluorescent zones —»

Reference
E. arvense
E. palustre

Figure 2. Exemplar chromatograms of E. arvense and E. palustre pointing out the combination of
characters used in the European Pharmacopoeia to identify the species (four for E. arvense and one for
E. palustre). Although some markers are not unique to E. arvense, the combination of all four traits serves
for its positive identification. The reference solution is also presented.

from our study. The TLC-test (Identification C) of the European Pharmacopoeia can positively identify
E. arvense. Although some of the marker bands outlined in the TLC identification test for E. arvense
(Fig. 2) are seen in the chromatograms of other Equisetum species, E. arvense is the only species with
the combination of all these markers bands (Fig. 6). As shown in Fig. 6, one or two of the greenish-blue
fluorescent zones used in the TLC-test to detect E. palustre were not detected in any other species within
subg. Equisetum, but were present in all species in subg. Hippochaete. Therefore, the TLC-test of the
European Pharmacopoeia cannot be used to identify E. palustre, because the trait of this species (Fig. 2)
is shared with other Equisetum species as well (Fig. 6).

DNA barcoding. We investigated whether the two DNA markers we used as barcodes can not only dif-
ferentiate E. arvense from E. palustre, but also include a combination of unique traits for these species,
which can be used to successfully identify them from all other Equisetum species. Table 1 shows that
there are unique substitutions in these two markers, the combination of which can positively identify
both E. arvense and E. palustre from other Equisetum species. For matK, we found no substitutions to
be unique for E. arvense, but five substitutions were unique for E. palustre (Table 1). For trnH-psbA, one
substitution was unique for E. arvense and two for E. palustre (Table 1). Regarding the identification of
material in herbal products, DNA sequences from one product (F - Germany) show the combination of
characters that can identify E. arvense. For the other product (B - Bulgaria), we only managed to amplify
matK. This sequence is actually a chimeric sequence (several doubles peaks are observed in the DNA
chromatograms), showing some characters that are characteristic of E. arvense and some of E. palustre.

Discussion

Some Equisetum species are morphologically quite variable and can be difficult to identify based on mor-
phology alone?**. To the untrained eye, E. arvense may superficially resemble other species within sub-
genus Equisetum, including E. palustre, as well as E. pratense, E. fluviatile, E. telmateia and E. diffusum.
Positive identification of material lacking strobili, or where information about dimorphism is lacking,
may be challenging even for trained botanists, as micro-morphological or anatomical characteristics may
be required to separate some species, e.g. E. arvense and E. palustre®®. Within their respective ranges, taxa
sharing similar morphological characters, such as E. arvense and E. palustre, may be found co-occurring
in the same habitat®. A further complication to field-identification is that E. arvense is known to form
hybrids with E. palustre (E. x rothmaleri C.N. Page) and E. fluviatile (Ex littorale Rupr.)**, with mor-
phological and chemical traits that are intermediate between the parent taxa®®4.

Due to the risk of misidentification or adulteration of E. arvense with E. palustre, laboratory tech-
niques are needed for the quality control of herbal products of E. arvense. The European Pharmacopoeia
has devised a simple method using TLC (Identification C) to distinguish the two species’, and we found
this test to be straightforward and consistent. It can confirm that the material is from E. arvense, through
a combination of marker bands unique to this species (Figs 2,3 and 6). Further, as shown in Fig. 3, the
two greenish-blue bands at the bottom are present in all E. palustre accessions, but none of the E. arvense
accessions. The presence of these bands can be used as an indication of adulteration with E. palustre, but
the identity of the adulterant is not confident, because these bands are also found in other Equisetum
species besides E. palustre (Fig. 6). Also, even in the case of absence of these bands, a partial adulteration
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Figure 3. TLC chromatogram of Equisetum arvense and E. palustre accessions from natural history
collections.

with another Equisetum species that does not demonstrate them in the chromatogram (Fig. 6) cannot
be ruled out.

The current TLC-test is testing for the presence of kaempferol glucosides (flavonoids), instead of directly
testing for the presence of alkaloids. We tested for alkaloids using the material which had already been
extracted for the flavonoid analysis. This method could only detect alkaloid bands (two bands) present in the
reference E. palustre HRS and the E. palustre accession used on the TLC-test across the genus, whereas pos-
sible alkaloids present in other Equisetum species were below the detection limit of this method (results not
shown). We suggest that a method testing directly for alkaloids be developed and included in the monograph.

DNA barcoding may be an alternative or supplementary method to identify material in herbal prod-
ucts with higher certainty'’-1%4!. We found that two plastid markers can successfully distinguish between
E. arvense and E. palustre. In total, there are 36 characters (25 for matK and 11 for trnH-psbA) differ-
entiating the two species (Table 1), and the phylogenetic analysis of these two DNA barcoding markers
assigns material from these two species to two well-supported clades (Fig. 5). Further, this approach can

positively identify the two species, as we found six substitutions (five for matK and one for trnH-psbA)
that are unique to E. palustre (Table 1), allowing high confidence in the identification of this species. For
E. arvense, we only found one unique substitution in trnH-psbA and none in matK (Table 1), making
assignment of material to this species less robust. However, a number of other substitutions are only
shared by E. arvense and its two closest relatives, E. fluvatile and E. diffusum (Fig. 1), which co-occur
in Asia. Including more DNA barcoding regions that have been proposed by the Consortium for the
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Figure 4. TLC chromatogram of commercial products sold as Equisetum arvense. We only provide
the acronym of each product and its country of manufacture. The distinctive greenish-blue band area that
indicates presence of E. palustre material is highlighted inside the red rectangle.

Barcode of Life Plant Working Group® could provide further discriminatory power for E. arvense.
However, we found rbcL to show too little interspecific variation, and ITS2, which has been proposed
for the DNA barcoding of medicinal plants'®, did not amplify consistently in Equisetum. Other DNA
barcoding markers that have been shown recently to perform better than the ones we used here [e.g.,
ycf1*?] could provide more species-specific substitutions in future investigations.

We included eight commercial products claiming to be E. arvense, seven of which produced TLC
chromatograms allowing assignment of the herbal product to either E. arvense or E. palustre following
the European Pharmacopoeia’s TLC-test for foreign matter. Of these seven products, five were assigned
to E. arvense (Fig. 4). We were only able to gather DNA sequence data for one of these samples (herbal
product F - Germany), and it was confirmed to be E. arvense (Fig. 5). For one product (herbal product B -
Bulgaria), the TLC-test showed the presence of E. arvense and potentially E. palustre material (Fig. 4). The
DNA sequence data confirmed that this product is most likely a mixture, as the resulting sequence was
chimeric. Although this product is resolved within the E. palustre clade (Fig. 5), the sequence we amplified
shows a combination of substitutions characteristic of E. arvense and E. palustre. It could be adulterated,
misidentified or even be of hybrid origin. The product is a tea from south-eastern Europe, an area that is
a major source of commercial E. arvense products”, and where the two species co-occur, raising concerns
about the risk of contamination with E. palustre in commercially available material presumed to be E.
arvense. Finally, one sample (herbal product I - UK) produced a chromatogram that was different from
those characteristic of any Equisetum species (Figs 4 and 6), suggesting the botanical material in that sam-
ple might not be Equisetum. Unfortunately, no DNA sequence data could be gathered from that sample.

Our objective was to explore and compare the power of the European Pharmacopoeia’s TLC-test
and of the DNA barcoding approach for distinguishing between E. arvense and E. palustre, as well as
for positively identifying the two species. We found both methods to be useful, however with different
advantages and shortcomings. In terms of success rate of data collection, the TLC-test approach is more
efficient. First and foremost, the laboratory work is less laborious and cheaper than DNA barcoding.
Second, the TLC-test had a greater success rate with commercial herbal products: we obtained chro-
matograms for seven out of eight of these products, while the amplification success of the barcoding
regions from these products was limited (only two samples). On the other hand, in terms of resolution
and confidence in identification, the DNA barcoding approach is better. Although both methods can
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Figure 5. DNA barcoding of Equisetum arvense and E. palustre based on two markers (matK & trnH-
psbA). The phylogenetic tree was reconstructed with a Maximum Likelihood analysis based, using E.
variegatum as an outgroup. Bootstrap support values are given above respective branches.

successfully discriminate between E. arvense and E. palustre and positively identify E. arvense, only DNA
barcoding provides a combination of traits that is unique to E. palustre among horsetail species. However,
the amplification of these barcoding markers might prove difficult in processed commercial products.
Additionally, an advantage of the TLC-test is that contamination can be quantified based on the level of
visibility of the greenish-blue bands on chromatograms, an aspect in which the DNA barcoding approach
lacks.

Which method would we recommend as being the best? Given the pros and cons of each method, we
believe that it depends on the application. Our results show that, when it comes to confirming whether
an herbal product contains E. arvense, the TLC-test is the most cost- and time-efficient option. However,
the presence of the marker bands described in the TLC-test as characteristic of E. palustre can be seen
in cases of adulteration with other Equisetum species, as these bands are common within the genus
(Fig. 6). Similarly, the absence of these marker bands does not guarantee that the product has not been
adulterated with other Equisetum species, which do not show those bands (Fig. 6). Given that there is
uncertainty about which Equisetum species produce toxic alkaloids, this could be an important short-
coming of the TLC-test. In these cases, DNA barcoding can be used as a complementary test for quality
control, when possible.

Our study also highlights the immense potential of herbarium collections for a wide range of modern
approaches to biodiversity research***¢, and DNA barcoding in particular*#. The majority of the mate-
rial used in this study was obtained from the collections in herbarium of the Natural History Museum of
Denmark (C). The age of the material ranged from 1900-2013. We did not detect any apparent age-related
difference in the intensity of the TLC chromatograms or the amplification success of the DNA markers,
showing that the chemical profiles and the DNA are not substantially degraded in carefully stored collec-
tions*. Our findings demonstrate how available collections can be used to set up a modern framework
of chemical and molecular identification of economically important species. Without conducting sub-
stantial fieldwork, we managed to sample across all Equisetum species, as well as within E. arvense and
E. palustre, covering their geographic ranges, hence ensuring that both inter- and intra-specific variation
is covered. An incidental advantage of using herbarium material is that the link between the chemical
and molecular data and the voucher is established by default. Missing vouchers is a serious problem in
many studies*! which makes replication by future researchers almost impossible*®.
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matK E. arvense unique substitutions none

With E. fluvatile: 265 C, 511 G
With E. diffusum, E. fluvatile:
294 A, 344 C 351 C, 374 C,
397 G, 502 T, 512 C, 567 G,

E. arvense substitutions shared with other 572 A, 619 T, 636 A, 670 G.

Equisetum species but not with E. palustre | With E. diffusum, E. fluviatile,
E. sylvaticum: 212 T, 462 T.

With E. diffusum, E. fluviatile,
E. hyemale, E. sylvaticum:

372 G.

273 C, 311 A, 391 C, 575 C,

E. palustre unique substitutions 594 C.

With E. laevigatum, E.
myriochaetum: 600 G. With
E. sylvaticum, E. telmateia:
534 C. With E. hyemale, E.

ramosissimum: 421 A.

E. palustre substitutions shared with other
Equisetum species but not with E. arvense

trnH-psbA E. arvense unique substitutions 193 A
E. arvense substitutions shared with other With E. diffusum, E. fluviatile:
Equisetum species but not with E. palustre 141 A, 87 A.
E. palustre unique substitutions 124 A, 200 A.

With E. diffusum, E. bogotense,
E. sylvaticum: 121 G, 122 T,
123 A, 125 T, 126 A. With
E. pratense, E. sylvaticum, E.
telmateia: 151 C.

E. palustre substitutions shared with other
Equisetum species but not with E. arvense

Table 1. Distinguishing characters between Equisetum arvense and E. palustre in matK and trnH-psbA
barcodes. The numbers and substitutions refer to positions in the alignment presented in the Supplementary
Information.
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Figure 6. TLC chromatogram of exemplar accessions of all Equisetum species.

Conclusions

Given the recent growth of the herbal products market®=, efficient methods for regulating these products
against accidental adulteration, deliberate contamination and misidentification are more relevant than
ever for public healthcare*!. We tested the European Pharmacopoeias E. arvense TLC-test for foreign
matter, particularly from the closely related E. palustre. We also tested a DNA barcoding approach to
distinguish and identify these species. We found that each method has advantages and disadvantages, but
the TLC-test is the most efficient way of confirming that material in herbal products is indeed E. arvense.
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On the other hand, the DNA barcoding can be used as a complementary test to determine the identity
of adulterant species, particularly E. palustre.

Future work can focus on systematically studying which Equisetum species produce toxic alka-
loids, which will assist the quality control of E. arvense herbal products. Further, a chemical method
that directly tests for the presence of alkaloids in herbal products can circumvent problems in species
identification, directly testing for the quality and appropriateness for human consumption of herbal
products. Additionally, the steadily dropping price of next generation sequencing techniques — which
massively amplify short DNA fragments — may considerably enhance the success rates of DNA barcod-
ing in degraded or processed material. Finally, given the presence of several putative hybrids between
E. arvense and other Equisetum species, further techniques can be applied to investigate the presence of
hybrid material in herbal products.

Methods

Plant material. For the phylogenetic reconstruction, we sampled at least one accession of each
Equisetum species, mostly from material deposited in the herbarium of the Natural History Museum
of Denmark (C), in order to produce a well-sampled phylogenetic hypothesis for the genus. From these
specimens, we chose one per species for the TLC-test across Equisetum species. For the DNA barcoding
and TLC-test of E. arvense and E. palustre, we sampled several accessions of each of the two species
covering their distribution ranges to the extent possible. Additionally, we sampled eight herbal products
sold on the market as E. arvense. Details of plant materials are listed in Supplementary Tables 1 and 2.

