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ABSTRACT

RESOLVING GNETUM EVOLUTIONARY HISTORY
by
Angela McFadden
2016
Gnetum are non-flowering seed plants of the tropics, indigenous to South
America, Africa, and Asia. This group of about 40 species is fascinating to botanists
because it shares distinctive morphological characteristics with flowering plants, such as
broad leaves, woody stems, and flower-like strobili. There are still questions surrounding
the relationships within the genus of Gnetum. With that in mind, I focused my work on
generating phylogenetic hypotheses, using two molecular data sets: a concatenation of
over 60 different chloroplast genes (66,815 base pairs), and the whole chloroplast
genome (128,772 base pairs). This allowed me to compare the two phylogenies and
assess whether adding non-coding regions increase phylogenetic resolution. Statistical
tests determined that the data were sufficient to answer questions about deep splits, and to
resolve the branches within the genus. | used each of the two data sets to infer Maximum
Parsimony and Maximum Likelihood phylogenetic hypotheses for 18 species of Gnetum.
Confidence levels for most nodes were very high, and trees show clades consistent with
biogeography. My bootstrap results suggest that the South American clade may not be the
earliest diverging lineage, although statistical tests support the South American clade at

the base of the Gnetum tree.
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CHAPTER I
INTRODUCTION
This research investigates the phylogenetic relationships of the species of the
genus Gnetum. Gnetum is a genus of gymnosperms, non-flowering seed plants,
interesting because of its angiosperm-like morphology, and suspected Gondwanan
vicariance (where the modern distribution of the genus is due to the breakup of the
supercontinent of Gondwana). | used chloroplast genome sequences and chloroplast
protein coding genes to generate phylogenetic hypotheses using Maximum Likelihood
and Maximum Parsimony approaches. | have compared my results to two earlier studies
of Gnetum, each based on much less DNA data.
PHYLOGENETICS AND ITS VALUE
Phylogenetics is the inference of the evolutionary history and relationships of
groups of organisms. This inference can be accomplished in a few different ways.
Comparing shared morphological and physiological characteristics has been a standard
phylogenetic methodology since before the term “phylogenetics” was used to describe
the process. The comparison of morphological characteristics to determine evolutionary
relationships is, often, the only way to conduct phylogenetic studies in relation to fossils,
which are often devoid of DNA. Today, baring work with fossils, phylogenetic analyses
conducted using molecular data is more common. This is, in part, due to the large amount
of data that can be gained from DNA. Thousands of characters can be analyzed for

common ancestry, which can lead to powerfully significant results.



It has been well established that having a solid phylogenetic framework is
important for many biological fields (Soltis & Soltis, 2003). These fields include, but are
not limited to ecology, evolutionary biology, and bioprospecting. Phylogenetics
contributes to ecology mainly in terms of conservation. With the rapid extinction of
species in recent years, a focus on maintaining ecological diversity has increased. Saving
all extant species is improbable, but by having a complete phylogenetic framework, we
may be able to save enough species from each clade or taxonomic group that a genus may
retain enough diversity to survive and, perhaps, produce future speciation (Vane-Wright
etal., 1991).

Phylogenetics contributes to evolutionary biology by helping us to understand the
connections between living species and their ancestors. By understanding how genetic
changes formed extant species, we can make predictions about how species may evolve
in the future. In addition, knowing the evolution of a group or genus can lead to discovery
of shared characteristics, including nitrogen-fixing symbioses, chemical defense
mechanisms, and other complex pathways (Soltis & Soltis, 2003).

Bioprospecting is another common use for phylogeny. A well-resolved phylogeny
guides workers looking for bioactive compounds useful for drugs. For example, taxol, a
chemical compound extracted from Taxus brevifolia by Wani et al. (1971), was found to
be an effective cancer-fighting agent. As only small amounts could be obtained from the
thick bark of Taxus brevifolia, large-scale production of this drug was hindered

(Kingston, 2016). Fortunately, in 1982, Chauviere et al., determined that the species most



closely related to T. brevifolia, the more common T. baccata, has a precursor to the taxol
compound, and mass production of the, still popular, drug began.
USING CHLOROPLAST DNA AS A PHYLOGENETIC MARKER

Chloroplast DNA (cpDNA) is commonly used for plant systematics, because: 1) it
is the easiest genome with which to work; 2) it is present in high copy number in the leaf
tissue; 3) the gene order within cpDNA is highly conserved in land plants (Palmer et al.,
1988) and so PCR and alignment of the resulting sequences is straight forward; 4)
thousands of published cpDNA sequences are available for comparison; and, 5) the
genome is small enough to be tractable, yet large enough to contain many variable
characters.

The cpDNA is isolated from the chloroplast, the organelle within plant cells that
performs photosynthesis. The chloroplast was once a free-living bacterium that was
engulfed by an ancestor of the modern plant cell. Because of its bacterial ancestry,
cpDNA is circular and separate from the nuclear genome of the cell. Most chloroplast
genomes are comprised of four sections: the large single copy region (LSC), the small
single copy region (SSC) and two sections that are separated by the SSC and LSC, the
inverted repeats (IR) (Raubeson et al., 2005). The IRs of chloroplast genomes range in
size from 10 kilobase (kb), as in Osmunda cinnamomea, to 25 kb, as in most angiosperms
(Palmer et al., 1986), and were found to be approximately 19kb in Gnetum (Hsu et al.,
2015, Mao et al., 2015).

The chloroplast genome, on average, is between 120 and 160 kb (Raubeson et al.,
2005), but the cpDNA of Gnetophytes (Welwitschia, Ephedra, and Gnetum) is even
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smaller and more compact than other land plants (McCoy et al., 2008; Wu et al., 2009).
Welwitschia has the largest cpDNA of the Gnetophytes, with a total of ~118,000-119,000
(McCoy et al., 2008; Wu et al., 2009). The smallest of the Gnetophyte chloroplasts seem
to be found in Ephedra. Wu et al. (2009) published the complete cpDNA of Ephedra
equiseta with a total of 109,518 bp. In the same study, Gnetum parvifolium was found to
be 114, 914 bp. Other complete Gnetum plastids (including G. ula, G, montanum, G.
gnemon, and G. parvifolium) have revealed similarly small plastids, with sizes ranging
from 113,249-115,022 bp (Hsu et al., 2015; Mao et al., 2015; Zhu et al., 2015; Wu et al.,
2009).

INTRODUCTION TO GNETUM

Gnetum are indigenous to South America, Africa, and Asia. The vegetative
morphology of Gnetum are characterized by its broad leaves and woody stems. Most of
the species are lianas, though some take the form of trees or shrubs. All 41 recognized
species (WCSP, 2011) are dioecious and, along with the rest of the Gnetophytes
(Welwitschia and Ephedra) undergo double fertilization, making Gnetophytes unique
among non-flowering seed plants (Uno et al., 2001; Friedman & Carmichael, 1996).

In West and Central Africa, these plants, specifically Gnetum africanum and G.
buchholzianum, play a large role in the economy. Individuals harvest the edible leaves to
process, dry, and sell at markets. A socio-economic study found that in Cameroon and
Nigeria especially, the economy was essentially sustained by the sale of these plants
(Fuashi et al., 2010). In the same study, they described harvesting techniques. As with
many of the Gnetum species, G. africanum and G. buchholzianum are lianas, or climbing
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vines. In order to harvest the edible leaves, people will either pull or cut down the vine,
sometimes going so far as cutting down the tree that the vine occupies. These harvesting
methods have led to concerns about the conservation of species in the wild. To help
relieve pressure on the wild populations, researchers are encouraging cultivation of G.
africanum and G. buchholzianum (Ndam et al., 2001).

