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ABSTRACT

Phylogenetics are fundamental to contemporary biology and have offered novel insights
into evolutionary questions. Early phylogenetic studies relied on morphological characters to
resolve species relationship, while recent studies incorporated molecular data. To date, many
branches on the tree of life have been depicted, and the tree is continuously growing as more species
are discovered, described and included. Arguably the most famous example is the resolution of the
origin of Homo sapiens in Africa, supported by numerous fossil records as well as phylogenetic
analyses.

In the field of plant biology, crop plants have long been a focus, since there is a prospect
that such studies could facilitate the breeding and genetic engineering of crop species, thus improve
the yield and quality of our food resources. The grass family Poaceae is arguably one of the most
important plant families, feeding billions of people by providing starch from wheat, maize, rice,
millet and sorghum. Many important industrial materials, such as fiber and sugar, are also from
Poaceae species (bamboo and sugarcane). Massive efforts have been made for the breeding of
above mentioned Poaceae crop species, and significant improvements have been achieved in the
yield and stress-resistance of crops. However, the phylogeny of Poaceae is not easy to resolve,
because this family has a complex evolutionary history and a large size with over 11,000 species.
Currently, the family is divided into twelve subfamilies, namely Anomochlooideae, Aristidoideae,
Arundinoideae, Bambusoideae (bamboos), Chloridoideae, Danthonioideae, Micrairoideae,
Oryzoideae (rice), Panicoideae (maize and sorghum), Pharoideae, Pooideae (wheat and barley) and
Puelioideae. Although the monophyly (all and only members of a certain groups trace back to a
common ancestor) of most subfamilies are well-supported, uncertainties remain among smaller
groups. For instance, the relationships among tribes and sub-tribes within Panicoideae, Pooideae

and Chloridoideae are still not fully resolved. Also, the current phylogeny lacks support from
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nuclear genes for some lineages, since previous studies were largely based on chloroplast genes
which could only partially reflect the evolutionary history.

To obtain a comprehensive phylogeny of Poaceae, my sampling covers all twelve
subfamilies, most tribes (45/53) and 231 genera. De novo assembly of 342 transcriptomes and seven
low-depth genomes were performed on RNA/DNA sequencing data from both fresh and herbarium
samples. For molecular marker, I chose nuclear genes which are currently widely utilized to resolve
species phylogeny and can be easily obtained from sequencing data. To minimize confounding
signals from paralogs, I selected low-copy putative orthologous nuclear genes that are less prone
to this defect. 1,234 candidate genes are selected from ten representative species and used to
retrieve homologs from all the transcriptomic/genomic data sets. Coalescent and super-matrix
analyses were performed on subsets with hundreds of orthologous genes to estimate the Poaceae
phylogeny. Results strongly support the monophyly of eleven subfamilies; however, the subfamily
Puelioideae was split into two non-sister clades, one for each of the two previously defined tribes,
supporting a hypothesis that places each tribe in a separate subfamily. As an extension, phylogeny
of the subfamily Panicoideae was further refined by expanded sampling with additional genome
skimming and transcriptome datasets, covering eleven out of fourteen Panicoideae tribes. Results
supported monophyly of most tribes and discovered novel relationships.

Besides the relationship among species, another aspect of phylogeny is the divergence time.
Using 180 nuclear genes and 13 fossil records as calibrations, molecular clock analyses estimated
the crown age of Poaceae to be ~101 million years (my; this node was fixed). Following the
successive divergences of the basal subfamilies spanning a period of ~20 my, the crown age of
(PACMAD + BOP) is estimated to be ~81 my in the Upper Cretaceous. Thus, the PACMAD and
BOP clades probably diverged before the Cretaceous-Paleogene (K-Pg) boundary.

Plants can be classified as Cs, C4 or CAM (Crassulacean acid metabolism) based on the

type of photosynthetic pathway, and in Poaceae there are grasses of both C; and C4 types, making
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it a good system to study the evolution of photosynthesis. Cs species are better adapted to
environment with less precipitation and higher temperature and are more efficient in assimilating
atmospheric CO; in such conditions. Therefore, C4 crops such as maize and sorghum are generally
more resistant to stress and have higher yield, compared with C; crops such as rice and wheat. To
improve the yield of rice, scientists have been studying the genetic basis of C4 photosynthesis with
the expectation to convert C; rice into Cy4 (see the Cs rice project https://cdrice.com/). To better
understand the evolution of photosynthesis, a well-resolved Poaceae phylogeny can serve as a basis.
In my project, based on the information of photosynthesis type (C3/C4) of grass species, the
ancestral states of lineages are reconstructed by parsimony method. Results support a hypothesis
of multiple (at least five based on my results) independent origins of C4 photosynthesis. This is
further supported by phylogenetic analysis of the ppc gene family suggesting the recruitment of
members from three paralogous subclades (ppc-alla, ppc-al 1b, and ppc-B2) as functional C4 ppc

genes.
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Chapter 1

Introduction

In this chapter, general information and current knowledge about phylogeny of grass family
Poaceae is introduced. As a technique/methodology supporting this project, the application of
large-scale transcriptomic/genomic data in phylogenetics is introduced, exemplified by studies on
angiosperms. Lastly, basic knowledge of photosynthetic pathway type is covered, with emphasis

on the evolution of Cy4 in plants.

1.1 General knowledge and phylogeny of grass family Poaceae

1.1.1 General knowledge of Poaceae

The grass family Poaceae (Monocots-Commelinids-Poales-Poaceae, see Figure 1-1; also
called Gramineae) is widely distributed and is the fifth largest plant family, consisting of twelve
subfamilies and over 11,000 species (Kellogg, 2015; Christenhusz and Byng, 2016; Soreng et al.,
2017). Species from this family are commonly referred to as “grasses”, although sometimes other
monocots may share this name. Some Poaceae species, such as rice, wheat, maize, millet, sorghum,
and barley are domesticated by humans as major sources of staple food. Others for example
bluegrass, sugarcane, bamboos, and reeds, are important fodder and forage for farm animals and
industrial materials. Grasses are essential components of diverse ecosystems, including forest,
grassland, wetland, and savanna. Furthermore, one of the advantageous characteristics of many
grass species, including maize, sorghum, millet and sugarcane, is carbon fixation via the Cy4

photosynthetic pathway, which involves a four-carbon intermediate, unlike the typical Cs
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photosynthesis that uses a three-carbon intermediate (Sage, 2004; Christin et al., 2007a; Muhaidat
et al., 2007; Schliiter and Weber, 2020). C4 photosynthesis increases local concentration of CO»
near the carbon-fixing RuBisCo enzyme, thereby improving the efficiency of photosynthesis and
increasing the adaptability of C4 plants, especially in hot and dry environments (Christin et al.,
2007a; Edwards and Still, 2008).
Ecdeiocoleaceae
Graminid clade f_E ;c())i:‘il::ceae
G Flagellariaceae

Restiid clade
Poales Xyrid clade

[ Cyperid clade
Bromeliad clade
— Commelinales
— Zingiberales

Figure 1-1: Position of Poaceae (marked in blue) in Poales. Summarized from Marchant and Briggs (2007), Bouchenak-

Khelladi et al. (2014), Briggs et al. (2014) and Barrett et al. (2016).

Grasses are characterized by their usually long, narrow leaves with parallel veins. Grass
stems are usually round, with internodes where leaves are attached, distinct from sedges
(Cyperaceae) with triangular stems and no nodes. The inflorescence is usually compound, in which
the terminal unit is in fact an unbranched cluster of flowers and each of these clusters is called a
spikelet. Grass flowers are often tiny, inconspicuous and lack nectar, except for some primitive
lineages (e.g., Anomochlooideae). Therefore, most grasses are pollinated by wind. The fruit of
Poaceae is called a caryopsis, it is usually a dry fruit with considerable amount of starch (for

example corn, rice and wheat).

The Poaceae family likely originated from moist, shady environments, as members of the
basal subfamilies (Anomochlooideae, Pharoideae and Puelioideae) are mostly found in tropic forest
floors. Evidence from macrofossils, pollen and phytolith (silica body) indicate the origin of Poaceae

to be around 80 million years ago in the upper Cretaceous (GPWG II, 2012). Followed global
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climate change, especially a cooling trend, grasses expended to open habitats, occupied new niches
and developed adaptations (Estep et al., 2014; Schubert et al., 2019; Zhang et al., 2022). Bamboos
(Bambusoideae) largely maintained their perennial and evergreen habit, expended further into
temperate regions. Members of subfamily Pooideae are adapted to lower temperatures, with
Deschampsia antarctica even reached Antarctica. Panicoideae diverged even more, with a smaller
portion stayed in humid environments and a larger portion adapted to more arid habitats,

contributing to tropical and subtropical grasslands.

Table 1-1. Basic information of twelve Poaceae subfamilies

subfamily Number of species Representative species

Anomochlooideae 4 Streptochaeta angustifolia

Pharoideae 12 Pharus latifolius

Puelioideae 11 Guaduella oblonga

Bambusoideae 1441 Phyllostachys edulis (mds6 bamboo)

Oryzoideae 112 Oryza sativa (rice)

Pooideae 3850 Triticum aestivum (bread wheat), Hordeum vulgare (barley)
Panicoideae 3316 Zea mays (maize/corn), Sorghum bicolor (sorghum)
Aristidoideae 365 Stipagrostis hirtigluma

Chloridoideae 1721 Eragrostis tef

Micrairoideae 188 Isachne pulchella

Arundinoideae 46 Phragmites australis (reed)

Danthonioideae 281 Danthonia spicata

*Species number follows Kellogg (2015).

Common species of Poaceae have long been recognized and domesticated by people

around the world (see examples in Table 1-1). Maize (Zea mays, Panicoideae) was domesticated
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by indigenous people in North America around 10,000 years ago (Benz, 2001), and is now the most
produced cereal worldwide, with more than a dozen varieties. Bread wheat (Triticum aestivum,
Pooideae) was cultivated in the regions of Fertile Crescent about 11,600 years ago, according to
archaeological records (Feldman and Kislev, 2007). As the most widely consumed staple food that
feeds about half of human population, rice (multiple Oryza species, Oryzoideae) was independently
domesticated in China (Oryza sativa, 13,500~8,200 years ago; Zhang et al., 2012) and Africa
(Oryza glaberrima, 3,500~3,000 years ago; Choi et al., 2019). Other examples of common Poaceae
species include sorghum (Sorghum bicolor, Panicoideae), millet (multiple species in Chloridoideae

and Panicoideae), and reed (Phragmites australis, Arundinoideae).

1.1.2 Current phylogeny of Poaceae

The current grass classification is built on extensive analyses of the phenetic taxonomy
(mainly based on morphology) by Clayton and Renvoize (1986), Tzvelev (1989), Watson and
Dallwitz (1992), Clayton et al. (2006) and their subsequent works. More recently, molecular
phylogenetic analyses have facilitated revision of the Poaceae classification, leading to the current
division of twelve subfamilies and molecular phylogenies of large subfamilies such as
Chloridoideae (~1,700 species), Pooideae (~3,900 species) and Panicoideae (~3,300 species)
(GPWG, 2001; Simon, 2007; GPWG 11, 2012; Kellogg, 2015; Soreng et al., 2015; Soreng et al.,
2017).

Among the twelve subfamilies, Anomochlooideae, Pharoideae and Puelioideae are small
subfamilies with four, twelve, and eleven species, respectively (Clark and Judziewicz, 1996; Clark
et al., 2000; Kellogg, 2015; Soreng et al., 2017), and form a grade of successive lineages sister to
the remainder of the family (Figure 1-2). The other nine subfamilies form two large sister clades:

the BOP clade with Bambusoideae, Oryzoideae and Pooideac and the PACMAD clade with
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Panicoideae, Aristidoideae, Chloridoideae, Micrairoideae, Arundinoideae and Danthonioideae. All
C4 grasses are found in subfamilies belonging to the PACMAD clade, whereas members of the

BOP clade, with important crops, such as rice and wheat, as well as bamboos, are all Cs plants.

Panicoideae
Chloridoideae
Danthonioideae
Micrairoideae
Arundinoideae
Aristidoideae

Pooideae
—E Bambusoideae [BOP
Oryzoideae |

Puelioideae
Pharoideae
Anomochlooideae

PACMAD

Figure 1-2. Current phylogeny of Poaceae. Relationship among subfamilies is shown, based on GPWG 1II (2012).
Subfamilies in red contain Cs species, and others are entirely Cs (according to information summarized by Soreng et al.
2017).

Phylogeny of basal subfamilies

With dozens of published studies on Poaceae phylogeny, there are still uncertainties among
Poaceae lineages, including those among subfamilies, tribes and subtribes. The early-divergent
subfamilies (Anomochlooideae, Pharoideae and Puelioideae) are small and their monophyly and
relationships are supported by morphological characters and phylogenies using mainly chloroplast
genes (Clark and Judziewicz, 1996; Clark et al., 2000; GPWG 11, 2012; Saarela et al., 2018). They
are usually not sampled extensively in terms of the number of taxa and genes in phylogenetic

studies, probably due to the fact that samples are hard to acquire. In the paper that first described
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the subfamily Puelioideae (Clark et al., 2000), all genera of Puelioideae (Puelia and Guaduella)

and Anomochlooideae (Anomochloa and Streptochaeta) were sampled, but only one out of three
genera in Pharoideae were included (Pharus), and the result was only based on three markers (ndhF,
rbcl and PHYB). In the study conducted by Bouchenak-Khelladi et al. (2008), not all three
subfamilies were sampled for each of the three plastid markers (rbcL, matK and trnL-F), and the
subfamily Anomochlooideae was not always monophyletic in their results. The study by GPWG II
(2012) also confirmed the successive relationships of the three basal subfamilies, but in Puelioideae
(with two genera, Puelia and Guaduella) they only sampled the genus Puelia and the analyses were
only based on three plastid markers (rbcL, ndhF and trnK/matK). Jones et al. (2014) did a larger
sampling on both Anomochlooideae (two species in Streptochaeta and one species in Anomochloa)
and Pharoideae (three species in Pharus and one species in Leptaspis), although only included
Puelia from Puelioideae, for the phylogenetic reconstruction based on four plastid loci. Their result
confirmed the monophyly of Anomochlooideae and Pharoideae. In a whole plastome phylogeny
by Saarela et al. (2018), subfamily Pharoideae and Anomochlooideae were relatively well-sampled,
but Puelioideae was still only represented by the genus Puelia.

Indeed, the monophyly of the three basal subfamilies and the successive sister-relationship
of them are supported by the above cited studies. However, these studies were restricted to mainly
plastid marker. Considering the limitations of plastid genes, nuclear genes are needed to verify the

current phylogeny.

Phylogeny of BOP clade

As for the BOP clade (or BEP clade, depending on the name for the rice subfamily, either
Oryzoideae or Ehrhartoideae), all possible topologies among the three subfamilies have been

proposed. In fact, the monophyly of this whole group was poorly supported in early phylogenetic
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analyses, probably due to limited sampling. However, results from recent studies strongly support
the monophyly of this clade and the (Oryzoideae, (Bambusoideae, Pooideae)) topology. For
instance, Bouchenak-Khelladi et al. (2008) resolved the sister relationship of Oryzoideae to
(Bambusoideae + Pooideae) by three plastid DNA regions (rbcL, matK and trnL-F) with a sampling
covering 42% of grass genera. Edwards and Smith (2010) revealed the (O, (B, P)) topology with
eight genetic markers from 1,230 grass taxa. Similarly, this topology is confirmed by GPWG II
(2012) and Saarela et al. (2018) with extensive sampling of Poaceae. The above-mentioned studies
were largely based on plastid genes. As for nuclear genes, Zhao et al. (2013) used 121 nuclear
genes from 17 species and verified the (O, (B, P) topology. Therefore, the relationships between
BOP subfamilies are relatively well-resolved. Nevertheless, the phylogeny within each of
Bambusoideae, Oryzoideae and Pooideae remains to be studied.

Bamboos usually have longer generation time, and mainly reproduce asexually, which
makes them evolve slower than other grasses. Using three nuclear loci (pvcell, gpal and pabpl)
from 38 bamboo species, Triplett et al. (2014) revealed the herbaceous bamboo tribe Olyreae to be
sister to (Arundinaricae + Bambuseae) and identified six ancestral genome donors for
contemporary bamboo lineages which are hybrids. They proposed that the complex history of
reticulated evolution could lead to the difficulty in bamboo phylogeny.

As the largest grass subfamily with ca. 4,000 species in 15 tribes, Pooideae has been studied
but mainly based on chloroplast genes, and the relationship between tribes remains to be resolved.
The rice subfamily Oryzoideae is relatively small and has been studied extensively, especially the
genus Oryza (Zhu and Ge, 2005; Zou et al., 2008; Kumagai et al., 2010) because of its importance
in agriculture. Yet the relationship among tribes and between Oryza and Leersia need to be

confirmed by more extensive sampling of nuclear genes.



Phylogeny of PACMAD clade

The relationships among subfamilies in the PACMAD clade are incongruent among
different studies with various sample size and different molecular markers and methods employed.
In some early molecular phylogenetic studies, not all the six subfamilies in the PACMAD clade
were yet recognized. For example, in the study conducted by Davis and Soreng (1993), only
Panicoideae, Arundinoideae, Chloridoideae and Centothecoideae (now merged into Panicoideae)
were recognized, and Panicoideae was estimated to be sister to the other three, by analyses of
chloroplast DNA restriction site variations among 31 accessions of grasses and Joinvillea (Poales-
Joinvilleaceae) as an outgroup. In more recent studies that recognized all the six subfamilies, there
still remain problems such as which one is the basal-most (i.e., sister to the rest) in the PACMAD
and the uncertain position of Micrairoideae. Bouchenak-Khelladi et al. (2008) sampled all twelve
subfamilies and inferred a sister relationship between Panicoideae and the other five subfamilies in
PACMAD, based on three plastid markers (rbcl, matK and trnl-F) using Most-Parsimony and
Bayesian methods, although the relationships between the latter five subfamilies were not well-
resolved. In a 1,230-taxon phylogeny that covered all BOP and PACMAD subfamilies except
Arundinoideac by Edwards et al. (2010), a topology was estimated as (Panicoideae +
Micrairioideae) being sister to (Aristidoideae + (Danthonioideae+ Chloridoideae)). Although six
plastid and two nuclear regions were utilized for phylogenetic analyses, this study was impacted
by incomplete sampling (missing basal subfamilies and Arundinoideae).

In the study by GPWG II (2012) based on three chloroplast markers (rbcL, ndhF and
trnK/matK), Aristidoideae was estimated to be sister to the rest of the PACMAD clade, and
Micrairoideae is sister to Arundinoideae. Even though, they also showed that SH tests (Shimodaira
and Hasegawa, 1999) could not reject other alternative topologies for the PACMAD clade. Cotton

et al. (2015) used plastome sequences from 18 species to estimate the PACMAD topology. Most-
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Likelihood and Bayesian Inference analyses estimated Panicoideae to be sister to the rest of the
PACMAD clade, while the result from MP analysis supports Aristidoideae to be the basal-most
one in the PACMAD clade. In the whole-plastome ML analyses under different data partitions by
Saarela et al. (2018), three topologies for the PACMAD clade were identified: (1) Panicoideae is
sister to the rest of the PACMAD (2) Aristidoideae is sister to the rest of the PACMAD or (3)
Aristidoideae and Panicoideae form a clade that is together sister to the rest of the PACMAD. There
are more studies to mention, but inconsistence exists among their results. To sum up, Panicoideae,
Aristidoideae and (Panicoideae + Aristidoideae) have all been proposed to be the basal lineage in
PACMAD clade, and the relationships between the other four subfamilies are also unstable. This
indicates that the PACMAD phylogeny is sensitive to sampling size and methods, and that there is
incongruence between the evolutionary histories of different genes. To explain the elusive
relationships in the PACMAD clade, rapid radiation has been proposed (Cotton et al., 2015). In
such a scenario, information from plastid genes could be limited and insufficient, because the
plastome is only maternally inherited and generally evolves at a slower rate. Teisher et al. (2017)
compared their results from different data partitions and methods based on 131 full plastomes
across the Poaceae family and indicated that the placement of basal lineage in PACMAD is unlikely
to be resolved by plastome sequences.

Moreover, the phylogeny on the tribal and sub-tribal level of the large subfamilies
Chloridoideae and Panicoideae is still incomplete. The subfamily Chloridoideae, for example,
contains five tribes according to some studies, including the tribe Centropodieae with Centropodia
and Ellisochloa (Peterson et al., 2011; GPWG 11, 2012; Soreng et al., 2017); however, Fisher et al.
(2016) placed Centropodieae closer to other members of the PACMAD clade rather than
Chloridoideae, and thus not regarded it as a tribe in Chloridoideae. For Cynodonteae, the largest
tribe in Chloridoideae, the relationships among 21 subtribes remain to be resolved. The largest

PACMAD subfamily, Panicoideae, contains fourteen tribes and is diverse in morphology and other
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important traits, but the relationships among Panicoideae tribes are not consistent among previous
studies. For example, the relationships among early-divergent tribes in Panicoideae, including the
Cs tribes Centotheceae, Chasmanthieae, and Thysanolaeneae, as well as the Cy tribe Tristachyideae
(GPWG 11, 2012; Saarela et al., 2018), deserve further investigation.

A well-supported Poaceae phylogeny can facilitate evolutionary and comparative studies,
such as the evolution of inflorescence structure (Vegetti and Anton, 1995; Perreta et al., 2009) and
the origin of C4 photosynthetic pathways (Vicentini et al., 2008; Christin and Besnard, 2009;
GPWG 11, 2012). All known C,4 grasses are members of four subfamilies in the PACMAD clade,
namely Aristidoideae, Chloridoideae, Micrairoideae, and Panicoideae. Panicoideae contains the
largest number of C, grass species as well as some Cs lineages (Sinha and Kellogg, 1996; Kellogg,
2015; Soreng et al., 2017). Aristidoideae, although a smaller subfamily, is also a mixture of C; and
C4 grasses. Previous studies have proposed multiple origins of C4 photosynthesis in grasses (Sinha
and Kellogg, 1996; Christin et al., 2007; Edwards and Still, 2008; Christin et al., 2012; GPWG 11,
2012). However, the uncertain relationships among PACMAD subfamilies and among some
lineages within Chloridoideae and Panicoideae need to be resolved to further understand the

evolution of photosynthetic pathway in Poaceae.

1.2 Application of large-scale nuclear data in plant phylogenetics

One of the fundamental challenges in phylogenetics is to select appropriate molecular
markers (genes). In theory, genes that are orthologous and not under strong selection are good
candidates. There are a couple of reasons. First, phylogeny of genes does not always align with that
of species, but phylogeny based on orthologous genes are more likely to reflect the species
phylogeny. Second, genes that evolve largely free of selection are supposed to deviate less from

the assumption of neutral mutations, and thus again fits better to resolve species phylogeny.
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Such genes are supposed to be found in most if not all species of interest, and sequence
information can be obtained via PCR, target enrichment, or genome/transcriptome sequencing.
When the target group is large, more genes are usually required for a higher resolution. In such
cases, designing primers for hundreds of genes becomes difficult. Target enrichment method, on
the other hand, aims to acquire specific genomic regions that are widely conserved across
taxonomic groups (for example, among angiosperm) by using baits (primers that are designed to
have the right level of specificity across species). This reduces the labor to design primers for each
study but also result in a higher missing rate in the output dataset. With the advancement of
sequencing technology, the cost of genome/transcriptome sequencing is going down to ~1000 $ per

library (shallow), making it a promising strategy for functional genetics and phylogenetic studies.

Housekeeping genes (constitutive genes, or maintenance genes) are those that required for
the maintenance of basic cellular functions. They are usually expressed across different organs,
cells and tissues (Butte et al., 2001; Zhu et al., 2008). Although this term was originally used for
intra-specific studies in model organisms, it can be generalized for phylogenetics to refer to the
group of homologous genes that can be found in the relatives of model organisms (e.g., homologs
of rice housekeeping genes in grasses). For example, rbcL gene, which encodes large subunit of
ribulose bisphosphate carboxylase, is widely expressed in photosynthetic tissues at a high level in
most plants. These house-keeping genes, especially nuclear genes, are good candidates for
phylogenetic studies. With an expanded pool of genes (compared with using only plastome), one
can choose those that meet the criteria: low copy, (putatively) orthologous, and not under strong
selection. Indeed, recent efforts using low copy nuclear genes have proven successful in resolving
previously difficult relationships in large families or among more divergent lineages (Wickett et
al., 2014; Zeng et al., 2014; Huang et al., 2016; Xiang et al., 2017; Yang et al., 2018; Mandel et al.,

2019; Leenbens-Mack et al., 2019; Zhao et al., 2021; Zhang et al., 2022; Timilsena et al., 2022).
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For the purpose of phylogenetic analyses, one does not need to be stringent about material
used for transcriptome sequencing. Fresh plant tissues from vegetative organs such as leaves, stems
and roots, and reproductive organs such as flowers and fruits can all be used (Huang et al., 2016a;
Huang et al., 2016b; Xiang et al., 2017; Zhao et al., 2021). It is suggested to include as many types
of tissues as possible, to increase the probability of obtaining genes expressed in different tissues.
Fresh tissues are usually frozen or put in silica gels to dehydrate shortly after collection to reduce
RNA degradation, and RNA extraction is then performed using kits. The RNA sample is then sent
for sequencing on commercial platforms, and usually a certain amount of data (e.g., measured in
gigabyte/gigabase) is produced on request. Therefore, it is also imperative to make sure your
samples are not contaminated or degraded; otherwise, you would be paying for low quality or

unless data (in terms of phylogenetic analysis).

The raw sequencing data would first need to go through quality check using some statistical
package along with visualization tools (for example, FastQC; Andrews et al., 2015). A dozen
measurements can be reported, but we want to pay special attention to quality scores across bases
and adapter content. For both single and paired-end sequencing, adapters are used in the process,
and are usually present at the ends of sequencing reads. If adapter remains are detected, trimming
of data needs to be performed. There are software packages (for example, Trimmomatic; Bolger et
al., 2014) that can remove low-quality bases and adapters and output the trimmed sequences. For
most transcriptomes, de novo assembly (e.g., using Trinity; Grabherr et al., 2011) is then performed
on the trimmed datasets. This step is the most time consuming and requires higher level computing
resources, so using computer clusters on a paid server or public bioinformatic platforms (e.g.,

Galaxy: usegalaxy.org) is suggested.