DNA sequencing. Complete genomic DNA was extracted using the DNeasy Mini Plant Kit (Qiagen
Ltd, Crawley, UK), following the manufacturers protocol. For the DNA barcoding of E. arvense and E.
palustre, we sequenced the trnH-psbA spacer and the barcoding fragment of matK, which have been
used in previous DNA barcoding studies?*>*%. For the genus wide analysis, we sequenced the plastid
regions rps4, rbcL, the barcoding fragment of matK, the trnH-psbA spacer, and the nuclear ribosomal
ITS2 region. The rps4 marker was amplified using primers rps5 (5-ATG TCC CGT TAT CGA GGA CC
T-3) and trnS (5-TAC CGA GGG TTC GAA TC-3)°"2 and the rbcL marker was amplified with prim-
ers rbcL26F (5-ATG TCA CCA CAA ACA GAA ACT AAA GCA AGT-3') and rbcL1379R (5'-TCA
CAA GCA GCA GCT AGT TCA GAA CTC-3')*. For both these markers, we used the following PCR
programme: 3 minutes of initial denaturation at 94 °C, followed by 30 cycles of 45 seconds at 94°C, 45 sec-
onds at 53°C, 90seconds at 72°C, and a final extension for 10 minutes at 72°C. For the trnH-psbA spacer
region a PCR was performed using primers trnHf (5'-CGC GCA TGG TGG ATT CAC AAT CC-3') and
psbA3f (5-GTT ATG CAT GAA CGT AAT GCT C-3")*** using the following conditions: 4 minutes at
95°C, followed by 48 cycles of 30seconds at 94°C, 40seconds at 45°C, 40seconds at 72°C, and a final
extension for 5minutes at 72°C. For matK, Equisetum specific primers were used: matK Equisetum F
(5'-ATA CCC CAT TTT ATT CAT CC-3') and matK Equisetum R (5'-GTA CTT TTA TGT TTA CGA
GC-3') [http://www.kew.org/barcoding/update. html] with the following conditions: 4 minutes at 94°C
following 32 cycles of 1 minute at 94°C, 1 minute at 46 °C, 2:30 minutes at 72°C and a final extension
for 7 minutes at 72°C. Part of the internal transcribed spacer region (ITS2) was amplified using primers
ITS3 (5'-GCA TCG ATG AAG AAC GCA GC-3') and ITS4 (5'-TCC TCC GCT TAT TGA TAT GC-3')
from White et al.%. With the following conditions: 4 minutes at 94°C following 35 cycles of 1 minute at
94°C, 1 minute at 48°C, 1 minute at 72°C and a final extension for 2 minutes at 72°C.

Reactions of 25 uL were carried out using standard procedures with 1 or 2uL DNA template. Moreover,
for matK and ITS DMSO was added to reduce the effects of secondary structure on primer biding. BSA
was added to all reactions to enhance polymerase activity. The PCR products were purified using the
Qiagen PCR purification kit (Qiagen Inc.) according to the manufacturer’s instructions. Direct sequenc-
ing of purified PCR products was either performed using BIGDYE v1.1 (Applied Biosystems, Wellesley,
Massachusetts, U.S.A.) and purified sequencing products were run on an AB3130x 1 automated
sequencer (Applied Biosystems) or sent to GATC-biotech in Germany (http://www.gatc-biotech.com).
Forward and reverse sequences were edited and assembled in Geneious v. 7.1.7 (http://www.biomatters.
com). Alignments were conducted using the MAFFT v.7 plugin® in Geneious with default options and
inspected manually afterwards. Regions that were ambiguously aligned were excluded from the analyses.
Genbank accession numbers for all sequences used in the study are shown in Supplementary Table 3

Phylogenetic methods. Two matrices were assembled: (1) a genus wide matrix combining our
datasets with DNA sequences from previous phylogenetic studies of Equisetum®~>" to achieve a sam-
pling scheme of multiple accessions per taxon allowing test of species monophyly, and (2) an Equisetum
arvense-E. palustre dataset for the development of the DNA barcoding methodology. All sequences were
aligned with MAFFT®” and sequence data were analysed under the Maximum Likelihood (ML) crite-
rion, with RAXML?® using the partitioned model option (five partitions — one per DNA marker) with
the GTR+I+4G model and running 100 bootstrap replicates®. Angiopteris angustifolia and Ophioglossum
reticulatum were used as outgroup for the phylogenetic analysis of the genus, and E. variegatum was used
as outgroup for the phylogenetic analysis of DNA barcodes.
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Thin Layer Chromatography. Reference and test solutions of the plant material was prepared fol-
lowing the European Pharmacopoeia 7.4 monograph for Equisetum stem (Equiseti herba) test for foreign
matter®. Due to the limited availability of material from the herbarium specimens in general, only about
20-50mg of powdered stem was extracted and the amount of methanol used adjusted accordingly. For
the test solutions, powdered Equisetum stems were extracted with methanol R (VWR BDH Prolabo
Chemicals) in the ratio 100mg/mL. The mixture was heated in a water-bath at 60°C for 10min with
occasional shaking, allowed to cool and then filtered. The reference solution (a) of Equisetum palustre
HRS (European Directorate for the Quality of Medicines) was prepared in the same way as the test solu-
tions. Another reference solution (b) was made by dissolving 1.0 mg of caffeic acid R (Sigma), 2.5mg of
hyperoside R (Roth) and 2.5mg of rutin R (Sigma) in 20mL of methanol R. For commercial products,
1 g material was extracted with 10mL methanol R in the same way as the test extracts.

2pl bands of 8mm of each solution were applied with a GAMAC nanomat 4 to HPTLC silica gel
plates R (5-6 pm; Merck). HPTLC plates were developed over a path of 6 cm using a mobile phase con-
sisting of anhydrous formic acid R (Emsure), glacial acetic acid R (Merck), water R, and ethyl acetate R
(Sigma Aldrich) (7.5:7.5:18:67 V/V/V/V). After development, plates were air-dried for 5min. Detection
was achieved by heating at 100°C for 3min followed by treatment of the still warm plate with a 10g/L
solution of diphenylboric acid aminoethyl ester R (Roth) in methanol R, and then treatment with a 50 g/L
solution of macrogol 400 R in methanol R. Finally plates were air-dried and examined after 10 min in
ultraviolet light at 365nm. System suitability was observed by the appearance of two greenish-blue flu-
orescent zones from kaempferol glucosides (flavonoids) characteristic of E. palustre L. in the reference
solution (a) just above the line of application. In the chromatogram of the test solution any greenish
fluorescent zones just above the line of application may not be more intense than the corresponding
zones (characteristic for E. palustre) in chromatogram of the reference solution.

For alkaloid detection, the dried, powdered stem material, which had already been extracted for
flavonoid-analysis, was moistened with 10% (1 pL/pg dry plant material). 1 ml dichloromethane (VWR
BDH Prolabo) was added, and the mixture was extracted for 24 h at room temperature. 900 pL of the lig-
uid was taken to dryness. The extract was redissolved in 20 pL dichloromethane and applied to a Merck
Silica gel 60 F254 TLC plate and eluted in toluene:ethyl acetate:diethylamine (VWR BDH Prolabo; Sigma;
Merck) 7:2:1 over 7cm. 1 mg/mL brucin was used as positive control. The plate was sprayed with 0.15%
chloroplatinic acid hydrate (Sigma Aldrich) in a 3% KI solution.
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ABSTRACT

Plantago is a cosmopolitan genus including over 250 species, concentrated in
temperate and high-elevation tropical regions. The taxonomy of Plantago is
very difficult, mainly because of its reduced morphology, which features
relatively few characters for species classification. Consequently, the
infrageneric classification of the genus remains controversial and inadequate. In
this study we applied high-throughput plastid genome skimming to provide
powerful phylogenetic resolution to clarify the relationships within subg.
Plantago, which is the largest, most broadly distributed and poorest understood
subgenus of Plantago. Ninety-four samples covering 60% of all species and
representing all sections of subg. Plantago as well as an outgroup were

successfully sequenced. The resulting phylogenetic topology was used,
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complemented by field and herbarium studies, to revise the sectional
classification of subg. Plantago and present a complete listing of the accepted
species in the subgenus. Our phylogenetic results were also tested for their
usefulness in clarifying the taxonomic placement of some taxonomically
complicated species in the subgenus. We conclude that a combination of
morphological studies and state-of-the art high-throughput DNA data provide a
useful toolbox for resolving outstanding taxonomic puzzles exemplified by the

genus Plantago.

Keywords: classification; Plantagineae; phylogeny; taxonomy

1. Introduction

Determining the genealogy of each great Kingdom of Nature was
Charles Darwin’s dream (Darwin and Darwin, 1887). Since the emergence of
Sanger sequencing techniques in the 1970s (Sanger et al., 1977), DNA
sequencing has greatly advanced our understanding of the tree of life and shed
new light on previous classifications based on taxonomic studies of primarily
morphological characters (Chase and Savolainen, 2003; Morey et al., 2013; van
Dijk et al., 2014; Heather and Chain, 2015). Starting in 2004, the so called next-
generation sequencing, or high-throughput sequencing (HTS) became available,
greatly increasing the speed and the amount of generated data, and hugely
decreasing the sequencing cost per base (Morey et al., 2013; van Dijk et al.,
2014; Heather and Chain, 2015). The massive amount of data generated by HTS
techniques has powerful applications in potentially all fields of the biological
sciences (Delseny et al., 2010; Koboldt et al., 2013; Buermans and den Dunnen,
2014), including taxonomy (Harrison and Kidner, 2011; Straub et al., 2012;
Soltis et al., 2013). However, the associated costs and necessary infrastructure
are still the main restrictors of its use (Delseny et al., 2010), especially in

developing countries and low-funding research environments such as
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taxonomy. For this reason, and also due to the lack of plant taxonomists in most
high-funding institutions (see e.g. Agnarsson and Kuntner, 2007; Ebach et al.,
2011; Wégele et al., 2011; Sluys, 2013), the application of HTS to resolve
taxonomic problems is still in its infancy (e.g. Gardner et al., 2016; Hou et al.,
2016; Uribe-Convers et al., 2017). In order to take full benefit from this new
potential, a working connection between phylogeny, morphology and
nomenclature is necessary, and without which phylogeny is not translated into
advanced systematics.

In this study we demonstrate the utility of applying state-of-the art high-
throughput DNA data to test current taxonomic understanding based on
morphology and help resolve outstanding taxonomic problems exemplified by
the plant genus Plantago L. (Plantaginaceae).

The Plantaginaceae had its circumscription radically altered with recent
molecular phylogenetic studies (Olmstead et al., 2001; Albach et al., 2005),
having been greatly expanded with the inclusion of a large number of species
from the former Scrophulariaceae (sensu lato) plus Callitrichaceae,
Globulariaceae and Hippuridaceae (Albach et al., 2005). Within the family,
tribe Plantagineae (Albach et al., 2005) comprises Plantago, Littorella
P.J.Bergius (Hoggard et al., 2003; Hassemer et al., 2018) and Aragoa Kunth
(Bello et al., 2002). Molecular phylogenetic analyses have also been used to
review the circumscriptions, biogeography and phylogenetic relationships of
taxa within Plantagineae (Bello et al., 2002; Rensted et al., 2002; Hoggard et
al., 2003; Cho et al., 2004; Dunbar-Co et al., 2008; Meyers and Liston, 2008;
Ishikawa et al., 2009; Tay et al., 2010a; Iwanycki Ahlstrand et al., in press).

Plantago is a cosmopolitan genus which has diversified into over 250
species which are usually anemophilous herbs or rarely subshrubs, perennial or
annual, and concentrated in temperate and high-elevation tropical regions (Figs.
1, 2 and 3; Pilger, 1937; Rahn, 1996; Li et al., 2011). Although some species

have wide geographic distributions, a few such as P. major and P. lanceolata L.
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being cosmopolitan ruderals, many others have restricted geographic
distributions, occurring in more specialised environments, and several of these
are endemic to oceanic islands (Dunbar-Co et al., 2008; Meudt, 2012; Hassemer
et al., 2016; Iwanycki Ahlstrand et al., in press). A number of Plantago species
are well-known for their medicinal properties, and also for other traditional uses
(Samuelsen, 2000; Weryszko-Chmielewska et al., 2012; Gongalves and
Romano, 2016).

In many areas, Plantago species have successfully colonised new
habitats and then have undergone consequent rapid and recent diversification,
including an extremely high level of mitochondrial DNA evolution often
contrasting with low morphological variation (Rensted et al., 2002; Cho et al.,
2004; Meyers and Liston, 2008; Tay et al., 2010a; Ishikawa et al., 2009).
Although the genus is one of the most well-studied plant genera from a
taxonomic viewpoint, this low morphological variation, reduced morphology,
and lack of useful taxonomic characters have precluded a full understanding of
the evolution and classification of the genus and its species (Rahn, 1996;
Ronsted et al., 2002; Ishikawa et al., 2009; Tay et al., 2010b; Meudt, 2011).
Trichomes and seeds are considered the most informative morphological
characters (Rahn, 1992, 1996), and both trichomes (e.g. Andrzejewska-Golec,
1991; Rahn, 1992; Andrzejewska-Golec and Swigtostawski, 1993) and seeds
(e.g. Liu et al., 1992; Shipunov, 1998; Klimko et al., 2004; Shehata and Loutfy,
2006) have been investigated. A series of chemotaxonomic studies have also
been conducted (e.g. Andrzejewska-Golec et al., 1993; Jensen et al., 1996;
Rensted et al., 2000, 2003; Taskova et al., 2002). However, none of these
characters have enabled a satisfying infrageneric classification of the genus. To
complicate things further, there is evidence of polyploidy (Murray et al., 2010;
Wong and Murray, 2012, 2014), hybridisation (Rahn, 1974; Wong and Murray,
2014) and reticulate evolution (Ishikawa et al., 2009) in Plantago.
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According to the classification of Rahn (1996) based on a cladistic
analysis of morphological characters, with updates by Rensted et al. (2002) and
Hoggard et al. (2003) using plastid z7znL—F and nuclear encoded ITS sequence
data, the genus Plantago is subdivided into four subgenera: Bougueria (Decne.)
Rahn (once considered to be its own monotypic genus; Rahn, 1996; Rensted et
al., 2002), Coronopus (Lam. & DC.) Rahn, Plantago and Psyllium (Mill.)
Harms & Reiche. Also according to this classification, subgenus Plantago, the
focus of the current study, is cosmopolitan, includes 143 species, and is in turn
subdivided into five sections: Mesembrynia, Micropsyllium, Plantago,
Oliganthos and Virginica (see Table 1). Rahn (1996) deemed his sects.
Mesembrynia and Plantago to be not monophyletic, whereas his sects.
Micropsyllium, Oliganthos and Virginica were monophyletic according to his

analyses.

Table 1. Summary of the sections accepted by Rahn (1996) in Plantago subg. Plantago,
the distribution and the number of species in each section, and the monophyletic status

according to his analyses.