Other studies focus on the uses of Gnetum as a source of medical treatment. One
study by Tan et al. (2013) found that Gnetum gnemon, a wide-spread Asian species, long
used as a source of food, also has medicinal uses. Extracts were found to contain anti-
quorum sensing (QS) properties. Quorum sensing is a bacterial form of communication
which aids in colony formation and conjugation. The ability to disrupt this process means
that studying the chemical components of these, and other similar specimens, could be
vital in the fight against antibiotic resistant strains of bacteria. Species most closely
related to G. gnemon should be investigated for similar anti-microbial properties.
Phylogenetic studies, like mine, help to resolve those species relationships.

THE PLACEMENT OF GNETUM AMONG OTHER SEED PLANTS

Gnetum belongs to the Gnetophytes, a monophyletic group of non-flowering seed
plants that includes only three genera — Ephedra, Welwitschia and Gnetum. Although
occasional debates about the naturalness of the group have arisen, most data supports the
monophyly of the three genera . The morphological similarities (especially in the cones
and ovules) between the three genera were first detailed by Hooker (1863). Later,
cladistic studies based on morphology have supported monophyly (Doyle, 1996;
Friedman & Carmichael, 1996; Price, 1996) as have studies using molecular data (Chase
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et al., 1993; Price, 1996, and many others). In most of these studies, Gnetum and
Welwitschia have been found to be sister taxa, with Ephedra as a basal clade. Thus,
Welwitschia is the most appropriate outgroup taxon for a Gnetum phylogenetic analysis.

The placement of the Gnetophytes within the seed plants is contentious. Although
I will not be addressing this question in my research, it is worth discussing here as it does
influence some phylogenetic work within Gnetum. There are four major hypotheses of
gnetalean relationships relative to the other extant seed plants: Anthophyte, Gnetales-
Sister, Gnetifer, and Gnepine (Figure 1). The Anthophyte hypothesis states that
Gnetophytes are a sister group to Angiosperms. Gnetales-Sister refers to a relationship
where the Gnetophytes are a sister to the four other extant seed plant lines. Gnetifer refers
to Gnetophytes and conifers being sisters, and Gnepine refers to Gnetophytes and the
conifer family Pinaceae (separate from other conifers) as sisters.

In his description of the genus Gnetum, Hooker (1863) pointed out the similarity
in appearance of the strobilus of Gnetum to flowers of some angiosperms. Scalariform
pitting was also found in the vessels of both Angiosperms and species of Gnetum
(Muhamad & Statler, 1982). Furthermore, Ephedra and Gnetum share the specialized
reproductive mechanism, double fertilization, with flowering plants, although there are
slight differences in the process. As double fertilization is only seen in Angiosperms and
Gnetophytes, it could be seen as a homologous trait (Friedman & Carmichael, 1996).
This in combination with vasculature of the leaves and the fleshy (“berry-like”) seeds,

made botanists wonder whether there could be the phylogenetic link between



Gnetophytes and angiosperms. The idea of a Gnetum/Angiosperm sister relationship

became known as the Anthophyte hypothesis.

Anthophyte Gnetales-Sister
Angiosperms  Gnetophytes Gnetophytes
Gnetifer Gnepine
Angiosperms %  Gnetophytes Non-Pinaceae Angiosperms Gnetophytes Pinaceae

Conifers

Figure 1 Gnetophytes’ placement in relation to other seed plants. The symbol (*) indicates all
other seed plant genera not specifically mentioned.

There are morphological traits that explicitly contradict the Anthophyte
hypothesis, however. For example, Gnetum species have circular pitting, similar to the
structure found in conifer tracheids, suggesting a Gnetifer or Gne-Pine relationship.
Later, molecular studies were conducted, and those, in the main, did not support the
Anthophyte hypothesis (see review in Magallén & Sanderson, 2002 and Burleigh &

Mathews, 2004).



Multiple molecular studies using various methods have lent support to one of the
latter three hypotheses. Early molecular studies commonly supported Gnetales-Sister,
whereas later studies were more likely to support the Gnetifer and Gnepine relationships.
To identify which problems may have contributed to this confusion (e.g. disparate
sampling sizes, rates of nucleotide changes across sites, choice of criterion) and address
them, Burleigh and Mathews (2004) examined molecular data from multiple sources.
Their analyses supported the Gnepine hypothesis. Though this was their best-supported
topology, they state that the rare genomic changes that support a Gnetifer relationship
should be further explored. Though the knowledge of Gnetophytes' relationships to other
seed plants does not pertain directly to my thesis, the data from this study will contribute
to work that is addressing this issue, through the Gymnosperm Tree of Life (GToL)
project.

PREVIOUS WORK ON THE RELATIONSHIPS WITHIN GNETUM

Markgraf’s 1930 monograph of Gnetum is the current standard for the
classification. In this monograph, he described his belief that the lianas evolved from the
arborescent species. He described two sections of the genus: Section Gnetum and Section
Cylindrostachys Markgr. The sections do not solely follow geographic distribution, but
were based on a combination of geographic distribution and morphological similarities,
such as the color of the leaves when dried and the shape of male spikes, between taxa
(Table 1). Section Gnetum contains the African and S. American species, but also the

arborescent species, which are found in Asia.



Table 1 Classification of Gnetum Species and Their Inclusion in Phylogenetic Studies

Markgraf, 1929 Geographical Won & Hou et al., This Study
Distribution Renner, 2015
2006

Section Gnemonomorphi Markgr.
(Gnetum Sect. Gnetum)

Subsection Eugnemones Markgr. Asia
1. G.gnemon L. 1. Yes 1. Yes 1. Yes
2. G. costatum K. Sch. 2.Yes 2. Yes
Subsection Micrognemones Markgr.  Africa
3. G. africanumWelw. 3. Yes 3. Yes 3.Yes
4. G. buchholzianum Engl. 4.Yes 4.Yes
Subsection Araeognemones Markgr.  S. America
5. G. camporum Makagr. 5. Yes
6. G. nodiflorum Brongn. 6. Yes 6. Yes 6. Yes
7. G. leyboldii Tul. 7.Yes* 7.Yes 7.Yes
8. G. paniculatum Spruce ex 8. Yes 8. Yes*
Bentham
9. G.schwackeanum Taub. 9. Yes 9. Yes
10. G. urens (Aubl.) BI. 10. Yes 10. Yes 10. Yes
11. G. venosum Spruce ex
Bentham
Gnetum Section Cylindrostachys
Markgr.
Subsection Stipitati Markgr. Asia
12. G. arobreum Foxw.
13. G. contractum Markgr
14. G. gracilipes Cheng
15. G. latifolium BI. 15. Yes 15. Yes 15. Yes
16. G. montanum Margr. 16. Yes 16. Yes
17. G. oblongum Markgr.
18. G. pendulum Cheng 18. Yes
19. G. tenuifolium Ridl. 19. Yes 19. Yes
20. G. ula Brongn. 20. Yes 20. Yes* 20. Yes
Subsection Sessiles Markgr. Asia
21. G. acutum Markgr. 21. Yes 21. Yes
22. G. bosavicum Markgr.
23. G. cuspidatum BI. 23. Yes 23. Yes
24. G. diminutum Markgr. 24. Yes 24. Yes 24. Yes
25. G. gnemonoides Brongn. 25. Yes 25. Yes 25. Yes
26. G. cleistostachyum Cheng
27. G. globosum Markgr.
28. G. hainanense Cheng 28. Yes 28. Yes 28. Yes
29. G. Kklossii Merrill 29. Yes 29. Yes 29. Yes
30. G. leptostachyum Bl 30. Yes
31. G. lofuense Cheng 31. Yes
32. G. loerzingii Markgr.
33. G. macrostachyum Hooker 33. Yes
34. G. microcarpum BI. 34. Yes 34. Yes
35. G. neglectum BI. 35. Yes 35. Yes




36. G. oxycarpum Ridl.

37. G. parvifolium Cheng ex 37.Yes 37. Yes 37. Yes*
Chun
38. G.raya Markagr. 38. Yes 38. Yes 38. Yes

39. G. ridleyi Gamble

This table contains the classification and geographical distributions of Gnetum, in the phylogenetic
framework established by Markgraf (1929), as seen in Price (1996).