Depending on the sequencing library, the assembled transcripts may contain mRNA, non-

coding RNA and other types of RNA sequences. To obtain coding sequences of protein-coding
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genes, one can use prediction methods (such as TransDecoder). The next step would be to select
genes that are suitable for phylogenetic analyses: low-copy (ideally single-copy) and orthologs
found among target species. Usually there are genes previously studied that meet these criteria, but
one can also use clustering methods (such as OrthoMCL; Li et al., 2003) to obtain more (usually
hundreds or thousands of) orthologous groups from species. An orthologous group is a group of
genes from multiple species that are supposed to be orthologous to each other. When there are
hundreds of species, running clustering on all of them would be impractical, so in that case
representative species that cover major lineages of interest can be selected, and orthologous groups
be predicted based on these species. Once the target orthologous groups are determined, orthologs
from additional species can be obtained by BLAST-based methods (such as HaMStR; Ebersberger
et al., 2009). It is possible that multiple sequences are reported for each gene, and these could be
from different isoforms of the same gene, or from different copies (generated by duplication) of the
same gene. At this point, objective criteria can be used to purge sequences clustered into the same
orthologous group. For example, one can require only keeping the sequence of the highest
similarity. However, it is possible that non-orthologs remain after this step, and this needs

inspection in later steps.

Once orthologs are gathered from target species (depending on the quality of data and size
of the taxonomic group of interest, one can use hundreds to thousands of genes), gene trees can be
reconstructed. The sequences need to be aligned (there are several software available, for example
MAFFT; Katoh et al., 2009), and then a gene tree reconstructed for each gene. Coalescent species
trees can then be estimated using gene trees as input. Prior knowledge, for instance, the monophyly
of some well-studies lineages (subfamily, tribe, or even genus) is required to check coalescent
results (Zhao et al., 2021). This acts as a positive control to verify the validity of data. There will
be cases where the new results differ from previous studies, and that would require further

investigation to tell whether it reflects true biological significance or is caused by confounding
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factors such as inclusion of paralogs and/or higher rate of missing data. As the evolutionary history
of organisms is largely based on inference and our understanding is ever changing more data are
gathered, one can only reach a point where he/she could claim that most errors and noise are

eliminated, and the results reflect a scenario likely to be reliable to the best of knowledge.

In the field of phylogenetics, pioneering studies started with nuclear genes from genomic
data. In the study by Liu et al. (2014), phylogenetic analyses from two low-copy nuclear genes
(pepc4 and GBSSI) support the recognition of three distinct subgenera in Sorghum (Panicoideae).
Zhang et al. (2012b) identified 1,083 highly conserved low-copy nuclear genes across seven
angiosperm species, then used five of them from 94 plant species and reconstructed a well-resolved
phylogeny. Zeng et al. (2014) obtained transcriptomes from 26 angiosperm species representing
five groups (eudicots, monocots, magnoliids, Chloranthaceae and Ceratophyllaceae), and resolved

deep relationships using 59 low-copy nuclear genes.

In the years followed, transcriptomic sequencing is being increasingly applied to
phylogenetic studies of plants. One obvious advantage of transcriptomic data is that coding regions
of genes can be readily obtained from assembled transcripts, sparing the trouble of predicting
coding sequences (CDS) from genomic data. Coding sequences are directly related to the function
of proteins encoded, so for housekeeping genes with very similar function among species, CDS
evolve slower compared with intergenic regions and introns. To investigate the early diversification
of land plants, Wickett et al. (2014) generated 92 transcriptomic datasets and included 11 genomes.
They found robust support for a sister-group relationship between land plants and one group of
streptophyte green algae, the Zygnematophyceae. Huang et al. (2016) obtained 113 low-copy
orthologous nuclear genes from 55 Brassicaceae datasets including 32 transcriptomes. The results
improved Brassicaceae phylogeny and supported convergent evolution of several morphological

traits. Xiang et al. (2017) generated 125 new transcriptomic and genomic datasets and used more
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than 800 nuclear genes to resolve Rosaceae phylogeny. Ancestral state reconstruction based on the
phylogeny supports independent origins of fleshy fruits from dry fruit ancestors. Zeng et al. (2017)
incorporated 31 transcriptomic datasets with up to 504 low-copy nuclear genes, improved deep
eudicot phylogeny and estimated diversification rates. In a large-scale project by Leebens-Mack et
al. (2019), transcriptomes from over 1,100 green plants (Viridiplantae) were sequenced, and a
robust phylogeny were obtained based on 410 single-copy nuclear genes. Their results revealed
discordance between plastid and nuclear genes and provided a framework to investigate
evolutionary questions including whole-genome duplication, incomplete sorting of ancestral
variation, and speciation/extinction. Zhao et al. (2021) resolved Fabaceae phylogeny using over
1,500 nuclear genes from ~400 legume species. Moreover, the authors revealed dozens of
polyploidization events by gene family analyses and proposed one/two switch(es) to rhizobial
nodulation (for nitrogen fixation) followed by multiple losses in Fabaceae. Tilmilsina et al. (2022)
obtained ~2,000 low-copy nuclear genes from genomic and transcriptomic datasets and resolved
the relationship of all twelve monocot orders, covering 72 out of 77 families. Their highly supported
results from both coalescent and supermatrix analyses are largely congruent with previous studies,
but strong discordance between gene trees and species tree was revealed, indicating incomplete

lineage sorting associated with rapid diversification.

As we could tell from the above-mentioned examples, there is an increasing number of
nuclear genes identified for plant phylogenetic studies, and this method has proven to be powerful.
With a larger number of genes, the resolving power is enhanced, especially for coalescent-based
methods. In addition, gene family analyses can be performed using the nuclear genes obtained,

contributing to the studies of morphological traits and biochemical pathways.

As for Poaceae, during the first decade of the 21st century phylogenetic studies have largely

relied on plastid and mitochondrial genes or a small number of nuclear genes (relevant studies are
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reviewed in Kellogg, 2015; Soreng et al., 2015; Soreng et al., 2017), with more recent studies
starting to use more nuclear genes. Focusing on the subfamily Chloridoideae, Fisher et al. (2016)
used 122 nuclear genes from 47 grass species to resolve relationship among five Chloridoideae
tribes. Dunning et al. (2017) reconstructed phylogeny among 37 species from the BOP and
PACMAD clades using 200 single-copy genes. Using more than 150 transcriptomic/genomic
datasets, Zhang et al. (2022) resolved the relationship among 15 Pooideae (a Poaceae subfamily)
tribes and 24 subtribes. Utilizing the genes obtained from these datasets, they proposed that gene
duplications in Pooideae might have promoted adaptation to cold habitats. These studies established
a decent methodology for transcriptome-based phylogenetics in Poaceae, but a more
comprehensive sampling of the whole family is needed. Further analyses using a relatively large
number of genes available from the nuclear genome can potentially resolve many of the remaining

questions in Poaceae phylogeny and contribute to the study of other evolutionary questions.

Indeed, recent efforts using low copy nuclear genes have proven successful in resolving
previously difficult relationships in large plant families and among more divergent lineages, and a
promising prospect is seen for the study of relevant questions, such as whole-genome duplication,
divergence time, hybridization and evolution of specific genes. Nevertheless, the number of genes
currently being used only take up a small part of the transcriptomic/genomic data space. With the

development of methodology and continuous exploration, more discovery is anticipated in this field.

1.3 Evolution of photosynthetic pathway in Poaceae

1.3.1 Poaceae as a good system to study C, evolution

During photosynthesis, with the energy from light, plants synthesize carbohydrate from

carbon dioxide and water. For the majority of plants, the first product during carbon dioxide fixation



17

is 3-phosphoglyceric acid (PGA), a 3-carbon acid (Figure 1-3) which then goes through the Calvin
cycle to produce sugars. This is also called the Cs pathway because of the 3-carbon compound. For
some plants that inhabit arid/hot environments, a modified pathway is used, where in mesophyll
cells carbon dioxide is first fixed into oxaloacetate which is a 4-carbon compound, and then
converted to malic acid. Malic acid is then transferred into bundle sheath cells and broken down to
release CO,, which is used for the Calvin cycle. This modified version of photosynthetic pathway
is thus called C4 pathway, because of the 4-carbon compound. In hot and dry environments, plants
tend to close stomata to retain water, leading to reduced access to atmospheric CO,. With lower
CO; concentration in photosynthetic tissues, the rate of photorespiration (a process where RuBisCO
oxygenates RuBP) tends to be higher, leading to a waste of energy. To cope with this stress, many
C4 plants have evolved a specialized organization of leaf tissues called Kranz anatomy (Tregunna
et al.,, 1970; Smith and Epstein, 1971) that could increase local concentration of CO; near the
carbon-fixing enzyme Rubisco, by physically separating the light-dependent reactions and the
Calvin cycle into mesophyll cells and bundle sheath cells, respectively. By increasing the
concentration of CO, around Rubisco, photorespiration is reduced, and the efficiency of carbon
fixation is improved. Integrating C4 pathway into Kranz anatomy, C4 plants have an advantage over
Cs plants under hotter conditions. Sage et al. (2018) proposed a model to explain the evolution from
Cs to C4 photosynthesis, driven by a demand to refix photorespired CO,. While photorespiration
depresses Cs performance, the photorespired CO» can be exploited to build an evolutionary bridge
to C4 photosynthesis. In interestingly, Voznesenskaya et al. (2001) reported Cs pathway without
Kranz anatomy in Borszczowia aralocaspica, a Chenopodiaceae species that accomplishes Cy
photosynthesis within the chlorenchyma cell cytoplasm. This is a good example of the different
mechanism plants utilized for C4 pathway and is supportive for the idea of multiple independent

origins of C.
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An alternative CO;-concentrating mechanisms utilized by plants adapted to arid
environments is the Crassulacean acid metabolism, or CAM. In plants using CAM, the stomata on
leaves remain closed during daytime to reduce evapotranspiration when the temperature is high,
while also blocking intake of CO». During night stomata open to collect carbon dioxide and store
it as malic acid in vacuoles, which is later used to release CO; back into chloroplast under sunlight
to go through the Calvin cycle. With the CAM pathway, plants can save water in arid conditions
while maintaining efficient photosynthesis. CAM plants are reported among dozens of families,
including Bromeliaceae, Cactaceae, Crassulaceae and Orchidaceae (Winter et al., 1983; Nobel and

Hartsock, 1986; Griffiths, 1989; Crayn et al., 2004).

There are around 8,100 known C4 plant species (Sage, 2016), accounting for less than 3%
of flowering plants (~300,000 species, Christenhusz and Byng, 2016), but contributing to ~23% of
global primary biomass production (Kellogg, 2013). Examples of C4 plants include species in
Amaranthaceae (e.g., Amaranthus), Asteraceae (e.g., Flaveria), Cyperaceae (e.g., Cyperus),
Euphorbiaceae (Euphorbia; contains the only known Cy trees) and most commonly, Poaceae, with
the largest number (~4,500 species, ~60% of all C4 plants) of C4 species.

C3 pathway C4 pathway
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RuBisCO : pyruvate RuBisCO)
3-PGA ~
Calvin cycle oaloxceate Calvin cycle
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Figure 1-3 : Difference between Cs and Cs photosynthetic pathways. PEP: Phosphoenolpyruvate; PEPC:
Phosphoenolpyruvate carboxylase; 3-PGA: 3-Phosphoglyceric acid. The enzyme PEPC is multi-functional, with the Cs
version distinctive from others by unique amino acid residues. Illustration was modified from
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https://www .khanacademy.org/science/biology/photosynthesis-in-plants/photorespiration--c3-c4-cam-plants/a/c3-c4-
and-cam-plants-agriculture.

Based on phylogenetic analysis, Cs; pathway is proposed to be ancestral, and Cs4 has
probably originated independently multiple times in different lineages. For example, GPWG II
(2012) inferred 22~24 origins of C4 in Poaceae, based on a chloroplast-gene phylogeny. McKown
et al. (2005) proposed multiple C, origins even within the Asteraceae genus Flaveria. One piece of
supporting evidence for such inference is that C4 lineages are often intertwined with Cs lineages,
and C; lineages are usually at more ancestral positions along the phylogeny. Although multiple
genes and anatomical features are involved in C,; pathway (Christin et al., 2015; Moreno-Villena et
al., 2018), the conversion seems to have happened frequently, making the underlying mechanism

intriguing.

Grasses occupy a wide range of habitats, and C4 grasses are especially dominant on tropical
and subtropical grasslands (e.g., savanna). The success of C4 grasses is thought to be due in part to
their ability to fix carbon via C4 photosynthesis, which facilitates adaptation to various niches. To
date, all reported C,; grasses belong to four subfamilies of the PACMAD clade, namely
Aristidoideae, Micrairoideae, Panicoideae and Chloridoideae. Based on previous phylogeny, either
Panicoideae, Aristidoideae or these two combined is the basal-most lineage of PACMAD clade
(see Figure 2-2 for a comparison) and both of them are mixture of C; and C,4 species. However, the
existence of undiscovered C, species in Arundinoideae or Danthonioideae cannot be excluded, and
the origin of C4 in PACMAD clade deserves further investigation. There are even both C; and C4
ecotypes/subspecies within a single species, such as Alloteropsis semialata (Lundgren et al., 2016).
The large number of possible C4 origins and complexity of Cy4 distribution among lineages make
Poaceae an idea system to study Cs evolution. A more comprehensive sampling of Poaceae species

and more robust phylogeny would serve as a basis for such studies.
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1.3.2 PEPC as a key enzyme in C, photosynthesis

Among genes involved in C; photosynthesis, ppc genes that encodes phosphoenolpyruvate
carboxylase (PEPC; EC 4.1.1.31), which is responsible for the initial fixation of atmospheric CO,
has been studied in several plant families including Poaceae, Asteraceae and Fabaceae (Bldsing et
al., 2000; Christin et al., 2007b; Christin and Besnard, 2009; Wang et al., 2016). The ppc genes
belong to a gene family encoding several similar enzymes involved in photosynthesis and stress-
response processes. Found in bacteria, green algae and higher plants (but not found in animals and
fungi), PEPC catalyzes the addition of bicarbonate (HCO3") to phosphoenolpyruvate (PEP) to form
oxaloacetate and inorganic phosphate (Kai et al., 2003). This reaction is used in both C4and CAM

pathways.

Based on motifs, gene structure and gene family analysis, PEPCs are classified into two
types: plant-type PEPC (PTPC) and bacterial-type PEPC (BTPC) (Kai et al., 2003; Sanchez and
Cejudo, 2003; O’Leary et al., 2011; Wang et al., 2016). Most plants (including green algae) have
at least one BTPC, and the number of ppc genes (counting both PTPC and BTPC) in a plant species
ranges from 2 to 10 (Wang et al., 2016). With around 970 amino acid residues (PTPC), the C-
terminus of PEPC is usually highly conserved among species, while the N-terminus is more

variable.

The enzyme typically consists of four identical subunits (dimer of dimers), although
isoform composed of three different subunits was reported in a unicellular alga (Rivoal et al., 2001).
In Zea mays, the C4 PEPC is composed of four identical subunits; it’s worth noting that Z. mays
has only one ppc gene that encodes the C4 PEPC, while in some other grasses there are multiple
Cs-type PEPCs. Most PEPCs are regulated by allosteric effectors. In plants, PEPCs are activated

by glucose-6-phosphate (G6P) or glycine and inhibited by L-malate, aspartate or glutamate.
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Regulatory phosphorylation, which could be important in plant response to light, salt stress and

CO; concentration, occurs at the Serine residue (#15 in Zea mays PEPC) close to the N-terminus.

Three-dimensional structures of PEPC from E. coli and maize have been elucidated by X-
ray crystallographic analysis (Matsumura et al., 2002; Kai et al., 2003), and the enzyme was
revealed to be highly regulated by both phosphorylation and allostery. N968 and G970 (Zea mays
C4 PEPC numbering; NP_001154820.1) are important for allosteric regulation and catalytic activity,
respectively (Dong et al., 1999). H177 is considered the most important catalytic base (Terada and
Izui, 1991). R183, R184, R231 and R372 are strictly conserved in plant PEPCs and are deduced to

be the binding sites for G6P which is an allosteric activator (Blasing et al., 2000).

The Cs-version PEPC has distinct kinetic and regulatory properties compared to non-Cs
ones, although they share high sequence similarity. Previous studies of the ppc family indicated
that ppc genes for C4 photosynthesis encode proteins with shared sequence motifs (Blésing et al.,
2000; Christin et al., 2007a; Paulus et al., 2013). In photosynthetic angiosperms, the number of ppc
genes in a species varies from 2~10 (Wang et al., 2016). C4 ppc genes in Poaceae originated from
non-C4 paralogs in two different ppc clades (Christin and Besnard, 2009), sometimes involving
possible horizontal gene transfer (Christin et al., 2012). Specifically, a conserved Serine/Alanine
residue (corresponding to residue #780 in the Zea mays PEPC, GRMZM2G083841) was shown to
be responsible for the kinetic differences between C; and C4 isoforms with respect to the substrate
PEP (Bléasing et al., 2000). This residue is so far verified to be conserved in all known Cs plants,

including Poaceae and Asteraceae, and even in CAM plants, for example Orchids.

Current knowledge indicates there are five or six ppc clades in Poaceae, but earlier studies
with limited sampling depicted fewer ppc lineages. Gehrig et al. (2001) identified three functional
ppc isoforms (ppc-al, ppc-aR and ppc-Cs) from Zea mays, Sorghum vulgare, Saccharum sp. and

Triticum aestivum. With an expanded sampling, Besnard et al. (2003) revealed four ppc lineages
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(ppc-all, ppc-al2, ppc-aR and ppc-Cy) and proposed that the Cs4 ppc gene is derived from ppc-aR,
which is a highly expressed isoform in roots. They also proposed that both polyploidization and
tandem duplication contribute to the expansion of ppc gene family. Christin et al. (2007a, b)
described five ppc clades (ppc-all, ppc-al2, ppc-aR, ppc-B2 and ppc-Bl) and proposed that
natural selection among the C4 ppc genes could cause bias on the phylogeny of ppc gene family
using all codon positions, resulting in C4 ppc genes clustered together as a sister to ppc-B2. Using
only 3™ codon positions (from exons 8, 9 and 10) and introns combined, they were able to resolve
the topology for the branches containing ppc-B2 and C4 ppc. The authors further demonstrated that
in C4 ppc there are 21 codons under positive selection and excluding them as they claimed could
improve the ppc gene phylogeny to be closer to organism phylogeny. Their results show that Cs4
ppc genes are derived from within ppc-B2 clade multiple times independently and should be an
integral part of it rather than a separate clade. It’s worth noting that introns and 3™ codon positions
are still under selection pressure in some circumstances. For example, codon usage bias may result
in higher frequency of certain codons over other synonymous alternatives, resulting in a higher
frequency of GC content at 3™ codon positions; introns, on the other hand, may affect transcription
dynamics and is not free of selection. Therefore, a phylogeny with introns and 3™ codons are not
necessarily better than a phylogeny with all codon positions. As a follow up, Christin et al. (2009)
expended sampling to include more grass species for ppc gene, and split ppc-aLl into ppc-alla
and ppc-alL 1b. Thus, for most Poaceae lineages, there are six ppc gene clades (ppc-alla, ppc-allb,
ppc-al.2, ppc-aR, ppc-B1 and ppc-B2). In their results, none of the C4 grass species have ppc-B1.
Focused on genera Aristida and Stipagrostis in subfamily Aristidoideae, they found these two
genera recruited ppc-B2 and ppc-al 1b for C4 pathway, respectively, and this supports independent
origins of C4 in Aristida and Stipagrostis. Also, given the fact that these two pairs of genes, ppc-
BI1/B2 and ppc-alla/allb are each on homologous chromosome regions, they proposed that

duplication might have relaxed purifying selection pressure and facilitated neofunctionalization to
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be recruited for C4 pathway. Interestingly, Cerros-Tlatilpa and Columbus (2009) reported a Cs
species, Aristida longifolia, that is sister to the remaining species in this genus which are all Cs4. In
a phylogenetic perspective, this is in agreement with the results from Christin et al. (2009),
suggesting that C4 in Aristida originated in the common ancestor of the remaining species

(excluding Aristida longifolia), and that C, in Stipagrostis was from another independent origin.

To summarize, previous phylogenetic analysis of ppc gene sequences from Poaceae species,
other Poales, monocots and several eudicot families helped to define six clades for grass ppc genes
(here named as subclades): ppc-alla, ppc-allb, ppc-al.2, ppc-Bl, ppc-B2, and ppc-aR. However,
the origins of these subclades were not clear, whether they were present in the common ancestor of
Poaceae or even Poales, or they were produced by more recent duplication events within Poaceae

is a question that deserves further investigation.
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Chapter 2

Poaceae phylogeny based on low-copy nuclear genes and evolution of Cy4
photosynthesis
In this chapter, I report a well-resolved Poaceae phylogeny based on over one thousand
low-copy nuclear genes. The relationship among subfamilies, tribes and subtribes received high
support from multiple coalescent analyses. The evolution of C4 photosynthesis is discussed based

on the results of ancestral state reconstruction and gene family analysis of ppc genes.

2.1 Introduction and objectives

2.1.1 Resolve Poaceae phylogeny using low-copy nuclear genes

Poaceae is an economically and ecologically important plant family and also an ideal
system to study evolutionary questions. A well-resolved phylogeny can serve as a backbone for
relevant studies. In this project, I aim to resolve the family-wide phylogeny of Poaceae to the
tribal/sub-tribal level, i.e., to get a phylogeny that the relationships among subfamilies and among
tribes/sub-tribes within each subfamily are well-supported with no polytomy (uncertainty of
relationship among multiple lineages). The genetic markers I will be using are hundreds of low-
copy orthologous nuclear genes from transcriptomic and genomic data. These genes are putatively
house-keeping genes, i.e., genes that are relatively conserved in terms of sequence and are
sufficiently expressed in most types of plant tissues. I will include transcriptomes/genomes from
both that generated by our group and from public databases. The RNA/DNA-seq datasets generated

in this project will go through quality check, trimming and de-novo assembly to get contigs
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(assembled sequences); contigs will be further processed to get non-redundant coding sequences
(CDS). For public genomes/transcriptomes, non-redundant coding sequences are retrieved directly
from NCBI database. SRA data sets will be processed the same as the transcriptome datasets
generated by our own project. Putative orthologous genes will then be obtained from these CDS
data sets. The genes will then get aligned automatically using software. The alignment matrices

will be further trimmed to remove poorly aligned regions/sequences.

Both coalescent and super-matrix methods will be implemented to infer Poaceae phylogeny
from nuclear genes. For coalescent analyses, multiple sets of genes will be selected from the pool
(which totally contains 1,234 genes). Single-gene trees will be reconstructed, and the coalescent
trees estimated from these different sets of single-gene trees. Statistical analyses will be used to
compare the difference between single gene trees. Super-matrix tree will be reconstructed from a
matrix of concatenated genes. The results from multiple analyses will be compared and summarized,
and incongruence will be checked and discussed. In case of obvious conflicting results between
different analyses, i.e., different topologies, explanations will be proposed. See Figure 2-1 for a

workflow of the phylogenetic analyses.
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coalescent analyses; gene set 180 was used for super-matrix analyses and divergence time estimation.
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With the development of sequencing techniques, phylogenetic studies have progressed
from using only a couple of genes to the whole plastome and then tens of nuclear genes. In earlier
studies, not all Poaceae subfamilies were well supported to be monophyletic. For example, in the
phylogeny by (Bouchenak-Khelladi et al., 2008), three plastid genes were unable to confirm the
monophyly of Anomochlooideae, Micrairoideae or Arundinoideae, and the BOP clade relationship
was estimated to be (Oryzoideae, (Bambusoideae, Pooideae)), which was incongruent with later
studies. Interestingly, using two genes, phyB (nuclear) and ndhF (plastid), Vicentini et al. (2008)
reported a Poaceae phylogeny that is much more improved, especially for the BOP clade and the
position of Aristidoideaec among the PACMAD clade, suggesting using nuclear genes could add
power to phylogenetic resolution. GPWG II (2012) reported a phylogeny based on three plastid
genes and is currently the most acknowledged one supported by more recent studies (e.g., by
Teisher et al., 2017; Soreng et al., 2017). In this phylogeny, Anomochlooideae, Pharoideae and
Puelioideae are three basal subfamilies that form a grade to the rest, or “core Poaceae”. Inside the
BOP clade, Oryzoideae is sister to Bambusoideae plus Pooideae. For the PACMAD clade,
Aristidoideae is the basal lineage, followed by Panicoideae, and the remaining four subfamilies
form two well supported groups, (Micrairoideae, Arundinoideae) and (Chloridoideae,
Danthonioideae). Nevertheless, whole-plastome based phylogeny (Cotton et al., 2015; Saarela et
al., 2018) tend to place Panicoideae as the first divergent one in PACMAD clade. Somewhat
different from above-mentioned phylogenies is the study by Fisher et al. (2016). Using MP-EST
(this method estimates species trees from a set of gene trees by maximizing a pseudo-likelihood
function) with 56 nuclear genes, they reported a PACMAD topology where (Aristidoideae,
Panicoideae) together is sister to the rest, and neither the (Micrairoideae, Arundinoideae) or
(Chloridoideae, Danthonioideae) topology was revealed. This could possibly be explained by their
methodology, as MP-EST is seldom used in other Poaceae studies. Therefore, the PACMAD

topology is still open to investigation.
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Figure 2-2: A comparison of Poaceae phylogeny estimated by previous studies. Subfamilies with C4 grasses are marked
by red according to Soreng et al. (2017), and single species/genera are shown by italicized fonts. (A) Vicentini et al.,
2008; ndhF and phyB. (B) Bouchenak-Khelladi et al., 2008; three plastid genes. (C) Topology summarized from GPWG
(2012), based on three chloroplast genes and shared by Teisher et al. (2017), based on whole plastome and also shared
by Soreng et al. (2017). (D) Summarized from Cotton et al. (2015), based on whole plastome. (E) Topology based on
Fisher et al. (2016), a MP-EST species tree from 56 housekeeping genes. (F) Poaceae phylogeny by Saarela et al. (2018),

based on whole plastome.
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Subfamily Aristidoideae, as well as its three genera, are supported by multiple studies to
be monophyletic. Aristida with ~300 species is all C4 except for Aristida longifolia, which is sister
to the remainder of this genus. Sartidia, a smaller genus with only five species, is C; and sister to
Stipagrostis (Cs). Sartidia and Stipagrostis together are sister to Aristida. Based on different ppc
genes recruited for C4 PEPC, Christin et al. (2009) proposed two independent C4 origins in
Aristidoideae. Arundinoideae and Danthonioideae, although embedded in PACMAD clade,
contain only Cs grasses. Problems regarding specific genera exist in Danthonioideae. Merxmuellera
rangei and M. papposa, formerly in Danthonioideae, were later revealed to be closer to
Chloridoideae (as tribe Centropodieae; Peterson et al. (2010). As for Cortaderia, evidence from
morphology and molecular data suggested it might be paraphyletic (Barker et al., 2003). Subfamily
Arundinoideae is now relatively small with fewer than 50 species, but a couple of genera now
belong to other PACMAD lineages or even Pooideae were misplaced in this subfamily before
molecular evidence was available. In recent studies, with those taxa purged Arundinoideae is now
monophyletic, although species placed in other subfamilies were also reported to be in
Arundinoideae, for example “Eragrostis” walteri (this genus is supposed to be in Chloridoideae;
Ingram et al., 2011; GPWG II. 2012). Micrairoideae with nine genera is divided into three tribes
by Soreng et al. (2017), although Kellogg (2015) argued it’s unnecessary for this small subfamily.
Eriachne and Pheidochloa (Tribe Eriachneae) are reported to be Cs, and their leaf anatomy and
gene expression are different from other C4 grasses, supporting an independent C4 origin in this

lineage.