Section Native distribution No. of Monophyletic?
species
Mesembrynia  Australasia and Eurasia 32 No
Micropsyllium North America and Eurasia 6 Yes
Oliganthos Australasia and South America 24 Yes
Plantago Worldwide except mainland South 53 No
America and Australasia
Virginica The Americas 28 Yes

Previous molecular phylogenetic studies by Rensted et al. (2002),
Hoggard et al. (2003), Ishikawa et al. (2009) and Tay et al. (2010a) based on
Sanger sequencing of a limited number of DNA regions from a combined
number of ca. 40 species (~28%) of subg. Plantago indicated that, although
there is strong evidence pointing to the monophyly of subg. Plantago, and for

sect. Micropsyllium being sister to the remainder of the subgenus, most sections
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are not monophyletic nor well resolved, demonstrating the need for further
investigations to understand the phylogenetic relationships within this group. A
recent phylogenetic study (Iwanycki Ahlstrand et al., in press) based on five
DNA regions (nrITS and four plastid regions) focusing on the biogeography of
the oceanic island endemic species in subg. Plantago (30 species included),
confirmed the polyphyly of all sections except Micropsyllium and Virginica.
Thus, a revised molecular phylogeny of subg. Plantago with increased sampling
and more informative markers is therefore needed to better understand the
taxonomy, phylogenetic relationships, biogeography and evolutionary history of
this group.

The objective of this study is to apply HTS genome skimming
techniques to reconstruct phylogenetic relationships within Plantago subg.

Plantago and to propose a new sectional classification of the subgenus.

2. Materials and methods
2.1. Herbarium specimens revision

Due to the difficult taxonomy and identification of Plantago, which
leads to a considerable proportion of herbarium specimens being misidentified,
we found it necessary to conduct an extensive revision of herbarium specimens
to ensure that we associate the correct names to the sampled specimens. Special
attention was given to type specimens, which fix the application of names and
are critical for the correct taxonomic classification. Collections from the
following herbaria were studied: AK, ASE, BHCB, C, CEN, CGMS, CHR,
CIIDIR, DDMS, EAC, EFC, FI, FLOR, FT, FURB, GB, GH, HAS, HBR, HO,
HRB, HURB, IAC, ICN, K, LD, MA, MBM, MVFA, MVJB, MVM, OTA, P,
PI, RB, SGO, TANG, TEPB, TUB, UB, UESC, UFMT, UPCB, UPS and
WELT (herbarium codes follow Thiers, 2018). Furthermore, images of
specimens kept at the following herbaria were studied: A, B, BBF, BM, BR,
COI, CONC, CORD, CTES, DD, E, ESA, F, G, GOET, HFLA, IRAL L, LD,
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LE, LINN, M, MO, MPU, PH, PRC, R, RO, S, SP, UC, UEC, US and W. The
nomenclature presented here follows the Shenzhen Code (Turland et al., 2018).
Author names of species and sections included in the taxonomic treatment or in
Table 3 are not repeated elsewhere in the text. The terminology and
interpretation of morphological characters for Plantago follow Rahn (1992,
1996). Unless otherwise informed, all field photographs were taken by the

authors.

2.2. Sampling strategy

The samples used in this study were obtained through field work, from
cultivated individuals at the Botanical Garden of the Natural History Museum
of Denmark, University of Copenhagen, and also from herbarium specimens.
Furthermore, nineteen DNA extracts from the Kew DNA Bank

(http://apps.kew.org/dnabank/homepage.html) were used. In addition to these,

two published reference plastomes were also included in our phylogenies: P.
maritima L. (GenBank acc. nr. KR297244) and P. media (GenBank acc. nr.
KR297245) (Zhu et al., 2015).

For this study we successfully sequenced 94 DNA accessions
corresponding to 87 Plantago species and one Littorella. Details of voucher
materials are listed in Table 2; these sequences will be submitted to TreeBase
during the review process. The five included outgroups were L. uniflora (L.)
Asch. and two samples each of Plantago subgenera Coronopus and Psyllium.
Eleven additional samples (10 Plantago and one Aragoa species) were
sequenced but could not be used for the phylogenies due to highly degraded
DNA or evident contamination. Construction of libraries failed twice with
samples of P. nubicola (Decne.) Rahn, the sole representative of Plantago subg.
Bougueria.

The sampling strategy focused on covering all sections recognised by

Rahn (1996) for Plantago subg. Plantago. We also included species whose
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phylogenetic placement had already been considered problematic in the
literature, especially the six Eurasian species of Rahn’s (1996) sect.
Mesembrynia (P. arachnoidea, P. camtschatica, P. depressa, P. komarovii, P.
perssonii and P. schwarzenbergiana), and as many species as possible of sect.
Plantago, which Rahn himself deemed to be paraphyletic (Rahn, 1996).
Furthermore, we included several species from South America, Australia and
New Zealand, as these species-rich areas have been under-sampled in previous
molecular studies. Additional samples of some species were included with the
purpose of testing the phylogenetic placement of taxonomically problematic

subspecies or populations of P. australis and P. lanigera.

Table 2. List of 94 DNA samples successfully sequenced used for the final

phylogenetic analysis. Herbarium codes are listed in parenthesis.

Taxon Voucher Sample provenance

L. uniflora Chase 2798 (K); Kew DNA
Bank 2798

Mosquin et al. 6813 (GH)

England

P. alismatifolia Northwestern Mexico

P. alpestris

P. arachnoidea

P. arborescens

P. asiatica

P. aucklandica

P. australis subsp. australis

P. australis subsp. cumingiana

P. australis subsp. hirtella
P. australis subsp. leioloma

. bradei

]

Briggs 10181 (NSW-884676)
Gubanov and Kamelin 2662a
MW)

Hassemer 918 (C)

Liu 15395 (C)

Wright s.n. (WELT-
SP090482)

Hassemer 738 (FLOR)
Hassemer 917 (C)

Hassemer 768 (C)
Arséne 5422 (US-00137259)
Hassemer 826 (C)

Southeastern Australia

Mongolia

Madeira Island, Portugal;
cultivated in Copenhagen
Central China

Auckland Islands, New
Zealand

Grao Para, southern Brazil
Central Chile; cultivated in
Copenhagen

Joinville, southern Brazil
Central Mexico

Alto Caparao, eastern

Brazil
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P.
P.
P.
P.

P.
P.

P.
P.

. camtschatica

. canescens

. catharinea 1

. catharinea 2

. cavaleriei

. commersoniana

. cordata

. cornutii

corvensis
daltonii
debilis

depressa

elongata

eriopoda

euana

euryphylla

P. fernandezia

P. floccosa

P.

P.

P.
P.
P.

P.
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gaudichaudii

gentianoides

glacialis
guilleminiana

hatschbachiana

hawaiensis

Rahn 684 (C); Kew DNA
Bank 9402

Pospelov s.n. (MW)
Hassemer 706 (FLOR)

Hassemer 819 (C)

Sino-Brit. exp. Cangshan 935
(K); Kew DNA Bank 31933
Hassemer 832 (C)

Wagner and Fritsch 90012
(NY)

Ronsted 31 (C); Kew DNA
Bank 11180

Hassemer 737 (FLOR)
Briggs 9782 (NSW-743874)
Briggs 10184 (NSW-899215)
Yongsok 6295 (F-1535438)

Bare 1113 (NY)

Anonymous s.n. (OKL); Kew
DNA Bank 30432

Sykes 879/T (US-3121974)
Briggs 10175 (NSW-884716)
Solbrig et al. 3907 (GH)

Spellman et al. 990 (MO-
2898184)

Hosking 3286 (NSW-
841427)

Buia et al. s.n. (NY)

Briggs 10180 (NSW-884675)
Hassemer 884 (C)

No voucher; photo: Fig. 3 in
Hassemer (2016)

Dunbar-Co 2002

Origin unknown; cultivated
in Copenhagen

Northern Russia
Floriandpolis, southern
Brazil

Santos, southern Brazil

Yunnan, China

Montevideo, Uruguay
Michigan, USA

Origin unknown; cultivated
in Copenhagen

Grao Para, southern Brazil
Tasmania, Australia
Eastern Australia

Ulleung Island, South
Korea

North Dakota, USA

USA

Tonga Islands
Southeastern Australia
Juan Fernandez Islands,
Chile

Central Mexico

Eastern Australia

Romania

Southeastern Australia
Urubici, southern Brazil
Ponta Grossa, southern
Brazil

Hawaii Island, USA



P. hedleyi

P. himalaica
P. humboldtiana

P. incisa

P. komarovii

P. lanceolata

P. lanigera 1

P. lanigera 2
P. longissima

P. macrocarpa

P. major

P. maxima

. moorei

. muelleri

. myosuros 1
. myosuros 2

. napiformis

ja~Ia -Bie e IS v

P. pachyneura

P. pachyphylla
P. palmata
P. palustris

P. paradoxa

P. personii

. novae-zelandiae

Seed 31 (NSW-787790)

Stewart 21871 (NY)
Hassemer 766 (C)

Filip H578184-52 (K); Kew
DNA Bank 11191

Petelin 99-546 (MW)
Hassemer 364 (FLOR)

Meudt 268 (WELT-
SP090353)

Heenan s.n. (CHR-688758)
Glen 1928 (US-3438221)
Volkova et al. s.n. (MW-
0156805)

Hassemer 760 (C)

Ronsted 28 (C); Kew DNA
Bank 11181

Moore 729 (GH)

Briggs 10179 (NSW-884674)
Hassemer 834 (FURB)
Hassemer 837 (C)

Hassemer 809 (C)

Tay 52 (WELT-SP090356)

Hassemer 805 (C)

Dunbar-Co 2155 (PTBG)
Ronsted 9 (C)

Hosking 2486 (NSW-
693662)

Briggs 9781 (NSW-743924)
Qinghai-Xizang exp. 870947
(PE); Kew DNA Bank 20552

Lord Howe Island,
Australia

Kashmir

Corupa, southern Brazil

Java, Indonesia

Mongolia

Floriandpolis, southern
Brazil

Rock and Pillar Range,
New Zealand

Sewell Peak, New Zealand
Northern South Africa
Bering Island, northeastern

Russia

Floriandpolis, southern
Brazil

Origin unknown; cultivated
in Copenhagen

West Falkland, UK
Southeastern Australia
Montevideo, Uruguay
Lavalleja, Uruguay

Ponta Pora, western Brazil
Ruahine Range, New
Zealand

Central Chile; cultivated in
Copenhagen

Oahu Island, USA
Rwanda

Eastern Australia

Tasmania, Australia

Xinjiang, China
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P. picta Atkins s.n. (WELT- Tolaga Bay, New Zealand

SP086772)
P. polysperma Tsvelev et al. 995 (LE) Kazakhstan
P. princeps Dunbar-Co 2341 (PTBG) Oahu Island, USA
P. pusilla Cusick and Gardner 36054 Indiana, USA
(NY)
P. rahniana Hassemer 786 (C) Bom Jardim da Serra,
southern Brazil
P. raoulii Meudt 281 (WELT- Puketapu, New Zealand
SP086777)
P. rapensis Motley 2740 (K); Kew DNA  Rapa Iti Island, France
Bank 20557
P. reniformis Ronsted 42 (C); Kew DNA Origin unknown; cultivated
Bank 9446 in Copenhagen
P. rhodosperma No voucher; photo: Fig. S1 Texas, USA
P. rigida Chase 2767.B (K); Kew Peru
DNA Bank 2767.1
P. rugelii Ronsted 37 (C); Kew DNA Ontario, Canada
Bank 9447
P. rupicola Dunbar-Co 2268 (PTBG) Rapa Iti Island, France
P. schwarzenbergiana Boros s.n. (GH) Hungary
P. sparsiflora LeBlond 5305 (CSU); Kew Origin unknown
DNA Bank 30433
P. spathulata Garnock-Jones 2629 (WELT-  Marfells Beach, New
SP090461) Zealand
P. spathulata x raoulii 1 Tay 49 (WELT-SP090387) Sugarloaf Pass, New
Zealand
P. spathulata % raoulii 2 Barkla s.n. (WELT- Old Man Range, New
SP087211) Zealand
P. stauntonii Rahn 706 (C) St. Paul and New
Amsterdam Islands, France
P. subnuda McClintock and Wheeler s.n.  California, USA
(UC-530075)
P. subspathulata Hassemer 808 (C) Madeira Island, Portugal;

cultivated in Copenhagen
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P. subulata

. tanalensis
. tasmanica

. tehuelcha

v v v

. tomentosa

]

. triandra

]

. trinitatis

P. tubulosa

P. turficola
P. tweedyi

P. udicola

P. unibracteata

P. varia

P. weddelliana

Hassemer 916 (C)

Deroin 260 (MO-5970257)
Briggs 9791 (NSW-743928)
Eyerdam et al. 24025 (GH)
Hassemer 793 (C)

Tay 55 (WELT-SP090357)
Port s.n. (FLOR-49242)
Webster 67 (K); Kew DNA
Bank 19210

Hassemer 621 (FLOR)
Hoggard 518 (CSU); Kew
DNA Bank 30436
Sneddon s.n. (WELT-
SP090378)

Meudt 273 (WELT-
SP090464)

Briggs 10177 (NSW-884666)

Hjerting et al. 180 (F-
1607387)

Origin unknown; cultivated
in Copenhagen
Madagascar

Tasmania, Australia
Southern Argentina

Santo Antonio das Missoes,
southern Brazil

Manaia, New Zealand
Trindade Island, Brazil

Puno, Peru

Urubici, southern Brazil

Origin unknown

Tablelands, New Zealand

Rock and Pillar Range,
New Zealand
Eastern Australia

Northwestern Argentina

2.3. High-Throughput DNA sequencing

Whole genomic DNA was extracted from fresh, silica gel dried or
herbarium specimens using the Qiagen DNeasy Minikit (Qiagen,
Germany) following the manufacturer’s protocol with the three following
modifications to increase yield: (1) 50-60 mg dried pulverized tissue was
used for each extraction; (2) 50 ul proteinase K was added and incubated
for 1 h at 45 °C following the second step in the manufacturers protocol
(i.e. add 400 pl of AP1 buffer and 4 pl of RNase A, mix, and incubate for
10 minutes at 65 °C); and (3) the final elution step was done thrice using

120 ul AE buffer, but re-pipetting the flow-through onto the spin column
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each time (instead of adding new AE buffer). DNA was quantified using
a Qubit 2.0 fluorometer (Life Technologies, USA) following the
manufacturer’s instructions for high sensitivity.