A number followed by a “Yes” gives reference to which taxa (as listed in the Classification column)
are used in the three topologies of Gnetum discussed in this manuscript, those being: Won and
Renner (2006), Hou et al. (2015) and my study.

An asterisk (*) denotes that a species was included in the phylogeny under an accepted synonym of
the species.

Won and Renner (2006) published a molecular phylogeny for the species of
Gnetum (Figure 2); however, the main focus of this study was not the phylogenetic
resolution of the genus. Their goal was to apply current dating techniques to a genus that
(at the time) had no fossil record (possible Gnetum fossils have since been recovered). In
order to apply a molecular clock analysis, they needed a topology within the genus, but
their calibration fossils were outside the genus. Their Gnetum phylogeny, therefore, was
inferred from their analysis of two different data sets.

For the first analysis, Won and Renner (2006) wanted to include Welwitschia,
Ephedra, and other seed plants as outgroups, but due to an inability to align all these
sequences across the Gnetophytes, they performed outgroup-based analyses using only
two (rbcL and matK) chloroplast genes, which were conservative enough to meet the
requirements for the alignment, but were too uninformative to resolve the branches
within Gnetum. To resolve those braches, they conducted a second analysis, containing
only Gnetum species, inferred from six loci: three chloroplast loci, two nuclear loci, and

one mitochondrial. Based on the topology of their first two-gene phylogeny, Won and
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Renner (2006) rooted their main Gnetum species tree (constructed with a concatenation
of the six loci stated above), using the S. American taxa as a functional outgroup.

Won and Renner applied a rate analysis to determine the ages of the nodes in their
topology. Based on their dating results, Won and Renner’s data supported a divergence
time that suggested Gnetum s radiation was not Gondwanan, and thus the species
underwent two distinct intercontinental dispersal events in the Eocene and Oligocene
epochs; one dispersal event occurring from South America to Africa, and a second event
from Africa to Asia. This work raises interesting points about the distribution of Gnetum,
but it also highlights the need for further study.

Hou et al. (2015) built on the work of Won and Renner (2006) by including taxa
that were not present in the Won and Renner data set, such as the second African taxa G.
buchholzianum, and adding multiple accessions of many species to address delimitation,
which was missing in Won and Renner’s 2006 publication. Hou et al. also indicated that
the lack of support for some of the nodes in Won and Renner’s study, particularly in
regards to the deep divergences, supported the need for additional study. With the above
issues as a basis for further work, Hou et al. inferred a phylogeny using a total of 27
species, and implemented their own dating study.

Hou et al. (2015) used five genetic markers, a mixture of three nuclear genes
(18S, 26S, and nrITS) and two chloroplast genes (rbcL and matK), which are two of the
plastid genes used by Won and Renner (2006), giving them a total of 7,605 base pairs
(bp). The resulting phylogeny showed three major clades, grouped by continent (S.
America, Asia, and Africa), and the same basal split between the South American clade

11



and the rest of the genus (S. American-basal hypothesis) that was seen in Won and

Renner (2006), with the African and Asian clades being sisters.

Hou et al, Won & Renner,

2006
2015 G. acutum -

G. diminutum
G. klossii

G. ula

G. latifolium

| BISY

G. ula

G. montanum

G. hainanense -

R

G. indica -

Gnetum Sect. Cylindrostachys

I G. gnemonoides |

G. gnemon i

1
]
Il BISY

B G. africanum .

o G. bucholzianum a =

€LY

G. urens -

L G. leyboldii 1

Gnetum Sect. Gnetum
J 1

ROLIBWY 'S

— G. nodiflorum —

W. mirabilis

Figure 2 Topologies from previous Gnetum studies (Hou et al., 2015, Won & Renner, 2006);
branch lengths are not drawn to scale. Sections are labeled according to categories determined by
the original researchers. Colors are a reference to the clades found in the topologies of this study
and are consistent throughout. Only those species included in the current study are shown.
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The major difference seen in the topology of Hou et al. (2015) was in Gnetum
Sect. Cylindrostachys. Hou et al. (2015) supported a monophyly of Gnetum Sect.
Cylindrostachys, whereas Won and Renner (2006) did not. This difference can be noted
in Figure 2, where G. gnemonoides is as the sister to G. gnemon in Won and Renner’s
(2006) topology, but G. gnemonoides is sister the all the other members of section
Gnetum Sect. Cylindrostachys in the Hou et al. (2015) topology.

The dating study of Hou et al. (2015) returned very different results than the Won
and Renner analysis. With the help of two possible Gnetum fossils described in 2009 and
2010 (Guo et al., 2009, Rydin & Friis 2010), Hou et al. (2015) hypothesized an earlier
divergence, in the Cenozoic era. With the earliest divergence occurring in the Cenozoic,
Gondwanan vicariance cannot be ruled out as a possible explanation for the current
distribution of Gnetum.

JUSTIFICATION

When | began this work, the only phylogeny of the genus Gnetum was inferred by
Won and Renner (2006). Due to their interest in dating techniques rather than
phylogenetic resolution, the researchers did not fully explore their phylogenetic
hypothesis in their 2006 study. The genus level phylogeny of Gnetum was based on 8,957
bp from six loci, two of which are the highly conserved, and therefore less informative,
rbcL and matK. In addition, only two of these loci were used to test their basal clade. This
two gene data set supported the S. American taxa as the basal clade; this clade was then
used to root the species level topology. Also, Won and Renner did not perform a
Maximum Likelihood (ML) bootstrap analysis nor did they perform any additional
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statistical analyses, such as a Shimodara-Hasawaga (SH) or Shimodara Approximately
Unbiased Test (AU). The results of the dating analysis support Gretum s earliest
divergence occurring relatively recently, in the Oligocene epoch or later. This would
mean that two distinct long distance dispersal events over salt water must have occurred.
This result was in contrast to the common thinking that Gnetum was one of a limited
number of examples for Gondwanan vicariance. The limited data set, lack of statistical
testing of their basal clade, and Oligocene divergence timeline all justified further
research into the genus Gnetum.

As | was working on my project, Hou et al. (2015) improved upon the work of
Won and Renner by adding additional taxa and multiple representatives of each species.
Only the resolution of the Asian species (the shortest branches of the phylogeny)
benefited from the inclusion of multiple accessions. Though Hou et al. (2015) improved
upon the number of species and accessions, they inferred their phylogeny from slightly
fewer nucleotides, and also lacked ML bootstrapping and additional statistical tests. The
resulting topology (Figure 2) shows some differences from that of Won and Renner,
specifically in relation to which species are most closely related to G. gnemon, which is
of special interest due to its anti-microbial compound. In Hou et al., G. gnemonoides is
not even within the same monophyletic group as G. gnemon, although the two are
reported as being part of the same larger clade, referred to as Asia I, by Won and Renner.