Subfamily Chloridoideae, with ~1,700 species, is divided into five tribes by
recent molecular phylogenies, and the relationship among them has been consistent among most
studies (Figure 2-3): Centropodieae is the first diverging lineage, followed by Triraphideae,
then Eragrostideae, and (Zoysieae, Cynodonteae). Centropodieae is a small tribe with only

two genera, Ellisochloa and Centropodia. Although the sister relationship of these two genera are
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confirmed, it has not always been treated as a lineage for this subfamily. Based on seven
plastid markers, Peterson et al. (2011) resolved the relationship among over 80 Chloridoideae
species, and first proposed the tribe’s name Centropodieac and included these two genera into
Chloridoideae. However, GPWG II (2012) did not treat Centropodieae as part of Chlridoideae,
although based on their phylogeny it is clearly sister to the remaining four tribes. Fisher et al.
(2016) reported a phylogeny based on nuclear genes where Ellisochloa and Centropodia are
closer to Arundinoideae and Danthonioideae, directly disputing Centropodieae as a
Chloridoideae tribe. Their methodology is however not comparable with most other studies, thus
leaving the results questionable. Later studies, such as Saarela et al. (2018), supported the
relationship of Centropodieae being sister to other Chloridoideae, but the question is still
under debate, partly because Ellisochloa is the only C; genus if it were to be included in
Chloridoideae. Nevertheless, the key to this problem is definitely to get a well-supported
phylogeny and resolve the position of Ellisochloa and Centropodia. As the largest tribe,
Cynodonteae has over 900 species and is supported to be monophyletic by molecular
data (Columbus et al., 2007; GPWG II 2012; Peterson et al. 2010, 2011, 2014). This tribe is
further divided into 21 subtribes by Soreng et al. (2017), although other authors (Peterson et al.,
2014) use different subtribe names and the total number varies. Some of these subtribes,
though, each only contains one genus (e.g., Triodiinae, Hilariinae in Soreng et al. 2017), and
there are a few incertae sedis genera in Cynodonteae. Because of these facts and difference in
sampling among studies, I am not making a detailed comparison for the Cynodonteae topology.
It’s worth noting that previous studies utilized only plastid genes or a small number of nuclear
genes to resolve Chloridoideae phylogeny, and a more comprehensive sampling plus additional

nuclear genes could improve the resolution.
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First recognized by Clark et al. (1995), the monophyly of BOP clade and its three

subfamilies has been verified by a dozen of phylogenetic studies with molecular data, leaving only
the position of Streptogyna ambiguous. It is likely sister to Oryzoideae, as Saarela et al. (2018)
reported in their whole-plastome phylogeny. Subfamily Oryzoideae, formerly called
Ehrhartoideae, is the first diverging lineage of BOP clade. Soreng et al. (2017) recognized five
tribes for this subfamily and propose a relationship where Streptogyneae (Streptogyna) is the first
to diverge, followed by Ehrharteae, and (Phyllorachideae, Oryzeae), a phylogeny that is also
supported by Saarela et al. (2018). As an economically important genus, the phylogeny of Oryza
has been resolved by Zou et al. (2008) using 142 single-copy genes, although some species such as
Oryza meyeriana was missing. Genus Leersia is shown to be sister to Oryza, but not well-sampled
in phylogenetic studies. Characterized by usually woody culms (the stem) and cyclical flowering,
bamboos are distinct from other grasses. Subfamily Bambusoideae is divided into three tribes:
Arundinarieae (temperate woody bamboos), Bambuseae (tropical woody bamboos) and Olyreae
(herbaceous bamboos). Based on ploidy level, Bambuseae can be further split into neotropical
woody bamboos (tetraploids) and paleotropical woodybamboos (hexaploids). Plastid gene-based
phylogenies placed Olyreae sister to Bambusoideae (Wysocki et al., 2015; Soreng et al., 2017;
GPWGH]I, 2012), a scenario supporting two origins of woodiness or one origin and a loss in Olyreae.
On the other hand, inclusion of nuclear genes (Triplett et al., 2014; Wysocki et al., 2016; Guo et
al., 2019) revealed an alternative relationship where Olyreae is sister to (Bambuseae,
Arundinarieae). Notably, woody bamboo genomes contain at least four sub-genomes, suggesting a
history of reticulate evolution. Delimitation of several bamboo genus such as Arundinaria,

Bashania and Neomicrocalamus needs further verification.

As the largest subfamily, Pooideae includes over 3,800 species and is economically
important. Numerous studies have been conducted on genetics of wheat, barley and the recently

popular model organism, Brachypodium distachyon. Phylogenetic studies to date have verified the
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monophyly of Pooideae subfamily and many of the fifteen tribes. Relationships among the tribes
have been, however, more difficult to resolve due to the fact that hybridization is common in
Pooideae (Marcussen et al., 2014; Glémin et al., 2019), causing incongruence between nuclear and
plastid genes and making morphological characters less powerful for classification. In most studies,
tribe Brachyelytreae (three species) is reported to be the first divergent lineage, followed by
Nardeae and Lygeeae, each with only one species and is sometimes combined into a single tribe
Nardeae. Inconsistences exist regarding relationship among the remaining Pooideae tribes, but
Brachypodieae (where Brachypodium belongs to) is frequently reported to be sister to a large clade
containing Poeae, Triticeae, Bromeae and Littledaaleeae. Species in this clade are characterized by
larger genomes compared with more basal tribes. In Triticeae which contains important crops wheat,
barley and rye, maintaining nomenclatural stability has to be taken into consideration, making
revisions of classification challenging. Poeae is the largest tribe in this subfamily with over 2,500
species put into more than 15 subtribes (Kellogg 2015; Soreng et al., 2017), and groups and clades
were defined to further organize such a large tribe. Positions of other tribes vary among different
studies, and due to the fact that these studies differed in their sampling, phylogenetic methods and

molecular markers used, no conclusive description is made here. (See a comparison in Figure 2-4.)
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Figure 2-4: A comparison between previous phylogeny of subfamily Pooideae. Tribe names are shown. Note that these
studies differ in the number of tribes sampled. (A) Summarized from GPWG (2012), based on 3 chloroplast genes. (B)
Summarized from Saarela et al. (2018), based on whole plastome. (C) Summarized from Schubert et al. (2019), based on
3 chloroplast genes. (D) Summarized from Soreng et al. (2017), based on their 2015 publication with additions. (E)
Summarized from Schneider et al., (2009&2011), based on nuclear and plastid DNA.
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Even though previous studies have established an acceptable Poaceae phylogeny, the
incongruence between them suggests that a more comprehensive sampling equipped with larger
number of genes is necessary. To be more specific, earlier studies focus mostly on plastid genes,
so more nuclear genes should be included, and this could potentially improve Poaceae phylogeny

with the following questions to investigate:

1. PACMAD topology.

The PACMAD clade as a whole and its six subfamilies are supported as monophyletic in
a number of studies, but the relationships among the subfamilies are inconclusive and sensitive to
phylogenetic methods (see figure X for a comparison). Aristidoideae, Panicoideae, and these two
combined have all been proposed to be sister to the reminding subfamilies of PACMAD clade. The
relationship of (Chloridoideae, Danthonioideae) and (Micrairoideae, Arundinoideae) are well
recognized in most studies, including A, C and D summarized in figure X. Therefore, the most

outstanding question is which subfamily is the basal-most lineage of PACMAD clade.

2. Relationship of tribes and subtribes in Chloridoideae, Panicoideae, Pooideae and

Bambusoideae.

For these subfamilies with a larger number of species, a better phylogeny is essential to
understand evolutionary questions, such as Cs; evolution and origin of woodiness. The above-
mentioned studies are either based on plastome genes, the whole plastome or a small number of
nuclear genes. As we expand the sampling of genes to include more nuclear genes, one can expect
different results for relationships among tribes and subtribes and realize that the previous studies

only partly depicted the phylogeny.
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2.1.2 Estimate the divergence time of Poaceae lineages

The divergence time of Poaceae linecages will be estimated using the branch length
information (substitution rate) from the super-matrix analysis and reliable fossil records from both
in-group and out-group taxa as calibrations. Bootstrapped super-matrix trees will be used to
calculate the confidence intervals of node ages. The estimated node ages will be compared with
major geological events such as global temperature drop/increase and change of atmospheric CO,
concentration. The origin times of C4 photosynthesis will also be deduced based on the ancestral

state reconstruction analyses that will be described later.

2.1.3 Ancestral state reconstruction of photosynthetic pathway type

In Poaceae, four subfamilies are reported to have Cs species, namely Aristidoideae,
Micrairoideae, Panicoideae and Chloridoideae, all of which are in the PACMAD clade. Previous
studies on the evolution of C4 photosynthesis mainly sampled the PACMAD clade and tried to infer
the number of Cs4 origins by statistical methods. However, to reveal the genetic basis for Cs4
photosynthesis, a more comprehensive sampling that also covers the BOP clade as well as basal
subfamilies would be more helpful. For this reason, in my project I’ll sample all twelve subfamilies
and as many tribes as possible. I included 150 C4 grasses in Poaceae (1 in Micrairoideae, 3 in
Aristidoideae, 62 in Panicoideae and 84 in Chloridoideae). The designation of photosynthetic
pathway type is based on information summarized by Soreng et al. (2017) on the genus level. There
are a few genera that contain both C; and C4 species, and a known species (A/loteropsis semialata)
which contains both Cs; and Cy4 subspecies. In such cases, the photosynthetic pathway type is

confirmed by details from additional references.
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To infer the ancestral state of photosynthetic pathway type, the state of 378 samples
included in the coalescent analysis are coded as either 0 (Cs) or 1 (Cs4), and the reconstruction
analysis will be done using most parsimony method on each of the coalescent phylogenetic trees.
Essentially, ancestral states (Cs, C4 or uncertain) for all internal nodes (ancestral nodes) will be
reported and mapped on the phylogenetic trees. The rationale behind maximum parsimony method
is to find the least number of changes along the phylogeny, assuming that the transition rate from
one state to another (or among multiple states) is constant. A famous scenario where maximum
parsimony applies is inferring phylogeny from neutrally evolving nucleotide sequences, assuming

the transition rate among four types of bases are equal and constant.

The assumption of constant transition rates may not hold true for all types of biological
traits, so the reported result is often an underestimate. In the case of photosynthetic pathway type,
the conversion from Csto Cs (or reversal from Cs4 back to C3) involves multiple steps of anatomical
and biochemical alterations and is inappropriate to be considered as a one-step change, not to
mention to assume a constant rate of change. Also, considering the fact that C4 species poses
advantage over C; ones in some habitats (and vice versa), the transition from Cs to C4 (or Cs to Cs)
is likely preferentially selected by nature. Therefore, violations of the assumption for maximum
parsimony method exists, and the result is prone to bias. But a rough estimate could still help with
timing the origins of C4 and show the distribution of C4 among the lineages of interest. For my
results, incongruence among different analyses will be discussed (this is mainly result from
different topologies). Since the basal subfamilies and BOP clade are all unambiguously Cs, the

ancestral state of the whole Poaceae family is presumably Cs.
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2.1.4 Gene family analysis of ppc

There are more than 20 genes reported to be involved in C4 photosynthesis (Christin et al.,
2015; Moreno-Villena et al., 2018; Sedelnikova et al., 2018), and not all of them has been studied
systematically. These genes are either important for biochemical pathways or anatomical structures
of C4 photosynthesis. In my project I’ll start gene family analyses from the ppc genes that encode
for the enzyme phosphoenolpyruvate carboxylase (PEPC) which functions in the initial step of CO,

fixation in all Poaceae C4 lineages as well as in many other plant families.

The objective is to identify and classify all sampled C4 and non-C4 ppc sequences in this
project into the six gene clades described in previous studies (ppc-al.2, ppc-alla, ppc-allb, ppc-
aR, ppc-Bl and ppc-B2; Christin and Besnard, 2009) based on gene family tree and sequence
features. The topology of the gene family tree will be checked for potential gene duplication and
gene loss events. In addition, potential horizontal gene transfer (HGT) events could be identified. I
plan to include representative species from each Poaceae subfamily, including transcriptomes and
genomes sampled in this project, as well as ppc sequences from public data sets when necessary.
Species from other Poales will be used as outgroups. The homologs of ppc sequences will be
retrieved from transcriptomes/genomes by blast search, and sequence below a length threshold will
be filtered. A gene family tree of hundreds of gene transcripts will be reconstructed, and ppc gene
clades will be identified using previously reported sequences as references. In cases where the gene
tree topology (within a gene clade) differs significantly from species phylogeny, gene
duplications/losses or horizontal gene transfer or could be proposed. Potential C4 type ppc genes
will be identified by checking the corresponding amino acid sequences, especially #780 (maize
numbering, NP_001154820.1) which was reported to be critical for Cs-specific enzymatic

characteristics (Blasing et al., 2000).
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One shortcoming of using transcriptome data is that not all ppc genes are guaranteed to be
sampled; ppc transcripts could be missing due to lower expression in the tissues we sampled. To
test the feasibility of using transcriptome data for the gene family analyses of ppc, I will first select
a subset of species covering all subfamilies and reconstruct the gene tree using ppc homologs from
these species. If most ppc genes could be obtained by transcriptome data, I will expand the analysis

to include more species.

I anticipate categorizing all sampled ppc genes into the six ppc gene clades and identifying
Cs4 type ppc genes. Gene family analyses will be able to reveal duplication/loss patterns of ppc
genes. In addition, detailed comparison of the gene sequences and corresponding amino acid

sequences could identify critical sites under natural selection.
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2.2 Methods

2.2.1 Grass sample collection and sequencing

Taxon sampling in this project aimed to represent Poaceae with all subfamilies and as many
tribes as possible. For large tribes (for example, Andropogoneae in Panicoideae, Cynodonteae in
Chloridoideae, and Poeae in Pooideae), we also tried to include as many subtribes as possible. We
sampled a total of 357 Poaceae species, representing 45 of 52 tribes in Poaceae. In addition, we
sampled thirteen outgroup species, including one species from each of Ecdeiocoleaceae
(Ecdeiocolea monostachya) and Joinvilleaceae (Joinvillea ascendens), which together form a sister
clade to Poaceae; also sampled are members of other Poales families, including Flagellariaceae,
Restionaceae, Eriocaulaceae, Cyperaceae, Juncaceae, and Typhaceae, as well as those in three other
orders close to Poales: Arecales (Arecaceae), Zingiberales (Zingiberaceae), and Commelinales
(Commelinaceae). Information of taxa included in this project is listed in Supplemental Table 1 of

Huang et al. (2022).

Fresh plant samples were collected from the field and preserved in paper bags filled with
silica-gel to keep dry; or brought back to lab shortly followed by RNA extraction. For those species
with no fresh material available, herbarium samples were carefully collected from specimen and
also kept in paper bags. Total RNA/DNA was isolated from samples of leaves, stems,
inflorescences, or young fruits using the RNA isolation kit NucleoSpin RNA Plant (REF 740949.50)
by MACHEREY-NAGEL or by standard EDTA protocol. The RNA/DNA samples were used for
library construction and sequencing by either the Penn State core facility or commercial sequencing
companies, using the Illumina platform to construct sequencing libraries and perform pair-end
sequencing to obtain 150-bp reads. The procedure generally include the following steps: (1) total

RNA was extracted from fresh, frozen or dried plant tissues, then treated with DNase to remove
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DNA; (2) mRNAs were captured by purification using a column with oligo (dT); (3) mRNAs were
used as templates to synthesize first-strand cDNA using random hex-mer primers; (4) second-
strand cDNAs were synthesized and purified, their 5° ends repaired and 3’ end adenylated, finally
ligated to adaptors; (5) cDNAs were amplified by PCR. Paired-end transcriptome sequencing
(2x150 bp) was done by GENERGY BIO using Illumina Hiseq3000. Genome sequencing (2x150
bp) was done by GENERGY BIO using [llumina Hiseq3000. Public transcriptomes/genomes/SRA
data were retrieved from NCBI databases (https://www.ncbi.nlm.nih.gov/) and EMBL-EBI

(http://www.ebi.ac.uk/). See Supplemental Table 1 of Huang et al. (2022) for the sources of samples.

2.2.2 Sequence trimming and assembly

The procedures for transcriptomic and genomic sequence processing and assembly are
illustrated in Figure 2-1. For transcriptomic data, paired sequencing data sets were first trimmed by
Trimmomatic (as Trinity 2.2.0 plug-in; Grabherr et al., 2011) using default settings. FastQC (0.11.8)
(Andrews et al., 2015) quality checks were performed after trimming to confirm the removal of
adapters and low-quality regions. Transcriptome assembly was performed using Trinity (V 2.2.0)
with default parameters on the Penn State ACI server. De-duplication of assembly contigs was done
by CD-HIT-EST (V 4.6.8) (Fu et al., 2012) with the parameter -c 0.98. Coding sequences were
extracted from deduplicated contigs by TransDecoder vV 5.3.0)
(http://transdecoder.sourceforge.net). For shotgun genome sequencing data, Trimmomatic was also
implemented to remove sequencing adaptors and low-quality regions. Kmergenie (1.7048) (Chikhi
and Medvedev, 2014) was used to optimize the value of k-mer in subsequent assembly process
(only used for Puelioideae samples). Optimized K values were set for the assembly of genomic data
sets by SOAPdenovo2 (Luo et al., 2012). Assembled genomic contig data sets were deduplicated

by CD-HIT-EST (V 4.6.8). Considering that: (1) the genomic data generated by shotgun genome
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sequencing were relatively sparse, and some target coding sequences may be partial; (2) genomic
sequences contain introns and other elements that cannot be readily identified, to obtain more
sequence for subsequent analyses, the assembled genomic contigs were not processed by
Transdecoder to generate cds data sets. For public genomes/transcriptomes, non-redundant coding
sequences were retrieved directly from NCBI database. SRA data sets were processed same as the
transcriptome data sets generated by our own project. Statistics on none-redundant coding sequence
data sets and genomic contig data sets were calculated by statswrapper.sh (a bbmap tool, V 38.33)

to check assembly quality and are provided in Supplemental Table 1 in Huang et al (2022).

2.2.3 Selecting and obtaining target low-copy orthologous nuclear genes from
transcriptomic and genomic data

The genome/transcriptome sequences of ten Poaceae species (Brachypodium distachyon,
Eleusine coracana, Hordeum vulgare, Lygeum spartum, Oryza sativa, Phaenosperma globosum,
Phyllostachys heterocycle, Setaria italica, Sorghum bicolor, Stipa aliena) that represent five largest
subfamilies but avoiding the recent polyploids wheat and maize were selected, with additional
criteria on data quality, to identify putative low-copy (one or two copies per species) nuclear genes
across Poaceae. Such putative orthologous genes were identified by using OrthoMCL v1.4 (Li et
al., 2003), with the following parameters: perl orthomcl.pl --mode 3 --blast file 10sps.blastresult -
-gg file 10sps.gg, where “--mode 3” instructs OrthoMCL to perform analysis using user-provided
BLAST output file (10sps.blastresult) and the genome gene relation file (10sps.gg), and additional
default settings. The HMM files of 1,234 OGs (orthologous groups, or genes) identified were used
as the seeds for HaMStR (13.2.6) (Ebersberger et al., 2009) to search and retrieve the corresponding
orthologous sequences from the assembled contig datasets from transcriptome and genome

sequencing. Cutoff e-values for blast and hmm search were both set to 1e-20. There is only one
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sequence retained per dataset for each seed, and sometimes fragments matching non-overlapping
parts of the seeds were combined to represent the whole sequence. The number of orthologous
sequences retrieved for each genome contig (sampled in this project) dataset ranges from 252 to
1018, and the number of orthologous sequences retrieved for each cds dataset (all others except for

those seven genome-skimming datasets) ranges from 235 to 1,234.

2.2.4 Sequence alignment and reconstruction of single-gene Maximum Likelihood trees

Retrieved orthologous sequences by HaMStR were sorted by sequence ID (orthologous
group ID, or gene ID) and reorganized and formatted into fasta format files. Nucleotide sequences
of each OG were aligned by MAFFT (v7.397) (Katoh et al., 2009) using the --auto option.
Alignments were then trimmed by trimAl (1.4.1) (Capella-Gutiérrez et al., 2009) with -automated1
option to remove poorly aligned regions and/or sequences. Single-gene ML trees on the alignments
of 1,234 OGs were reconstructed by RAXML (8.2.1) (Stamatakis, 2014) with rapid bootstrapping

of 100 replicates and GTRCAT model.

2.2.5 Detection of sequences prone to long branch attraction

To identify and remove genes that are prone to exhibit long branch attraction, TreSpEx
(1.1) (Struck, 2014) was applied on all the 1,234 single-gene alignments together with single-gene
ML trees corresponding to orthologous genes to analyze long-branch attraction (determined by
heterogeneity or longest branches) and saturation (determined by slope or R2 of linear regression).
The probability density function curves of these four indicators are plotted by R (Supplemental
Figure 2 of Huang et al., 2022). Genes that are deviated from normal distribution by each of the

four indicators were removed. The numbers of genes removed are 389 and 393 due to heterogeneity
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or longest branches, respectively; in addition, 555 and 96 genes were removed according to slope
or R2 of linear regression, respectively. After deletion of the genes from these four sets, 571 genes
out of the 1150-gene set were retained and was further filtered for super-matrix and molecular clock

analysis.

2.2.6 Phylogenetic analyses using the Astral coalescent method or a supermatrix dataset and
au test

For the coalescent analysis dataset with 378 samples, the number of samples with a positive
detection for each gene ranges from 23 to 377. Since the number of genes retrieved by searches
using HaMStR from the six shot-gun genomic contig datasets are relatively low (the lowest being
252), and the six genomic datasets represent the two genera, Guaduella and Puelia from one of the
basal subfamily Puelioideae, we filtered the set of genes to make sure that each gene is present in
at least one species from each of the two genera. The remaining 1,150 genes were further filtered
by coverage and alignment length to generate smaller sets. We have six sets of genes for the
coalescent analyses, their sizes (number of genes) are 1,150, 895, 775, 570, 436 and 180,

respectively. See Figure 2-1 for the procedure of gene selection.

Astral 5.6.3 (Sayyari and Mirarab, 2016) was used to infer multi-gene coalescent trees from
different sets of single-gene trees. There are two major methods to evaluate the support of
coalescent results, namely multi-locus bootstrapping (MLBS) and local posterior probability (PP).
MLBS method is prone to biased estimate of the support and thus affect interpretation of
phylogenetic trees (Wickett et al., 2014; Bayzid et al., 2015). On the other hand, Bayesian posterior
probabilities as a support for phylogenetic tree topology are shown to be more precise and
reproducible (Sayyari and Mirarab, 2016). Therefore, in this project we preferred PP values as the

support for phylogenetic trees. The coalescent trees are edited by Dendroscope (V 3.6.2) (Huson
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and Scornavacca, 2012) and summarized by TreeGraph2 (2.14.0) (Stover and Miiller, 2010). The

180-gene set was also used to generate a supermatrix dataset with a length of 184,993 and a total
of 71,037,312 matrix cells. The percentage of missing sites is 10.977%, and the proportion of
variable sites is 0.798. AU (approximately unbiased) test was performed using CONSEL v0.20
(Shimodaira and Hasegawa, 2001) on the 180-gene super-matrix with sequences from 384 species

(Supplemental Figure 5 in Huang et al., 2022).

2.2.7 Reconstruction of ancestral state for photosynthetic pathway

The reconstruction of ancestral state of photosynthetic pathway type was performed by
Mesquite (3.6) (Massidon and Maddison, 2019). The state of sampled species is coded as either 0
(C3) or 1 (C4) according to information summarized by Soreng et al. (2017), and the ancestral state
is inferred by Most Parsimony method using default parameters in the context of the topology from
five coalescent trees, respectively (see Supplemental Table 1 in Huang et al., 2022 for the state

code of photosynthetic type).

2.2.8 Estimating divergence time of Poaceae lineages

In our analyses a total of thirteen fossil calibrations are used, including phytolith data for
Poaceae (see Appendix for fossils used), which provide informative calibration points and support
older ages than those estimated using only the relative scarce macrofossils (Christin et al., 2014;
Kellogg, 2015). The phytoliths from grasses (silica bodies) are regarded as distinctive from other
families of Poales and can be assigned to subfamilies of Poaceae (Magallon et al., 2015).

Taxonomic assignment and age of the fossils are designated according to references cited in
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Supplemental Table 6. In our analyses, all the fossil calibrations were implemented as minimum
constraints except for the crown age of Commelinids, which is set to be no older than 118 Mya.
Considering the large amount of sequence data from over 380 taxa, we used PL method
implemented in treePL (1.0) (Smith and O’Meara, 2012) to estimate the divergence time. The ML
tree reconstructed by RAXML (8.2.1) from the smallest set of 180 genes with branch length
information was used as the input tree, to avoid likely systematic errors from supermatrix datasets
of hundreds of genes (Philippe et al., 2011). This tree was generated using the 180-gene set and
with the topology of the 1,150-gene coalescent tree (also supported by most analyses) as a
constraint. Parameter optimization and cross-validation were done to decide the best smoothing
value along with other parameters. The smooth value is decided as 0.1, which is low and indicates
a large deviation from the strict molecular clock hypothesis (Huang et al., 2016a). One hundred BS
replicates with branch length information of the 180-gene ML tree were also generated by RAXML

(8.2.1) to calculate the confidence intervals of node ages.