Prior to preparing the libraries for sequencing, DNA was
fragmented to ca. 300 basepairs (bp) using a Bioruptor (Diagenode,
Belgium), running four cycles, with 15 s ON /90 s OFF. Illumina-
compatible 100 bp paired-end libraries from DNA extracts were prepared
using NEBNext Library building kits (New England Biolabs, USA,
catalogue nr. E6070L) following the manufacturer’s protocol. The
libraries were amplified using AmpliTaq Gold (Life Technologies,
USA), and had their quality checked using a 2200 TapeStation (Agilent
Technologies, USA). Subsequently, the libraries were multiplexed and
sequenced on three lanes with 32, 40 and 42 samples respectively using
an [llumina HiSeq2000 platform at the Danish National High-
Throughput DNA Sequencing Centre. For this study we used the
[llumina platform because of the large amount of data that it generates,
but also because the error-rate in base calling of this method is the
lowest, making it advantageous for the purposes of this study compared
to other high-throughput sequencing methods available (Bruun-Lund et
al., 2017).

2.4. Data analyses

2.4.1. Reference-based plastome assembly
The sequencing resulted in 180.27 gigabytes of reads for 105 samples.

Following the analysis pipeline of Bruun-Lund et al. (2017), the sequences were
filtered to remove adaptors and low quality reads using AdaptorRemoval v. 2
(Schubert et al. 2016) running with the default settings and a minimum read
length set to 30 bp. The data were then tested for quality using FastQC
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(http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Reads were then

imported into Geneious v. 9.1.8 (Biomatters Ltd., New Zealand). The resulting
high-quality reads were then paired and subsequently reference-based
assembled to a published plastome of P. media (GenBank acc. nr. KR297245;
Zhu et al., 2015) using the Bowtie2 v. 2.3.2 (Langmead and Salzberg, 2012)
plugin in Geneious, choosing end to end, high-medium sensitivity. This
reference was chosen because it was the only published plastome of a species in
subg. Plantago. Then the consensus sequence of the result was extracted using a
50% (strict) threshold, calling “?”” if no coverage or coverage is less than 10
reads. For each of the samples, between 949,457 and 1,049,210 reads were
mapped to P. media when used as a reference to the mapping process.

Next, successive alignments of the 105 samples sequenced, in addition
to the two reference plastomes of P. media and P. maritima, were made using
the MAFFT v. 7.309 (Katoh and Standley, 2013) plugin for Geneious, choosing
the default settings. At this point the need for removing eleven of the sequenced
samples was verified, either because of lack of high levels of endogenous DNA
(two samples) or because of the negative impacts that highly degraded DNA
caused to the alignments (nine samples), and thus the final alignment was
reduced to 96 sequences including the two reference plastomes. In order to
avoid artificially increasing the phylogenetic signal from the inverted repeated
region in chloroplast genomes, one of these repeated regions was removed prior
to analysis (Bruun-Lund et al., 2017). The final aligned matrix of the 96
sequences included 215,259 bp before removing one of the inverted repeated

regions and 164,720 bp after.

2.4.2. Phylogenetic analysis
We considered the plastome as a single heritable unit. The final

plastome alignment of 96 taxa and 164,720 bp was uploaded to CIPRES
(www.phylo.org), and was tested for the most appropriate model of evolution
using jModelTest2 v. 2.1.6) (Darriba et al. 2012) using the default settings.
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According to the Akaike information criterion, as recommended by Posada and
Buckley (2004), the model was inferred to be GTR + G. Next, a maximum
likelihood (ML) analysis was conducted to search for the best tree using
RAXML-HPC v. 8.2.9 (Stamatakis 2014) in CIPRES, with the following
changes from the default settings: maximum hours to run: 100; model for
bootstrapping phase: GTRGAMMA,; analysis type: rapid bootstrap analysis /
search for best-scoring ML tree; bootstrapping type: rapid bootstrapping;
bootstrap iterations: 1000 (the maximum value allowed).

To verify the results of the ML analyses, a Bayesian inference analysis
was conducted with MrBayes v. 3.2.6 (Ronquist et al., 2012), also in CIPRES,
using two independent runs and four chains, sampling every 500 generations for
up to 50 million generations, and capped at 100 hours of analysis resulting in
10,110,000 generations. Chain convergence and effective sample size
parameters were inspected with Tracer v. 1.6

(http://tree.bio.ed.ac.uk/software/tracer) and the first 25% of the trees sampled

from the posterior were discarded as burn-in. Using the program sumtrees.py

from DendroPy v. 4.0.3 (https://github.com/jeetsukumaran/dendropy)

(Sukumaran and Holder, 2010) we produced a maximum credibility clade tree.
The best tree obtained from both maximum likelihood and Bayesian inference
was viewed and annotated using FigTree v. 1.4.3

(http://tree.bio.ed.ac.uk/software/figtree).

3. Results
3.1. Plastome phylogeny

The final alignment of the plastome dataset included 96 samples
encompassing 88 species, and allowed the highest coverage to date (83 species;
~60%) of Plantago subg. Plantago, which is here estimated to include 147
described species. The topology of the trees obtained using the two different

analyses (maximum likelihood with RAXML and Bayesian inference with
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MrBayes; see above) was identical (Fig. 4; see also Figs. S2 and S3),
confirming the robustness of our data. The support for clades at higher levels
was generally high (most often 100% bootstrap support and posterior
probability = 1.00). However, the support for some more terminal clades,
especially in the more species-rich clades (sects. Mesembrynia and Virginica,
see below) was generally much lower.

The infrageneric taxa mentioned here refer to the classification of Rahn
(1996), updated by Rensted et al. (2002) and Hoggard et al. (2003). The
RaxML consensus tree is presented in Fig. 4 with clades with low posterior
probabilities (PP<1.00 or BS<100%) indicated on the branches. ML and
Bayesian phylograms showing branch lengths are included in the
Supplementary Material, Figs. S2 and S3. The resulting plastome tree topology
(Fig. 4) is in accordance with the topologies from previous phylogenetic studies
based on Sanger sequencing of both plastid and nuclear data (Rensted et al.,
2002; Hoggard et al., 2003; Ishikawa et al., 2009; Tay et al., 2010a; and
Iwanycki Ahlstrand et al., in press), but providing significantly improved
resolution of Plantago subg. Plantago.

The plastome topology obtained here shows subg. Plantago to be
monophyletic with strong support (BS=100%; PP=1.00). Plantago sect.
Micropsyllium (clade A; BS=100%; PP=1.00) is sister to the remainder of subg.
Plantago (BS=100%; PP=1.00). The next dichotomy is between a clade of two
species of sect. Plantago from southeastern Europe and Asia Minor (clade B; P.
gentianoides and P. reniformis; BS=97; PP=1.00) and the remaining clade,
which has lower support (BS=52%; PP=0.95). Within this clade, a well-
supported clade (clade C; BS=100%; PP=1.00) consisting of three species from
sect. Mesembrynia (P. arachnoidea, P. perssonii and P. schwarzenbergiana)
and three from sect. Plantago (P. canescens, P. maxima and P. media)

intermixed, is sister to a clade of the remaining species (BS=100%; PP=1.00).
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Within this clade a well-supported clade (clade D; BS=100%; PP=1.00)
with three Sub-Saharan African species of sect. Plantago (P. longissima, P.
palmata and P. tanalensis), is sister to the remaining species (BS=100%;
PP=1.00). The next dichotomy consists of a larger well-supported clade (clade
E; BS=100%; PP=1.00) with species from Australia, New Zealand and St. Paul
and New Amsterdam Islands, coming from sects. Mesembrynia, Oliganthos and
Plantago, and a clade of the remaining species (BS=100%; PP=1.00). Within
this remaining clade we obtain a clade (BS=100%; PP=1.00) with six species,
which splits into two clades: one clade (Clade F; BS=100%; PP=1.00)
consisting of three species from sect. Plantago (including P. major), and
another clade (BS=55%; PP=0.73) consisting of P. cordata (from sect.
Plantago), and a clade (Clade G; BS=100%; PP=1.00) with two species from
sect. Oliganthos (P. rigida and P. tubulosa). Subsequently, a well-supported
clade (clade H; BS=100%; PP=1.00) including 12 species from Asia, North
America and oceanic Pacific islands, nine from sect. Plantago and three from
sect. Mesembrynia, is sister to a clade of the remaining species (BS=100%;
PP=1.00). The last major dichotomy shows P. macrocarpa (sect. Plantago),
from northwestern North America and northeastern Asia, as sister to a clade
(clade I; BS=87%; PP=1.00) of American species from sects. Oliganthos,
Plantago (P. fernandezia) and Virginica.

4. Discussion
4.1. Revised sectional classification
Supported by our plastome phylogeny (Fig. 4), in addition to the
revision of herbarium collections, and a comprehensive revision of the
taxonomic and phylogenetic literature on Plantago, we propose here a revised
sectional classification of Plantago subg. Plantago (Table 3).
The new sectional classification proposed here follows the following

principles:
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(1) All accepted sections must be monophyletic;

(2) The recognised sections must be morphologically (especially
regarding fruit and flower, the evolutionarily most
conservative characters) and secondarily geographically
coherent;

(3) The new classification should take into consideration, as
much as possible, aspects from the latest classification (Rahn,
1996), but also elements of previous classifications
(Barnéoud, 1844, 1845; Decaisne, 1852; Pilger, 1937) when

these were proved correct in light of the revised phylogeny.

Table 3. Accepted species in Plantago subg. Plantago and their native distributions.
Their former sectional placement and chromosome numbers are according to Rahn
(1996). The corresponding clades highlighted in Fig. 4 are indicated after the section
names. Species not included in the present phylogeny, but included in the phylogeny of
Iwanycki Ahlstrand et al. (in press) are marked with an exclamation mark (!); species
not included in either phylogenies, but whose position we inferred based on the

accumulated knowledge (see Rosenberg and Kumar, 2001) are marked with an asterisk

().

Species Native distribution Previously in 2n
sect. =
Sect. Carpophorae Rahn — clade G — 2 species
P. rigida Kunth W Bolivia to SW Venezuela Oliganthos 72
P. tubulosa Decne. NW Argentina to S Mexico Oliganthos 24,
48
Sect. Eremopsyllium Pilg. — clade B — 2 species
P. gentianoides Sibth. & SE Europe and SW Asia Plantago 12
Sm.
P. reniformis Beck SE Europe Plantago 12
Sect. Heptaneuron Decne. — 1 species
P. cordata Lam. E North America Plantago 24
Sect. Holopsyllium Pilg. — 1 species
P. macrocarpa Cham. & NW North America and NE Plantago 24
Schltdl. Asia

Sect. Lamprosantha Decne. — clade C — 6 species
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P. arachnoidea Schrenk ex C Asia Mesembrynia ?
Fisch. & C.A.Mey.
P. canescens Adams N Asia and NW North Plantago 12
America
P. maxima Juss. ex Jacq. W Eurasia Plantago 12
P. media L. Europe Plantago 12,
24

P. perssonii Pilg. NW China Mesembrynia
P. schwarzenbergiana Schur  Europe Mesembrynia 12

Sect. Leptostachys Decne. — clade D — 7 species

! P. africana Verdc. E Africa Plantago ?

! P. fischeri Engl. E Africa Plantago ?

*  P. laxiflora Decne. S Africa Plantago ?
P. longissima Decne. S Africa Plantago ?
P. palmata Hook f. Africa Plantago 24

*  P. remota Lam. S Africa Plantago ?
P. tanalensis Baker Madagascar Plantago ?

Sect. Mesembrynia Decne. — clade E — 44 species
P. alpestris B.G.Briggs et al.  SE Australia Mesembrynia 12
P. aundensis P.Royen New Guinea Oliganthos ?
P. antarctica Decne. SE Australia Mesembrynia 12
P. aucklandica Hook . Auckland Islands (New Plantago ?

Zealand)

P. bellidioides Decne. Tasmania (Australia) Mesembrynia 12
P. cladarophylla B.G.Briggs E Australia Mesembrynia 36
et al.

*  P. cunninghamii Decne. Australia Mesembrynia 12
P. daltonii Decne. Tasmania (Australia) Mesembrynia ?
P. debilis R.Br. E Australia Mesembrynia 12

*  P. depauperata Merr. & New Guinea Oliganthos ?
L.M.Perry

*  P. drummondii Decne. Australia Mesembrynia 12
P. euana Hurlim. Tonga Islands Mesembrynia ?
P. euryphylla B.G.Briggset  SE Australia Mesembrynia 12
al.

*  P. exilis Decne. W Australia Mesembrynia ?
P. gaudichaudii Barnéoud E Australia Mesembrynia 12

*  P. glabrata Hook f. Tasmania (Australia) Mesembrynia 24
P. glacialis B.G.Briggs etal.  SE Australia Oliganthos 12

*  P. gunnii Hook f. Tasmania (Australia) Oliganthos 36
P. hedleyi Maiden Lord Howe Island Plantago 24

*  P. hispida R.Br. E Australia Mesembrynia 12
P. lanigera Hook f. New Zealand Oliganthos 12,

24

*  P. montisdicksonii P.Royen =~ New Guinea Mesembrynia ?
P. muelleri Pilg. SE Australia Oliganthos 36

*  P. multiscapa B.G.Briggs Australia Mesembrynia ?
P. novae-zelandiae New Zealand Oliganthos 24
L.B.Moore

*  P. obconica Sykes New Zealand Oliganthos 12
P. palustris L.R.Fraser & E Australia Oliganthos 24
Vickery