The Hou et al., dating analysis returned a very different result from that of Won
and Renner, 2006. Hou et al. estimated a Cretaceous basal divergence, approximately 50
million years earlier than the Won and Renner Oligocene estimate. If the Cretaceous
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divergence is correct, then oceanic long distance dispersal would not have been required;
Gondwanan vicariance could be a possibility for Gnetum. In addition to needing better
statistical testing, differences in the results of the two studies, led to a need for a larger
data set to resolve the issue.

The results of my research should further our phylogenetic understanding of
Gnetum. Both of the prior studies described used fewer than 10,000 bp to estimate their
phylogenies, | have generated a data set with over 100,000 bp. | have used this data set to
create a well-supported phylogeny, with multiple species from each of the major clades,
and well supported P values when additional statistical tests were applied to the major
clades. My robust data set not only helped to add substantive statistical support for the
various branches of Gnetum clades, but will further refine the distribution timeline once a

rate analysis is applied.
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CHAPTER II
METHODS

DNA EXTRACTION

Members of the Raubeson Lab and Gymnosperm Tree of Life group had obtained
raw sequence data for nine species of Gnetum before | started work on the Gnetum
phylogeny. | worked to add additional species to the study. | obtained aliquots of isolated
DNAs and 74 dried herbarium samples from Sarah Mathews at CSIRO, Canberra,
Australia. After sorting out samples for which | already had libraries (Table 2), |
performed a total of 22 total genomic DNA extractions from the dried tissue. The
herbarium samples were a challenge to work with, but fresh material could not be
obtained. Degradation was one of the issues faced. Some of the DNA was already
degraded to the point where the bulk of the fragments were 100 to 200 bp long, or
smaller, and therefore, not ideal for library construction. On any samples with visible
herbarium glue, the glue was removed from the leaves before beginning the extraction.

My extraction process consisted of adding 0.3 g of dried plant leaf tissue to a
microcentrifuge tube. Liquid nitrogen was added to the tube, and plastic pestles were
Liquid nitrogen was added to the tube, and plastic pestles were used to crush the plant
tissue into a powder. From this point, the extraction occurred as per the Nucleon
PhytoPure DNA Extraction Kit instructions (GE Healthcare UK Limited,
Buckinghamshire, UK). As the extractions seldom yielded a precipitate that would have

been easily removed from the surrounding liquid, additional steps, which included a



centrifuge and washing step, were performed on the extractions before being re-
suspended in a buffer solution.

Once | completed the extraction process, 2 pl of DNA was run on an agarose gel
to determine the fragment sizes, and the Qubit fluorometer 2.0 (Invitrogen, Carlsbad, CA,
USA) was used per manufacturer’s instructions to measure the concentration of each
sample, a total of 114 in all. I conducted these tests on the 22 extractions, and also on the
92 Gnetum DNA aliquots provided by Sarah Mathews. Seventeen of those 114 samples
had concentrations high enough to fit the input requirements (1 pg of DNA in 50 ul)
continued to the TruSeq library construction steps.

Table 2. List of Species and the Source of Materials for This Study.

Library
Species Extraction Preparation Source
G. acutum Markagr. B A K.M. Wong 599 12
G. africanum Welw. A A S. Lisowski 47293
G. buchholzianum Engl. A A 749 K 0006076
G. diminutum Markgr. B A SM 13-100
G. gnemon L (Reference) - - Genbank NC_026301
G. gnemon L B A SM 13-82
G. gnemonoides Brongn. B B SM 09-64a
G. hainanense Cheng B B SM 09-65b
G. indicum (Lour,) Merr. B B DS 19791010
G. klossii Merrill ex Markgr. B B SM 09-66b
G. latifolium BI. B B SM 09-67a
G. leyboldii Tul A A Won 513
G. montanum Markgr. B B NYBG 224/84-A
G. nodiflorum Brongn. B B SM 09-69a
G. pendulum Cheng A A SM 13-118
G. ula Brongn. B B SM 09-71a
G. urens BI. B B DSs.n.

W. mirabilis (cp genome) Genbank NC_010654.1

Under the Extraction and Library Preparation headers A = completed by Angela McFadden, B =
received sample or data from another source.

SM = Sarah Mathews, NYBG = New York Botanical Gardens DS = Dennis Stevenson. The
characters following the individual or institution refer to a reference number from the source
location.
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LIBRARY CONSTRUCTION

For the library construction, the TruSeq Library Preparation High Throughput Kit
(Mumina Inc., San Diego, CA, USA) was used, but as we had only 17 samples to
prepare, the TruSeq protocol for Low-Throughput was used per the manufacturer’s
instructions, except where indicated. To create DNA fragments of the size indicated in
the protocols, samples were sheered via ultrasonic sonication, using the Sonic Wave
Digital Ultrasonic Jewelry Cleaner, for a duration of 90-180 seconds. The sizes were
confirmed using electrophoresis on an agarose gel, and compared against a size marker.
This process was repeated until the fragments were concentrated around 400 to 500 bp.

The next step in library preparation cleaved overhangs on the DNA to create blunt
ends, and then added phosphate groups to the 5’ ends, which is required for ligation.
After the blunting step, the MinElute PCR Purification Kit (Qiagen, Hilden, Germany)
was used, per the instructions, except that | eluted 15 pl with EB (MinElute PCR
Purification Kit) in the final step which allowed for the correct amount of liquid to
continue to the adenylation of the 3’ ends, which adds an adenine (A) to the 3° ends of
the DNA fragments.

Once adenylation was complete, | added the appropriate adapter to each sample.
The adapters are specific identifying sequences that, once ligated to our samples, allowed
us to have targets for sequencing, and allowed for multiplexing. For five of the samples
(G. diminutum, G. pendulum, G. gnemon, G. buchholzianum, and G. africanum) I ligated
the adapters per the instructions (incubation for 10 min at 30°). In an attempt to make
ligation more effective, the other species (G. leyboldii, G. acutum, G. arboretum, and G.
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schwackeanum) had a slightly altered ligation protocol. This protocol consisted of adding
the kit components, but instead of using the provided Resuspension Buffer, a 1% PEG
solution was added (Pfeiffer & Zimmerman, 1983). In addition to the PEG, the ligation
times were altered. The samples were ligated at 4°, overnight. For G. leyboldii only, the
DNA and adapters were heated to 65° for five minutes before ligation.

After ligation was stopped, a cleaning step was performed using the MinElute
PCR Purification Kit protocol per the instructions, except, that the DNA was eluted in 20
ul of EB. The ligated samples were then subjected to size separation via TAE agarose
electrophoresis to separate the unincorporated adapter sequences. A brief ethidium
bromide (EtBr) stain allowed viewing on a transilluminator, and the desired DNA, at
around 500 bp, was cut from the 2% TAE agarose gel.

Polymerase Chain Reaction (PCR) was used to multiply the library fragments. In
an attempt to produce more of the desired product and reduce the amount of primer-dimer
in the PCR products, | began altering the amount of reagents used. | used less primer
cocktail (kit) and replaced the volume with resuspension buffer (kit). This provided some
improvement, but | still saw bands of primer dimer. To further purify the PCR product, |
began extracting the DNA from the agarose using the Qiagen Gel Extraction protocols
(per instructions).

Once completed, some of the PCR products had a cleaning step performed on
them. After viewing on an agarose gel, | determined that further size selection was
required (due to the copious amounts of primer-dimer | was still receiving). To do this, |
loaded the PCR products on 2% TAE gels and proceeded with a second size selection,
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removing the sections of the lanes between 400 and 1000 bp and removed the DNA from
the agarose using QIAquick Gel Extraction protocol (Qiagen, Hilden, Germany), per the
QIAquick Gel Extraction instructions. Samples obtained from like species were
combined (as an example, more than one G. buchholzianum library was completed, using
the same adapter, and so all G. buchholzianum samples were combined into one aliquot),
and the concentration of each of the samples was determined using the Qubit fluorimeter
2.0, the target concentration being 1 pg.