2.2.9 ppc gene family analysis

The sampling for ppc gene family analysis was done as to represent all the subfamilies in
the PACMAD clade and to cover most C4 lineages. In addition, species from other subfamilies of
Poaceae were included to cover major tribes, excluding subfamily Puelioideae, which we only have
genome skimming data available and it is shown that ppc homologs cannot be reliably retrieved by
blast search. Fifteen species from nine other families of Poales, as well as Musaceae (Zingiberales)
and Asparagaceae (Asparagales) were also included as outgroups. A total of 107 samples were
included for the ppc gene family analysis. Amino acid sequences representing the six ppc lineages
from Cyrtococcum patens (Panicoideae) were used as queries to perform tblastn against the coding

sequence datasets of the selected species. The six reference coding sequences from Cyrtococcum
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patens and some other species from public data sets were also included (see Supplemental Table
8). Duplicate copies with identical sequences from the same samples were removed, and coding
sequences significantly shorter than others were also removed manually, but critical C4 type ppc
sequences (sequences that belong to species that are in critical phylogenetic positions) were kept.
A total of 516 ppc sequences were retained. The ppc sequences were translated into amino acid
sequences and aligned by ClustalO (1.2.4) (Sievers et al., 2011). Alignment of nucleotide sequences
was then generated based on the corresponding amino acid alignment and was trimmed by trimal
(1.4.1) (Capella-Gutiérrez et al., 2009) to remove poorly aligned regions. ML analysis was
conducted on the trimmed alignment by iqtree (1.6.12) (Nguyen et al., 2015) to reconstruct gene
family trees. C4 ppc genes were distinguished by the serine at position 780 (following the
numbering in Zea mays C4 ppc, accession number: GRMZM2G083841) in the corresponding
amino acid sequences (Blésing et al., 2000). Sequences with other amino acids at this residue in
the alignment were not treated as C4 ppc genes, as such sequences have not been shown to be C4

ppc genes experimentally.
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2.3 Results

2.3.1 Generation of new transcriptomic and genomic datasets and selection of nuclear genes

For nuclear phylogenetic analyses, we sequenced 342 transcriptomes and seven genomes
(by genome skimming) with a median number of 68,153 unigene sequences and an average N50
value of 934 bp (see Supplemental Table 1 in Huang et al., 2022 for more statistics per data set).
These and 35 public datasets represent 371 Poaceae samples (Anomochlooideae 2; Aristidoideae
4; Arundinoideae 5; Bambusoideae 51; Chloridoideae 86; Danthonioideae 7; Micrairoideae 3;
Oryzoideae 16; Panicoideae 79; Pharoideae 1; Pooideae 111; Puelioideae 6; 14 samples were
redundant) and 13 outgroups. The taxon sampling here includes 45 of the 52 tribes, whereas the
remaining 7 un-sampled tribes have a total of ~40 species.

We used genomic/transcriptomic sequences of ten Poaceae species from large subfamilies
(see Figure 2-1) to identify 1,234 conserved low-copy nuclear genes and searched for their
homologous sequences from all other datasets. Because the six species of Puelioideae (with three
species in Guaduella and three in Puelia) had genome skimming datasets with relatively shallow
sequencing depth, we maximized the gene coverage of Puelioideae by selecting for genes that have
homologs in at least one species in each of Guaduella and Puelia, resulting in 1,150 genes. To
reach relatively high taxon coverage, we selected for genes with at least 90% coverage among
sampled taxa, yielding 895 genes. The coalescent method for phylogenetic reconstruction uses
single gene trees; thus, to ensure the quality of each gene tree, we favored longer genes with more
phylogenetic information to obtain gene trees with relatively high support values. We selected three
additional sets of 775, 570, and 436 genes with progressively longer cutoffs of the alignment length
(see Figure 2-1 for a workflow). Furthermore, we examined the original 1,234 set and removed

genes that might be more prone to long branch attraction to generate a set of 579 genes; the overlap
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of these with the previously identified 1,150 genes, plus an additional coverage requirement of at
least 370 taxa, resulted in a set of 180 genes. This smallest gene set was used for phylogenetic
analysis using the Maximum Likelihood method with a super-matrix approach because of the
known systematic errors when super-matrix datasets with large gene sets are used in phylogenetic

reconstructions (Philippe et al., 2011).

2.3.2 A Highly supported Poaceae phylogeny — early divergent lineages

For a nuclear Poaceae phylogeny, we used the 1150, 895, 775, 570, and 436 gene sets for
coalescent analyses (summarized in Figures 2-5, 2-6, 2-7 and 2-8). Our results are consistent, with
maximum local posterior probability values on most branches [321/ (364-1), 88.43%], and agree
with accepted classifications for most taxonomic groups from subfamily to genus levels.
Phylogenies using supermatrix method with the 180-gene set were also generated.

The results from all analyses support the monophyly of 11 subfamilies but not Puelioideae,
which is divided into two highly supported paraphyletic branches, one for each of Guaduella and
Puelia (Figure 2-5). Previously, the monophyly of Puelioideae was supported using three genes
from two species, Puelia ciliata and Guaduella marantifolia (Clark et al., 2000). Other Poaceae
phylogenetic studies that included Puelioideae sampled one species, Puelia olyriformis, and
supported the placement of Puelioideae as the third divergent subfamily before the separation of
the BOP and PACMAD clades (GPWG 11, 2012; Jones et al., 2014; Saarela et al., 2018). Although
the monophyly of Puelioideae could not be rejected by approximately unbiased (AU) tests with the
180-gene supermatrix dataset, the difference in monophyly of Puelioideae between this study and
previous results could be explained by different history of nuclear and plastid genes. Consistent
with all previous studies, Anomochlooideae is always the first diverging lineage, followed by

Pharoideae and the two genera of Puelioideae (Figure 2-5).
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Figure 2-5: A summary for a portion of the Poaceae phylogeny (including Bambusoideae and Oryzoideae). A portion of
the Poaceae phylogeny is shown here for a summary of results from coalescent analyses using five different gene sets
(with 1150, 895, 775, 570, and 436 genes); detailed phylogenetic relationships are shown for species in the three small,
early divergent subfamilies (Anomochlooideae, Pharoideae, Puelioideae), Bambusoideae and Oryzoideae in the BOP
clade. Symbols above the branches represent local PPs, and the corresponding values are indicated in the upper left corner.
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Pooideae and the PACMAD clade are represented by collapsed triangles, and the detailed phylogenetic relationships for
these clades are shown in Figures 2-5, 2-6, and 2-7. Different colored backgrounds represent subfamilies, as explained
in the upper left corner. Names of subfamilies are shown in green, and names of tribes are shown in black. Branches
associated with alternative topologies are shown in dashed lines. The symbols for PP values are follow the same rules in
Figures 2-5, 2-6 and 2-7.

2.3.3 Phylogenetic relationships in the BOP clade

The BOP clade with Bambusoideae, Oryzoideae, and Pooideae was first identified by Clark
et al. (1995) and is monophyletic in several studies with alternative relationships of the three
subfamilies; however, the topology (O, (B, P)) is supported by recent studies using plastid genes
or whole plastomes (GPWG 11, 2012; Zhao et al., 2013; Jones et al., 2014; Saarela et al., 2018).
The same topology is supported maximally and consistently by our results (Figure 2-5).

In Oryzoideae, the two tribes sampled here, Ehrharteae and Oryzeae, are monophyletic, as
are two Oryzeae subtribes, Oryzinae and Zizaniinae (Figure 2-5). In Oryzinae, a clade of seven
sampled Oryza species with O. sativa (subspecies japonica of the cultivated rice) and two closely
related species O. nivara and O. rufipogon, received moderate support, consistent with the close
but complex relationships among these three species (Zhu and Ge, 2005). In addition, the
relationships of other Oryza species relative to O. sativa and O. rufipogon are different from
previously reported relationships (Kellogg, 2009; Tang et al., 2010a). Oryza meyeriana and O.
granulata have been considered as the same species previously (Ge et al., 1999); O. meyeriana is
placed at two different positions in different coalescent results, and its position was uncertain in
previous studies (Aggarwal et al., 1999; Ge et al., 1999; Zou et al., 2008; Kumagai et al., 2010;
Zou et al., 2013). In Zizaniinae, Hygroryza is sister to Rhynchoryza + Zizania, consistent with
previous studies (Kellogg, 2009; Tang et al., 2010a).

In Bambusoideae, the three tribes Olyreae, Arundinaricac and Bambuseae are each
revealed to be monophyletic with maximal support (Figure 2-5), with a topology of (O, (A, B)).

The sister relationship of the woody tribes Arundinarieae and Bambuseae supports a single origin
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of woodiness in bamboos. Previously, a plastome phylogeny placed Arundinarieae as sister to the
other bamboos (Wysocki et al., 2015), supporting two origins or one loss of woodiness in Olyreae.
A phylogeny of 38 bamboo species (Triplett et al., 2014) and a recent genome-based analysis (Guo
et al., 2019) both strongly supported the herbaceous Olyreae being sister to the woody bamboos.

In Olyreae, two subtribes are monophyletic with maximum support in all trees. Members
of Arundinarieae are temperate woody bamboos and were previously placed in a single subtribe
Arundinariinae but are recently divided into five subtribes (Zhang et al., 2018; Zhang et al., 2020;
Guo et al., 2021). The phylogeny is consistent in all coalescent trees, except the position of
Chimonobambusa marmorea (in Arundinariinae). Among the five subtribes, Ampelocalaminae is
placed as sister to the remaining four subtribes, with Hsuehochlinae and Gaoligongshaniinae
consistently being successive sisters of the combined clade of Arundinariinae and
Thamnocalamaminae.

In Bambuseae with tropical woody bamboos, 5 of 11 subtribes are sampled; Guaduinae
and Arthrostylidiinae are sisters and together with Chusqueinae form a neotropical clade, consistent
with previous studies (Wysocki et al., 2015). On the other hand, Melocanninae and Bambusinae
form a paleotropical clade. In Bambusinae, ten sampled species belong to the Bambusa-
Dendrocalamus-Gigantochloa complex (Goh et al., 2013), where Gigantochloa is monophyletic
and sister to a highly supported clade of the other two genera. Bambuseae and Arundinarieae were
reported to have allopolyploid ancestry, with Arundinarieae being tetraploids with subgenomes
designated A and B, while Bambuseae includes both tetraploids (neotropical; subgenomes C and
D) and hexaploids (paleotropical; subgenomes C, D and E) (Triplett et al., 2014). A recent study
of diploid and polyploid woody bamboo genomes presented an alternative hypothesis with ABCD
sub-genomes, including subgenome C shared by the three woody bamboo lineages (Guo et al.,
2019). Such polyploid history of woody bamboos suggest that their phylogenetic relationships are

probably more complex than presented here (see next section for more discussion).
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Pooideae is the largest among all 12 Poaceae subfamilies and includes wheat, barley and
other crops, as well as the model grass Brachypodium distachyon (Vogel et al., 2010). My sampling
covered 111 samples in 15 tribes and results maximally support the monophyly for seven out of
eight tribes with at least two species (in the order from early to late divergent lineages): Duthieeae,
Meliceae, Stipeae, Brachypodieae, Poeae, Bromeae, and Triticeae (Figure 2-6). However,
Diarrheneae with two species Diarrhena obovata and Neomolinia japonica, is polyphyletic. Ten
of the 15 Pooideae tribes are grouped into five supertribes (recognized by Soreng et al., 2017),
which are all maximally supported as monophyletic. The separation of the monotypic
Phaenospermateae from Duthieeae is consistent with recent reports by Schneider et al. (2011). The
supertribe Stipodae with tribes Stipeae and Ampelodesmeae is not monophyletic, as Diarrhena of
Diarrheneae is embedded and sister to Stipeae. The clade with Stipeae, Diarrhena, and
Ampelodesmeae is sister to a large clade with five tribes plus Neomolinia of Diarrheneae. In this
clade, Neomolinia is clearly the first to diverge, followed by Brachypodieae. Poeae is sister to

Littledaleeae, Bromeae and Triticeae combined.

2.3.4 Phylogenetic relationships in the PACMAD clade

The PACMAD clade as a whole and its six subfamilies are maximally supported to be
monophyletic in a number of studies, although the relationship among the subfamilies is
inconclusive and sensitive to phylogenetic methods (GPWG 11, 2012; Cotton et al., 2015; Soreng
etal., 2017; Saarela et al., 2018). Nevertheless, increasing evidence supports Aristidoideae as sister
to the other five subfamilies (Vicentini et al., 2008; GPWG I1., 2012; Kellogg, 2015; Soreng et al.,
2015; Soreng et al., 2017). In all the five coalescent analyses of my project, Aristidoideae is sister

to the other five subfamilies and consistently received maximum support (Figure 2-7).



_©.r - = - - Aegilops tauschi
* L — — - Aegilops sharonensis
L — — — - Aegilops geniculata

[=] Triticum dicoccoides
Triticum aestivum
Triticum urartu

Gaput-med

Pooideae fe{:al’a cereale

Eremopyrum bonaepariis
Eremopyrum orientale

Elymus dahuricus
Hordeum vulgare
’L: Leymus secalinus
Leymus chinensis
Psathyrostachys huashanica
* Bromus carinatus
Bromus i i
L Bromus rematifiorus
Littledalea przevalskyi

*

Agrostidinae

| i Loliinae

ubtribe Loliodinae

) e ) s
™ e
*

«<— supertribe Poodae

supers

3

Beckmannia syzigachiie ) Beckmanniinae

Aristaveninae

* Brachypodium sylvatioum
* g pinnatum

Triticeae

Bromeae

Littledaleeae

Brachypodieae

2 b Brashypodium distachyon
Jjaponica Diarrheneae
Ptilagrostis consinna
Achnatherum duthiei
Stipa aliena
Psammochloa villosa i
Nassella pulchra Stipeae
Nassella cernua
* Anemanthele lessoniana
* Achnatherum sibiricum
Diarrhena obovata Diarrheneae
Ampelodesmeae
Melica transsilvanica
Melica onoei
Schizachne purpurascens Meliceae
Glyceria maxima
: Glyceria acutifiora
Pooideae * Brylkinia caudata Brylkinieae
by Phaenospermateae
* — Si trigyna A
% supertribe Nardodae%‘—ﬂulﬁiea brachypodium Duthieeae
[ Lygeum sparturm Lygeeae
L— Nardus stricta N%rdeae
je Brachyelytreae
* -
" —=m Bambusoideae J (see Figure 1)
—=T0ryzoideae

extended from figure 1

54

Figure 2-6: A summary for a portion of the Poaceae phylogeny (Pooideae). The Pooideae portion of the summarized
Poaceae phylogeny is shown. Supertribes are indicated with arrows pointing to the nodes, as are three supersubtribes in

the tribe Poeae. See also legend for Figure 2-5.
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The relationships among four of the remaining five subfamilies are also consistent and highly
supported as (((Chloridoideae, Danthonioideae), Arundinoideae), Panicoideae), but not the position
of Micrairoideae, which is placed at one of two positions with varying support values (see next
section for more discussion).

My results also provide strong support for many relationships within the PACMAD
subfamilies, with the relationships among three genera of Aristidoideae being consistent with the
GPWG II phylogeny (GPWG II., 2012). In Panicoideae (~3,240 species), the largest subfamily in
PACMAD, my sampling included ten tribes and the six tribes with two or more species are all
monophyletic (Figure 2-7). The tribes Chasmanthieae and Zeugiteae form a sister clade to the
remaining tribes of Panicoideae, with Centotheceae and Thysanolaeneae in the next divergent clade,
followed successively by Gynerieae and Tristachyideae. As a comparison, previous studies
(Sanchez-Ken et al., 2007; GPWG 11, 2012; Saarela et al., 2018) supported a branch with three
tribes (Tristachyideae + (Thysanolaeneae + Centotheceae)) as sister to all other Panicoideae tribes
and (Chasmanthieae + Zeugiteae) on the next divergent branch.

The remaining four Panicoideae tribes belong to two maximally supported monophyletic
supertribes, Panicodae and Andropogonodae. Panicodae has only one tribe, Paniceae, with six out
of seven subtribes sampled, and Sacciolepis indica, which was not previously assigned to a subtribe.
The subtribes are monophyletic except for Panicinae (Panicum) and have consistent relationships
(except for placement of Dichantheliinae), but the support for monophyly of Boivinellinae is lower
than those for other subtribes and other topologies are possible. Panicum brevifolium is maximally
supported as sister to Sacciolepis indica, apart from other Panicum species. Also, Pennisetum is
nested in a clade with Cenchrus species, consistent with the recent treatment of Pennisetum as a
synonym of Cenchrus (Chemisquy et al., 2010). Two Setaria species are not grouped together, with

Setaria palmifolia next to the clade of Cenchrus/Pennisetum and Setaria italica being sister to
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Figure 2-7: A summary for a portion of the Poaceae phylogeny (Aristidoideae, Micrairoideae, and Panicoideae). A
portion of the summarized Poaceae phylogeny is shown, with three subfamilies, Aristidoideae, Micrairoideae, and
Panicoideae, all belong to the PACMAD clade. Supertribes are marked with arrows pointing to the nodes. See also legend
for Figure 2-5.
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Spinifex littoreus, consistent with previous studies showing that Setaria is not monophyletic and
the placement of Setaria palmifolia and Setaria italica in separate lineages (Morrone et al., 2012).

The other supertribe in Panicoideae, Andropogonodae, has three previously defined tribes,
Paspaleae, Arundinelleae and Andropogoneae, and a recently described tribe Jansenelleae
(Bianconi et al., 2020), which includes two genera not sampled here. The three sampled tribes are
maximally supported as monophyletic, with Paspaleaec being sister to Arundinelleae plus
Andropogoneae, consistent with previous reports (GPWG II., 2012; Saarela et al., 2018). In
Paspaleae, Ichnanthus, Axonopus, and Hopia consistently form a grade in all trees here outside a
clade of three Paspalum species. In Andropogoneae, our sampling includes eight subtribes and four
unplaced genera, Chrysopogon, Eulaliopsis, Imperata, and Microstegium. Our analyses support the
monophyly of subtribes Tripsacinae, Ischaeminae, and Andropogoninae, but not Saccharinae. In
addition, the placement of Arthraxoninae and Tripsacinae as successive sisters to other
Andropogoneae is consistent with a previous study using plastomes (Saarela et al., 2018), but not
with the topology in another nuclear phylogeny (Estep et al., 2014). The next lineage to diverge
has two Chrysopogon species, supporting a recently proposed designation of this genus as a new
subtribe (Welker et al., 2020). The subtribes Rottboelliinae and Coicinae form a clade sister to the
remaining Andropogoneae with four subtribes, which were not resolved previously (Mathews et
al., 2002). The previously unplaced Eulaliopsis is either sister to a clade with the subtribes
Saccharinae, Germainiinaec and Andropogoninae, or placed elsewhere, while Microstegium is
maximally supported as sister to Andropogoninae.

Arundinoideae is represented here (Figure 2-8) by four genera/species belonging to two
tribes, Arundineae and Molinieae, the latter of which has two subtribes Crinipinae and Molininae.
The placement of Pratochloa walteri in Crinipinae is in agreement with a previous study (Ingram
et al., 2011). In Danthonioideae (one tribe Danthonieae), Danthonia is monophyletic, but

Cortaderia is not, in agreement with the reported paraphyly of Cortaderia (Barker et al., 2003).
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Figure 2-8: A summary for a portion of the Poaceae phylogeny (Arundinoideae, Danthonioideae, and Chloridoideae). A
portion of the summarized Poaceae phylogeny is shown, with three subfamilies, Arundinoideae, Danthonioideae, and
Chloridoideae, all belong to the PACMAD clade. Two large clades in the large tribe Cynodonteae are marked with

“division 1” and “division 2”. See also legend for Figure 1.



59
Chloridoideae (~1,600 species) is the second largest subfamily in PACMAD, and my study

included 86 samples in 56 (out of 124) genera; all five tribes, Centropodieae, Triraphideae,
Eragrostideae, Zoysieae, and Cynodonteae, are maximally supported as monophyletic (Figure 2-8).
Centropodieae, with two monophyletic genera, is maximally supported as sister to other
Chloridoideae tribes. Triraphideae, Eragrostideae and Zoysieae are monophyletic and occupy the
next three successive sister lineages. Within Eragrostideae, all three subtribes are monophyletic,
with Cotteinae being sister to a clade of Unioliinae and Eragrostidinae, although Eragrostis is
paraphyletic. Moreover, the two Zoysieae subtribes, Zoysiinac and Sporobolinae are both
monophyletic.

The largest Chloridoideae tribe, Cynodonteae, is sister to Zoysieae and our sampled species
here represented 19 subtribes and three genera that were previously unplaced in a subtribe. These
subtribes and genera form two large sister clades: division 1 and division 2 (Figure 2-8). In division
1, Dactylocteniinae and Eleusininae form the basal-most lineage in two trees with larger numbers
of genes, with Aeluropodinae occupying the next lineage; however, in three trees with smaller
numbers of genes, Dactylocteniinae, Aeluropodinae, and Eleusininae form a grade outside the
remaining taxa of division 1. Next, Orininae and Orcuttiinae form a grade outside a maximally
supported clade containing six subtribes. In division 2, the subtribe Tripogoninae is monophyletic
and sister to the other subtribes of this division. The relationships of Pappophorinae with other
subtribes were different previously (Soreng et al., 2017). Among the three unplaced genera, Kalinia
is sister to a clade of Pappophorinae, Hilariinae, and Monanthochloinae, while Jouvea is sister to a
weakly supported clade containing Scleropogoninae + (the unplaced Sohnsia + Boutelouinae) in
three of the coalescent trees. The well resolved relationships among Bouteloua species are generally

consistent with previous studies (Columbus, 1999; Peterson et al., 2015).
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2.3.5 Polyploidy in grasses and possible impact on the Poaceae phylogeny

Species with more than two sets of chromosomes are called polyploid. There are two
general types of polyploid: autopolyploid with more than two (usually four) sets of chromosomes
from the same species (could be from different subspecies or varieties), and allopolyploid with
three or more sets of chromosomes from different species. In autopolyploid species, the
chromosomes are duplicated, so are the genes, possibly followed by loss or divergence of gene
copies. Whereas in allopolyploid species, genes from both genome donors are first retained and
also possibly followed by gene loss (for this topic, see a review by Cheng et al., 2018). For
phylogenetic studies concerning species relationship, allopolyploidy may cause a larger challenge
because there might be genes from both genome donors if one were to identify orthologous genes
among target species, result in some genes reflecting evolutionary history of one genome donor
and other genes for the other genome donor. Grasses have experienced multiple rounds of
polyploidization, including one shared by all grasses (Tang et al., 2010b), those in the early history
of the Bambusoideae subfamily (allopolyploidy; Guo et al., 2019; Guo et al., 2021), and more
recent ones involving members of related genera or within a genus, such as those in the tribe
Andropogeneae and other grasses (Mason-Gamer et al., 2010; Liu et al., 2011; Estep et al., 2014;
Triplett et al., 2014). Therefore, the bifurcating Poaceae phylogeny reported in my project is likely
a simplified and limited view of the evolutionary history. Nevertheless, for the early polyploidy
events shared by all grasses or many members of Bambusoideae, where the parental lineages of the
presumed allopolyploid hybrids have not been identified and are possibly extinct, the relationships
among grasses or bamboos, respectively, can be generally reliable, if individual orthologous group
of marker genes do not include different paralogs from such allopolyploidy events. For relatively
recent polyploidy events, we generally did not include more than two species affected by such an

event. Thus, the effect of the recent polyploidy events on phylogeny awaits further investigation
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with sampling of greater density. For Puelioideae, the proposed non-monophyly from the nuclear
phylogeny could also be affected by past polyploidization, although analyses of chromosome
number suggested that Puelia species are diploid (Dujardin, 1978; Soderstrom, 1981) and no
evidence of polyploidization for Guaduella was reported. Furthermore, as three species in each
genus were included, polyploidy in a specific member of either genus would not likely have
affected the overall phylogenetic placement of these genera.

To further examine the potential effect of gene duplications (from both polyploidization
events and gene-specific duplications) that occurred relatively early in the Poaceae history, we
performed additional analyses. First, we obtained the local posterior probabilities (PP) and the
quartet support values at each node for the three alternative topologies from coalescent analyses
using the 1,150 genes and the four subsets of genes (the alternatives around a node are for a
quadripartition and not the bipartition. See Supplemental Figure 4 in Huang et al., 2022) and found
that most nodes have a relative high PP value and quartet support value for the first topology,
including the stem nodes for monophyly of 11 subfamilies. We also found high PP support values
for relationships among the subfamilies, although the quartet support was weak for some of the
relationships among the PACMAD subfamilies. The generally high support for Poaceae
relationships is consistent with the idea that the sub-genomes of a recent polyploid often lose genes
differentially, making it more likely that the single-copy genes sampled from multiple species are
derived from the same ancestral copy and thus are orthologous.

For Bambusoideae, the PP values and the quartet support values were generally supportive
of the species phylogeny, including the monophyly of two tropical woody bamboo clades. It was
proposed that the woody bamboos are tetraploids or hexaploids, with tropical woody bamboos and
the temperate woody bamboos belonging to the tribes Bambuseae and Arundinarieae, respectively
(Kellogg, 2015; Guo et al., 2019). The tropical woody bamboos form two clades, the paleotropical

ones (hexaploids, including subtribes Bambusinae and Melocanninae) and the neotropical ones
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(tetraploids, with the subtribes Arthrostylidiinae, Chusqueinae, and Guaduinae), while the
temperate woody bamboos are also tetraploids. Guo et al. (2019) reported genomic evidence
supporting a model that the paleotropical bamboos share the ABC subgenomes, the neotropical
ones have the BC subgenomes, and the temperate woody bamboos carry the CD subgenomes, with
diploid progenitors thought to be long extinct. The phylogeny here for Bambusoideae is consistent
with the above proposed polyploid history, as the temperate, the paleotropical and the neotropical
woody bamboos form separate monophyletic groups, respectively.