*  P. papuana P.Royen New Guinea Mesembrynia ?
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P. paradoxa Hook.f. Tasmania (Australia) Oliganthos 24
*  P. pentasperma Hemsl. St. Paul and New Mesembrynia ?
Amsterdam Islands (France)
P. picta Colenso New Zealand Mesembrynia 48
*  P. polita Craven New Guinea Oliganthos ?
P. raoulii Decne. New Zealand Mesembrynia 48
P. spathulata Hook f. New Zealand Mesembrynia 48
P. stauntonii Reichardt St. Paul and New Mesembrynia 24
Amsterdam Islands (France)
*  P. stenophylla Merr. & New Guinea Oliganthos ?
L.M.Perry
P. tasmanica Hook.f. Tasmania (Australia) Mesembrynia 12
P. triandra Berggr. New Zealand Oliganthos 48
*  P. triantha Spreng. Auckland Islands (New Oliganthos 12
Zealand) and Tasmania
(Australia)
*  P. trichophora Merr. & New Guinea Mesembrynia ?
L.M.Perry
*  P. turrifera B.G.Briggs et al.  Australia Mesembrynia 12
P. udicola Meudt & Garn.- New Zealand none (new 96
Jones species)
P. unibracteata Rahn New Zealand Oliganthos 60,
72
P. varia R.Br. E Australia Mesembrynia 12
Sect. Micropsyllium Decne. — clade A — 6 species
! P. bigelovii A.Gray W North America Micropsyllium 20
P. elongata Pursh W North America Micropsyllium 12,
36
*  P. heterophylla Nutt. North America Micropsyllium 12
P. polysperma Kar. & Kir. C Asia Micropsyllium ?
P. pusilla Nutt. North America Micropsyllium 12
! P. tenuiflora Waldst. & Kit. W Eurasia Micropsyllium 24
Sect. Pacifica Hassemer — clade H — 26 species
*  P. alata Nakai Jeju (Korea) Plantago ?
P. asiatica L. E and SE Asia Plantago 24
P. camtschatica Link NE Asia Mesembrynia 12
P. cavaleriei H.Lév. S China Plantago ?
*  P. coreana H.Lév. Jeju (Korea) Plantago ?
P. depressa Willd. Asia Mesembrynia 12
P. eriopoda Torr. North America Plantago 24
*  P. glabrifolia (Rock) Pilg. Hawaiian Archipelago Plantago
(USA)
*  P. grayana Pilg. Hawaiian Archipelago Plantago
(USA)
P. hakusanensis Koidz. Japan Plantago ?
P. hasskarlii Decne. Java (Indonesia) Plantago ?
P. hawaiensis (A.Gray) Pilg. Hawaiian Archipelago Plantago ?
(USA)
*  P. hillebrandii Pilg. Hawaiian Archipelago Plantago
(USA)
P. incisa Hassk. Java (Indonesia) Plantago ?
P. komarovii Pavlov C Asia Mesembrynia ?
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*  P. krajinai Pilg. Hawaiian Archipelago Plantago
(USA)
*  P. melanochrous Pilg. Hawaiian Archipelago Plantago
(USA)
*  P. muscicola Pilg. Hawaiian Archipelago Plantago
(USA)
P. pachyphylla A.Gray Hawaiian Archipelago Plantago 24
(USA)
P. princeps Cham. & Hawaiian Archipelago Plantago 12
Schitdl. (USA)
P. rapensis Pilg. Rapa Iti Island (France) Plantago ?
P. rugelii Decne. E North America Plantago 24
P. rupicola Pilg. Rapa Iti Island (France) Plantago ?
P. sparsiflora Michx. SE North America Plantago 24

! P. taquetii H.Lév. Jeju (Korea) Plantago ?
P. tweedyi A.Gray W North America Plantago 24

Sect. Plantago — clade F — 5 species
P. cornutii Gouan S Europe Plantago 12

! P. griffithii Decne. S Asia Plantago (as a ?

synonym)
P. himalaica Pilg. S Asia Plantago ?

*  P. tatarica Decne. S Asia Plantago (as a ?

synonym)
P. major L. Eurasia Plantago 12

Sect. Virginica Decne. & Steinh. ex Barnéoud — clade | — 46 species
P. alismatifolia Pilg. C Mexico Virginica 24

*  P. argentina Pilg. NW Argentina Virginica 24,

48

P. australis Lam. South America and S North Virginica 24,
America 48

! P. barbata G.Forst. S Argentina and S and C Oliganthos 48,
Chile 72

*  P. berroi Pilg. Uruguay and E Argentina Virginica 24
P. bradei Pilg. E Brazil Virginica (as a ?

synonym)

*  P. buchtienii Pilg. W Bolivia and NW Virginica 48

Argentina
P. catharinea Decne. S Brazil Virginica 24
P. commersoniana Decne. & Uru., S Brazil and SE Par. Virginica ?
Barnéoud

*  P. correae Rahn S Argentina and S Chile Oliganthos 96

P. corvensis Hassemer S Brazil none (new ?
species)

P. cumingiana Fisch. & S and C Chile and W Virginica (as a ?

C.A.Mey. Argentina synonym)

*  P. dielsiana Pilg. E Argentina and S Uruguay Virginica 24
P. fernandezia Bertero ex Juan Fernandez Islands Plantago ?
Barnéoud (Chile)

*  P. firma Kunze ex Walp. C Chile Virginica 24
P. floccosa Decne. NE Mexico Virginica 24

*  P. galapagensis Rahn Galapagos Islands Virginica ?

(Ecuador)
P. guilleminiana Decne. S Brazil Virginica ?
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P. hatschbachiana S Brazil none (new ?

Hassemer species)

P. humboldtiana Hassemer S Brazil none (new ?
species)

*  P. jujuyensis Rahn NW Argentina Virginica 24
P. moorei Rahn West Falkland (UK) Oliganthos ?
P. myosuros Lam. S and W South America Virginica 24
P. napiformis (Rahn) NE Arg., Par. and S Brazil Virginica (as a ?
Hassemer subspecies)

*  P. orbignyana Steinh. ex Ecu., Peru, Bol. and NW Virginica 24,
Decne. Arg. 48
P. pachyneura Steud. N and C Chile Virginica 24
P. penantha Griseb. Uru., NE Arg. and S Brazil Virginica 24
P. pretoana (Rahn) SE Brazil Virginica (as a ?
Hassemer subspecies)

P. pulvinata Speg. S Argentina and S Chile Oliganthos 24
P. pyrophila Villarroel & E Bolivia none (new ?
J.R.I.Wood species)

*  P. rahniana Hassemer & S Brazil none (new ?

R.Trevis. species)
P. rhodosperma Decne. SW USA and NE Mexico Virginica 48
P. sempervivoides Dusén S Argentina and S Chile Oliganthos ?
P. subnuda Pilg. W USA Virginica 48
P. tehuelcha Speg. S Argentina and S Chile Oliganthos 24
P. tenuipala (Rahn) Rahn C Colombia Virginica ?
*  P. tomentosa Lam. Arg., Bol., Par., Uru. and S Virginica 24
Brazil
P. trinitatis Rahn Trindade Island (Brazil) Virginica ?
P. truncata Cham. & C Chile Virginica ?
Schitdl.

*  P. turficola Rahn S Brazil Virginica ?
P. uniglumis Wallr. ex S Argentina and S and C Oliganthos 48,
Walp. Chile 72
P. veadeirensis Hassemer C Brazil none (new ?

species)
P. ventanensis Pilg. E Argentina Virginica 24

*  P. venturii Pilg. W Argentina Virginica 24
P. virginica L. North America Virginica 24

*  P. weddelliana Decne. S Bolivia and NW Virginica 24

Argentina
Incertae sedis — 1 species
*  P. robusta Roxb. Saint Helena Island (UK) Plantago ?

Plantago subg. Plantago

Lectotype (designated by Britton and Brown 1913: 245): P. major L.

Our results corroborate, with a strong support (BS=100%; PP=1.00), the

already well-established perception (Rensted et al., 2002; Hoggard et al., 2003;
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Ishikawa et al., 2009) that subg. Plantago is monophyletic. We estimate that
there are 147 species in the subgenus (Table 3), although this number certainly
will change in the future, with new species being described, species being re-
established and names being synonymised as taxonomic knowledge of the

group advances.

Plantago sect. Micropsyllium Decne. in A.DC., Prodr. 13(1): 696. 1852
Lectotype (designated by Dietrich 1980: 563): P. tenuiflora Waldst. & Kit.

= Plantago sect. Diandra H.Dietr., Wiss. Z. Friedrich-Schiller-Univ. Jena,
Math.-Naturwiss. Reihe 29(4): 563. 1980
Holotype: P. elongata Pursh

Plantago sect. Micropsyllium comprises six species from North
America and Eurasia (Table 3), is morphologically well defined (Bassett 1966;
Rahn 1996) and is the only section within subg. Plantago that did not undergo
any changes in this study. The three sampled species form a well-supported
clade (BS=100%; PP=1.00; Fig. 4, clade A).

This section appears to have originated in Eurasia and subsequently
colonised North America. In terms of morphology, sect. Micropsyllium is
characterised by the following apomorphic characters: diminutive annual plants;
annual root; hairs on scapes antrorse; corolla lobes shorter than 1 mm; anthers
less than 1 mm long; seeds shorter than 2 mm. One important plesiomorphic
character shared by all species is the linear leaves. Reported chromosome
numbers are variable, including 2n = 12, 24, 36 and 20 (this last one, reported
by Bassett (1966) for P. bigelovii, is the only record of x = 5 in the subg.
Plantago, and needs to be confirmed).

Selected taxonomic references: Pilger (1937), Bassett (1966) and
Moore et al. (1976).
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Plantago sect. Eremopsyllium Pilg., Pflanzenr. 102: 283. 1937
Holotype: P. reniformis Beck

= Plantago sect. Gentianoides Pilg., Pflanzenr. 102: 306. 1937, syn. nov.
Holotype: P. gentianoides Sibth. & Sm.

The two species included in the hereby re-established sect.
Eremopsyllium (Table 3) were both sampled here and form a well-supported
clade (BS=97%; PP=1.00; Fig. 4, clade B) that is sister to all the rest of subg.
Plantago except for sect. Micropsyllium. These species are distributed in
southeastern Europe and Asia Minor. Here, we do not accept P. griffithii as a
subspecies of P. gentianoides (see Hassemer 2018). In terms of morphology,
sect. Eremopsyllium is characterised by the following apomorphic characters:
adventitious roots; spike less than 1/3 the length of the scape; anthers white
both when fresh and when dried. Reported chromosome numbers are 2n = 12.

Selected taxonomic references: Pilger (1937), Moore et al. (1976) and
Tutel (1982).

Plantago sect. Lamprosantha Decne. in A.DC., Prodr. 13(1): 697. 1852
Lectotype (designated by Rahn 1996): P. media L.

The hereby re-established sect. Lamprosantha (Table 3) includes six
species, all of which were sampled here: three species from Rahn’s (1996) sect.
Plantago (P. canescens, P. maxima and P. media) and three from sect.
Mesembrynia (P. arachnoidea, P. perssonii and P. schwarzenbergiana). This
section is distributed in temperate Eurasia, with the exception of P. arachnoidea
which occurs in northern Asia and northwestern North America. This section

forms a well-supported clade (BS=100%; PP=1.00; Fig. 4, clade C) which
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includes the rare and threatened P. maxima as sister to a clade (BS=100%;
PP=1.00) which includes the remainder of the species included in the section.

It should be noted that the support for the clade that includes sect.
Lamprosantha plus all subsequent groups within subg. Plantago is relatively
low (BS=52%; PP=0.95). It is possible that further investigations could indicate
that sects. Eremopsyllium and Lamprosantha are sisters, in which case their
merger into an enlarged sect. Lamprosantha would be desirable due to
morphology and biogeography. However, our plastome phylogenies do not
support this (Fig. 4), and therefore we recognise these two sections as distinct.

This section apparently has a temperate Eurasian origin. In terms of
morphology, sect. Lamprosantha is characterised by the following apomorphic
characters: spike less than 1/3 the length of the scape; seeds shorter than 2 mm.
Reported chromosome numbers are 2n = 12, with the exception of a few
populations of P. media, which have 2n = 24.

Selected taxonomic references: Pilger (1937), Grigoriev (1958), Moore
et al. (1976) and Li et al. (2011).

Plantago sect. Leptostachys Decne. in A.DC., Prodr. 13(1): 720. 1852
Holotype: P. leptostachys E.Mey. ex Decne., nom. illeg., non Hook.f. (1847),
nec Ledeb. (1849) — = P. laxiflora Decne.

= Plantago sect. Palaeopsyllium Pilg., Pflanzenr. 102: 75. 1937, syn. nov.
Lectotype (designated here): P. palmata Hook.f.

The seven species recognised in the hereby re-established sect.
Leptostachys (Table 3) occur in sub-Saharan Africa and Madagascar, comprise
the most tropical among the species within subg. Plantago, and comprise
species included in Rahn’s (1996) sect. Plantago. The three sampled species (P.

longissima, P. palmata and P. tanalensis) form a clade which has a high support
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(BS=100%; PP=1.00; Fig. 4, clade D). Taxonomic knowledge of this section is
the poorest among subg. Plantago and a taxonomic revision is critically needed,
especially to clarify questions regarding P. leptostachys E.Mey. ex Decne. nom.
illeg., which is the type species of the section, and its supposedly accepted
name, P. laxiflora (fide Pilger, 1937), which was not sampled here.

This section appears to have originated in continental sub-Saharan
Africa and subsequently expanded to Madagascar. In terms of morphology,
sect. Leptostachys is characterised by the following apomorphic characters:
adventitious roots; corolla lobes shorter than 1.5 mm. One important
plesiomorphic character shared by all species is the spikes normally equalling
the length of the scape. Chromosome numbers are unknown for all species
except for P. palmata, which has 2n = 24.

Selected taxonomic references: Pilger (1937) and Verdcourt (1971).

Plantago sect. Mesembrynia Decne. in A.DC., Prodr. 13(1): 701. 1852
Lectotype (designated by Rahn 1996): P. debilis R.Br.

= Plantago sect. Microcalyx Pilg., Pflanzenr. 102: 122. 1937, syn. nov.
Lectotype (designated by Rahn 1996): P. triandra Berggr.

Plantago sect. Mesembrynia is hereby accepted as including 44 species
(Table 3), although this number will probably increase in the future with the
discovery of new species. Of these 44 species, 23 were sampled here which
form a well-supported clade (BS=100%; PP=1.00; Fig. 4, clade E). This section
encompasses all Plantago species native to Australia, New Zealand and New
Guinea, and also species from some neighbouring islands (Auckland Islands,
Lord Howe Island and Tonga), in addition to two species from St. Paul and
New Amsterdam Islands in the southern Indian Ocean. Our expanded sect.

Mesembrynia includes all species in Rahn’s (1996) homonymous section except
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for the six Eurasian species (P. arachnoidea, P. camtschatica, P. depressa, P.
komarovii, P. perssonii and P. schwarzenbergiana), 15 species from his sect.
Oliganthos, plus two island endemics (P. aucklandica and P. hedleyi) from his
sect. Plantago.

Our cpDNA tree topology is similar but not identical to a previous
phylogenetic study of the Australasian species, which analysed ITS, cpDNA
and mtDNA sequences (Tay et al., 2010a). Our results indicate that at least four
long-distance dispersal events occurred for the New Zealand Plantago species,
likely originating from Australian ancestors, thus corroborating the conclusions
of Tay et al. (2010a) who indicated three such events. One of these dispersal
events comprises the clade of P. lanigera and P. novae-zelandiae, the second
dispersal event comprises P. unibracteata, the third comprises P. triandra, and
the fourth comprises the clade of P. picta, P. raoulii, P. spathulata and P.
udicola. The small oceanic island species P. euana, P. hedleyi and P. stauntonii
are spread across sect. Mesembrynia, again likely originating from Australian
ancestors.