Using this information, | pooled the completed libraries, which were then
concentrated using a MinElute column. The combined libraries were eluted in 15 pl of
Elution Buffer (EB). The pooled and multiplexed libraries were sent to Harvard
University for single-end Illumina sequencing. Harvard returned the de-multiplexed data.
BIOINFORMATICS

The millions of 101 bp single-end sequencing reads that were returned from
Harvard were then trimmed by quality as well as the standard removal of adapter
artifacts. 1 used Trimmomatic 0.3 (Bolger et al., 2014) for this task. I also trimmed by
removing the low quality nucleotides at the start and end of each read. Next, 1 used a
sliding window trimming technique to ensure quality throughout the entirety of each
read. Lastly, | removed reads less than 50 bp long, and those that scored below an
average Phred score quality of 20 (Figure 3). After removing all Illumina artifacts, |
further refined the data by using a variety of trimming methods. The remaining reads

(Table 3) had very high quality scores (32-40 Phred quality).
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| assembled the remaining reads against the G. gnemon chloroplast sequence
using the Geneious 8.0.5 (Kearse et al., 2012) “Map to Reference” function, which uses a
combination of reference-guided and de novo assembly. The chloroplast sequence is the
complete plastome sequence from the National Center for Biotechnology Information
(NCBI) (NC_026301).

In addition to basing phylogenetic analysis on the complete plastome genome, |
performed analyses using specific chloroplast genes (Table 4). After assembly using the
G. gnemon plastome complete sequence from NCBI, the chloroplast genes for each
species were attained by using a transfer of annotation feature in Geneious 8.0.5 (Kearse
etal., 2012). Each of the subsequent assemblies were submitted to MAFFT’s alignment
program, and reformatted into Nexus files. Once aligned, the phylogenetic analyses could
be conducted.

PHYLOGENETIC ANALYSIS

The alignment of these genome sequences was the basis of phylogenetic analyses
using Maximum Parsimony (MP) and Maximum Likelihood (ML). Two data matrices
were constructed using chloroplast protein-coding genes (cp Genes) and the whole
chloroplast plastid (plastome). | performed ML and MP analyses on each data matrix,
determining the best-fit tree and a bootstrap tree after a bootstrap analysis. | conducted
MP analyses using default settings of a heuristic search using a program called
Phylogenetic Analysis Using Parsimony (PAUP) 4.0a146 (Swofford, 2002), and |
conducted the ML analyses using RaxML in the Cipres Science Gateway (Stamatakis,

2014).
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Quality scores across all bases (Sanger / Illumina 1.9 encoding)

i

1 2 3 4 5 6B 7 8 9 15-19 30-34 45-49 b60-b64 F5-79 90-94
Position in read (bp)

Quality scores across all bases (Sanger / lllumina 1.9 encoding)

1 2 3 4 5 & 7 B 9 15-19 25-29 35-39 45-49 55-59 B5-69 75-79 85-89
Position in read (bp)

Figure 3 Graphical depictions of the effects of the trimming treatments on the reads,
generated using FastQC (Andrews, 2011). The y-axis shows the Phred quality score, in
relation to the x-axis, which shows the position in the read (bp).

Figure 3a shows the data before treatment. Figure 3b shows data after treatment. In
Figure 3b, all the low quality reads have been removed and the average scores of all
reads in the resulting concatenation are very high.
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Table 3 Read Data

Species Raw # of Reads # Reads After Trim # Reads Assembled
G. acutum 3,225,383 779,043 5,649

G. africanum 18,610,739 9,49 2,420 730,694

G. buchholzianum 23,518,745 7,272,462 154,835

G. diminutum 11,019,839 8,227,335 42,099

G. gnemon 4,399,310 3,042,329 52,867

G. gnemonoides 17,049,077 14,125,155 72,442

G. hainanense 16,395,361 13,492,545 170,968

G. indica 20,691,222 18,010,519 181,165

G. klossii 20,396,975 17,535,400 58,874

G. latifolium 17,153,368 14,004,513 127,068

G. leyboldii 15,349,715 914,011 18,604

G. montanum 21,443,037 18,558,950 123,852

G. nodiflorum 12,209,610 9,373,225 147,853

G. pendulum 7,085,919 4,964,411 45,872

G. ula 18,182,223 15,015,087 92,673

G. urens 14,528,036 11,985,025 220,534

Table 4 List of Chloroplast Genes Used in cp Genes Data Set.

Chloroplast Genes

atpA infA psaA psbD psbM rbl20 rps3 rps18
atpB matK psaB psbE psbN rbl22 rps4 rps19
atpE petA psaC psbF psbT rbi33 rps7 ycfl
atpF petB psal psbH psbZ rpoA rps8 ycf2
atpH petD psal psbl rbsL rpoB rpsii ycf3
atpl petG psbA psbJ rbl12 rpoC1 rpsi2 ycf4
CCSA petL psbB psbkK rbl14 rpoC2 rpsi4 ycf12
cemA petN psbC psbL rbl16 rps2
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To test the relationships between the major clades of Gnetum, | conducted
additional likelihood-based statistical tests using PAUP Version 4.0a149 (Swofford,
2002). The tree statements used for these tests leave the branches of the various clades
unresolved except for the specific node or relationship pattern being tested. | conducted
the one-tailed Shimodaira-Hasegawa test (SH) and a Shimodaira Approximately
Unbiased Test (AU). | conducted these tests were conducted using the default settings in
PAUP Version 4.0a149 (Model = HKY85). The hypotheses (Table 5) tested by the SH
and AU tests were:

1. To test the monophyly of the currently accepted sections (Gnetum and
Cylindrostachys), which are not strictly based on geographical
distribution, we tested two possibilities:

a. The statistical likelihood that the species in the southern hemisphere
(South America and Africa) are sister to Asian species (rather than
grouped by currently recognized sections).

b. The currently recognized sections of the genus (Section Gnetum and
Section Cylindrostachys Markgr.) are phylogenetically valid.

2. To test the statistical likelihood of each of the basal-clade hypotheses,
we tested:

a. South American taxa (subsection Araeognemones Markgr.) as sister to
the rest of the genus.

b. African species (subsection Micrognemones Markagr.) is sister to the
rest of the genus.
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c. The arborescent species (subsection Eugnemones Markgr.),
represented by G. gnemon in this study, is sister to the rest of the
genus.

3. To test the statistical likelihood of monophyly for each of the
subsections (that were not already included in prior models) we tested:

a. The subsection Stipitati Markgr. is monophyletic.

b. The subsection Sessiles Markgr. is monophyletic.

ADDITIONAL ANALYSES: MITOCHONDRIA

In addition to the chloroplast data, | attempted to assemble mitochondrial genome
sequence from the total genomic pool of Illumina reads. To do so, | obtained a draft
version (Guo & Mower, unpublished) of the G. gnemon mitochondrial genome and
approximately 20 gene sequences and attempted assemblies against these two references
using the same methods used for chloroplast sequences. The number of reads that
assembled to the mitochondrial references was significantly lower than those that
assembled for the plastome for each species, and the nature of the assemblies was
problematic. I saw hundreds of reads that were assembling to sections a few hundred bp’s
long, and then long stretches where the coverage was at or near zero (Figure 4). This was
especially noticible with the second set of libraries generated from herbarium specimens
instead of fresh material (Table 2). Attempts were made to clarify the situation, such as
using higher stringency settings, assembling only reads that did not assemble to the
chloroplast (eliminating thousands of reads from the pool), but ultimately the decision
was made to move forward with the chloroplast data here and wait on the mitochondrial
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DNA analysis until such time as the mitochondrial draft could be finished, or new tools
were developed for differentiating Plastome reads from mtDNA reads, which were both
beyond the scope of this thesis.