The quartet analyses also revealed that at some nodes there are alternative topologies with
considerable support, such as those for some relationships among the PACMAD subfamilies. As
these subfamilies diverged within a relatively short period of time (see below, Figure 2-9), the
differences in topologies among gene trees could be due to several possible factors, such as
incomplete lineage sorting and insufficient phylogenetic resolving power, in addition to the
possible inclusion of paralogs from ancient polyploidy events or gene duplications. The single-
gene trees were examined to reduce the effect on species phylogeny from potential paralogs and/or
low-quality sequences. Firstly, I avoided genes in the larger gene sets that either have relatively
low taxon coverage or short sequences and focused on the set with 436 OGs, because both low
coverage and short sequences can lead to less reliable gene tree topologies. Secondly, I used
monophyly of the five largest subfamilies (Bambusoideae, Chloridoideae, Oryzoideae, Panicoideae
and Pooideae) as a evidence for gene orthology, as their monophyly is supported by analyses of
both chloroplast genes in previous studies and the five sets of nuclear genes in my project. The
examination of the gene trees for the 436 OGs suggested that among each of the 436 single gene
trees, a relatively small number of sequences (1-10 sequences for 263 gene trees; 11-20 sequences
for 87 gene trees; 21-43 for 51 gene trees) did not group together with the majority of sequences
from the same subfamily, suggesting that they are not orthologous to most sequences of the same

OG. For the 401 OGs with at least one putative non-orthologs, gene trees were reconstructed after
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the removal of putative non-orthologous sequences, and a new coalescent tree was generated using
the modified 436 gene set. In addition, we also generated two other coalescent trees using a 390-
gene set with 90% species coverage and a 373-gene with presence in both of the two Puelioideae
genera as the removal of the putative non-orthologs reduced the species coverage for some genes
(see coalescent trees from filtered gene sets in Supplemental Figure 8 in Huang et al., 2022). The
phylogenetic relationships in these coalescent trees are generally consistent with those in Figures
2-5, 2-6, 2-7 and 2-8; for example, the monophyly of subfamilies, the paraphyly of Puelioideae,
and most of the relationships among the subfamilies are the same. Micrairoideae was supported as
sister to Panicoideae in 4 of the 5 earlier coalescent trees (Supplemental Figure 3 in Huang et al.,
2022), whereas it was sister to the clade of ((Chloridoideae, Danthonioideae), Arundinoideae) with
support of PP=0.86 from the original 436 gene set (Supplemental Figures 4 and 8 in Huang et al.,
2022). In the three coalescent trees after the removal of putative non-orthologs, Micrairoideae is
sister to Panicoideae with PP values of 0.78 to 0.89 (Supplemental Figure 8 in Huang et al., 2022),
suggesting that its placement next to ((Chloridoideae, Danthonioideae), Arundinoideaec) was
possibly influenced by non-orthologs. Therefore, although it is likely that the Poaceae history is
more complex than depicted here, my results represent a major portion of the history especially at

the levels of subfamily and tribe.

2.3.6 Lower cretaceous origin of Poaceae

The newly reconstructed nuclear phylogeny of Poaceae provides an opportunity to estimate
the origin and divergence times of major lineages using molecular clock analysis. Early studies
suggested that there are a few pollen fossils related to Poaceae dated to no older than 70 my (million
years; Muller, 1981). More recently, earlier fossils have been discovered (Shi et al., 2012; Wu et

al., 2018), supporting older ages for Poaceae and its major clades, with an estimate of Poaceae
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crown age to be older than 100 my using these fossil calibrations (Schubert et al., 2019). I
performed molecular clock analysis using TreePL 1.0 (Smith and O’Meara, 2012) with the ML tree
from concatenated super-matrix of 180 nuclear genes. To include fossil calibrations outside the
Poaceae family, six more outgroup species were included in addition to the seven species in the
coalescent analyses. The upper or/and lower boundaries of these calibrations were set according to
previous studies (see Appendix A).

Results show the crown age of Poaceae to be ~101 my, in the Lower Cretaceous (Figure
2-9 shows mean values of ages; see Appendix B for confidence intervals). Following the successive
divergences of the four early lineages of Poaceae spanning a period of ~20 my, the crown age of
(PACMAD + BOP) is estimated to be ~81 my in the Upper Cretaceous. Thus, the PACMAD and
BOP clades probably diverged before the Cretaceous-Paleogene (K-Pg) boundary. Furthermore,
the three BOP subfamilies also diverged from each other before the K-Pg boundary (between ~78-
74 mya), whereas the six PACMAD subfamilies separated from each other shortly after the K-Pg
boundary during a period of less than 7 my (~66.33-59.86 mya). Subsequently, most tribes in large
subfamilies diverged over much longer periods. For example, among the tribes in Pooideae,
Brachyelytreae (Brachyelytrum) diverged from other Pooideae at ~67 mya, whereas Bromeae
(Bromus) separated from Triticeae (with Leymus and Triticum) much more recently at ~19 mya.
Thus, the divergence among tribes of Pooideae spanned a period of ~48 my. Similarly, the tribes
in Panicoideae diverged over a period of ~30 my (from ~54.22 to ~23.54 mya). Our analyses also
provide divergence times for subtribes and genera, showing a general tendency for the divergence
times in Oryzoideac and Bambusoideae to be older than those in Pooideae, Panicoideae, and

Chloridoideae.
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Figure 2-9: Divergence time estimation for Poaceae. A Poaceae time tree was estimated by treePL using the topology of
the 1150-gene coalescent tree as a backbone and the concatenated super-matrix from 180 genes for calculation of branch
length. Subfamily names are lablled to the right with different colors. Geological time scale is shown at the bottom, and
periods are delimited with vertical gray lines. E-K, early Cretaceous; L-K, late Cretaceous; PAL, Paleocene; E, Eocene;
OL, Oligocene; MI, Miocene; P-Q, Pliocene and Quaternary. Estimated divergence times of subfamilies are marked at
corresponding nodes, and confidence intervals are listed in Appendix B.
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2.3.7 Ancestral character reconstruction supports multiple origins of C4 photosynthesis in
PACMAD grasses

The success of grasses is thought to be due in part to their ability to fix carbon via Cs4
photosynthesis, which facilitates adaptation to habitats with stressful conditions, such as high
temperature or light intensity, aridness, and salinity (Christin et al., 2007a; Edwards and Still, 2008).
Under hot and dry environments, plants tend to close stomata to retain water, leading to reduced
access to CO,; many Cs plants have evolved a specialized organization of leaf tissues called Kranz
anatomy (Tregunna et al., 1970; Smith and Epstein, 1971) that could increase local concentration
of CO; near the carbon-fixing enzyme Rubisco, by physically separating the light-dependent
reactions and the Calvin cycle.

Among families with C4 photosynthesis, Poaceae has the largest number (~4,500 species,
~60% of all C4plants) of Cs species; Cs species are also reported in several other angiosperm
families: Amaranthaceae, Asteraceae, Brassicaceae, Cyperaceae, and Euphorbiaceae. All Cy4
Poaceae belong to the PACMAD clade, although they do not form a monophyletic group. To date,
four subfamilies are reported to have Cs species, namely Aristidoideae, Micrairoideae, Panicoideae
and Chloridoideae. However, the existence of undiscovered Ci species in Arundinoideae or
Danthonioideae cannot be excluded, since the photosynthetic pathway is somewhat a continuous,
complex trait and sometimes there are both C; and Cy4 ecotypes/subspecies within a species, such
as Alloteropsis semialata (Lundgren et al., 2016).

Among Poaceae species sampled for this project, 150 have been described as Cs species,
including one in Micrairoideae, three in Aristidoideae, 62 in Panicoideae, and 84 in Chloridoideae,
according to Soreng et al. (2017). The Cs/C4 photosynthetic ancestral states were reconstructed
using a Most Parsimony method implemented in Mesquite (version 3.6), with the coalescent trees
from five different gene sets. As Cs4 species are only known in the four PACMAD subfamilies, our

analyses support the hypotheses that the most recent common ancestor (MRCA) of Poaceae, the
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es, the crown node of BOP +

PACMAD, and the MRCAs of the BOP clade as well as the three BOP subfamilies were all Cs.
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The subfamily Aristidoideae is sister to the other PACMAD subfamilies, consistent with
the relationship summarized recently (Soreng et al., 2017). The MRCA of PACMAD and that of
the five subfamilies after the divergence of Aristidoideae are both proposed to be C; (Figure 2-10).
However, the ancestral state of Aristidoideae is uncertain. All three genera in Aristidoideae are
sampled, with a phylogenetic topology of Aristida being sister to (Sartidia + Stipagrostis),
consistent with previous studies (Cerros-Tlatilpa and Columbus, 2009). The fact that most Aristida
and Stipagrostis species are C4 while Sartidia and Aristida longifolia are Cs makes the ancestral
state of Aristidoideae equivocal. If the Aristidoideae ancestor was Cs, then C4 has originated at least
twice, in Aristida and Stipagrostis, respectively, while Sartidia has retained the ancestral state,
consistent with a previous report (Cerros-Tlatilpa and Columbus, 2009). A less likely scenario
would be that the Aristidoideae ancestor was already Cs, and there were reversions to Cs in Sartidia
and Aristida longifolia.

The ancestral state of each of the other three subfamilies with C4 species is proposed to be
Cs, according to the reconstruction here. More specifically, Micrairoideae was estimated to be Cs
in all analyses from five different coalescent trees, regardless of the placement of this subfamily.
Our sampling includes three Micrairoideae genera and the C4 genus Eriachne is sister to the clade
of Isachne + Sphaerocaryum (both are Cs); alternatively, the ancestral state of Micrairoideae could
also be Cs4, with a reversion to C; in the MRCA of Isachne + Sphaerocaryum. Among the genera
in Micrairoideae not sampled here, Micraira alone defines a tribe (Micraireae) and was placed as
the first divergent lineage in the subfamily (Soreng et al., 2017). As Micraira is Cs, its placement
as sister to the other Micrairoideae genera would support C; as the ancestral state of Micrairoideae.

Panicoideae is the largest subfamily in PACMAD with 13 tribes and ten tribes are
represented by our sampling, including five with Cs; species (Centotheceae, Chasmanthieae,
Gynerieae, Thysanolaecneae, and Zeugiteae), three with only Cs species (Andropogoneae,

Arundinelleae, and Tristachyideae), and two with both Cs and C, species (Paniceae and Paspaleae).
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The three small tribes not sampled here [Cyperochloeae (two species), Lecomtelleae (one species),
and Steyermarkochloeae (two species)] have only Cs species. In the phylogeny here, the earliest
divergent lineage of Panicoideac has two tribes, Chasmanthieae and Zeugiteae; the sister
relationship of Chasmanthieae and Zeugiteae is consistent with previous reports (Soreng et al.,
2017; Saarela et al., 2018). The next two early separating branches are (Centotheceae +
Thysanolaeneae) and Gynerieae, respectively. The above mentioned three early divergent lineages
are all Cs; thus, this relationship strongly supports C; as the ancestral state of Panicoideae. The
MRCA of the other five tribes sampled here, and the MRCA of each of these tribes (Tristachyideae,
Paniceae, Paspaleae, Arundinelleae, and Andropogoneac) are supported by the ancestral character
reconstruction to be Cs4, even though Paniceae and Paspaleae also have Cs species (Figure 2-10).
The three small C; tribes not sampled here were previously placed outside this large clade of five
tribes (Soreng et al., 2017); therefore, their placements also support Cs as ancestral for Panicoideae.
Within Paniceae, the inferred ancestral state of subtribes Boivinellinae and Dichantheliinae varies
between analyses, mainly due to uncertainties in the phylogeny (Supplemental Figures 3, 4 & 10
in Huang et al., 2022). Nevertheless, our analyses support two likely Cs to Cs reversions for the two
C; species Ichnanthus pallens and Sacciolepis indica, in tribes Paspaleae and Paniceae, respectively.
The mostly Cs Paspaleae is sister to a combined clade of two C4 tribes, Andropogoneae and
Arundinelieae, supporting the ancestor of Paspaleae to be C4 and a reversion to C; in Ichnanthus
pallens. In Paniceae, S. indica was previously not assigned to a subtribe, but in our results, it is
supported as sister to the C4 species Panicum brevifolium; this relationship supports a reversion to
Cs in S. indica. Three subtribes in Paniceae: Anthephorinae, Cenchrinae, and Panicinae, contain
both C; and C4 species, but our sampling was incomplete; in addition, the tribe Paspaleae contains
a few other C; genera that are not included here. Therefore, more sampling is needed to better

understand the evolution of C4 photosynthesis in these two tribes.
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Among the remaining three subfamilies of the PACMAD clade, Arundinoideae and
Danthonioideae are entirely C; and are placed as successive sisters of Chloridoideae, supporting
the MRCA of the combined clade of these three subfamilies as C;. Within Chloridoideae, the tribe
Centropodieae has two genera, Centropodia (Cs) and Ellisochloa (Cs), and is sister to all the other
chloridoid grasses, making the ancestral states of Centropodieae and Chloridoideae uncertain in
our analysis, even though the MRCA of the combined clade of the other four tribes is inferred to
be Cs. If the MRCA of Chloridoideae was Cs, then there were two origins of C4 photosynthesis,
one for Centropodia and the other for the MRCA of the other four tribes with the majority of
Chloridoideae. However, if the ancestral states of Chloridoideae and Centropodieae were both Ca,
then there was one origin of C4 for the subfamily and a reversion to C; for Ellisochloa.

The ancestral state reconstruction analyses support independent origins of C4 in each of the
four subfamilies with C,4 species, possibly twice in Aristidoideae and Chloridoideae, respectively,
and multiple times in Panicoideae. This is consistent with a previous report by GPWG I1. (2012),
which proposed as many as 24 separate transitions from Cs to C4 photosynthesis, among which two
were in Aristidoideae, two in Chloridoideae, one in Micrairoideae and the rest all in Panicoideae.
Notably, there were possible reversions from Cs4 back to Cs in Panicoideae (tribe Paniceae).

It should be noted that sampling limitations here, including the lack of some C; lineages,
probably affected some of the ancestral state reconstruction results. In Panicoideae, especially in
supertribe Panicodae and Andropogonodae, the sampling favored Cs species, likely increasing the
probability of inference of the ancestral nodes of these two supertribes as C4. On the other hand,
our sampling included early diverging tribes of Panicoideae, such as Chasmanthieae and Zeugiteae,
which are Cs, supporting the inferred ancestral state of Panicoideae as Cs. Previous studies on
Panicoideae phylogeny mostly using plastome genes reconstructed different relationships among
some tribes, especially for basal ones (e.g., position of Tristachyideae, C4). Therefore, although our

sampling is indeed incomplete at subtribe level, our well-supported phylogeny provides meaningful
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information. Additional studies with greater sampling are needed to investigate the previously
proposed >20 transitions from Cs to C4 (GPWG I1., 2012) and to resolve relationships among some
Paniceae subtribes. Moreover, C4 photosynthesis is a complex trait with changes in both leaf
anatomy and biochemical processes (GPWG I1., 2012; Washburn et al., 2015); thus, even closely
related C4 species might have experienced distinct evolutionary histories for Cs photosynthesis, as
noted previously (Sinha and Kellogg, 1996; Christin et al., 2010; Dunning et al., 2017; Moreno-
Villena et al., 2018) and also supported by the evolutionary analyses of homologs of ppc genes in

the next section.

2.3.8 Phylogenetic analyses of the ppc gene family provide molecular evidence for
independent origins of C4 photosynthesis in grasses

The C,4 photosynthesis processes depend on multiple genes that are responsible for
biochemical pathways and leaf anatomy and are co-opted for the C4 functionality (Moreno-Villena
et al.,, 2018). Among these genes, the ppc gene that encodes PEPC (phosphoenolpyruvate
carboxylase), which is responsible for the initial fixation of atmospheric CO, into organic
compounds (Sage, 2004), has been studied in several plant families including Poaceae, Asteraceae
and Fabaceae (Blasing et al., 2000; Christin et al., 2007a; Christin and Besnard, 2009; Wang et al.,
2016). The ppc gene belongs to a gene family encoding several enzymes involved in photosynthesis
and some stress-response processes. Previous studies of the ppc family indicated that ppc genes for
C4 photosynthesis encode proteins with shared sequence motifs (Bldsing et al., 2000; Christin et al.,
2007a; Paulus et al., 2013) and that the Cs ppc genes in Poaceae originated from non-Cy4 paralogs
in two different ppc clades (Christin and Besnard, 2009), sometimes involving possible horizontal
gene transfer (Christin et al., 2012). Previous phylogenetic analysis of ppc gene sequences from

several Poaceae species and other Poales (Eleocharis, Cyperaceae), other monocots (Aloe,
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Asphodelaceae; Hydrilla, Hydrocharitaceae; Vanilla, Orchidaceae) and several eudicot families
helped to define several gene clades for grass ppc genes (here named as subclades): ppc-alla, ppc-
aLlb,ppc-al2, ppc-Bl, ppc-B2, and ppc-aR (Christin and Besnard, 2009). However, the origins of
these subclades were not clear.

To gain additional insights into the evolution of C4 photosynthesis in the PACMAD clade,
phylogenetic analyses of the Poaceae ppc gene family were performed with putative ppc genes
from all grass subfamilies, except Puelioideae (with only low-coverage genome sequences), and
nine of 15 non-grass Poales families that represent all major Poales clades. In addition,
representatives of Musaceae (Zingiberales) and Asparagaceae (Asparagales) were included as
outgroups. Our phylogenetic results support a model that the grass ppc subclades originated first
with a duplication shared by the MRCA of both Poales and Zingiberales (Figure 2-11, indicated by
one of the stars), after divergence from Asparagales. Subsequently, another duplication in the early
Poales history, probably after the separation of Typhaceae, generated the common ancestor of both
the ppc-al.la and ppc-aLlb subclades, and the ancestor of the ppc-al2 subclade, while a later
duplication likely at the MRCA of Poaceae produced the ppc-al la and ppc-alL 1b subclades (Figure
2-11A). Although the origins of the ppc-B1, ppc-B2, and ppc-aR subclades are less clear, they seem
to result from duplications of an ancestral gene shared by Poales and Zingiberales (Musaceae), after
the divergence of most families in Poales. However, the placements of a ppc-BI-like gene from
Flagellariaceae, a family closely related to Poaceae, and genes from Anomochlooideae, the grass
subfamily that is sister to all other Poaceae, indicate that further analysis is needed with genes from
more representatives of families closely related to Poaceae to resolve the early histories of the ppc-

Bl, ppc-B2, and ppc-aR subclades.
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Figure 2-11: Molecular phylogenetic analyses of the ppc gene family. (A) A simplified presentation of the ppc gene
family from a maximum-likelihood analysis using 516 nucleotide sequences of protein coding regions. (B) An illustration
of subclades ppc-aLla and ppc-aLlb in the ppc tree shown in (A). Names of sequences with a putative Cs function are
marked in red, and non-C4 sequences are marked in black. Bootstrap values are shown above branches. (C) Summary of
amaximum-likelihood gene tree based on 119 nucleotide coding sequences from Poaceae ppc-B1 and ppc-B2 only, plus
four outgroup sequences. Subfamily names are marked to the right of gene clades, as is the tribe name Tristachyideae
(Panicoideae).
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Previous comparative analyses of PEPC amino acid sequences from Poaceae and other
families for C4 photosynthesis or non-Cs4 functions revealed characteristic residues at multiple
positions (Christin et al., 2007a; Christin and Besnard, 2009). The available sequences from many
Poaceae members provide an opportunity to further examine the conservation of these residues;
our comparison of over 500 PEPC sequences indicated that characteristic residues for either
putative C4 or non-C4 enzymes are very similar to those reported previously (Supplemental Table
9 in Huang et al., 2022). Also, it was reported that in some C4 plants the ppc gene for Cs4
photosynthesis was expressed at higher levels (Moreno-Villena et al., 2018). To investigate whether
the putative Cs ppc genes identified here were also more highly expressed, we examined expression
level by mapping RNA-seq reads to mRNA sequences of different ppc genes. Our results suggested
that, for some species, the putative C4 ppc gene was likely expressed at a higher level than other
ppc genes in the same species, such as those in Centropodia glauca, Neyraudia reynaudiana,
Eriachne aristidea, Loudetiopsis kerstingii, Echinochloa esculenta, and Hopia obtusa; however, in
several other species, the putative C4 ppc genes appeared not to be the most highly expressed ones
(Supplemental Table 10 in Huang et al., 2022). It is possible that the transcriptomes of different
species contain different amounts of photosynthetic organs/tissues and more detailed information
about ppc gene expression is needed to understand expression patterns of C4 and non-C4 ppc genes.

The ppc gene phylogenetic analysis here also indicates that the putative ppc genes with the
characteristic motif for C4 photosynthesis belong to one of three subclades: ppc-alla, ppc-allb,
and ppc-B2, strongly supporting the hypothesis of multiple C4 origins in Poaceae. Specifically,
among the three genera in Aristidoideae, both Aristida and Stipagrostis have numerous Cy4 species,
whereas Sartidia has only C; species. Here ppc genes were identified from members of each of the
three genera, including non-C4 ppc genes from Aristida (A. adscensionis and A. rhiniochloa),
Sartidia angolensis, Stipagrostis (S. acutiflora and S. plumosa) and C4 ppc genes from Aristida and

Stipagrostis species. Previously it was reported that the C4 genes in Aristida (A. adscensionis and
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A. rhiniochloa) were in the ppc-B2 subclade, whereas the Cs4 genes in Stipagrostis pennata were in
ppc-aLla (Christin and Besnard, 2009), indicating that ppc genes for C4 photosynthesis probably
originated at least twice in Aristidoideae. Our results suggest that the evolution of C4 ppc genes in
Aristidoideae might be more complex; in addition to confirming the previous findings, our analyses
identified C4 ppc genes from two Stipagrostis species not sampled previously (S. Airtigluma and S.
uniplumis) and a third Aristida species (A. depressa) as belonging to the ppc-B2 subclade.

In Micrairoideae, Eriachne is the only Cy4 lineage, with five identified ppc sequences
predicted to be functionaly Cs; one of these is placed in ppc-aL la as being related to Cs ppc genes
from several other PACMAD subfamilies, suggesting an independent origin of C4 ppc, which was
not previously reported. Four other ppc sequences from Eriachne are placed in ppc-B2, and they
are all closely related to sequences from two Echinochloa species. This relationship is further
supported by a BLAST search showing that the most similar sequences of these four Eriachne ppc-
B2 sequences are from Echinochloa, which is a Cy4 species in the tribe Paniceae of Panicoideae.
Furthermore, the C4 ppc genes from both Echinochloa and Eriachne are close to Cs4 genes from
other members of Panicoideae. One possible explanation for this observation is horizontal gene
transfer between Echinochloa and Eriachne, although convergent evolution cannot be ruled out.
Although not yet available, genomic sequences of these Cs4 ppc genes, for example, may provide
information regarding whether there was horizontal gene transfer between Echinochloa and
Eriachne, as intronic and untranslated regions are less likely to evolve convergently. On the other
hand, if introns are missing in the genomic sequences, that would be a strong evidence of horizontal
gene transfer mediated by RNA (Kim et al., 2014).

Panicoideae and Chloridoideae are the two largest PACMAD subfamilies and contain the
majority of C4 species in Poaceae, although only a subset was included in the ppc gene family
analysis here. In Panicoideae, all C4 ppc genes identified here (from Arundinella, Axonopus,

Digitaria, Hopia, Loudetiopsis, Zea mays, and Echinochloa) are in the ppc-B2 subclade. As
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mentioned in the previous section, our ancestral character analyses identified two possible C4 to C3
reversions (or retentions of ancestral state C3) in the Panicoideae members Ichnanthus pallens and
Sacciolepis indica. No C4 type ppc sequences were found from the transcriptomes of these two
species, providing further support for their C; state. In Chloridoideae, the ppc gene family analysis
showed that the C4 ppc genes in several Chloridoideae genera (Bouteloua, Centropodia, Dignathia,
Enneapogon, Neyraudia, Muhlenbergia, Sohnsia, and Zoysia) are in the ppc-B2 subclade. On the
other hand, C4 ppc genes in three closely related genera (Blepharidachne, Dasyochloa, and
Erioneuron, all in the subtribe Scleropogoninae of the tribe Cynodonteae; Figure 2-9) are in the
ppc-aL1b subclade, supporting a different origin. The ppc gene phylogeny here is different from
the species phylogeny, probably caused by convergent evolution of Cs ppc genes included here, as
proposed by Christin et al (2007a). In addition, horizontal gene transfer was also hypothesized for
ppc in Alloteropsis species in Panicoideae (Christin et al., 2012), and is a possible explanation for

the cases of Eriachne aristidea and Echinochloa C4ppc genes.
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2.4 Discussion

2.4.1 A well-resolved Poaceae nuclear phylogeny supporting monophyly of most subfamilies
and tribes

I present a generally well-resolved Poaceae phylogeny that supports the monophyly of 11
out of 12 subfamilies and most of the tribes with two or more sampled taxa, largely consistent with
recent classifications (Kellogg, 2015; Soreng et al., 2015; Soreng et al., 2017). In addition, the
nuclear phylogeny provides well-resolved relationship among subfamilies and also for many tribes
and some subtribes. Specifically, the deep relationships in the PACMAD clade have long been
difficult to resolve and various topologies have been reported using chloroplast and mitochondrial
genes or a small number of nuclear genes (GPWG II, 2012; Christin et al., 2014; Soreng et al.,
2015; Soreng et al., 2017; Saarela et al., 2018), with conflicts between results from chloroplast and
mitochondrial genes (Cotton et al., 2015) or among different sets of genes (Saarela et al., 2018).
Although previous studies placed (Chloridoideae + Danthonioideae) as sister to (Arundinoideae +
Micrairoideae) (Soreng et al., 2017; Saarela et al., 2018), both Aristidoideae and Panicoideae was
reported to be the first divergent lineage among the PACMAD subfamilies. The branches
subtending the individual PACMAD subfamilies are usually short, suggesting rapid diversification
among these subfamilies. Our analyses from both coalescence and super-matrix estimated
Aristidoideae as sister to the remaining PACMAD subfamilies, and Arundinoideae as sister to
(Danthonioideae + Chloridoideae). Micrairoideae is supported in most coalescent analyses as sister
to Panicoideae, whereas the signal for its placement as sister to (Arundinoideae + (Danthonioideae
+ Chloridoideae)) might be due to paralogous sequences possibly generated by ancient

polyploidization events.
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2.4.2 Phylogenetic analysis of ppc gene family provides insights into evolution of Cy
photosynthesis

Six subclades for grass ppc genes: ppc-al.la, ppc-aL 1b, ppc-al.2, ppc-Bl, ppc-B2, and ppc-
aR, were defined by previous molecular phylogenetic analysis using sequences from several
Poaceae species, other Poales (Eleocharis, Cyperaceae), other monocots (4loe, Asphodelaceae;
Hydrilla, Hydrocharitaceae; Vanilla, Orchidaceae) and eudicots (Christin et al., 2007a; Christin
and Besnard, 2009). However, whether these subclades were produced by polyploidy events or
specific gene duplications was not clear. Also, other distant ppc paralogs exist but are not closely
related to genes known for function in photosynthesis (Moreno-Villena et al., 2018) and not
analyzed here. The analysis here included a broad sampling of ppc homologs from Poaceae and 10
other Poales families, as well as Musaceae (Zingiberales) and Asparagaceae (Asparagales),
providing better understanding of the early histories of the grass ppc genes. The results indicate
that the six grass ppc subclades belong to two ancient clades, ppc-aL and ppc-aR/B (each with three
subclades), and both likely originated in the MRCA of Poales and Zingiberales. The duplication of
the ancestral ppc-al. gene in early Poales generated the ppc-all and ppc-al2 clades and a
subsequent duplication of ppc-alLl in early Poaceae produced the ppc-alLla and ppc-allb
subclades. However, the evolution of ppc-aR/B genes to ppc-aR, ppc-B1 and ppc-B2 subclades is
less clear, although one possible scenario is that a duplication in the MRCA of Poaceae generated
the ppc-aR and ppc-(B1+B2) clades.