Although we attempted sequencing of samples of two species from
New Guinea, P. aundensis and P. papuana, these were not able to be included
here due to highly degraded DNA. In accordance with the accumulated
biogeographic and morphological knowledge of these species (Craven, 1976;
van Royen, 1983; Rahn, 1996), the seven Plantago species from New Guinea
are here grouped together with the other Australasian species. However, we
advocate that future phylogenetic works should focus on sampling New
Guinean species, in order to confirm their phylogenetic placement and fully
understand the biogeography of this Southern Hemisphere section.

Our results show that the two sampled individuals of P. lanigera,
although in the same lineage, are paraphyletic relative to the closely related
species, P. novae-zelandiae (BS=100%; PP=1.00). Because our study used
cpDNA only on very few (1-2) individuals per species, it is not possible to
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speculate further on the taxonomic implications of this finding due to the
complex polyploid evolutionary history of the New Zealand species (Meudt,
2011, 2012; Ishikawa et al., 2009). Nevertheless, the plants from Sewell Peak,
from which the sample “P. lanigera 2” was collected, will be further
investigated in regards to their morphology and will be compared with the types
of other New Zealand Plantago, as it is possible that this sample could
correspond to a still undescribed species.

This section appears to have originated in Australia and subsequently
spread to New Zealand and other neighbouring islands in several separate
dispersal events (Tay et al., 2010a). However, it should be noted that the lack of
sampling of New Guinean species precludes the inference of the centre of origin
of this section. In terms of morphology, apparently there is not a single
apomorphic character that is shared by all species in sect. Mesembrynia. This is
certainly the reason why the species included in the section have never before
been all placed under the same section—there are considerable morphological
differences between the species formerly placed in sects. Mesembrynia and
Oliganthos, which is not reflected in the phylogeny. Some plesiomorphic
characters seem to be shared by all the species in the section, such as: lamina
with attenuate base or not distinguishable from the petiole; apex of the leaves
without a colourless acumen; pedicel absent; corolla lobes always patent;
anthers never white; ovary with more than 4 ovules; carpophore absent.
Reported chromosome numbers are 2n = 12, 24, 36, 48, 60, 72 and 96, with 12
being the most common and apparently the ancestral condition.

Selected taxonomic references: Briggs et al. (1973, 1977), Craven

(1976), Briggs (1980), van Royen (1983) and Meudt (2012).

Plantago sect. Plantago
Type species: P. major L.
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= Plantago sect. Major Barnéoud, Rech. Plantagin. Plumbagin.: 17. 1844
Holotype: P. major L.

= Plantago sect. Polyneuron Decne. in A.DC., Prodr. 13(1): 694. 1852
Lectotype (designated by Rahn 1996): P. major L.

The hereby much reduced sect. Plantago (Table 3), with only five
species, is without doubt the most unexpected and drastic change departing
from Rahn’s (1996) classification, who recognised 53 species (although with
much doubt) in his admittedly paraphyletic sect. Plantago. The three species
sampled here (P. cornutii, P. himalaica and P. major) form a clade, which is
well supported (BS=100%; PP=1.00; Fig. 4, clade F). The five species in this
section are all originally distributed in temperate Eurasia. The type species of
the genus, subg. and sect. Plantago, P. major, is now a cosmopolitan species
with a Eurasian origin. The morphologically similar P. cornutii, from southern
Europe, and P. griffithii, P. himalaica and P. tatarica, from southern Asia (see
Hassemer, 2018), are also included in this section.

This section appears to have its origin in southwestern Eurasia. In terms
of morphology, sect. Plantago is characterised by the following apomorphic
characters: adventitious roots; lamina more than four times as wide as the
petiole; leaves remaining green on drying; hairs on scape antrorse; spur-like
elongation on lowermost cell of non-glandular hairs on the scape; corolla lobes
shorter than 2 mm; pyxidia globose, not conspicuously elongated. Chromosome
numbers are known for two species (P. cornutii and P. major), 2n =12.

Selected taxonomic references: Pilger (1937), Moore et al. (1976) and
Hassemer (2018).

Plantago sect. Carpophorae Rahn, Nordic J. Bot. 5: 144, 1985
Holotype: P. rigida Kunth
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The hereby re-established sect. Carpophorae (Table 3) comprises two
species from mountains in Central America and western South America (Rahn,
1985). Both species sampled here form a clade that is well supported
(BS=100%; PP=1.00; Fig. 4, clade G) and is sister to P. cordata (sect.
Heptaneuron)—although with rather low support (BS=55%; PP=0.73).
Plantago sect. Carpophorae is notable among Plantago for producing a
carpophore (Rahn, 1985). The section was created with this exact
circumscription by Rahn (1985), who later (Rahn 1996) changed this taxon to
the series level, Plantago ser. Carpophorae (Rahn) Rahn, under Plantago sect.
Oliganthos, because of the numerical results of his morphological phylogeny.

From a biogeographic perspective, it would be expected that the species
in sect. Carpophorae would be closely related to the predominantly South
American sect. Virginica (see below). From a morphological perspective,
however, the two species in sect. Carpophorae could well be placed in a
separate subgenus, given their unique, very distinct fruit morphology (Rahn,
1985). The inflorescences with very few flowers (normally 1, rarely 2-3) led to
the two species in sect. Carpophorae having been included in sect. Oliganthos
in most classification systems (e.g. Pilger, 1937; Rahn, 1996).

It would be extremely undesirable to unite the species in sects.
Carpophorae (P. rigida and P. tubulosa) and Heptaneuron (P. cordata) in a
single section, due to the very distinctive morphology of the two species in sect.
Carpophorae, which is unique in Plantago and not coherent with that of P.
cordata. Of less importance is the fact that P. cordata is a semi-aquatic plant
endemic to eastern North America, whereas the species in sect. Carpophorae
are endemic to mountains in western South America and southern North
America (southern Mexico southwards). Although our phylogeny would allow
the merger of these two sections, it would also allow their recognition as

distinct, and we believe that classification systems based on molecular
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phylogenies should nevertheless be coherent from a morphological point of
view.

It would have been possible, based on our phylogeny, to include the
clade that encompasses sects. Heptaneuron and Carpophorae in a more broadly
defined sect. Plantago—this clade of seven species is strongly supported
(BS=100%; PP=1.00). Nevertheless, as explained above, this enlarged
circumscription would be extremely undesirable because of considerable
morphological differences of the two species in sect. Carpophorae. Therefore,
we opted to recognise sect. Carpophorae, and as a consequence it was also
necessary to recognise the monotypic sect. Heptaneuron (see below). However,
due to the low support (BS=55%; PP=0.7306) of the clade containing sects.
Carpophorae + Heptaneuron, further phylogenetic investigation is critically
needed to elucidate this group of sections. If improved phylogenies would in the
future show that sects. Heptaneuron and Plantago are sister, they should
probably be merged. In any case, because of morphology, the species in these
two sections should not be merged with sect. Carpophorae.

This section appears to have originated in the Andes and subsequently
colonised southern North America. In terms of morphology, sect. Carpophorae
is well-characterised by the following apomorphic characters: adventitious
roots; scape very short, less than a quarter of the supporting leaf; hairs on scape
antrorse; small, three-celled, glandular hairs placed in cavities; flower solitary,
only one bract present; anthers longer than 2 mm long; carpophore present.
Reported chromosome numbers are 2n = 24, 48 and 72.

Selected taxonomic reference: Rahn (1985).

Plantago sect. Heptaneuron Decne. in A.DC., Prodr. 13(1): 698. 1852
Lectotype (designated by Rahn 1996): P. cordata Lam.
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The hereby re-established sect. Heptaneuron (Table 3) is monotypic,
including only the semi-aquatic eastern North American P. cordata, previously
in Rahn’s (1996) sect. Plantago. Plantago sect. Heptaneuron is sister to sect.
Carpophorae (BS=55%; PP=0.73) and, due to considerable morphological
differences, should not be united with the latter (see explanation above).
Plantago cordata is unique in the genus in that the fruits are still green and
alive at the time of dehiscence, when the lid of the pyxidia readily falls off, and
the seeds with the entire fleshy placenta fall out as a unit; this structure is
buoyant and may represent an adaptation to dispersal by water (Tessene, 1969;
Rosatti, 1984). In terms of morphology, sect. Heptaneuron is characterised by
the following apomorphic characters: lamina less than 1.9 times as long as
wide; lamina more than 4 times as wide as the petiole; base of lamina truncate;
corolla lobes shorter than 1.5 mm; anthers longer than 2 mm long; ovary with
four ovules. The chromosome number of P. cordata is 2n = 24.

Selected taxonomic reference: Pilger (1937) and Bassett (1973).

Plantago sect. Pacifica Hassemer, sect. nov.

Diagnosis: plants perennial; apex of the leaves without a colourless acumen;
scape length at least more than a quarter of the supporting leaf; scape not
elongating conspicuously after anthesis; trichomes on leaves up to 2 mm long;
trichomes on leaves more than 0.04 mm wide; absence of small, three-celled,
glandular hairs placed in cavities; normal spike with 12 flowers or more; sepals
glabrous on the back; corolla lobes always patent; corolla lobes up to 3 mm
long; stamens 4; anthers never white; anthers longer than 0.5 mm; carpophore
absent; ovary with more than 4 ovules; mature pyxidia pyriform, elongated;
seeds shorter than 3 mm.

Holotype: P. princeps Cham. & Schlitdl.
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This new section, which we estimate to include 26 species, 15 of which
were sampled here (Table 3), corresponds to a well-supported clade (BS=100%;
PP=1.00; Fig. 4, clade H) sister to sects. Holopsyllium + Virginica. All species
were formerly placed in Rahn’s (1996) sect. Plantago, except for three species
from his sect. Mesembrynia (P. camtschatica, P. depressa and P. komarovii).
Because this lineage does not include P. major, the type species of sect.
Plantago, it required a new name at section level. A thorough sampling,
especially of the Eurasian species in subg. Plantago, is needed to confirm the
circumscriptions of sects. Pacifica and Plantago. The name of the new section
is a reference to the distribution of its species in Asia and North America, i.e. at
both sides of the Pacific Ocean, and also in some Pacific oceanic islands
(Hawaiian Archipelago and Rapa Iti Island).

The central Asian P. komarovii is sister to the remainder of the species
in the section (BS=100%; PP=1.00). This clade then splits into an Asian clade
(BS=100%; PP=1.00) including P. asiatica, P. camtschatica, P. cavaleriei, P.
depressa and P. incisa, and another clade (BS=100%; PP=1.00) comprising
North American and the oceanic species mentioned above. Our phylogeny
indicates that the Hawaiian (P. glabrifolia, P. grayana, P. hawaiensis, P.
hillebrandii, P. krajinai, P. melanochrous, P. muscicola, P. pachyphylla and P.
princeps) and Rapa Iti Island (P. rapensis and P. rupicola) species in this
section originated from North American ancestors, as all these island species
are included in the clade that also includes the North American P. eriopoda, P.
rugelii, P. sparsiflora and P. tweedyi. The closest living relatives of the
Hawaiian and Rapa Iti Plantago were indicated, in a strongly-supported clade
(BS=100%; PP=1.00), to be P. rugelii and P. sparsiflora.

Based on morphology and biogeography, it would appear that P. alata,
P. coreana and P. taquetii, all described from Jeju Island, could be synonyms of
P. asiatica—however, a comprehensive taxonomic revision of the Korean

Plantago is needed to confirm this. A comprehensive taxonomic treatment of
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the Hawaiian Plantago is also urgently needed, as the synonymisation of P.
glabrifolia, P. grayana, P. hillebrandii, P. krajinai, P. melanochrous and P.
muscicola under P. pachyphylla done by Wagner et al. (1990) appears weakly
supported from a morphological point of view (G. Hassemer, pers. obs.), which
may have been why Rahn (1996) decided to keep these six species in his
phylogenetic study. Furthermore, there is phylogenetic and morphological
evidence (Dunbar-Co et al., 2008, 2009) that there are more species in the
Hawaiian Archipelago than currently recognised. We are here following the
treatment of Pilger (1937) regarding the Hawaiian Plantago, because it seems to
better reflect the specific diversity in this group than the treatment of Wagner et
al. (1990). Such as occurred with some other plant groups such as Asteraceae
(Baldwin and Sanderson, 1998; Knope et al., 2012) and Campanulaceae
(Givnish et al., 2009), we believe it possible that a great diversification occurred
upon the arrival of Plantago from North America to Hawaii, due to the
abundance of unoccupied niches. The taxonomic resolution of Hawaiian
Plantago is critical because of implications it would have for the conservation
of narrowly endemic species, but also for allowing a better understanding of
sect. Pacifica.

This section appears to have its origin in central and eastern Eurasia,
and subsequently colonised North America, and from there it spread to the
Hawaiian archipelago and Rapa Iti Island. In terms of morphology, apparently
there is not a single apomorphic character that is shared by all species in sect.
Pacifica. Some plesiomorphic characters seem to be shared by all the species in
the section, such as: plants perennial; apex of the leaves without a colourless
acumen; scape length at least more than a quarter of the supporting leaf; scape
not elongating conspicuously after anthesis; trichomes on leaves up to 2 mm
long; trichomes on leaves more than 0.04 mm wide; absence of small, three-
celled, glandular hairs placed in cavities; normal spike with 12 flowers or more;

sepals glabrous on the back; corolla lobes always patent; corolla lobes up to 3
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mm long; stamens 4; anthers never white; anthers longer than 0.5 mm;
carpophore absent; ovary with more than 4 ovules; mature pyxidia pyriform,
elongated; seeds shorter than 3 mm. Reported chromosome numbers are 2n =
12 and 24.

Selected taxonomic references: Pilger (1937), Grigoriev (1958), Bassett
(1973), Wagner et al. (1990), Yamazaki (1993) and Li et al. (2011).

Plantago sect. Holopsyllium Pilg., Pflanzenr. 102: 101. 1937
Holotype: P. macrocarpa Cham. & Schlitdl.