The Welwitschia mitochondrial genome (NC_029130) was published as | was
completing my work and | did try assembling my reads using that reference. The
assembly to the complete Welwitschia mitochondrial genome did work better, but it still
had some of the same issues, plus some new ones. The Welwitschia mitochondrial
genome is almost 1 million base pairs long (978,846 bp), and fewer than 60,000 base
pairs assembled for any Gnetum species. The areas that did assemble were mostly
mitochondrial specific genes, suggesting Gnetum mtDNA truly is being assembled, but
that the intergenic regions were too divergent from those of Welwitschia to assemble. A
finished Gnetum mitochondrial genome, once available, might be a reference that would
produce usable phylogenetic data for both mtDNA genes and non-coding sequence.

The difficult nature of extracting DNA from dried herbarium leaf samples could
have contributed to the issues faced with the mitochondrial data. Perhaps | was able to
obtain enough chloroplast data, due to the high concentration of chloroplast in the leaves,
but was not able to retrieve enough mitochondrial DNA to have a workable dataset.
However, the problem could lie in the reference itself, being a draft sequence, it could be
an issue of dirty data or artifacts.

This analyses on mitochondrial DNA may be subject to complications due to
another issue as well: intergenomic and horizontal gene transfer (IGT and HGT,
respectively). IGT is relatively common. There have been many cases showing transfer of
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genetic material between the chloroplast and mitochondrial genomes (Stern & Palmer
1984, Zhang et al., 2012, Rodriguez-Moreno et al., 2011, Alverson et al., 2010, Alverson
et al., 2011) and even between the nuclear and mitochondrial genomes (Rodriguez-
Moreno et al., 2011, Alverson et al., 2010, Alverson et al., 2011). HGT is the transfer of
genes between species. This has been seen in many instances between bacteria and plants
(Synanen & Kado 2002, Brown 2003) and found frequently in the mitochondrial of
genomes angiosperms (Puerta 2014). Won and Renner (2003) observed a transfer
between Gnetum and the angiosperms Pagamea and Petunia. The mechanism for this is
still unknown (bacterial, viral, or insect vectors are all possibilities). The potential
problem IGT and HGT pose for this analysis is that there are so many sequences in the
mtDNA that are similar to cpDNA. Since there is such an abundance of reads in the
[llumina pool from cpDNA (due to the high numbers of chloroplast in the leaves), when
the reads are assembled to the mitochondrial reference, the chloroplast reads will
assemble to these cp-like areas. This would lead to areas where the consensus sequences

being produced are not mitochondrial, but chloroplast assemblies.
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Figure 4 Reads of G. diminutum assembling to the mitochondrial draft. Some areas have very high
coverage, with many reads assembling against a short section, while other areas are left with no

coverage.
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Table 5 Statistical Test Results

Tree Statement Data Set -InL Diff -In SH wtd-SH AU
(S. America) Plastome (With Welwitschia) 446778.4975 (best)

(S. America & Africa) (Asia) Plastome (With Welwitschia)  449607.6494 2829.152 0.0000* 0.0000* ~0*
(Section Gnetum) (Section Cylindrostachys)  Plastome (With Welwitschia) 452873.2835 6094.786 0.0000* 0.0000* ~0*
(Africa) Plastome (With Welwitschia)  459360.0644 12581.57 0.0000*  0.0000* ~0*
(Subsection Sessiles) Plastome (With Welwitschia) 469081.0989 22302.6 0.0000* 0.0000* ~0*
(Subsection Stipitati) Plastome (With Welwitschia) 469571.2538 22792.76 0.0000*  0.0000* ~0*
(Arborescent Gnetum) Plastome (With Welwitschia) 469792.4117 23013.91 0.0000* 0.0000* ~0*
(S. America) Plastome 342810.44049  (best)

(S. America & Africa) (Asia) Plastome 344795.25339  1984.81290 0.0000*  0.0000* ~0*
(Section Gnetum) (Section Cylindrostachys)  Plastome 347790.44700  4980.00651 0.0000*  0.0000* ~0*
(Africa) Plastome 352881.60332 10071.16283  0.0000* 0.0000* ~0*
(Subsection Sessiles) Plastome 356847.39830  14036.95781  0.0000* 0.0000* ~0*
(Subsection Stipitati) Plastome 356907.06403  14096.62354  0.0000* 0.0000* ~0*
(Arborescent Gnetum) Plastome 357127.88500 14317.44451  0.0000* 0.0000* ~0*
(S. America) cp Genes (With Welwitschia) 229889.67378  (best)

(S. America & Africa) (Asia) cp Genes (With Welwitschia) 231905.42037  2015.74660 0.0000*  0.0000* ~0*
(Section Gnetum) (Section Cylindrostachys)  cp Genes (With Welwitschia) 234314.84856  4425.17478 0.0000*  0.0000* ~0*
(Africa) cp Genes (With Welwitschia) 237598.69200  7709.01823 0.0000*  0.0000* ~0*
(Arborescent Gnetum) cp Genes (With Welwitschia) 242476.14895  12586.47518  0.0000*  0.0000* ~0*
(Subsection Sessiles) cp Genes (With Welwitschia) 242530.08272  12640.40895  0.0000*  0.0000* ~0*
(Subsection Stipitati) cp Genes (With Welwitschia) 242620.59139  12730.91761  0.0000*  0.0000* ~0*
(S. America) cp Genes 189809.03226  (best)

(S. America & Africa) (Asia) cp Genes 191857.03872  2048.00646 0.0000*  0.0000* ~0*
(Section Gnetum) (Section Cylindrostachys)  cp Genes 194186.20939  4377.17713 0.0000*  0.0000* ~0*
(Africa) cp Genes 197424.48152  7615.44926 0.0000*  0.0000* ~0*
(Subsection Sessiles) cp Genes 201888.47183  12079.43957  0.0000*  0.0000* ~0*
(Subsection Stipitati) cp Genes 201943.19357  12134.16131  0.0000*  0.0000* ~0*
(Arborescent Gnetum) cp Genes 202112.36340 12303.33114  0.0000* 0.0000* ~0*
(S. America) Won & Renner (Outgroups)  51106.56419 (best)

(S. America & Africa) (Asia) Won & Renner (Outgroups)  51219.48837 112.92418 0.2855  0.0145* 0.0074*
(Section Gnetum) (Section Cylindrostachys)  Won & Renner (Outgroups)  51421.08494 314.52075 0.0077* 0.0121* 0.0042*
(Arborescent Gnetum) Won & Renner (Outgroups)  51826.91841 720.35421 0.0000* 0.0000* ~0*
(Subsection Sessiles) Won & Renner (Outgroups)  51895.34914 788.78495 0.0000* 0.0000* ~0*
(Africa) Won & Renner (Outgroups)  51945.08033 838.51613 0.0000*  0.0000* ~0*
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(Subsection Stipitati) Won & Renner (Outgroups)  52025.74707 919.18288 0.0000* 0.0000* ~0*
(S. America & Africa) (Asia) Won & Renner 43982.29545 (best)

(Section Gnetum) (Section Cylindrostachys) ~ Won & Renner 44260.27689 277.98144 0.2520  0.2116 0.0735
(S. America) Won & Renner 45858.01988 1875.72443 0.0000* 0.0000* ~0*
(Arborescent Gnetum) Won & Renner 46524.58645 2542.29100 0.0000* 0.0000* ~0*
(Subsection Sessiles) Won & Renner 48340.45848 4358.16303 0.0000* 0.0000* ~0*
(Subsection Stipitati) Won & Renner 48935.89845 4953.60300 0.0000* 0.0000* ~0*
(Africa) Won & Renner 49623.58301 5641.28756 0.0000*  0.0000* ~0*

»

»

Values for tests are p values for Null hypothesis of no difference between trees. *p < 0.05

Tree Statement shows the arrangement of taxa in the test, ordered from best supported to least supported. Taxa within the
(brackets) were set against the rest of the genus, or against the second set of (brackets) when present.