The putative C4 ppc genes were identified by the conserved Serine residue (corresponding
to residue #780 in the Zea mays PEPC, GRMZM2G083841) and mostly belong to the ppc-(B1+B2)
clade, with a few in the ppc-alla and ppc-allb subclades. Previously, the ppc-(BI1+B2) genes
formed two subclades (Christin et al., 2007a; Christin and Besnard, 2009). Here a phylogenetic
analysis of the ppc-(B1+B2) genes also yielded two highly supported clades, ppc-B1 and ppc-B2

(Figure 2-11 C), with known ppc-B1 and ppc-B2 genes, respectively (Christin et al., 2007a; Christin
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and Besnard, 2009). To avoid possible effects of natural selection on gene phylogeny, another
analysis using the nucleotide residues at the third codon positions was also performed; although
detailed phylogenetic relationships among gene sequences are somewhat different, both ppc-B1
and ppc-B2 clades were recovered and Cs4 sequences were clustered in the ppc-B2 clade
(Supplemental Figure 14 in Huang et al., 2022). The ppc-B1 clade contains genes from the early-
divergent Poaceae subfamilies Anomochlooideae and Pharoideae and both the BOP and PACMAD
clades. The ppc-B2 subclade includes most of putative C4 ppc genes, as well as non-C4 ppc-B2
homologs from several BOP and PACMAD subfamilies, but not Oryzoideae and the early-
divergent subfamilies. Therefore, ppc-B1 and ppc-B2 subclades likely resulted from a duplication
in the MRCA of Poaceae, but ppc-B2 genes were lost from (or not expressed in) members of several
subfamilies sampled here, all containing Cs plants.

In the ppc-B2 clade, most putative C4 genes are clustered into one large clade, except for
Cs4 genes from the early divergent Centropodieae of Chloridoideae, suggesting that the
Centropodieae C4 genes had a separate origin from the other C4 genes in the ppc-B2 clade; a putative
origin of C4 photosynthesis in Centropodia distinct from other Chloridoideae is also supported by
ancestral character reconstruction (Figure 2-10). Most of the other C4 ppc-B2 genes form a clade
with 86% BS support, suggesting that they might have a single origin; however, their relationships
do not agree with the species relationships, as noted previously (Christin et al., 2007a). The
relationships among the subfamilies in the PACMAD clade were difficult to resolve even using
multiple genes (Prasad et al., 2011; Soreng et al., 2017). Therefore, it is not surprising that the Cs4
ppc-B2 genes do not follow the species relationships. Nevertheless, C4 ppc-B2 genes of two
Aristidoideae genera (Aristida and Stipagrostis) were placed, respectively, close to genes from
Panicoideae (maize and sorghum) and Chloridoideae species (in Cynodonteae and three other
tribes), suggesting that the Aristida and Stipagrostis C4 genes might not be from the same origin in

the subfamily.
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Previously, a Stipagrostis pennata C4 gene in the ppc-aL 1b subclade (Christin and Besnard,
2009) supported a different origin from that for C4 ppc-B2 genes in Stipagrostis hirtigluma and S.
uniplumis. We also identified C4 ppc-aL 1b genes from three other species (Blepharidachne kingii,
Dasyochloa pulchella, and Erioneuron pilosum) belonging to the same subtribe, Scleropogoninae,
in the tribe Cynodonteae of Chloridoideae (Figure 2-11 B), suggesting a shared C, origin in the
ancestor of the subtribe Scleropogoninae. The close relationship of these genes to that from
Stipagrostis pennata in Aristidoideae might be explained by horizontal transfer between respective
members of Aristidoideae and Cyndonteae (Chloridoideae). Moreover, a putative C4 gene was
identified in the ppc-aLla subclade from Eriachne aristidea of Micrairoideae (Figure 2-11 B); this
species also has C4 ppc-B2 gene(s) related to those from Panicoideae species, suggesting that the
C4 ppc-B2 genes might have experienced horizontal transfer from a Panicoideae taxa to Eriachne
aristidea, as proposed previously among Paniceae members (Christin et al., 2012).

The phylogenetic analyses of ppc homologs expanded the coverage of subfamilies
compared to previous studies to include all subfamilies, except Puelioideae, and identified more
putative grass Cs genes belonging to the ppc-B2 and ppc-aL 1b subclades; in addition, the analyses
here uncovered a new Cs4 gene of the ppc-aL la subclade. The results support at least three origins
of C4 genes in Chloridoideae (two in ppc-B2 and one in ppc-allb), at least three origins in
Aristidoideae (two in ppc-B2 and one in ppc-aL1b), at least two origins in Micrairoideae (one in
ppc-B2 and one in ppc-al.la) and multiple times in Panicoideae. These findings indicate that there
were not only multiple origins of Cs ppc, but that members of at least three ppc subclades were
recruited. The clades containing most Cs species in both Panicoideac (with large tribes
Andropogoneae and Paniceae) and Chloridoideae (with the largest tribe Cynodonteae) originated
during the early to middle Eocene (Figure 2-9). As the Earth’s temperature was relatively high

during this period, the evolution of C4 photosynthesis might have promoted adaptation to warm
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environments and contributed to the diversification of Andropogoneae/Paniceae and Cynodonteae

in the two largest PACMAD subfamilies.
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Chapter 3

An expanded Panicoideae phylogeny and evolution of C4 related gene ppc

Panicoideae is a large and diverse subfamily, with economically important crop species.
The complexity of photosynthetic pathway evolution is especially exemplified in this subfamily,
with a mixture of C; and Cy4 species in a couple of tribes. In this chapter, Panicoideae phylogeny is
resolved using low-copy nuclear data from both transcriptomic and genomic datasets, and an
expanded gene family analysis of ppc is performed to further investigate how different paralogs

contribute to the origin of C, pathway.

3.1 Introduction and objectives

In this section, general information about the subfamily Panicoideae will be introduced.
Phylogeny of Panicoideae from previous studies is summarized and compared, and this includes
relationship among tribes and subtribes. Objectives for this part of the project relevant to

Panicoideae phylogeny are stated.

3.1.1 Current phylogeny of Panicoideae

Panicoideae is one of the six subfamilies in the PACMAD clade of Poaceae, with 14 tribes
and over 3,300 species, including important crops such as maize (Zea mays), sorghum (Sorghum
spp), sugarcane (Saccharum officinarum) and foxtail millet (Setaria italica). Earlier taxonomic
studies recognized the three tribes Andropogoneae, Paspaleae and Paniceae as Panicoideae s.s.

(strict sense, or sensu stricto). The following seven tribes, Chasmanthieae, Zeugiteae,
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Steyermarkochloeae, Tristachyideae, Centotheceae, Cyperochloeae and Thysanolaeneae were
formerly organized into a subfamily “Centothecoideae” or put into other Panicoideae tribes based
on morphological data. Tribe Gynerieae with only one genus, Gynerium, was first proposed to be
as part of Panicoideae rather than Arundinoideaec by Sanchez-Ken and Clark (2001). Tribe
Arundinelleae, consists of Arundinella and Garnotia, is treated as a subtribe of Andropogoneae in
some literature (Kellogg, 2015) because of its small size and being sister to Andropogoneae; but
most others recognized it as a separate tribe (Aliscioni et al., 2012; Soreng et al., 2017; Saarela et
al., 2018). Similarly, the genus Lecomtella was not recognized as a tribe by Kellogg (2015),
although decades ago the name Lecomtelleae was already proposed by Pilg ex. Potztal (1957). Both
Soreng et al. (2017) and Saarela et al. (2018) reported Lecomtella to be a separate lineage sister to
Panicoideae s.s. Tribe Jansenelleae (Jansenella and Chandrasekharania) was recently proposed by
Bianconi et al. (2020) using both plastid and nuclear phylogenies. These two genera, although sister
to Andropogoneae which is completely Cs, are confirmed to be C; by leaf anatomy and carbon
isotope analysis.

Possibly due to different sampling and methodology, the relationship among Panicoideae
tribes has been incongruent among studies. As exemplified in Figure 3-1, most studies supported
the same topology within Panicoideae s.s., where Paniceae is sister to (Paspaleae, (Andropogoneae,
Arundinelleae)). As for Lecomtella, Besnard et al. (2013) identified it as an isolated lineage in
Panicoideae but failed to resolve its exact position using plastid and nuclear genes. Soreng et al.
(2017) and Saarela et al. (2018) placed it sister to Panicoideae s.s. based on plastid genes with more
extensive sampling of taxa. Nevertheless, the position of Lecomtella awaits to be verified by a
larger number of nuclear genes. Relationship among the remaining tribes differs in studies, but
Chasmanthieae and Zeugiteae are being consistently revealed as sister lineages (Figure 3-1). Also
often grouped together are Centotheceae, Cyperochloeae and Thysanolaeneae, although the exact

relationship among these three tribes deserves further investigation. Positions for Gynerieae,
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Tristachyideae and Steyermarkochloeae seems to be highly affected by sampling and molecular
markers used and is basically unresolved. Notably, the monophyly of Steyermarkochloeae
(Arundoclaytonia and Steyermarkochloa) is still questionable. Arundoclaytonia was originally
included in this tribe based on morphology of spikelets (Davidse and Ellis, 1987), but molecular
data showed it is closer to Chasmanthieae, while the placement of Steyermarkochloa is possibly
sister to Tristachyideae but lacked support (Morrone et al., 2012). As a newly defined tribe,
Jansenelleae is underrepresented in phylogenetic studies, but Bianconi et al. (2020) and Welker et
al. (2020) both reported it as sister to (Andropogoneae, Arundinelleae) based on plastome and

nuclear genes.

Relationship within Panicoid tribes has also been a focus of many studies. With over 1,200
species in ninety genera, Andropogoneae was further divided into eleven subtribes by Clayton and
Renvoize (1986). Skendzic et al. (2007) sampled ten out of these eleven subtribes but found out
most of them to be not monophyletic based on ITS and #7nL-F sequences. They also failed to get
consistent positions among different markers (ITS, #nL-F and combined) for Arundinella.
Teerawatananon et al. (2011) performed combined analysis of (¢##nL—F + atpp—rbcL + ITS) and
confirmed the monophyly of subtribes Chionachninae, Coicinae, Dimeriinae, Germainiinae and
Tripsacinae, but indicated that the subtribal classification of Clayton and Renvoize (1986) needs to
be revised. Their results clearly supported Arundinella to be sister to the rest of Andropogoneae,
while Garnotia (also in Arundinelleae according to Soreng et al. 2017) was nested among other
Andropogoneae lineages. GPWG 11 (2012) reported a phylogeny based on three plastid genes
where Garnotia and Arundinella forms a monophyletic tribe Arundinelleae sister to the rest of
Andropogoneae. Similarly, Besnard et al. (2013) got an ITS-based result that supported this
relationship. Arundinelleae was however treated as a subtribe (Arundinellinae) of Andropogoneae
by Kellogg (2015), although the author acknowledged the sister relationship between these two

lineages.
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Figure 3-1: A comparison of Panicoideae phylogeny from previous studies. Name of tribes are shown. A: Sanchez-Ken
et al. (2010), based on four genes, including one nuclear gene (GBSSI). B: GPWG II (2012), based on three plastid genes.
C: Morrone et al. (2012), based on ndhF. D: Soreng et al. (2017), based on a plastid phylogeny as a backbone. E: Saarela
et al. (2018), based on complete plastomes. F: Bianconi et al. (2020), based on plastome and nuclear genes.
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Polyploidy is reported in several Andropogoneae species, including Panicum, Saccharum,
and Zea mays (Hamoud et al., 1994; Wei et al., 2007; Zhang et al., 2019). To investigate the effect
of polyploidy on diversification, Estep et al. (2014) reconstructed a phylogeny with one hundred
Andropogoneae species using four low-copy nuclear loci and identified thirty-two polyploidy
events based on gene tree topology. Although no evidence supported a positive correlation between
polyploidy and diversification rate, their results indicated a reticulate evolutionary history of
Andropogoneae. Nevertheless, the tribe as a whole is monophyletic in above-mentioned studies.
Considering inconsistence among earlier studies, more-recent literatures tend to reduce the number
of subtribes (seven in Kellogg 2015; nine in Soreng et al. 2017). However, as more sequencing data
is available, Welker at al. (2020) proposed an updated Andropogoneae phylogeny with fourteen
subtribes using complete plastome sequences, although leaving positions of several genera
unresolved. Regardless of subtribal classifications, the foundation of phylogeny is species
relationship, and the circumscription of Andropogoneae could be further improve as more

comprehensive sampling is accomplished.

Andropogoninae

Anthistiriinae
Jardinea

Apludinae
Saccharinae
Sorghinae
Germainiinae
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— Ratzeburgiinae

Elionurus
{ Tripidium

Rottboelliinae
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Eriochrysis+Parahyparrhenia
Chrysopogoninae
Rhytachninae
Chionachninae
Tripsacinae

Arthraxoninae
Lasiurus+Thelepogon

Figure 3-2: Relationship of subtribes in Andropogoneae, modified from Welker et al. (2020), a summary of their analyses
based on complete plastome.
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Paspaleae was referred to as the x=10 Paniceae (chromosome base number = 10) in earlier
phylogenetic studies (Giussani et al., 2001; Aliscioni et al., 2003; Vicentini et al., 2008; Morrone
et al., 2012), and this group is sister to Arundinelleae plus Andropogoneae. Three well supported
subtribes, Arthropogoninae, Otachyriinae, and Paspalinae are recognized by Morrone et al. (2012),
Kellogg (2015) and Soreng et al. (2017), and plastid gene-based studies supported Paspalinae to be
sister to Arthropogoninae plus Otachyriinae (Aliscioni et al., 2012; Saarela et al., 2018; Bianconi
et al., 2020). The monotypic genus Reynaudia was treated as uncertain by Morrone et al. (2012)
due to lower support for its position and unknown chromosome number. Nevertheless, results from
GPWGII (2012), Morrone et al. (2012), Welker et al. (2020) and Bianconi et al. (2020) consistently
support Reynaudia to be basal to the rest of Paspaleae. To date, no nuclear gene-based phylogeny
with a larger sampling size is available for this tribe, and the subtribal relationship deserves further
investigation. Notably, all three subtribes contain both Cs and Cy4 species, while the basal lincage
Reynaudia is Cs4. Therefore, a reliable phylogeny is needed to study the evolution of photosynthetic

pathway in this tribe.

Paniceae is comparable to Andropogoneae in term of species number (seventy-two genera,
1,254 species; Kellogg 2015) and is divided into seven subtribes by Soreng et al. (2017), although
subtribe Dichantheliinae was not recognized and Dichanthelium was treated as incertae sedis by
Kellogg (2015). In earlier literature (Giussani et al., 2001; Aliscioni et al., 2003; Vicentini et al.,
2008), this tribe was named Paniceae x=9, to be distinguished from x=10 Paniceae which is now
called Paspaleae. Morrone et al. (2012) proposed to split the obviously paraphyletic Paniceae s.1.
(x=9 and x=10) into Paspaleae (x=10) and Paniceae s.s. (x=9), and further recognized six subtribes
for Paniceae s.s.. Anthephorinae, Cenchrinae, Melinidinae, Boivinellinae, Neurachninae and
Panicinae. The close relationship of Panicinae, Melinidinae and Cenchrinae were revealed by
Morrone et al. (2012), GPWG II (2012) and Saarela et al. (2018), although the latter two studies

supported a ((Melinidinae, Cenchrinae), Panicinae) topology and the former one supported
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((Melinidinae, Panicinae), Cenchrinae). In all three studies, Neurachninae is sister to the above
mentioned three subtribes, while Anthephorinae and Boivinellinae are at more basal positions.
Notably, the position of Dichanthelium is inconsistent among these studies, but likely closer to the
combined clade of Panicinae, Melinidinae and Cenchrinae. A couple of other incertae sedis genera,
including Homopholis, Sacciopelis and Trichanthecium, all still pending for more support from
molecular data to resolve their positions. For the large genus Digitaria with over 270 species,
plastid phylogeny by GPWG II (2012) and Morrone et al. (2012) indicated it is likely not
monophyletic, but more comprehensive sampling is needed to confirm this. Intriguingly, Paniceae
is more complex in terms of photosynthetic pathway type, with all subtribes except Melinidinae
composed of a mixture of Cs and C4 genera. Considering that the above-mentioned studies were
largely based on plastid genes, a nuclear-gene phylogeny is needed to investigate the relationship

among Paniceae subtribes.

In this project, I aimed to sample representative species for all available Panicoideae tribes
and subtribes. For species that are easier to acquire, fresh material is preferred for RNA isolation
followed by RNA-seq. Those with only herbarium samples will be subject to DNA isolation and
genome sequencing. The goal is to get a well-resolved Panicoideae phylogeny using low-copy
nuclear genes. With this phylogeny, the evolution of photosynthetic pathway is discussed, and an

expanded ppc gene family analyses that include more Panicoideae species is performed.

3.1.2 GC content of genomes and genes

GC-content is the percentage of nitrogenous bases that are either guanine (G) or cytosine
(C) for a certain fragment of DNA/RNA or for an entire genome, calculated as: (G+C) / (G+C+A+T)

X 100%. GC content varies among genomes (among different species), within genome (among
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different chromosomes /regions on chromosomes), among genes (or paralogs/gene copies), and
within regions of a single coding sequence.

GC content of genome varies in angiosperms (see Table 3-1 for examples), with a rough
range of 30 to 50%. Serres-Giardi et al. (2012) examined the GC content at third codon positions
of coding sequences (GC3) across a wide range of plant, but no obvious pattern is observed in
angiosperms. Nevertheless, Poaceae species generally have a higher genome GC content (usually >
40%), and a dichotomy of GC3 is observed in Brachypodium distachyon, Sorghum bicolor, Oryza
sativa and Zea mays (Serres-Giardi et al., 2012, supplemetary data). To be more specific, in these
grass species, the distribution of GC3 for genes fits better to a bimodal shape rather than unimodal,

as in most other angiosperm species.

Table 3-1: GC content of plant genomes

family species genome GC content
Asteraceae Helianthus annuus (sunflower, GCA_002127325.2) 38.8%
Solanaceae Solanum lycopersicum (tomato, GCA_000188115.4) 35.7%
Solanum tuberosum (potato, GCA_000226075.1) 35.6%
Brassicaceae Arabidopsis thaliana (GCA_000001735.2) 36.1%

Orchidaceae Phalaenopsis aphrodite (moth orchid, GCA_003013225.1) 30.4%

Rosaceae Malus domestica (apple, GCA_002114115.1) 39.3%
Musaceae Prunus persica (peach, GCA_000346465.2) 37.7%
Fabaceae Glycine max (soybean, GCA_000004515.5) 35.1%
Cyperaceae Carex parvula (GCA_025461045.1) 34.1%
Musa acuminata (GCA_000313855.2) 40.7%
Poaceae Oryza sativa (GCA_001433935.1) 43.6%
Zea mays (GCA_902167145.1) 46.8%
Triticum aestivum (GCA_018294505.1) 46.2%
Eleusine coracana (GCA_021604985.1) 39.6%

Phyllostachys edulis (GCA_011038535.1) 41.6%
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Table 3-1: continued

Pharus latifolius (GCA_019359835.1) 44.3%

Streptochaeta angustifolia (GCA_020804685.1) 43.5%

A well-known hypothesis about GC content evolution is that GC-rich DNA/RNA
molecules is an adaptation to higher temperature, especially for prokaryotes, because GC pair with
three hydrogen bonds is thermally more stable than AT/AU pair with two hydrogen bonds.
However, both base paring between complementary DNA strands and stacking between adjacent
bases contribute to the stability of DNA double helix, and the later one is found to be the main
stabilizing factor (Yakovchuk et al., 2006). By comparative analyses among prokaryote genomes,
Hurst and Merchant (2001) found no correlation between genomic GC content/GC content at 3
codon positions and optimal growth temperature; on the other hand, their results showed that GC
content of structural RNA is correlated with temperature.

GC content variation among paralogous genes could reflect codon usage bias, in which
certain synonymous codons are preferred over others. Codon bias has been implicated as one of the
major factors contributing to transcription rate, translation efficiency and mRNA stability. Hia et
al. (2019) showed that in humans RNA binding proteins regulate mRNA half-life, depending on
GC content and codon usage. RNAs with shorter half-lives were associated with AT3 codons, while
those with longer half-lives were associated with GC3 codons. Newman et al. (2016) reported that
codon bias and GC content contributes to the different expression levels of TLR7 and TLRY (genes
related to immunity in human), and that the major factor causing the difference is transcription rate.
They proposed that suboptimal codon bias, which correlates with lower guanine-cytosine (GC)
content, limits transcription of certain genes. Using three variants of URA3 gene with different GC
content, Kiktev et al. (2018) demonstrated that GC content has a positive correlation with mutation

and recombination rates in yeast.
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The above-mentioned studies focused on effect of GC content variation on the biochemical
properties of mRNA for specific genes, but few is known about how GC content is different among
paralogs of the same gene family. One relevant study was by Bowers et al. (2022), they examined
the genomes of five dicots and four grasses and reported that syntenic genes have significantly
higher 3™ codon GC content compared to non-syntenic genes, especially at the 5° end. Since
synteny is often used as a proxy for gene duplication, the authors proposed that the syntenic genes
in grasses have undergone fewer duplications or the duplicates were purged by selection. Whether
this statistically significant conclusion applies to gene families that are involved in photosynthesis
deserves further investigation. The ppc gene family (introduced in 2.1.4) includes five to six
paralogs of highly similar sequences, but most functionally C4 ppc genes are from the ppc-B clade.
The Cs4 version of enzyme PEPC participates in the initial assimilation of CO; in mesophyll cells,
whereas non-C4 PEPC is involved in other pathways and not preferentially expressed in leaves, so

whether GC content is related to the expression pattern of ppc genes needs to be investigated.
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*Some of the methods used for this chapter are the same as described in chapter 2 and are not
shown here to reduce redundancy. These includes but are not limited to: grass sample collection
and sequencing (2.2.1), trimming of raw sequencing data (2.2.2), sequence alignment and

reconstruction of single-gene ML trees (2.2.4), and coalescent analyses by Astral (2.2.6).

3.2.1 Assembly of genome skimming and transcriptomic data

For shotgun genome sequencing data (at relatively shallow depth, so-called genome
skimming), Trimmomatic 0.36 (Bolger et al., 2014) was also implemented to remove sequencing
adaptors and low-quality regions. Trimmed genomic data sets were assembled to contig level by
SOAPdenovo2 (2.04-r240) (Luo et al., 2012). For transcriptomic data, pair-end sequencing data
sets were first trimmed by Trimmomatic (Trinity 2.2.0 plug-in) using default settings.
Transcriptome assembly was done by Trinity (V 2.2.0) (Grabherr et al., 2011) with default
parameters on Penn State Roar server. Deduplication of assembly contigs were done by CD-HIT-
EST (V 4.6.8) (Fu et al., 2012). Coding sequences were extracted from deduplicated contigs by
TransDecoder (V 5.3.0). Statistics on genomic contigs (for genome skimming data) and none-
redundant coding sequences (for transcriptomic data) were calculated by statswrapper.sh (a bbmap

tool, V 38.33) to check assembly quality.

3.2.2 Obtaining target genes from genome skimming and transcriptome data

The genome/transcriptome sequences of ten Poaceae species (Brachypodium distachyon,
Eleusine coracana, Hordeum vulgare, Lygeum spartum, Oryza sativa, Phaenosperma globosum,

Phyllostachys heterocycle, Setaria italica, Sorghum bicolor and Stipa aliena) were used to compare
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and identify putative low-copy (one or two copies per species) nuclear genes across Poaceae family
by OrthoMCL v1.4 (Li et al., 2003). The HMM files of 1,234 OGs (orthologous groups) identified
were used as the seeds for HaMStR (13.2.6) (Ebersberger et al., 2009) to search and obtain the
corresponding putative orthologous sequences from the genomic contigs and none-redundant
coding sequences datasets. Cutoff e-values for blast and hmm search were both set to 1e-20. There
is only one sequence retained per dataset for each seed gene (each orthologous, or OG), and in

cases there are fragments they are combined to represent the whole sequence.

3.2.3 Purging potential paralogs from single-gene trees

For manual inspection of single-gene trees, all the tree terminals are labelled with a string
showing its taxonomic information from tribe name all the way to species name (e.g.,
Andropogoneae-Saccharinae-Sorghum bicolor), and single-gene trees are viewed in FigTree v1.4.4
one by one, manually checked for questionable branches. Although subjective decision cannot be
fully excluded, a criterion was set that any tree with more than ten sequences grouped together and
formed a long branch/in an obviously questionable position is marked as a “bad tree” containing
potential paralogs. Following the manual inspection, 250 single-gene trees were marked as “bad
trees” and excluded from downstream coalescent analyses. The remaining 984 single-gene tree
were subjected to a second round of inspection by TreeShrink1.3.9 (Mai and Mirarab, 2018) to
further remove long branches that remained in the single-gene trees (these long branches did not
reach the ten-sequence threshold). Single-gene trees and FASTA alignment files of the 984 genes
were used as input for TreeShrink, and “all-genes” option was used, with “-b 3 -k 50”. The outgroup
species for Panicoideaec were protected from deleting. The sequences corresponding to long
branches were deleted from output FASTA alignment files, and the FASTA files were each re-

aligned to improve quality.



94

3.2.4 Inspecting coalescent analysis behavior by mock data

To inspect the behavior of coalescent analysis (as implemented in Astral) in regard to the
placement of rogue taxa, single-gene trees were made up by manually specifying the relationship
among twelve species of fixed relationships plus a species “X” that was incertae sedis (or a so-
called rogue taxon). In other words, the mock data starts from gene trees directly, instead of actual
sequences of genes, because I focused on the step from gene trees to coalescent trees and wanted
to exclude variables induced from other steps. These gene trees represent all possible placements
of species X and are named accordingly (see Figure 3-13 for examples). Coalescent trees were
reconstructed by Astral 5.7.8 from seven sets of gene trees with the following compositions (H*-
C* represents copies of the same gene tree, just as H*-copy*. For example, HABCDE-C1 and
HABCDE-C2 are the same as HABCDE):

Set 1:

HO, HA, HA1, HA1A2, HA2, HA3, HA3A4AS, HA4, HA4AS, HAS, HAB, HABC, HABCD,
HABCDE, HABCDE-C1, HABCDE-C2, HABCDE-C3, HB, HB1, HB2, HB2B3, HB3, HC1, HD,
HD1, HD2, HE1.

Set 2:

HO, HA, HA1, HA1A2, HA2, HA3, HA3A4AS, HA4, HA4AS, HAS, HAB, HABC, HABCD,
HABCDE, HB, HB1, HB2, HB2B3, HB3, HC1, HD, HD1, HD2, HE1.