This monotypic section (Table 3), hereby re-established, is sister to the
predominantly South American sect. Virginica (BS=100%; PP=1.00). Its only
species, P. macrocarpa, occurs on the coast of northwestern North America, the
Aleutian archipelago and the Commander Islands (Russia). The uniqueness of
several morphological characters of P. macrocarpa has already been evidenced
by Pilger (1937), of which the most prominent are the indehiscent pyxidia.
Because of pronounced morphological differences, it would be undesirable to
merge sect. Holopsyllium with its sister, sect. Virginica, and for this reason both
sections are accepted. In terms of distribution and phylogeny, sect.
Holopsyllium could perhaps be a testimony of the crossing of subg. Plantago
from Eurasia to the Americas. In terms of morphology, sect. Holopsyllium is
characterised by the following apomorphic characters: anterior sepals distinctly
narrower than the posterior, and differently shaped; corolla lobes shorter than 2
mm; ovary with two ovules, and no rudiment of an upper compartment; fruit an
indehiscent pyxidium; seeds longer than 3 mm. The chromosome number of P.
macrocarpa is 2n = 24.

Selected taxonomic references: Pilger (1937), Grigoriev (1958) and
Bassett (1973).
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Plantago sect. Virginica Decne. & Steinh. ex Barnéoud, Rech. Plantagin.
Plumbagin.: 17. 1844
Holotype: P. virginica L.

= Plantago sect. Cleiosantha Decne. in A.DC., Prodr. 13(1): 721. 1852
Lectotype (designated by Rahn 1996): P. veratrifolia Decne. — = P. australis
subsp. hirtella (Kunth) Rahn

= Plantago sect. Dendriopsyllium Decne. in A.DC., Prodr. 13(1): 704. 1852,
syn. nov.

Lectotype (designated by Rahn 1996): P. fernandezia Bertero ex Barnéoud

= Plantago sect. Fernandezia Barnéoud, Rech. Plantagin. Plumbagin.: 19. 1844,
Syn. nov.

Holotype: P. fernandezia Bertero ex Barnéoud

= Plantago sect. Novorbis Decne. in A.DC., Prodr. 13(1): 724. 1852
Lectotype (designated by Rahn 1996): P. fomentosa Lam.

= Plantago sect. Oliganthos Barnéoud, Rech. Plantagin. Plumbagin.: 17. 1844,
syn. nov.

Lectotype (designated by Rahn 1984): P. pauciflora Lam. — = P. barbata
G.Forst.

= Plantago sect. Oreophytum Decne. in A.DC., Prodr. 13(1): 704. 1852
Holotype: P. orbignyana Steinh. ex Decne.

= Plantago sect. Plantaginella Decne. in A.DC., Prodr. 13(1): 727. 1852, syn.

nov.
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Lectotype (designated by Rahn 1984): P. barbata G.Forst.

With 46 recognised species, one of which (P. cumingiana) hereby re-
established (see below), our enlarged sect. Virginica (Table 3) is sister to the
monotypic sect. Holopsyllium, which has distinct fruit morphology and
distribution (see above). The clade of sect. Virginica is well-supported in our
phylogeny (BS=87%; PP=1.00; Fig. 4, clade I), and includes all species in
Rahn’s (1996) homonymous section, in addition to the seven American species
in series Oliganthos, and P. fernandezia, which was previously placed in sect.
Plantago. This predominantly South American clade has two centres of
diversity: one in high-elevation grasslands and open coastal vegetation of
central-eastern South America, including Uruguay, southern Brazil and eastern
Argentina, and another in moist rocky environments of southern South
America, which includes the American species in Rahn’s (1996) series
Oliganthos.

In Plantago sect. Virginica, our phylogeny indicated an early split
between a clade (BS=100%; PP=1.00) including the southern South American
P. fernandezia and P. tehuelcha, and another clade (BS=100%; PP=1.00)
including the remainder of species sampled, including the West Falkland
endemic P. moorei. Based on our phylogeny it is impossible to infer the
position of the five unsampled American species in Rahn’s (1996) series
Oliganthos (P. barbata, P. correae, P. pulvinata, P. sempervivoides and P.
uniglumis) between these two possible early branches within sect. Virginica.
Similarly to the case of another large section, i.e. sect. Mesembrynia, we
consider that sect. Virginica constitutes a phylogenetically and
biogeographically coherent unit whose splitting would be undesirable because
the species previously recognised in sect. Oliganthos (due to distinct
morphology) are spread in multiple branches through the phylogeny of the

section.
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This section appears to have its origin in southern South America, and
subsequently expanded to the rest of South America and also to North America.
In terms of morphology, apparently there is not a single apomorphic character
that is shared by all species in sect. Virginica. This is certainly the reason why
the species included in the section have never before been all placed under the
same section—there are considerable morphological differences between the
species formerly placed in sects. Virginica and Oliganthos, which is not
reflected in the phylogeny. Some plesiomorphic characters seem to be shared by
all the species in the section, such as: nerves of dead leaf never remaining on
the plant as long bristles; lamina with attenuate base or not distinguishable from
the petiole; scape not elongating conspicuously after anthesis; spike open and
cylindrical, the rachis visible between the flowers; pedicel absent; corolla lobes
longer than 1 mm; stamens 4; anthers never white; carpophore absent; mature
pyxidia pyriform, elongated. Reported chromosome numbers are 2n = 24, 48,
72 and 96, with 24 being the most common and apparently the ancestral
condition.

Our phylogenetic results indicated that the current concept of P.
catharinea is polyphyletic; this taxonomic problem, which is caused by some
populations of P. napiformis being misidentified as P. catharinea, was
discussed in detail in Hassemer (2019). We also highlight that our sampling of
P. australis, albeit limited considering its continental distribution with eight
subspecies currently recognised, clearly indicated that one of its subspecies, i.e.
P. australis subsp. cumingiana, is polyphyletic in relation to the rest of the
sampled subspecies, which formed a monophyletic clade. The monophyly of the
remainder of the sampled subspecies of P. australis does not disagree with the
current taxonomic treatment of the species (Rahn, 1974; Hassemer et al., 2015),
but also does not necessarily agree with the recognition of these taxa at the
subspecies rank. The resolution of the P. australis complex will require an

extensive sampling of populations encompassing all subspecies and preferably
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all environmentally distinct regions where it occurs, coupled with
comprehensive morphological and nomenclatural knowledge of the group.

Selected taxonomic references: Rahn (1974, 1984), complemented with
novelties in Villarroel and Wood (2011), Hassemer and Baumann (2014),
Hassemer et al. (2014, 2015); Hassemer (2016, 2017, 2019) and Hassemer and
Rensted (2016).

Species incertae sedis:

P. robusta Roxb.

Based on our results, it is not possible to ascertain the phylogenetic
position of P. robusta—unfortunately, the sample of this species that we
sequenced was contaminated with a species belonging to Plantago subg.
Coronopus. This species is endemic to Saint Helena, a small (122 km?) South
Atlantic oceanic island more than 2,000 kilometres from the nearest major
landmass (Africa). This species has aerial woody stems like other oceanic island
endemics such as P. fernandezia and P. trinitatis. However, based on
morphology we cannot infer its phylogenetic placement. Therefore, new

sampling of this species, preferably from living specimens, is necessary.

Revalidation of Plantago cumingiana

Plantago cumingiana Fisch. & C.A.Mey., Index Seminum [St. Petersburg] 3:
44-45. 1837

= Plantago australis subsp. cumingiana (Fisch. & C.A.Mey.) Rahn, Bot.
Tidsskr. 60: 48—49. 1964

Lectotype (or maybe neotype, designated by Rahn 1964): CHILE. S.d., H.
Cuming s.n. (LE-00016458! [Fig. S4]).
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In all plastome trees P. australis subsp. cumingiana did not form a
clade with the three other sampled subspecies of P. australis (P. australis
subsp. australis, P. australis subsp. hirtella and P. australis subsp. leioloma). In
the plastome tree, P. australis subsp. cumingiana is sister (BS=52%, PP=0.98)
to a clade (BS=49%, PP=0.77) which includes, among other species, P. bradei
and P. tomentosa in addition to the other P. australis samples. Although the
inclusion of P. bradei is not strongly supported, the next clade excluding it is
very well supported (BS=100%, PP=1.00). This phylogenetic evidence, in
addition to the study of several hundred specimens of P. australis from all over
its distribution, has convinced us of the need for re-establishing this species,
whose geographic dispersion does not overlap with the huge extent of
occurrence of P. australis, the most common and widespread species in
Plantago sect. Virginica (see Rahn, 1974).

Plantago cumingiana occurs in central (Valparaiso) to southern (Tierra
del Fuego) Chile, and also in southwestern Argentina, in the western parts of
the provinces of Chubut, Neuquén and Rio Negro (see Rahn, 1974; Murillo,
2012). Some morphological differences from the other subspecies of P.
australis have been observed during the revisions of herbarium collections, and
also with cultivation experiments: a taproot is often present among cord-like
secondary roots, the leaves have a slightly thicker consistency, the corollas are
slightly longer, and the length/breadth ratio of the seeds is slightly less (slightly
more globose-like than ellipsoid). However, P. australis is a morphologically
very variable species, and outlier specimens exist for most of its subspecies,
what makes us conclude that morphology alone is not enough to resolve the P.
australis species complex. This could explain why Rahn (1964, 1974) decided
to lump together over a dozen previously-accepted species in his enlarged
concept of P. australis. Our results show that the three sampled subspecies (P.
australis subsp. australis, P. australis subsp. hirtella and P. australis subsp.

leioloma) cluster together in a single clade, indicating that it is possible that
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they are conspecific, whereas P. cumingiana clearly constitutes a separate
phylogenetic branch. Our results suggest that P. australis does not occur in
Chile—all records of this species in this country are P. cumingiana instead.
Inclusion of multiple accessions and the other synonymised previously
recognised species, as well as nuclear molecular markers, is necessary to

resolve the P. australis complex in the future.

Notes on the new classification

The hereby-proposed classification system for subg. Plantago, with 11
accepted sections, recognises considerably more sections than that of Rahn
(1996), which accepted five sections (Table 1), but slightly less sections than
Pilger (1937), who accepted 13 sections (i.e. sects. Eremopsyllium,
Gentianoides, Holopsyllium, Lamprosantha, Mesembrynia, Microcalyx,
Micropsyllium, Novorbis, Oliganthos, Oreophytum, Palaeopsyllium and
Polyneuron) for the subgenus as we understand it. Compared to Rahn’s (1996)
classification, the most important changes were the transfer of the majority of
the species of his admittedly non-monophyletic sect. Plantago to six other
sections (i.e. sects. Eremopsyllium, Heptaneuron, Holopsyllium, Lamprosantha,
Leptostachys and Pacifica) and the disintegration of his sect. Oliganthos, the
species of which were transferred to sects. Mesembrynia and Virginica
following a geographically coherent pattern.

From our revised classification it is evident that some morphological
characters that have been used for classifying the species in subg. Plantago are
not appropriate to this end, as they overlap across different clades. Examples of
such are number of flowers in the inflorescences, and trichome and seed
morphology. Other characters are more conserved across the phylogeny and
therefore significant for infrageneric classification, namely flower (flower

symmetry, number of stamens, and the flowers being hermaphroditic or not)
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and fruit (fruit shape and dehiscence, and number of seeds) characters. Based on
our results, we argue that morphology remains the most adequate tool for the
discovery of new species of flowering plants, as molecular phylogenetic
techniques are still very far from being universally available, and are not helpful
when exploring the biodiversity out in the field or during herbarium revisions.
Furthermore, it should be highlighted that the correct identification of
specimens relies on morphology, and phylogenies based on misidentified
specimens are very detrimental to science. Regarding chromosome numbers,
some sections are relatively homogenous, while others present wider variation
(e.g. sects. Carpophorae, Mesembrynia, Micropsyllium and Virginica).

The considerably reduced morphology within subg. Plantago, and the
fact that molecular phylogeny evidenced that most characters formerly used to
distinguish sections are variable within and overlap between different sections,
has convinced us that an attempt to produce an identification key to the sections
of subg. Plantago would most probably result in an impractical and unusable
key, thus thwarting the purpose of an identification key which is to facilitate the
identification of specimens by non-specialists. For this reason, we do not
provide such a key here. The identification of specimens of Plantago requires
the consultation to specialised taxonomic works and regional floras, which have

paramount importance for the advancement of the taxonomic knowledge.

4.2. The application of molecular phylogeny to classification

The final alignment of the plastome dataset included 96 samples
encompassing 88 species providing a significant improvement compared to
previous studies (from 40 species, ~28% of the subgenus previous, to 83
species, ~60% here) of Plantago subg. Plantago. Ten additional samples were
sequenced, but could not be included due to too much degradation of DNA or

contamination. Although HTS approaches have proven very efficient in
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obtaining DNA from even highly degraded species in general compared to
Sanger sequencing, difficulties in obtaining samples of sufficient DNA quality
of rare and rarely collected species remains a problem. However, overall our
phylogenetic results, combined with insights from the extensive herbarium and
literature revision, has evidenced that HTS is a very promising tool to support
the resolution of taxonomic problems and we have here been able to propose a
new sectional classification of the taxonomically difficult subg. Plantago.

Our newly proposed classification departs considerably, in many
aspects, from all previous major classification systems for Plantago, all based
on morphology: Barnéoud (1844, 1845), Decaisne (1852), Pilger (1937) and
Rahn (1978, 1996). Some of the proposed changes to the most recent and
currently accepted system, Rahn (1996), re-established aspects from previous
classifications, including Rahn’s previous ideas, as in the case of sect.
Carpophorae. This had already happened before, when Rensted et al. (2002)
indicated that Plantago subg. Albicans Rahn was paraphyletic to subg. Psyllium
and argued for its merging with subg. Psyllium as discussed above. Plantago
subg. Albicans was described by Rahn (1996) as result of his phylogeny based
on morphology, and was a departure from his previous proposal, based on his
taxonomic experience and insight, to unite several of Pilger’s (1937) sections
into a much enlarged subg. Psyllium (Rahn 1978).

Despite the great value of morphology for the classification and
identification of species, the ineffectiveness of morphological phylogeny (Rahn
1996) to infer relationships within Plantago becomes evident with the results of
our molecular phylogeny. This is probably aggravated by the general
morphological reduction of most reproductive structures in Plantago, and
possibly also the parallel evolution of similar characteristics in similar habitats.
One illustrative example is the trichomes on scapes, which have repeatedly been
reported as one of the most important taxonomic characters for Plantago (Rahn,

1974, 1992, 1996, Andrzejewska-Golec, 1991; Andrzejewska-Golec and
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Swictostawski, 1993; Hassemer et al., 2014, 2015; Hassemer, 2016, 2017). Our
phylogenetic results indicate that, although this character is very useful to
classify and identify species, even closely-related species can differ
considerably.