Won and Renner data obtained from TreeBase. Won and Renner (outgroups) = matK and rbcL, aligned to various seed plants, Won

and Renner (Gnetum) = 6 loci, all only Gnetum genus included.
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CHAPTER Il
RESULTS
| used two data sets: the mostly complete plastome sequences and the protein
coding genes extracted from the plastomes (Table 4). The total number of informative
characters in the plastome data set was 9,731 bp and in the cp Genes data set was 5,089
bp (Table 6). For each, MP and ML approaches were used to infer phylogenetic
hypotheses. The resulting trees were rooted using the Welwitschsia mirabilis (accession
number NC_029130.1) Plastome or cp Genes. The topologies of each of the resultant
chloroplast-based phylogenies were similar for both data sets and methods, and the
confidence levels for most nodes were very high (Figure 5).

Table 6 Phylogenetic Character Information

Data Total Constant Autapomorphic  Informative
Matrix Characters Characters Characters Characters
Plastome 128,772 98,178 21,863 9,731

cp Genes 66,815 50,504 11,222 5,089
TOPOLOGIES

My topologies are mostly congruent with those hypothesized in previous studies;
the South American taxa diverged first, and there are two major clades within the Asian
species that were classified as Asia | and Asia Il by Won and Renner (2006) (Figure 2).
When the ML best fit tree was compared to the phylogenies of Hou et al. (2015) and Won
and Renner (2006) (Figure 2), the topologies of shared species were consistent, save the
placement of G. ula, which I found to be a sister of G. latifolium. In the study by Won

and Renner (2006) G. ula was included as a member of their cuspidatum clade



(represented by G. diminutum, G. klossii, and G. acutum in this study). In the study by
Hou et al. (2015) G. ula (syn G. edule) was found to be sister to a clade containing G.
latifolium, but also G. neglectum, G. leptostachyum, and others.

The G. diminutum, G. klossii, and G. acutum clade (Figure 5a) is well defined and
well supported. My results support a G. diminutum /G. klossii node (100/100/69 for
Plastome ML, Plastome MP, and cp Genes ML, respectively). There is a disagreement
that should be noted, in the cp Genes matrix MP, the tree supports a G. acutum/G. klossii
sister relationship, though the bootstrap value is low, at 57 (Figure 5a).

The relationship between G. montanum, G. indica, and G. hainanense had been
poorly resolved in previous work, and where resolution was available, the support values
were relatively low. The phylogeny here shows fully resolved, well supported (with
bootstrap values of 100) branching in the ML and MP analyses of the plastome matrix.
The ML and MP best-fit trees inferred from the cp Genes data set showed no resolution
in this clade, the bootstrap analysis supported a branching pattern that had a different
sister relationship (Figure 5b), though the support values are not nearly as high (59/77 vs
100/100). G. pendulum, which to this point had not appeared in any other phylogeny, also
belongs in this group. It is shown to be a sister to the G. montanum/G. hainanense/G.
indica clade.

One notable discrepancy is observed between the S. American and African taxa of
the chloroplast phylogenies. The node placing the S. American taxa as sister to the rest of
the genus (S. American-basal hypothesis) is found in the best-fit analyses for both whole
Plastome and the cp Genes (Figure 5¢) under both the ML and MP models. All of the
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bootstrap analyses, however, supported an alternative basal clade, with the African taxa
the sister to the rest of the genus (African-basal hypothesis), often with BS support values
of 100.

STATISTICAL RESULTS

The SH and AU statistical tests, using PAUP Version 4.0a149 (Swofford, 2002),
were applied to my Plastome and cp Genes data matrices to test the major clades. The
placement of the South American taxa (subsection Araeognemones Markgr.) as sister to
the rest of the genus, as was found in my ML and MP trees, was significantly better than
any other alternative (Table 5). The hypotheses that either the arborescent species or the
African taxa were the first clade had significantly less support in my data (Table 5). The
same tests were applied to the two Won and Renner (2006) data sets obtained from
TreeBase (https://treebase.org/treebase-web/search/study/summary.html?id=1548). The
statistical results from the Won and Renner (2006) data sets also showed support for the
S. American-basal hypothesis, but the support values were not as high as with my data
(Table 5)

Gnetum Section Cylindrostachys Markgr. is supported as monophyletic in my
study, as well as in Won and Renner (2006) and Hou et al. (2015). Gnetum Section
Gnetum, on the other hand, is only supported in Hou et al. (2015). In both this study and
the study conducted by Won and Renner (2006), this section is separated geographically,
with G. gnemon being more closely related to G. gnemonoides and the other Asian
species. This result was also highly supported by my data in the AU and SH tests (Table
5).
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Figure 5 The phylogeny as represented by the Plastome ML best-fit tree. Scores from each bootstrap analysis is
shown on the branches (Plastome ML/Plastome MP/cp Genes ML/cp Genes MP). Colors are a reference to the
clade, and are consistent throughout figures, the geographical identifiers reference the clades found by Won
and Renner (2006). When only one number is present at a particular node, the BS value on that node identical
in all analyses. An asterisk (%) denotes a node that was not recovered in all analyses. Variant (3ka) shows the
branching pattern from the cp Genes MP analyses. Section (%b) shows a branching pattern from the cp Genes
ML best-fit tree. In the best-fit trees (MP and ML) for the cp Genes, the relationship between G. montanum, G.
indica, and G. hainanense was unresolved. The bootstrap values for ML and MP are included to the right of
the branches. The third asterisk, (%c), signifies a disagreement on whether the S. American or African taxa are
basal. The best-fit analyses supported the topology as displayed above. The bootstrap analyses all supported
the opposite, with values of 100/100/58/100.
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PLASTOME VS GENES

There were primarily two large data sets used for this study. Though the cp Genes
data set was slightly less than half the size of the whole plastome, it was still significantly
larger than the data sets used to infer phylogenies in either of the other two studies (Table
6). When comparing these two data sets, the most noticeable thing is the number of
informative characters (Table 6). The plastome data set has almost double the number of
informative characters that are seen in the genes matrix. The result of this is seen in the
ML and MP genes topology. For both the ML and MP of the cp Genes matrix, there was
no resolution in the G. hainanense, G. indica, and G. montanum (excepting the bootstrap
analysis, which had relatively low values (59/77). In the plastome-inferred topologies,
however, there was resolution in this clade, with high bootstrap values (100/100) (Figure
5b).