Set 3:

HO, HA, HA1, HA1A2, HA1A2-C1, HA2, HA2-C1, HA3, HA3A4AS, HA4, HA4AS, HAS, HAB,
HABC, HABCD, HABCDE, HB, HB1, HB2, HB2B3, HB2B3-C1, HB3, HC1, HD, HD1, HD2,
HE1.

Set 4:
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HO, HA-C1, HA, HA-C1, HA1, HA1A2-C1, HA1A2, HA2-C1, HA2, HA3-C1, HA3, HA3A4A5-

C1, HA3A4A5, HA4-C1, HA4, HA4A5-C1, HA4AS, HAS-C1, HAS, HAB, HABC, HABCD,
HABCDE, HB-C1, HB, HB1-C1, HB1, HB2-C1, HB2, HB2B3-C1, HB2B3, HB3-C1, HB3, HC1,
HD, HD1, HD2, HEI.

Set 5:

HO, HA-C1, HA, HA1-C1, HA1, HA1A2-C1, HA1A2, HA2-C1, HA2, HA3-C1, HA3, HA3A4AS5
-C1, HA3A4AS, HA4-C1, HA4, HA4AS5-C1, HA4AS, HAS5-C1, HAS, HAB, HABC, HABCD,
HABCDE, HB-C1, HB-C2, HB-C3, HB, HB1-C1, HB1-C2, HB1-C3, HB1, HB2-C1, HB2-C2,
HB2-C3, HB2, HB2B3-C1, HB2B3-C2, HB2B3-C3, HB2B3, HB3-C1, HB3-C2, HB3-C3, HB3,
HC1, HD, HD1, HD2, HE1.

Set 6:

HO, HA-C1, HA, HA1-C1, HA1, HA1A2-C1, HA1A2, HA2-C1, HA2, HA3-C1, HA3, HA3A4A5
-C1, HA3A4AS, HA4-C1, HA4, HA4AS5-C1, HA4AS, HA5-C1, HAS, HAB, HABC, HABCD,
HABCDE, HB-C1, HB-C2, HB-C3, HB-C4, HB, HB1-C, HB1-C2, HB1-C3, HB1-C4, HB1, HB2
-C1, HB2-C2, HB2-C3, HB2-C4, HB2, HB2B3-C1, HB2B3-C2, HB2B3-C3, HB2B3-C4, HB2B3,
HB3-C1, HB3-C2, HB3-C3, HB3-C4, HB3, HC1, HD, HD1, HD2, HE1.

Set 7:

HO,HA, HA1,HA1A2, HA2, HA3, HA3A4A5, HA4, HA4AS5, HAS, HAB, HABC - Copy, HABC,
HABCD-C1, HABCD, HABCDE-C1, HABCDE, HB, HB1, HB2, HB2B3, HB3, HC1-C1, HCI,

HD-C1, HD, HD1-C1, HD1, HD2-C1, HD2, HE-C1, HEI.
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3.2.5 ppc gene family analysis

To obtain putative ppc transcripts from transcriptome datasets, amino acid sequences of
PEPC from Zea mays (Panicoideae), Streptochaeta spicata (Anomochlooideae) and Cyrtococcum
patens (Panicoideae) were used as queries to perform tblastn against the coding sequences from
Poaceae and outgroup species. All Poaceae subfamilies were included, except Puelioideae for
which only genome skimming data is available and no ppc sequences of good quality could be
obtained. Representative species were selected from each subfamily based on assembly quality and
C3/C4 status; for Panicoideae, all species with transcriptome data were included. After blastn search,
the corresponding nucleotide coding sequences were obtained, and sequences shorter than 600bp
(200 aa) were excluded. Additional ppc coding sequences from genomes were downloaded from
Phytozome 13 according to annotation of genes followed by manual inspection. Putative ppc
coding sequences were translated into amino acid sequences, aligned by MAFFT, and
corresponding nucleotide alignment was generated. Preliminary analyses were done to identify

bacterial-type PEPC (BTPC) by sequence features and branch length on gene trees.
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3.3 Results

3.3.1 Panicoideae phylogeny based on low-copy nuclear genes

After preliminary analyses, a final set of 285 samples were included for Panicoideae
phylogeny, including 136 genomic datasets (13 from public genomes and 123 de novo assembled)
and 149 transcriptomic datasets. To reduce the effect of low-quality sequences, starting from the
1234-gene set, 250 single-gene trees were purged due to higher percentage of potential paralogs
(method is described in 3.2.3). The remaining 984 gene set were further filtered based on species
coverage, resulting in three subsets of 809 (70%), 601(80%) and 439(85%) genes, respectively.
Coalescent analyses were performed on each set of the gene trees, and comparison is made and
summarized in figures 3-3. Classification of Panicoideae used in this chapter follows Soreng et al.

(2017), with updates from Welker et al. (2020).

Our coalescent analyses based on four sets of nuclear genes consistently support the same
relationship among eleven Panicoideae tribes sampled in this project (Figure 3-3). Dichaetaria
wightii, treated as incertae sedis of Panicoideae (Soreng et al., 2017), is clearly the first diverging
lineage of the whole subfamily. This species was put in Arundinoideae by Kellogg (2015), but our
phylogeny with representatives from all PACMAD subfamilies confirmed its proximity to
Panicoideae. Chasmanthicac and Zeugiteae forms the next diverging clade, followed by
Thysanolaeneae plus Centotheceae. Arundoclaytonia, once and still treated as a
Steyermarkochloeae genus by Soreng et al. (2017), is revealed to be sister to Zeugiteae, a position
similar to some previous studies (Sa’nchez-Ken and Clark 2007; Morrone et al. 2012). Notably,
Kellogg (2015) combined Zeugiteae and Chasmanthieae into Chasmanthieae and included
Arundoclaytonia, a classification more reasonable based on my results. The next diverged lineage

is the monotypic tribe Gynerieae with Gynerium sagittatum. These basal tribes contain only Cs taxa,
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while the remaining tribes (Tristachyideae, Paniceae, Paspaleae, Arundinelleae and

Andropogoneae) are a mixture of Cs and Cs grasses.

-

1
0.82 0.8 CAndropogoneae
0.75 0.61 — Garnotia stricta | Arundinelleae

Arundinelleae

Paspaleae

Paniceae
Trichopteryx fruticulosa ] Tristchyideae
Trachys muricata ] Paniceae-Anthephorinae

Tristachyideae
Gynerieae
— Thysanolaeneae

_ Centotheceae

1
1— Zeugiteae

1 Arundoclaytonia dissimilis ] Chasmanthieae

1 .
—— Chasmanthieae
Dichaetaria wightii

Figure 3-3: A summary of Panicoideae phylogeny based on four coalescent analyses. Tribe names are in normal font,
species that make the corresponding tribes not monophyletic are italicized and labelled to the right. Posterior probability
support values are labelled above branches. For branches received 1.0 from all four coalescent analyses, only a single “1”
is labelled. For the two branches with different support values, numbers are in different colors: black, 984-gene; red, 809-
gene; green, 601-gene; blue, 439-gene.

Tribe Andropogoneae as a whole is consistently revealed as monophyletic in all
coalescent analyses (Figure 3-4), although some of the subtribes are split into multiple lineages.
Results clearly support the monotypic subtribe Arthraxoninae (4Arthraxon) as the first diverging
lineage in Andropogoneae, followed by a clade containing two sub-clades, one with Tripsacinae
(Zea and Tripsacum) and the other with six genera put in subtribe Ratzeburgiinae by Welker et al.
(2020): Hemarthria, Heteropholis, Hackelochloa, Mnesithea, Eremochloa, and Thaumastochloa,
plus Phacelurus which was placed incertae sedis by their analyses. The above-mentioned seven
genera were all classified as in subtribe Rottboelliinae by Soreng et al. (2017), although the authors
indicated that this subtribe is probably paraphyletic. Welker et al. (2020) revised Rottboelliinae to

include only Chasmopodium, Coix and Rottboellia, and moved most of other genera previously in
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this subtribe to Ratzeburgiinae. Our results support the monophyly of Ratzeburgiinae, suggesting

Phacelurus should be included, but differences emerged for the relationship among Ratzeburgiinae,

Dichanthium sericeum
Dichanthium fecundum
Dichanthium annulatum
Bothriochloa pertusa
Bothriochloa ischaemum
Capillipedium parviflorun
Capillipedium assimile
Pseudanthistiria umbellata
Agenium vilfosum
Euclasta condylotricha
iseilerna dolichotrichum
Iseilerna vaginifiorum
Iseilerna membranaceum
Themeda quadrivalvis
Themeda triandra
Heteropogon mefanocarpus

l contortus
Schizachyrium scoparium
Andropogon virginicus
Schizachyrium fragife
Monocymbium ceresiiforme
Elymandra androphila
Hyperthelia dissoluta
Cymbopogon winterlanus
Hyparrhenia bracteata
Cymbopogon cifrafus
Andropogon yunnanensis

imperata brasifiensis
Imperata cylindrica
Imperata contracta

Saccharum officinarum
Saccharum hybrid cultivar
Saccharum hybrid cultivar
Saccharum spontaneum
Narenga porphyrocoma

Miscanthus sinensis
Miscanthus sinensis
Miscanthus flondulus
Miscanthus saccharifiorus
Miscanthus lutarioriparivs

Trpidium arundinaceum
Sorghum bicolor
Sorghum propinguum
Sorghum halepense
Lasiorhachis hildebrandtii
Sorghum brachypoodum
[iC Elionurus barbiculmis

0.24

— Eulaliopsis binata

1 (—Ischaemum ciliare
q 1 Ischaemum aristaturn
H g Ischaemum contracta
Dimeria omithopoda

S Eulalia aurea

1— Eriochrysis cayennensis
_|°"3 EEmmwsAs cayennensis

| Apluda mutica

Sehima nervosum

Tripidium
1— Coix lacryma-jobi var. ma-yuen
T_C Colx lacryma-jobl

— Rotttosiiia coshinchinensis
— Chry joi

\— Chrysopogon aciculatus
Eii

Hemarthria compressa
Hemarthria aitissima
Heteropholis suicata
Hackelochloa granularis
Mnesithea granufans
Eremochloa ophiurcides
Thaumastochloa striata
Phacelurus huilensis
Mnesithea aurita
Manisuris rugesa

Zea mays

Zea diploperennis

Zea nicaraguensis

Zea luxurians

(— Arthraxon hispidus

\ Arthraxon prionodes

Garnotia stricta

Anthistiriinae

Andropogoninae

1S,

Germainiinae

Saccharinae

Sorghinae
1.S.
Ischaeminae
18.
Jis.
Rottboelliinae
Chrysopogoninae
I.S.

Ratzeburgiinae

Tripsacinae

Arthraxoninae

Figure 3-4: Andropogoneae phylogeny from 984-gene coalescent analysis. Names of subtribes are labelled to the right;

posterior probability support values are shown above the branches. Garnotia stricta (Arundinelleae) is shown as an

outgroup.
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Tripsacinae and Rottboelliinae. In all coalescent trees, Tripsacinae is sister to Ratzeburgiinae, with
weak but increasing support values as reduce the number of genes is reduced for coalescent
analyses (PP=0.03, 0.37, 0.69 and 0.97 for four gene sets, respectively), and Rottboelliinae is inside
the clade containing the rest of Andropogoneae. The position of Elionurus is unclear from the major
coalescent trees, but a supplementary analysis with reduced taxa (not shown) suggested it might be
basal to other Ratzeburgiinae sampled in our project. Genus Chrysopogon forms a separate lineage,
followed by Rottboelliinae (Coix and Rottboellia). Agenium was put in Andropogoninae by Kellogg
(2015), but in Saccharinae by Soreng et al. (2017). My results show it is sister to a clade containing
Dichanthium, Bothriochloa, Capillipedium and Pseudanthistiria, named subtribe Anthistiriinae by
Welker et al. (2020). For the position of Fuclasta, my results don’t agree with either classification
of Soreng et al. (2017) or phylogeny by Welker et al. (2020). The reason is unknown but probably
due to differences in sampling. Heteropogon, Iseilema and Themeda were also included in
Anthistiriinae by Welker et al. (2020), and in my results they are closely grouped together with the
clade mentioned just above, supporting the monophyly of Anthistiriinae, although Heteropogon
may be paraphyletic. Cymbopogon, although placed in Anthistiriinae by Welker et al. (2020), is
maximumly supported to be grouped together with Schizachyrium, Andropogon, Monocymbium,
Elymandra, Hyperthelia and Hyparrhenia, all of which are Andropogoninae. Among the genera
just mentioned, Schizachyrium, Andropogon and Cymbopogon are not monophyletic in my nuclear
phylogeny. Spodiopogon, which was treated as incertae sedis by Welker et al. (2020), is clearly
(PP=1.0 in all coalescent trees) sister to the combined clade of Anthistiriinae and Andropogoninae.
Our sampling covered Imperata and Pogonatherum for Germainiinae, and these two genera forms
a monophyletic clade sister to Anthistiriinae plus Andropogoninae. Sorghum plus Lasiorhachis,
both in Sorghinae, are sister to Saccharinae (Saccharum, Narenga=Miscanthus,
Erianthus=Saccharum, Miscanthus) plus Tripidium arundinaceum (incertae sedis by Welker et al.,

2020). The other Tripidium species included, Tripidium ravennae, is however at a more basal
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position, making this genus not monophyletic, although Tripidium is reported to be monophyletic

by Evans et al. (2019) and Welker et al. (2020).

Our sampling covers Arundinella and Garnotia for tribe Arundinelleae. Different from
previous studies (Teerawatananon et al., 2011; GPWG 11, 2012; Besnard et al., 2013), our results
revealed a new relationship where Arundinella is sister to Garnotia plus the entire Andropogoneae,
although a slightly decreasing trend is observed for support values of the node leading to (Garnotia,
Andropogoneae), as the number of gene trees is reduced for coalescent analyses (Figure 3-3).
However, quartet value (ql) is relatively low (0.37 for 984-gene coalescent tree) for this node,
suggesting substantial conflicts among single-gene trees. Therefore, although Arundinella is clearly

monophyletic, the exact position of Garnotia awaits further verification.

In tribe Paspaleae, Reynaudia filiformis is revealed to be the first diverging lineage
(Figure 3-5), consistent with phylogenies from GPWG 11 (2012), Welker et al. (2020) and Bianconi
et al. (2020). Anthaenantia, previously put in Otachyriinae by Kellogg (2015) but in Paspalinae by
Soreng et al. (2017), is clearly sister to the other Otachyriinae genera (Hymenachne, Steinchisma
and Otachyrium) sampled in this project, which form a monophyletic clade in all coalescent trees.
For Arthropogoninae, phylogeny based on three plastid genes by GPWG II (2012) supported its
monophyly, while Morrone et al. (2012) received weak support for it with only ndhF sequences.
In my results, Arthropogoninae is paraphyletic in all coalescent analyses. Arthropogon and
Homolepis together are sister to Otachyriinae, while Oncorachis and the remaining genera form
two lineages that are successively sister to subtribe Paspalinae. On the other hand, Paspalinae itself
and the sampled genera it contains are all monophyletic. One unexpected result is that Chaetium
festucoides, which is the type species of its genus and was classified into Paniceae—Melinidinae

(according to Soreng et al. 2017), is revealed to be nested in Paspalinae, sister to genus Axonopus.



102

Chaetium festucoides was never included in a molecular phylogeny before, so this relationship

deserves further investigation.

0.83 — Paspalum fimbriatum
Paspalum juergensif
Paspalum simplex
Paspalum ditatatum
Paspalum scrobiculafum
Paspalum notatum
Paspalum distichum
Paspalum vaginafum
Hopia obtusa

Aakia tuerckheimii

Acostia gracilis
Anthaenantiopsis perforata
AXONOPUS COMpressus
Axonopus fissifolius
Axonopus centralis
Chaetium festucoides
Streptostachysa angustifolia

11— lehnanthus pallens
043 lchnanthus panicoides
0.43
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030 Ocellochloa pulchella

Echinolaena gracilis

Renvoizea trinii

1— Coleataenia prionitis
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Canastra lanceolata
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Qtachyrium versicolor
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089 1— Arthropogon villosus
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@Hﬁmaf&p{s giutinosa Arthropogonlnae
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o)

f dia filiformis

Paspalinae

Arthropogoninae

Figure 3-5: Paspaleae phylogeny from 984-gene coalescent analysis. Names of subtribes are labelled to the right;
posterior probability support values are shown above the branches.

For Paniceae, coalescent analyses based on four sets of genes consistently support its
monophyly (Figure 3-6), but with Trichopteryx fruticulosa embedded as the second diverging
branch followed by Trachys muricata (position for this species is further investigated in 3.3.2).
Trichopteryx was put in tribe Tristachyideae by Kellogg (2015) and Soreng et al. (2017), both
classifications were based on previous literature and this genus in fact lacked support from
molecular data. The other species in this genus, Trichopteryx elegantula, is clearly a member of
Tristachyideae based on my results, so the monophyly of Trichopteryx is questionable. The position
of Alloteropsis and Dichanthelium differs among the four coalescent trees, with two alternative

topologies. Nevertheless, these two genera together with Boivinellinae compose a clade that is
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sister to the rest of Paniceae. The relationship among Cenchrinae, Melinidinae, Panicum~+Louisiella,
and Anthephorinae is pretty clear and consistent among results. Notably, Stereochlaena cameronii,
formerly placed in Cenchrinae based on morphological data by Morrone et al. (2012), is shown to
be in Anthephorinae with high support values. Homopholis is clearly monophyletic in my results,
and sister to a clade of Neurachninae, Anthephorinae, Paniceae, Melinidinae and Cenchrinae

combined.

Cenchrinae
Melinidinae
Panicinae

Anthephorinae
Panicum, Sacciolepis, Trichanthecium

Neurachninae

Cleistochloa ] Neurachninae
Homopholis | Paniceae 1.S.
— Alloteropsis

“— Dichanthelium

083 Boivinellinae
0.82 Boivinellinae
Dichanthelium
Alloteropsis
Trichopteryx fruticulosa ] Tristachyideae
Trachys muricata ] Anthephorinae

Figure 3-6: Relationship of Paniceae subtribes based on 984-gene coalescent tree using the final sample set. For
Alloteropsis and Dichanthelium (branches in green), the alternative position (branches in blue) is also shown.

3.3.2 Improvement of Panicoideae phylogeny by purging long branches and using reduced

datasets

While the Panicoideae phylogeny is overall well-resolved by low-copy nuclear genes,
preliminary coalescent analyses revealed unexpected positions for several species, including

Polytoca digitata, which was put in Chionachne by previous studies (Soreng et al., 2017; Welker
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et al., 2020). In the initial coalescent tree based on 1234 nuclear genes, this species is however
sister to Paspaleae, Arundinelleae and Andropogoneae combined, with high support values on the
associated nodes (Figure 3-7, left). Considering the gene sequences for this species is from a
genome-skimming dataset with relatively low quality (248/1234 genes were found), I checked all
the single-gene trees for the position of this specific species and found no dominant topology (40
gene trees placed it in tribe Paniceae, 36 placed it outside Panicoideae, 61 placed it in
Andropogoneae, but exact positions varied; other data not shown). However, during manual
inspection, long branches associated with this species is also frequently observed (see examples in
Figure 3-8), questioning the validity of its position in single-gene trees, because long branches is
often an indication of potential paralogs or low-quality sequences.

Andropogoneae
Garnotia stricta

Andropogoneae

Gamotia stricta

Arundinelleae Arundinelleae

Polytoca digitata ] Andropogoneae |.S.

Paspaleae

Polytoca digitata ]Andropogoneae I.S. Paspaleae
Paniceae Paniceae
Tristachyideae Tristachyideae
Gynerieae Gynerieae
Centotheceae Centotheceae
Thysanolaeneae Thysanolaeneae
Zeugiteae Zeugiteae

Arundociaytonia dissimilis

Chasmanthieae
Dichaetaria wightii ] Panicoideae 1.S.

Arundociaytonia dissimilis
Chasmanthieae
Dichaetaria wightii | Paniccideae |.S.

Figure 3-7: Removal of long branches in single-gene trees improved Panicoideac phylogeny. Left: Panicoideae
phylogeny from 1234 original single-gene trees. Right: 1234-gene coalescent tree after removing long branches from
single-gene trees. Values above branches are posterior probability values calculated by Astral. Branches without marks
received the highest support (PP=1.0).
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a7 Arundinelleae Arundinellinae|Arundinella anomalalZ17007
% - Arundinelleae Arundinellinae|Arundinella hirta| SRR4280857
Arundinelleae Arundinellinae|Arundinella hooken|SRR5406 161
Arundinelleae Arundinellinae |Arundinella nepalensis|HM3911
91t Arundinelleae Arundinellinae|Arundinella bengalensis|HM3903a
10— Arundinelleae ArundinellinaelArundinella fluviatilis| SRR4280856
Arundinelleae Arundinellinae]Arundinella pubescens|SRR4280859
100 (Andropogoneae Chionachninae|Polytoca digitata[TOH122
IPaniceae Cenchrinae|Holcolemma canaliculatum| TOH142

a3

% | - Paspaleae Otachyriinae|Steinchisma decipiens|SRR5406159

aa Paspaleae Paspalinae|Anthaenantia rufa|TOH233

35 Paspaleae Otachyriinae|Hymenachne amplexicaulis| TOH305

ag| [ Paspaleae Arthropogoninae|Homolepis aturensis|TOH140
Paspaleae Arthropogoninae|Homolepis glutinosa| TOH307

a6 Paspaleae Paspalinae|lchnanthus panicoides[TOH300

[I;r Paspaleae Arthropogoninae|Coleataenia prionitis|SRR5406 158

Paspaleae Arthropogoninae|Apochloa subtiramulosa| TOH163
a7||— Paspaleae Paspalinae|Renvoizea trini| TOH119

8oz

Danthonioideae Danthonieae|Danthonia intermedia subsp. intermedia|Colug089
Danthonioideae Danthonieae|Danthonia californica|UCBO7

Danthonioideae Danthonieae|Cortaderia toetoe|UCB06

— Danthonioideae Danthonieae|Cortaderia jubata|HM3778

Danthonioideae Danthonieae|Chionochloa flavicans|UCB04

Danthonioideae Danthonieae|Capeochloa cincta subsp. CinctalColu5581

I.S. NA|Dichaetaria wightii| TOH152

o 100 Andropogoneae Chionachninae|Polytoca digitata|TOH122
’_i‘w Paniceae Cenchrinae|Holcoemma canaliculatum|TOH142
u 100 | Paspaleae Arthropogoninae|Homolepis aturensis| TOH140

- Andropogoneae |.S.|Eulaliopsis binata|HM3912
Chloridoideae Zoysieae Zoysiinae|Zoysia matrella|Zoys matr

Chloridoideae Cynodonteae Eleusininae|Eleusine coracanalEleu cora
w0 Aristidoideae Aristideae|Stipagrostis uniplumis|K23
1o Aristidoideae Aristideae|Stipagrostis hirtigluma var. patula|K24
[ Aristidoideae Aristideae|Sartidia angolensis|Colu5707
Aristidoideae Aristideae|Aristida depressalJLQ02

100 Pooideae Brachypodieae|Brachypodium distachyon|Brac dist
62 Pooideae supertribe Triticodae Triticeae|Hordeum vulgare|Hord vulg
Oryzoideae Oryzeae Oryzinae|Oryza sativa|Oryz sati

Bambusoideae Arundinarieae Arundinariinae|Phyllostachys edulis|Phy! hete

100

Figure 3-8: Examples of long branches in single-gene trees. Part of gene tree OGs_8128 (top) and OGs_10500 (bottom)
are shown, and long branches are marked by red. Horizontal distance between two tips (species) represent the
evolutionary changes observed. Vertical distance does not have significance for interpretating evolution.

TreeShrink 1.3.9 (Mai and Mirarab, 2018) was used to purge long branches from the all
the 1234 single-gene trees out of which 248 contain Polyfoca digitata. Seventy-three single-gene
trees were identified as contain a long branch for Polytoca digitata, and this species was deleted
from the corresponding single-gene trees as well as the alignment of corresponding genes. As a
comparison, for Dichaetaria wightii which is found in 970 single-gene trees, only nine were
detected as contain a long branch for this species. A coalescent tree using the same 1234 single-
gene trees but with long branches deleted shows improvement for the position of Polytoca digitata,

moving it to a position closer to Andropogoneae (Figure 3-7, right).
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A more significant improvement is observed for the position of Holcolemma canaliculatum.
This species was supposed to be in subtribe Cenchrinae (Soreng et al., 2017), but in the initial 1234-
gene coalescent tree it was at a very basal position of the whole Paniceae tribe (Figure 3-9, left),
and support values along the backbone nodes are high. After TreeShrink (sequences of this species
was removed for 274 out of 640 single-gene trees), it is in a position much closer to Cenchrinae,
sister to Melinidinae (Figure 3-9, right). Indeed, during manual inspection I noticed this species is
even more frequently associated with long branches compared to Polytoca digitata. Also, more

genes remained (366) for this species after purging of long branches, resulting in a better resolved

position.

Cenchrinae Cenchrinae

Melinidinae Melinidinae

Panicineae Holeolemma canaliculatum

Anthephorinae Panicineae

Panicinae & some |.S. Anthephorinae

1
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Dichanthelium 1 .
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1 Snowdenia polystachya

Trichopteryx fruticulosa .
Holcolemma canaliculatum Trichopteryx fruticulosa
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Figure 3-9: Summary of relationships among subtribes and some genera in tribe Paniceae, from original 1234-gene
coalescent tree (left) and from 1234-gene coalescent tree post-TreeShrink (right). Holcolemma canaliculatum is marked
in red to show the drastic change of its position.

The examples from Polytoca digitata and Holcolemma canaliculatum manifested that
removing long branches from single-gene trees could improve the position of certain species in
Panicoideae phylogeny. Based on the information I gathered from manually inspection of single-
gene trees, I hypothesized that coalescent analyses tend to place a species at a basal position of a
clade when there is considerable amount of conflict among single-gene trees for it, but the conflicts

are confined within this clade (see more analyses in 3.3.3).
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However, a couple of species remained in questionable positions in the post-TreeShrink
coalescent results. For example, Trachys muricata is supposed to be in subtribe Anthephorinae, but
in the 234-gene coalescent tree post-TreeShrink it is still at the first diverging branch in Paniceae.
After a careful inspection of some post-TreeShrink single-gene trees I noticed that when a clade of
over ten sequences as a whole form a long branch it is usually not deleted, probably due to the fact
that the portion is above the threshold of TreeShrink to be considered for deletion. Nevertheless, I
noticed that in some single-gene trees there are long-branched clades composed of more than ten,
sometimes even more than twenty sequences, at questionable positions. Therefore, all the original
1,234 single-gene trees were manually inspected and those with more than ten sequences clustered
as long branch(es) in odd positions were marked as bad trees and excluded from the 1,234 set. A
new coalescent tree was generated on the remaining 984 single-gene trees which also went through
TreeShrink to remove long branches (results already showed in 3.3.1).