Even so, the morphology-based phylogeny of Rahn (1996) is more
similar to our findings than molecular phylogeny based on the nuclear marker
SUCI1 (Ishikawa et al. 2009), emphasising the need for inclusion of multiple
markers and interpretation in the light of current taxonomic understanding
based on morphology, biogeography, and other evidence. A molecular
phylogeny is only reliable when the samples used are correctly identified, which
requires morphological knowledge of the taxa studied, and also nomenclatural
knowledge, otherwise it is impossible to link morphologies to names.
Furthermore, errors committed during the laboratory work, especially
contamination, can also compromise the reliability of the resulting phylogenies

and lead to erroneous conclusions in the worst case.

5. Future perspectives

Future phylogenetic research on Plantago should include the species
indicated here as incertae sedis (P. robusta), as well as P. nubicola and the New
Guinean species, which unfortunately could not be included in this study.
Taxonomic revisions are critically necessary for the African, southern Asian
and Hawaiian species of subg. Plantago. Furthermore, intensified taxonomic
work is necessary to discover and present to science the still undescribed
narrowly endemic species in sects. Mesembrynia and Virginica, whose species
numbers are certainly underestimated.

A species level phylogeny including multiple accessions of all species
and using nuclear as well as chloroplast DNA markers would greatly contribute
towards the necessary knowledge for the appropriate development and

application of conservation efforts and strategies for the narrowly endemic,
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endangered Plantago species (e.g. Hassemer and Baumann, 2014; Hassemer,
2016, 2017; Hassemer and Rensted, 2016), including the still little-understood
cryptic species (Rahn, 1974; Hassemer et al., 2015). Conservation biologists
should rely on the most reliable information available on the species, i.e. the
most updated taxonomic treatments, and consider the combined knowledge

accumulated by taxonomists and the results of new tools and techniques.
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Fig. 1. Photographs of species in Plantago subg. Plantago. A. P. eriopoda. B. P.
elongata. C. P. alpestris. D. P. euryphylla. E. P. glacialis. F. P.major. G. P. asiatica.
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Fig. 2. Photographs of species in Plantago subg. Plantago. A. P. macrocarpa. B. P.

tehuelcha. C. P. bradei. D. P. napiformis. E. P. rahniana. ¥. P. commersoniana.
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Fig. 3. Photographs of species in Plantago subg. Plantago. A. P. cordata. B. P.

triandra. C. P. spathulata. D. P. myosuros. E. P. udicola. Photo credits: Mei Lin Tay
(B, C, E) and Luis Adriano Funez (D).
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Fig. 4 (previous page). Phylogenetic hypothesis of Plantago subg. Plantago. Best tree
obtained from the RaxML analyses based on plastome data. Clades with low support
(PP<0.95 or BS<100%) are indicated. The updated classification of Plantago subg.

Plantago is shown on the right.
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SUPPLEMENTARY MATERIAL FOR

The application of high-throughput sequencing for taxonomy: the case of

Plantago subgenus Plantago (Plantaginaceae)

Gustavo Hassemer, Sam Bruun-Lund, Alexey B. Shipunov, Barbara G. Briggs,

Heidi M. Meudt & Nina Rensted

Figure S1. Specimen of Plantago rhodosperma in Texas (USA), from which DNA was
extracted. Photo credits: A. B. Shipunov.
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Figure S2. Best maximum likelihood tree based on plastome data.
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Figure S3. Best Bayesian inference tree based on plastome data.
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Herbarium (LE)

(i

Komarov Bot. Inst. St-Petersburg

Figure S4. Type of Plantago cumingiana (H. Cuming s.n., LE-00016458). Copyright:

V. L. Komarov Botanical Institute.
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Appendix Il

Hemmeligheden bag fignernes kaerlighedsliv,
evolution og religigse betydning
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Hemmeligheden om fignernes kaerlig-
hedsliv, evolution og religiose betydning

Af Sam Bruun-Lund og Nina Rensted

Figner (Ficus) er en af de storste plante-
slegter med 750-800 kendte arter. Ficus
tilherer morbxrfamilien (Moraceae), der
ogsd indeholder en raekke andre kendte spi-
selige planter som morbaer (Morus-arter),
brodfrugt (Arrocarpus altilis) og jackfruit
(Atrocarpus heterophyllus). 1 Danmark er
den bedst kendte art fra Ficus-slegten Fi-
cus carica (bomholmerfigen eller middel-
havsfigen), og det er ogsa fignerne fra den-
ne art, man kan finde som terrede 1 handlen

specielt omkring juletid. Foruden den
gastronomiske interesse for figner er figen-

Ficus hispidoides. Fignen er | virkeligheden ikke en
frugt, men en blomsterstand, der pd indersiden er
[yids med sma blomster: Foto: George Weiblen.

traver ogsh planter med en lang kulturhisto-
rie, som rackker flere tusind dr tilbage og er
nzvnt bade i Biblen og i andre religioners
hellige skrifter.

Figner i kristendommen og buddhismen
Hvis man folger Biblens skabelsesberet-
ning ordret, kom den forste beklaednings-
genstand fra Ficus-slegten. Det siges, at
efter syndefaldet dekkede Eva og Adam
sig med figenblade: "Derfor syede de fi-
genblade sammen og bandt dem om livet”
(1. Mos. 3, 7).

Man kan ogsd finde beretninger om fig-
ner i buddhismen. For buddhister er Ficus
religiosa meget betydningsfuld og vigtig.
Det var netop under et trae af dennc art,
Buddha sad og gennem meditation kom
frem til den fuldkomne viden — dvs, blev
Buddha. Ficus religiosa er derfor et sym-
bol pa leren og vejen til Nirvana, og man
kan finde Ficus religiosa i utallige hellig-
domsomrdder i Asien. Det helligste trae
findes i Anuradhapura pd Sri Lanka og si-
ges at vaere en stikling fra netop det trae,
Buddha sad under. Selve stiklingen kom til
Sri Lanka 288 f.Kr. Den lille stikling blev
sendt fra Nordindien som gave fra Kejser
Asoka. 1 1940’¢me var trieet ved at ga til af
sygdom, men trods sine mere end 1700 &r
lever det stadigvaek 1 dag.

Ficus religiosa, depomerer i herbaries ved Stavens
Nanwwhistoriske Museunt (SNM). Det var under et
tree af demne art, Buwddha opndede den fuldkomme
viden. Senere er stiklinger fra travet blevet spredt wd
over hele kloden og findes i mange helligdomsomrd-
der. Et tree of samme art kan ses i SNMs palmehis

dog uden direkie forbindelse 1il Buddhas tree. Foto:
Sam Bruvar-Lund

Ekstrem diversitet inden for slegten

Slaegten Ficus reprassenterer mere end
80% af diversiteten i hele morbaerfamilien.
Gruppen af planter, der er tettest beslegtet
med fignerne hedder Castillcae og inde-
holder kun ~60 arter, hvilket er bemarkel-
sesvaerdigt fa sammenlignet med fignemes
750-800 arter, og arteme fra Castilleae
ligner hinanden langt mere. Ficus-slagten
udviser en bred vifte af livsformer — fieks.
stedsegronne, lovfxldende, buske, traver,
epifytter, klatrende, urter og sdgar kveeler-
figner, der kvaeler kaempetracer i regnsko-
ven i kampen om en plads i sollyset. Hvad
skyldes denne ekstreme diversitet og for-
skellighed inden for én gruppe af planter?
En af de faktorer, der med stor sandsynlig-
hed har haft indfiydelse pi den utrolige di-

versitet, er fignernes unikke og raffinerede
bestovningsbiologi.

Ficus-sleegten

Felles for alle arter af Ficus er fignen. De
fleste kender fignen som en frugt pé linje
med en dadel/abrikos. Men botanisk set er
fignen ikke en frugt, men en indadvendt
blomsterstand. Man kan forestille sig en
sammenfoldet solsikke, hvor der pa inder-
siden findes en masse smd blomster tat
pakket sammen. | spidsen af fignen, mod-
sat stilken, findes en pore, kaldet ostiolen,
som er den eneste indgang til blomsteme.
Ostiolen er bekledt med skalblade og gi-
ver kun seerligt tilpassede bestovere adgang
til blomsterne pd indersiden.

Slaegten er udbredt i tropiske egne over
hele verden. Enkelte arter vil ogsd kunne
findes i Middelhavsomridet, sd som Fi-
cus carica der ogsa kan overleve pa en lun
vokseplads herhjemme. Ficus carica er
dog ikke naturligt hjemmeherende i disse
egne, men er indfort fra det vestlige Asien
og Mellemesten,

Figner og deres bestovere

Faelles for hele slagten er, at den er fuld-
kommen afhangig af en bestemt gruppe
af bestovere, nemlig hvepse af familien
Agaonidae, der til gengald benytter fig-
nerne som wg-udklaekningssted. Figner-
nes bestovningsbiologi har udviklet sig
til et utroligt samspil, som ogsd involve-
rer snyltehvepse, der ikke bidrager med
bestovning. Bestevning foretages af en
hvepsehun, der kravler ind 1 fignen gennem
ostiolen. Hvepsen mister sine antenner og
vinger i kampen om adgang til de ellers
ufremkommelige blomster p& indersiden.
Hos nogle hvepsearter har hunneme ser-
lige pollenseekke med pollen fra en tidli-
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Appendix IV

Pressemeddelelse:
20 sjeeldne figentraeer til Botanisk Have
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20 sjeeldne figentraeer til Botanisk Have — Kebenhavns Universitet

Uddannelser pa KU  Forskning pa KU  Nyheder Samarbejde Bessg KU

Statens Naturhistoriske Museum

Om KU Seg...

25/02/2019, 15.49

HelekU ~ | Q

—@
Statens Naturhistoriske SNM > Nyheder > Alle nyheder > figentraeer
Museum
11. december 2017
) Forside . . . .
. 20 sjeeldne figentraeer til Botanisk Have
) Udstillinger
» Aktiviteter JULEGAVE PA FORSKUD Figner er meget mere end sed julekonfekt med
3y Kalender chokolade og pynt. Figentraeerne er en slaegt af traeer, der har vaeret
X utrolig succesfulde. De findes i dag bl.a. som slyng-figner, der vokser pa
> Skoletjenesten

sten eller i vand, som store savannetraer kaldet banyans og som kaeempe

Nyheder kveeler-figner, og for forskerne er det lidt af en gade, hvorfor slaegten har
> Medarbejdere haft sa stor succes. Forleden fik Botanisk Have i Kebenhavn en
Y Om os ekstraordinaer stor julegave. Endda pa forskud. Intet mindre end 20 nye

sjeldne figentraeer, der snart vil kunne opleves i Palmehuset, og som pa

) Praktisk information " . A A
sigt skal gore forskerne klogere pa den tropiske plantes kringlede
stamtree.
» Forskning - Fignelf er ikke k_un (.jen éne art, vi
y Samlinger qfte spiser omkring juletid. Der
findes et sted mellem 750-800 arter,
) Uddannelse

som vokser over det meste af
verden, hvor der er varmt. | Botanisk
Have har vi i forvejen en fin samling
af store og gamle figentraeer, men
den er nu blevet udvidet med unikke
arter fra blandt andet Asien,
Australien, Afrika og Sydamerika.
Dermed fér vi nu en af verdens
vigtigste levende samlinger af
figentraeer, siger Sam Bruun-Lund, der er ph.d.-studerende ved Statens
Naturhistoriske Museum, som Botanisk Have hgrer under. Han tilfgjer:

v

Statens Naturhistoriske Museum

- For en botaniker som mig er det her meget bedre end juleaften.

Udplantes i Palmehuset

Overtagelsen af fignerne er resultatet af et samarbejde mellem forskere og
gartnere fra Statens Naturhistoriske Museum og Arboretet og Botanisk Hage,
Universitetet i Bergen, Norge.

- Figentraeer er en helt speciel og unik gruppe af planter, som har vaeret
fantastisk succesfulde med at tilpasse sig mange forskellige levesteder. De
nye planter skal bade bruges til DNA-arbejdet i forbindelse med
kortlegningen af fignernes slaegtskab og udbredelseshistorie, til undervisning
og uddannelse af studerende pa vores kurser ved Kgbenhavns Universitet og
ikke mindst til forskellige formidlingsarrangementer i Botanisk Have, siger
Sam Bruun-Lund og tilfgjer:

- | gjeblikket er vi i fuld gang med at udplante figentraeerne i Palmehuset, sa
publikum straks kan fa gleede af dem.

Et stamtrae for alle arter

Det er et stort projekt at flytte s& mange tropiske traeer ind i de levende
samlinger, og bade gartnere og forskere fra begge botaniske haver har
hjulpet til for at fa den ekstraordineere store julegave pa plads.

Figentraeerne skal fremover indgar i et stort forskningsprojekt ledet af
professor Nina Rensted og ph.d.-studerende Sam Bruun-Lund. Projektet er
finansieret af Det Fri Forskningsrad.

Projektets mal er at producere et stort stamtree for alle 800 arter af figner for
derefter at kunne forklare, hvorfor lige fignerne er blevet sa forskellige, og at
der er sd mange arter i forhold til andre plante-grupper, der vokser de samme
steder.

https://snm.ku.dk/SNMnyheder/alle_nyheder/2017/2017.12/20-sjaeldne-figentraeer-til-botanisk-have/

Relaterede nyheder

Gymnasieelever lzerer at finde
ny malariamedicin i regnskoven

21.nov. 2017

Naturhistorisk gave til alle
05. dec. 2017

Kontakt

Sam Bruun-Lund

Botaniker, Ph.d.-studerende
Statens Naturhistoriske Museum
Kebenhavns Universitet

Mail: sam.bruunlund@snm.ku.dk
Mobil: 22 44 59 03

Foto

Fotos pa denne side ma bruges i
forbindelse med presseomtale af
historien. Klik pa billederne for at
downloade dem i hgj oplesning.
Krediter venligst fotografen.
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20 sjxlane figentracer til Botanisk Have -~ Kabenhavns Universitet 25/02/2019, 15.458

Til DNA-arbejdet anvendes bide de
levende samlinger | Botaniss Have
og hundredevs of tarrede
indsaminger fra museets
herbarium. Med statte fra
Carksbergfondet ykkedes det ogsd
at 13 indsamiet figner | Australien |
sommers.

Der vil Iabende bive formidiet om
projeitets fremskidt | Palmehuset,
Freoe figentraserne nu bliver plantet
sh ale kon falge med og leere mere
om de fantastisce figrer

Statens Naturhistorn Nuseum

Kabenhawns Univers

nm@srm ko ds

NODS ATIONER ‘ -
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