In the SH and AU tests (Table 5), the plastome and cp Genes data both return a
best-fit topology well differentiated from other possible phylogenies. The p values reject
the null hypothesis, that there is no difference between my tested tree statements, and
support the S. American-basal hypothesis. | tested the possible hypotheses, both with and
without a Welwitschia mirabilis outgroup, using each of my data sets. | also compared the
possible hypotheses using the Won and Renner (2006) data. The difference between their
smaller data sets, and my larger one, is clear. The p values of my tests, in all
configurations, are below 0.05. The Won and Renner data is unable to statistically
differentiate between the best supported and the second best tree statements. When
Welwitschia is included with the Won and Renner rbcL and matK matrix, the South
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American basal tree is best supported and the Southern Hemisphere-Northern
Hemisphere tree is second best. The second best tree is not significantly less likely given
these data under the SH test, but raises to statistical significance with the AU test. When
the full Won and Renner gene set is used without any outgroup taxa, the Hemispheres
tree (South American and African taxa as sisters) is the best tree, but it cannot be
statistically discriminated from the Markgraf section hypothesis under either the SH or

AU tests.
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CHAPTER IV
DISCUSSION

My results show that species relationships in Gnetum mainly correspond to the
geographic distribution of the taxa. My phylogenetic hypotheses, based on MP and ML
analyses of two large chloroplast datasets, are mostly congruent with the results of
previous workers, specifically Won and Renner (2006) and Hou et al. (2015). There are,
however, questions that have come to light. The hypothesis that the S. American taxa are
the basal clade and sister to the other species in the genus is examined here. ML and MP
trees, as well as the majority of the SH and AU values support this, though bootstrapping
methods support the African-basal hypothesis. If the African taxa were basal, this would
mean a shift in the ideas of where Gnetum originated and how the species dispersed
across the tropics.
PHYLOGENIES

The South American taxa (Subsection Araeognemones Markgr.) were favored as
the basal lineage in the topologies of both Won and Renner (2006) and Hou et al. (2015).
This configuration was therefore the basis of their dating analyses. My MP and ML best-
fit trees also support this topology, as did the AU test. However, my bootstrap results
suggest that there might be reasonable alternative hypotheses. Both bootstrap trees (ML
and MP) supported the African taxa (subsection Micrognemones Markgr.) at the base of
the tree (cp genes ML boot 58, all others 100). Bootstrapping is a method of resampling
the sample with replacement (Chernick and LaBudde, 2011). Bootstrapping allows for

many plausible trees to be described, and provides a value based on the number of times
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a specific node is found. With many plausible trees, it is unsurprising that we would see

variation. It is surprising, however, that we see the African-basal hypothesis receiving
such strong bootstrap support, especially when the other statistical tests support the S.
American-basal hypothesis (Table 5). Tests such as bootstrapping and the SH test do
have a known selection bias. The value of comparing many trees is overshadowed by the
possibility of overconfidence in an incorrect topology (Shimodaira, 2002). The AU test
was created as means of reducing this bias, and has been shown to be effective
(Shimodaira, 2002). In this instance, though, both the SH and AU tests support the S.
American taxa as the basal lineage (Table 5).

One possible reason for the discrepancy between the two basal hypotheses is
Long Branch Attraction (LBA). Though we used ML analysis, which is supposed to be
less sensitive to LBA than other methods (Bergsten 2005), it has been shown to be
susceptible on alignments 100,000 bp or more (Kiick et al., 2012). Outgroup taxa almost
always present as long branches (Bergsten 2005). Gnetum are, unfortunately, very
divergent from their closest extant relative, Welwitschia mirabilis (McCoy et al., 2008).
This means, just by chance and not due to shared evolutionary history, there are likely
many similarities between the mutations in the ‘long branch’ leading to Welwitschia, and
the next longest branch. As both the African and S. American taxa might be expected to
have “long branches,” additional testing should be done to determine if LBA is distorting
the Gnetum tree. This could be done using separate partition analysis, long branch

extraction, or methodological disconcordance.
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The Plastome data set should also be examined for bias due to the inclusion of

both copies of the inverted repeat (IR) in the assembled plastome sequence; this has the
effect of weighting (2X) the phylogenetically informative characters located there. The
repeated section may be biasing the bootstrap in the direction of the African-basal
hypothesis, although the characters are similarly weighted in the best-fit analyses. Also,
the fact that we are seeing the same pattern with the cp Genes data set, which would not
be susceptible to the IR bias, seems to negate this as an important factor. Still, it could
certainly be contributing to the degree of certainty we see in the bootstrap values of the
Plastome data set. The bootstrap value for the African-basal node in the cp Genes ML is
58, whereas in the Plastome ML it is 100.

If the African-basal hypothesis is true, the implications are far reaching. The
current dating analyses (Won & Renner, 2006; Hou et al., 2015) place South America as
the “epicenter” of the genus and the distribution radiated out from there. The idea is that
from South America, the species then moved to Africa, then Asia. Won and Renner
(2006) stated a rather young timeline for this radiation (Oligocene and Miocene), whereas
Hou et al. (2015) estimated an older (late Mesozoic) radiation. If the major clades split
more recently (Won and Renner scenario), Gnetum would need to disperse long distances
over salt water. If major clades split earlier (Hou et al. dating), their divergences could
coincide with continental movement. Still dispersal for short distances over water to
explain the more recent radiations in Asia and S. America would be necessary. Dispersal
through water, by fish, is supported by a study on the Gnetum species G. venosum.

(Kubitski 1985, as cited in Hou et al., 2015). Mechanisms for oceanic Gnetum dispersal,
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though, are uncertain. Clearly, determining the precise relationship of the major clades

and the dates of the divergences is critical to understanding Gnetum biogeographic
history.
CODING AND NON-CODING REGIONS

| anticipated that the differences between the cp Genes data set (coding regions
only) and the plastome data set (coding and non-coding regions combined) would be
clear. Coding regions, in general, are more conservative than non-coding regions. It
follows then, that the coding and non-coding regions would be evolving at different rates.
The anticipated result are that the plastome data set would have more phylogenetically
informative characters, the plastome data set would provide a more resolved topology,
and the plastome data set would be more able to differentiate between the tree hypothesis
(AU and SH tests), than the cp Genes data set.

The plastome data did indeed have almost double the number of informative
characters found in the genes (Table 6). Also, the plastome data set allowed for resolution
of the G. hainanense, G. montanum, and G. indica relationship that were not resolved in
the ML or MP of the cp Genes data set. There was some resolution of this area in the
bootstrap analysis of the genes, though the values were some of the lowest in this study
(59 and 77 for ML and MP, respectively). Other than the additional resolution in the
plastome data set, the Plastome and cp Genes matrices returned very similar topologies
(Figure 5). Indeed, both data sets seemed equally able to differentiate between the major
hypotheses, with statistical significance (Table 5). This makes a good case for large data

sets in general, as the Won and Renner (2006) data that was analyzed could not
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differentiate between the all possible hypotheses, but both of my data sets were able to do

SO.
REMAINING WORK

Running further analyses is suggested. Adding additional outgroups may help to
mitigate the LBA issues. Additionally, it would be benefitial to find partitions in the data,
test with the Swofford-Olsen-Waddell-Hillis (SOWH), and use additional models, such
as the General Time Reversible (GTR + gamma + I) model to investigate support for the
basal clade. A rate, or dating analysis will be helpful in addressing the biogeographic
questions about these phylogenies.
CONCLUSIONS

In conclusion, | inferred phylogenetic hypotheses that support a deep New World-
Old World split within the genus Gnetum. This seems to be the consensus among
molecular studies, and should be considered when the infrageneric taxonomy is revised.
Specifically, the arborescent species should be grouped with the other Asian species, not
with the African and S. American taxa. My analyses also give rise to new questions over
the basal lineage of this genus, whether or not the South American clade is the earliest
diverging lineages. The answer to this question will either support or refute the current

ideas of Gnetum s biogeographic history.
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