As expected, the new 984-gene coalescent tree showed further improvement for
Panicoideae phylogeny. Specifically, Trachys muricata was now clustered with other
Anthephorinae species (Figure 3-10). The support value (PP) for this subtribe is, however, a zero.
Considering that in the 1234-gene coalescent tree prior to TreeShrink the value for the branch of
Anthephorinae is 1.0, Trachys muricata is suspected to cause the problem, because it is the only
one whose position was changed among members of this subtribe. Therefore, I decided to manually
check all these 193 single-gene trees (out of 984) that contain this species and put them into
categories. Trachys muricata was placed among Andropogoneae, Arundinelleae or Paspaleae in
fifty-eight single-gene trees. 126 single-gene trees placed it in Paniceae, among which sixty-four
placed it in Anthephorinae, but the exact position varied. Nine single-gene trees placed it in other
Panicoideae tribes or outside the subfamily. Therefore, as the largest category, around one third
(64/193) of the single-gene trees placed it in the correct subtribe, but this percentage is probably

not high enough for coalescent method to report a decent support value for its position. It is
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reasonable to place Trachys muricata in Anthephorinae, but its precise position needs to be further

investigated.

Paniceae Anthephaorinae|Digitaria ciliaris|Z18107

Paniceae Anthephorinae|Digitaria ciliaris|SRR6221633
Paniceae Anthephorinae|Digitaria milanjiana|SRR6912209
Paniceae Cenchrinae|Stereochlaena cameronii TOH115
Paniceae Anthephaorinae|Anthephora pubescens|SRR5406167
Paniceae AnthephorinaelAnthephora hermaphrodita| TOH228
Paniceae Anthephorinae|Digitaria californica|SRR5406166
Paniceae Anthephorinae|Digitaria cuyabensis|SRR5406165
Paniceae Anthephorinae|Digitaria ternata|Z16058

Paniceae Anthephaorinae|Trachys muricata| TOH106 A

Figure 3-10: Part of a 984-gene coalescent tree, showing subtribe Anthephorinae. This was an earlier tree before taxa
were finalized. Note the zero value at the branch leading to Anthephorinae. Trachys muricata is marked by a triangle.

Single gene trees that placed this species in other tribes might be a result of low sequence
quality/shorter sequence length, considering their smaller portion. A coalescent tree using only the
64 gene trees that put Trachys muricata in Anthephorinae was reconstructed to get a resolution for
the position of Trachys muricata inside this subtribe. In the 64-gene coalescent tree (Figure 3-11),
the PP value for the stem node of Anthephorinae increased from 0 to 1.0, and Trachys muricata is
now placed inside the subtribe. Also, for the stem node, q1 (which represents the quartet support
value) increased from 0.42 to 0.97.

0.77 — Paniceae Anthephorinae|Digitaria ciliaris|Z18107
0.87 08 Paniceae Anthephorinae|Digitaria ciliaris| SRR6221633
0.97 - Paniceae Anthephorinae|Digitaria milanjiana|]SRR6912209

Paniceae Anthephorinae|Trachys muricata|TOH106 A
; Paniceae Cenchrinae|Stereochlaena cameronii TOH115
0.87 1 — Paniceae Anthephorinae|Anthephora pubescens|SRR5406167
0.97 L Paniceae Anthephorinae|Anthephora hermaphrodita| TOH228
1 Paniceae Anthephorinae|Digitaria californica| SRR5406166
Paniceae Anthephorinae|Digitaria cuyabensis|SRR5406165
Paniceae Anthephorinae|Digitaria ternata]Z16058

-

Figure 3-11: Part of 64-gene coalescent tree with PP values, showing the subtribe Anthephorinae. Trachys muricata is
marked by a triangle.

Examples from Polytoca digitata, Holcolemma canaliculatum and Trachys muricata show

that removal of long branches from single-gene trees and manual selection could improve the
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phylogeny by purging erroneous sequences. To get a more previse position for specific species, a

reduced dataset could be used, excluding the gene trees that are irrelevant.

3.3.3 Interpreting coalescent results — resolving extremely low support values

As shown by examples from Polytoca digitata and Holcolemma canaliculatum in 3.3.2, 1
hypothesized that the coalescent method (as implemented in Astral 5.7.8) tends to place a taxon at
a relatively “basal” position with high support (posterior probability value, PP) if there is
considerable amount of conflict among single-gene trees but no dominant topology. This can be
explained by the underling methodology for coalescent analyses: it summarizes topological
information from single-gene trees and report a species tree that maximize the quartet score for the
whole tree instead of any specific branch. Therefore, Polytoca digitata was reported in such a
position as shown in the original 1234-gene coalescent tree (Figure 3-7 left), even if this specific
position is never observed in any single-gene trees. Without manual inspection of single-gene trees,
conclusions made for such taxa are prone to errors.

To test my hypothesis regarding this misleading behavior of coalescent analyses, I
performed simulations using mock data. Gene trees were made up with species of fixed
relationships plus a species “X” that was incertae sedis (or a so-called rogue taxon). The gene trees
represent all possible placements of species X and are named accordingly (see Figure 3-12 for
examples). Coalescent trees were reconstructed from sets of gene trees with different compositions
(data not shown).

As expected, when all types of gene trees are equally represented, the coalescent result puts
X in a position sister to a combined clade of A and B taxa (Figure 3-13, set 2), with maximum

support (PP=1.0), even if this topology (HAB) only takes up 1/27 of the gene trees. This is because
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the number of taxa in A (five) and B (three) are higher than that in C (one), D (two) or E (one), and
placing X sister to a clade of A plus B could maximize the quartet score for coalescent result. With
a slightly higher portion of gene trees that place X further basal (closer to the outgroup taxon), the
coalescent tree from set 1 and set 7 still place X as sister to A and B combined, but the

corresponding support values are decreased (Figure 3-13, set 1 and 7).

A1 A1 X A1 Al
A2 A2 A1 A2 A2
A3 A3 A2 A3 A3
A4 Ad A3 A4 Ad

A5 A4 A5 AS
A5

X A5 B1 B1
B1
B2 B1 B1 B2 B2

B2 B2 B3 B3
B3 B3 B3 c1 c1
C1 c1 c1 X D1
D1 D1 D1 D1 D2
D2 D2 D2 D2 X
E1 E1 E1 E1 E1
oT oT oT oT oT

Figure 3-12: Examples of simulated gene trees with different placement of species X. The relationships of all other taxa
are fixed, A through E are ingroup taxa, and OT is an outgroup. HO: X is absent in gene tree. HA: X is sister to a combined
clade consisting of A1 through A5. HA1: X is sister to A1l. HABC: X is sister to a combined clade consisting of all A, B
and C taxa. HD: X is sister to D1 plus D2.

set 1 set 2 set 3 set 4
A2

set 5 set 6 set 7

Figure 3-13: Coalescent trees from seven set of gene trees. setl: larger portion of HABCDE gene trees. set2: all types of
gene trees equally represented. set3: higher portion of HA, HB type gene trees (including HA1, HBI, etc.). set4: higher
portion of HA type gene trees. set5: higher portion of HB type gene trees (including HB1, HB2, etc.) set6: even higher
portion of HB type gene trees. set7: higher portion of HABC, HABCD, HC, HD, etc. type gene trees.
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If a higher portion of both HA and HB type gene trees (including HA1, HB1, etc.) are used

as input, the coalescent result tends to place X as sister to clade A (Figure 3-13, set 3), as clade A
is large than clade B, therefore conferring more “attraction”. With only a higher portion of HA type
gene trees used, the result shows a strong support for X as sister to clade A (Figure 3-13, set 4),
with higher support than that in set 3. Similarly, increasing the portion of HB type gene trees will
result in a placement of X sister to clade B, and the support value is positively correlated with the
proportion of HB type gene trees (Figure 3-13, set 5 and 6).

Based on the simulations performed, the following inferences are made. For coalescent
analyses, using larger portion of gene trees supporting X in a clade (i.e., A+B, A, or B) will result
in X placed closer to that clade, and the support value is positively correlated with the proportion
of supporting gene trees. Expanding sampling of the clade may also improve the resolution for
position of species X, as this is similar to increase the proportion of gene trees supporting X in a
more confined range of position. This is exemplified by comparing set 1, 2 to set 3,4 or set 5, 6 in
Figure 3-13. As the proportion of gene trees supporting X in clade A (set 3, 4) or clade B (set 5, 6)
is increased, the position of X is further improved, as compared to that in set 1 or 2.

On the contrary, a more even composition of gene trees will result in X at a more basal
position, and if proportionally increase different type of gene trees, X will be closer to the larger
clade (Figure 3-13, set 2). Nevertheless, it is possible that the position of species X in such
coalescent tree is never a dominant one (<25%) among the gene trees used, if conflicts exist as for
the specific position of X among the clades. Therefore, the coalescent result may not reflect a
reliable scenario even high support values are reported. In such circumstances, manual inspection
of single-gene trees is necessary. Notably, the position of species X doesn’t affect the relationship
of other taxa in the coalescent analyses.

To conclude, if a taxon is observed at a questionable (based on prior knowledge) position

in coalescent results, inspection of single-gene trees is necessary. For species from genome-
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skimming data, the lower depth of sequencing data might cause a higher chance of missing
rate/partial coverage for target genes, thus making the species’ position poorly resolved among
single-gene trees. Removal of long branches and manual inspection of gene trees could potentially
purge erroneous sequences and improve the coalescent result.

Another interesting and confusing scenario is exemplified by the phylogenetic position of
Trachys muricata (Figure 3-10, 3-11). After purging of long branches from the initial single-gene
trees, the resolution for Trachys muricata was improved, but the support value for its associated
branch on the coalescent tree was zero. Notably, the quartet support values for this node were
q1=0.42, q2=0.49 and q3=0.09. Although the topology for q1 was selected, ql is actually smaller
than g2, and this is because using ql for this node would result in a higher quartet score for the
whole coalescent tree. In other words, using the 984-gene set for coalescent analyses, topological
information for other taxa all needs to be taken into consideration, therefore sacrificing the
resolution for this specific species, Trachys muricata. As a comparison, when only the 64 gene
trees that contain Trachys muricata were used for coalescent analyses, the resolution for its position
is improved (Figure 3-11), and the quartet support value ql for this subtribe is significantly
improved to 0.97, resulting in a PP value of one. Therefore, in a large-scale phylogenetic project
involving hundreds of species, optimization of position for every single taxon cannot be guaranteed
in one coalescent analysis, and using subsets of gene trees emphasizing specific taxa could help

with obtaining higher local resolution.
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3.3.4 An expanded gene family analysis of ppc

After pruning of bacterial type ppc genes, a total of 1119 putative plant-type ppc sequences
from transcriptomic/genomic datasets were included for a gene family analysis. Based on previous
studies (Christin et al., 2007; Christin and Besnard, 2009), Poaceae ppc genes were categorized
into six clades: ppc-alla, ppc-allb, ppc-al.2, ppc-Bl, ppc-B2, and ppc-aR. Our results confirmed
the monophyly of ppc-aLla, ppc-aLlb and ppc-al2, and ppc-al?2 is sister to ppc-aLla combined
with ppc-aLlb (topology summarized in Figure 3-14). All PACMAD and BOP subfamilies are
represented in ppc-al2, although there is only one sequence from Bambusoideae (Raddia
brasiliensis) and Danthonioideae (Schismus barbatus), respectively, and this is probably due to
lower expression level of this isoform. Unexpectedly, ppc-aL2 was not found for Chloridoideae
species Eleusine coracana with genomic data, although representatives from all five Chloridoideae
tribes contain this gene. This is probably due to lower quality of Eleusine coracana genome
annotation, but the probability for loss of ppc-aL2 in this species cannot be excluded. In ppc-al2,
the relationship among PACMAD subfamilies is different from the established species phylogeny,
although both PACMAD and BOP clades are monophyletic. For Pharus latifolius (Pharoideae),
both RNA-seq and genomic data was used, and this species clearly has one ppc-aL2 gene. Situation
is similar in ppc-aL1b, but this gene seems to be missing in Danthonioideae and Pooideae. There
was no genomic data available for Danthonioideae, so whether ppc-aL1b is lost in the genomes or
not recovered due to low expression cannot be verified. For Pooideae, genomes of Brachypodium
distachyon and Hordeum vulgare were included, along with transcriptomes of a few other species
in this subfamily. None of these datasets contain a ppc-aL1b gene, so this isoform is possibly lost
in Pooideae. As reported in chapter 2, four Cs-type ppc genes from Chloridoideae and Aristidoideae

were found in this gene clade.
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Figure 3-14: A summary of the 1119-sequence ppc gene family analysis. For brevity, only relationship among sequences
from Poaceae genomes were shown. Bootstrap support values for each ppc gene clade and connecting branches are shown.
For species with more than one gene in a ppc gene clade, sequences are labelled by roman numerals.

The ppc-alLla clade is larger compared to ppc-al 1b or ppc-al 2, since this gene is found
in all eleven Poaceae subfamilies sampled, and relationship among subfamilies reflected in this
gene clade is largely consistent with the species phylogeny. Intriguingly, two Cs-type ppc are
embedded in ppc-alla, one from Eriachne aristidea (Micrairoideae) and the other from
Arundinella hookeri (Panicoideae). Arundinella hookeri has at least one more copy of ppc-alLla
gene, and at least two more C4 ppc in ppc-B clade, suggesting a duplication event in this specific
species or genus. Both ppc-alla and ppc-aL1b are found exclusively in Poaceae, suggesting that

the duplication event that generated these two genes are specific to the common ancestor of grasses.

Situation is more complex in the combined clade of ppc-B1/B2 and ppc-aR. Based on the
gene tree with all 1119 ppc sequences, the ppc-aR clade can be clearly recognized. This is a much

larger ppc gene clade with most species from all of PACMAD and BOP clade subfamilies. Pharus
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latifolius has one ppc-aR gene, while the position for a cluster of sequences from Streptochaeta
differs among preliminary trees (data not shown). Christin et al. (2007, 2009) proposed ppc-B1 and
ppc-B2 clades based on their gene trees from exons 8 to 10 and introns. However, in their results
ppc-Bl1 clade is significantly smaller than ppc-B2, and a considerable number of genera such as
Zea, Setaria and Oryza are missing in ppc-B2. Based on our gene trees, there is no strong evidence
to split this clade based on gene tree topology, either from the whole dataset of 1119 sequences or
from two reduced datasets containing 329 (not shown) and 30 sequences (Figure 3-17, see
discussion in 3.4.2), respectively. So, we tend to be conservative and just refer to this combined
“ppc-B1” plus “ppc-B2” clade as ppc-B. Regardless of the delimitation, this clade contains ppc
genes from all PACMAD and BOP subfamilies, plus Pharus latifolius from Pharoideae and
Streptochaeta from Anomochlooideae, indicating this clade probably existed in the common
ancestor of Poaceae. Interestingly, there is one cluster of sequences embedded in ppc-B clade that
contains ppc genes from BOP subfamilies, Pharoideac and Anomochlooideae. Its position in the
gene tree is weird but robust to sampling change among preliminary gene trees. Considering the
composition of this cluster, it may represent an ancestral copy of the ppc-B gene that did not go

through duplication as for PACMAD ppc-B genes.

The inclusion of ppc genes from Pharus latifolius genome was helpful as it clearly shows
that all the five/six ppc clades existed at least in the common ancestor of PACMAD, BOP, plus
Puelioideae and Pharoideae. The ppc-alLlb gene is lost in many lineages, especially in Pooideae,
where none of the sampled species including both genomic and transcriptomic datasets contain this
gene (Table 3-2). On the other hand, ppc-al.2, ppc-al.la and ppc-aR retain a state of single-copy
in most subfamilies, with additional duplications specific to some genera (e.g., Zea, Panicum).
Eleusine coracana is worth further investigation as it does not have ppc-alL2 but has two copies for

ppc-alla, ppc-aR and ppc-B, respectively. This is consistent with the allotetraploid status of this
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species, a hybrid of the diploid Eleusine indica (AA) with Eleusine floccifolia (BB) (Bisht and

Mukai, 2002).

Table 3-2: Number of plant type ppc genes in Poaceae species
subfamily species ppc-al2 ppc-aLlla  ppc-alLlb  ppc-aR ppc-B
Panicoideae Panicum hallii 1 1 1 1 1

Panicum virgatum 2 2 0 2 2
Sorghum bicolor 1 1 1 1 1
Setaria italica 1 1 0 1 2
Setaria viridis 1 1 0 1 2
Zea mays 1 1 0 2 1
Chloridoideae  Eleusine coracana 0 2 0 2 4
Pharoideae Pharus latifolius 1 1 1 1 2
Pooideae Brachypodium distachyon 1 1 0 1 2
Hordeum vulgare 1 1 0 1 2
Oryzoideae Oryza sativa 1 1 1 1 1

As for Panicoideae, the four tribes Andropogoneae, Arundinelleae, Paspaleae and Paniceae
each contains the all of the four genes ppc-al2, ppc-aLla, ppc-aLlb and ppc-aR, indicating that
these genes were retained in the ancestor of Panicoideae. But ppc-aL 1b is lost in Panicum virgatum,
Zea mays and Setaria, probably due to genus-specific gene lost events. The number of ppc genes
are doubled in Panicum virgatum, consistent with the ploidy level (tetraploid) of the sequenced
genome (INSDC: JABWAI010000000). For Cs4 photosynthesis, all Panicoideae species but
Arundinella hookeri solely recruited ppc-B as the functional Cs4 ppc gene. The origin of Cs ppc-

alLla in Arundinella hookeri deserves further investigation.
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3.3.5 Using GC content to distinguish ppc genes

As presented in 3.3.3, the majority of functional Cs ppc genes are from the ppc-B clade,
and only a small number are from ppc-alla/ppc-aL1b clade. To explain this uneven distribution, |
proposed two hypotheses: (1) the ppc-B2 genes are closer to Cs4 function compared with ppc-al la
and ppc-aLlb (at sequence level); (2) expression pattern (spatial and temporal) differs between
these genes due to expressional regulation, such as cis-elements; in addition, expression level
correlates with mutation rate, which is a proxy of the evolutionary potential, and genes of higher
expression level tend to evolve faster. However, no significant difference in amino acid
composition was found among the six ppc clades (data not shown), and more specifically there is
no difference at the critical site (Ser 780 in Zea mays C4PEPC), if a non-Csppc from ppc-B or ppc-
alLla/al1b were to mutate into a C4 version. As introduced in 3.1.2, GC content is reported to be

correlated with expression level. Therefore, GC content of the five ppc gene clades were calculated.
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Figure 3-15: GC content at 3™ codon positions of ppc genes. Boxplots were generated for the five ppc clades, and a
smaller clade containing only seven sequences from Streptochaeta and Pharus. Note that ppc-B has a significantly higher
3 codon GC content compared with other ppc genes.
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As shown in Figure 3-15, ppc-B has significantly higher GC content (median =83.66%) at
the 3™ codon positions, compared with the other four ppc genes. Even for ppc-aR which is sister to
ppc-B, the median 3™ codon position GC content is only 54.34%. Similarly, the more basal ppc-
al.2 genes also have a lower GC content (median=45.99%). In the ppc-B clade, many (but not all)
species have more than one copy of ppc genes, suggesting gene duplications in the common
ancestor of some lineages. Considering previous studies (Christin and Besnard, 2009) proposed
splitting this clade into ppc-Bl and ppc-B2, the ppc-B clade likely contain two paralogous ppc
genes.

Based on my previous observations (data not shown) of manual inspecting single-gene
trees, for a specific group of putative orthologous genes (e.g., the 1,234 OGs used for phylogenetic
analysis), if the GC content distribution for this groups of sequences does not follow a unimodal
distribution (e.g., close to a normal distribution), then there is likely non-orthologs in the group. To
test if the sequences from ppc-B clade are all from one single orthologous group, a distribution of
GC content for all the 320 sequences were generated (Figure 3-16).
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Figure 3-16: GC content distribution of ppc-B genes. 320 sequences were included, and the GC content ranges from
52.18~97.69%.
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As shown in Figure 3-16, two peaks can be observed on the distribution. One at around
83.75%, and the second at around 91.25%. The boundary between these two peaks is not clear,
probably due to overlapping tails, but a trough can be seen at around 87.5%. This is evidence to
support there are two paralogous genes in this group of ppc-B sequences (based on my own
observations among the 1,234 low-copy nuclear genes).

To further disentangle the ppc-B clade, a gene tree of reduced number of sequences was
reconstructed, using only ppc-B genes from Poaceae genomes, Streptochaeta transcriptome and
two ppc genes from Ecdeiocoleae monostachya as outgroups. This is a significant reduction for the
number of sequences (from 320 in the 1119-seq ppc tree to 30 in this reduced set), but the result
did not show a great improvement for the topology of ppc-B (Figure 3-17). A group of ppc-B from
Streptochaeta and Pharus form a clade sister to the rest of ppc-B genes. This group of genes is
characterized by much lower 3™ codon GC content (<55%), resembles more to ppc-aR genes in
this regard. The rest of ppc-B can be classified into two categories based on 3™ codon GC content:
lower GC (green triangle) and higher GC (blue rectangle), each falling into range ofthe two peaks
in Figure 3-16. The lower GC category contain species from the basal subfamilies
Anomochlooideae (Streptochaeta) and Pharoideae (Pharus), as well as species from BOP
(Hordeum and Brachypodium) and PACMAD (Eleusine, Zea, Sorghum, Setaria and Panicum),
while the higher GC category only contains Oryza, Hordeum and Brachypodium from BOP and
Setaria and Panicum from PACMAD. The composition of two categories and gene tree topology
makes the evolutionary history of ppc-B elusive, but a possible scenario is a duplication in the
common ancestor of Poaceae followed by subsequent duplications and gene loss. On the other hand,
as shown in Figure 3-17, all four ppc-B genes from Elusine coracana fall into the lower GC content
category, and genes from both categories are recruited for C4 function (red sequences in Figure 3-
17). This indicates that the topology shown in Figure 3-17 could be impacted by selection forces,

and impacted sites needs to be identified and excluded to improve the gene tree.
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Figure 3-17: Gene tree for ppc-B using a reduced dataset. Two sequences from Ecdeiocoleae monostachya were used as
outgroup, and the sequences from Streptochaeta were included to represent subfamily Anomochlooideae. Functional C4
ppc genes are in red fonts, and sequences are labelled according to GC content level: yellow branch, lower than 55%;
green triangle, falls into the first group in Figure 3-17; blue rectangle, falls into the second group in Figure 3-17.

Nevertheless, using GC content as an indicator, evidence is gathered to support that there
are at least two paralogous genes in the ppc-B clade. The overall higher 3™ codon GC content for
ppc-B genes is probably a derived trait in both copies for core Poaceae and in one of the two copies
of ppc-B for Anomochlooideae and Pharoideae. A higher GC content could potentially render ppc-
B genes higher expression level compared to other ppc genes, making it more suitable for C4
function. To test whether ppc-B genes possess higher expression potential, codon adaptation index
was calculated for ppc genes in representative species. There are synonymous codons for amino
acids, and for each set of synonymous codons some (usually one) of them are used more frequently

to code for that amino acid. Codon adaptation index (CAI) values range from 0 to 1, with higher
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values indicating a bigger proportion of the most abundant synonymous codons (Sharp and Li,
1987). CAI value of a specific coding sequence is calculated by comparing the codon usage
frequency of itself to the overall codon usage frequency of highly expressed genes of the species.
CAl is a measurement of the relative adaptiveness of the codon usage of a gene and can be used as
a factor to predict expression level.

As shown in Table 3-3, in the five species included, ppc-B genes always have the highest
CAI values, indicating they are potentially more highly expressed compared to other ppc genes.
Thus, the higher 3 codon GC content in ppc-B is mainly a result from synonymous codons with
higher GC content. The choice of codons can influence local translation kinetics during protein
synthesis. Hia et al. (2019) showed that in humans RNA binding proteins regulate mRNA half-life,
depending on GC content and codon usage. RNAs with shorter half-lives were associated with AT3
codons, while those with longer half-lives were associated with GC3 codons. Newman et al. (2016)
reported that codon bias and GC content contributes to the different expression levels of TLR7 and
TLRY (genes related to immunity in human), and that the major factor causing the difference is
transcription rate. They proposed that suboptimal codon bias, which correlates with lower guanine-
cytosine (GC) content, limits transcription of certain genes. Therefore, the higher 3 codon GC
content in ppc-B is probably an advantage, since C4 photosynthesis requires sufficient among of
PEPC during carbon fixation. The next question to answer is how ppc-B gained a higher GC content,

from selection or alongside with its chromosome background.
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Table 3-3: CAI values of ppc coding sequences in Poaceae species

Zea mays Oryza sativa Eragrostis walteri Bouteloua dimorpha ﬁZ§?ma
ppc-al2 0.731 0.724 0.860 0.820 N/A
ppc-aLla 0.750 0.805 0.879 0.854, 0.856 0.833
ppc-aLlb N/A 0.801 0.885 N/A N/A
ppc-aR 0.741, 0.742 0.774 0.878 0.847 0.835
ppc-B 0.870 (C4 ppc) 0.918 0.890, 0.893 0.922 (C4 ppc) gg?i’

*N/A: gene not found in this sample. Codon usage databases were either retrieved from
https://www .kazusa.or.jp/codon/ or calculated using non-redundant CDS datasets from our project.

The fact that C4 ppc genes exist in ppc-al la and ppc-al 1b supports multiple origins of Cy4
photosynthesis, and also reminds us of a complex history of this gene family. Both Arundinella
hookeri and Eriachne aristideae has one C4 ppc-aLla, and they each has additional C4 ppc from
ppc-B clade. On the other hand, Stipagrostis pennata and three Chloridoideae species, all of which
has Cs ppc-aL1b, do not contain additional C,4 ppc from ppc-B. This seemingly redundance could
be an alternative resource for expression of C4 ppc in different tissues or might reflect remnants of
a transition from using ppc-alLla/ppc-aLlb to ppc-B as for C4 function. Further investigation is

needed to answer these intriguing questions.
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3.4 Discussion

3.4.1 Challenges and benefits of incorporating genome skimming data into large-scale
nuclear phylogeny

The term genome skimming technically refers to sequencing a genome with shallower
depth and lower coverage. Herbarium samples can be used for this approach, making it easier to
include species that are hard to require, greatly reducing the cost of obtaining fresh materials for
transcriptome sequencing. However, there are also limitations for genome skimming, and the first
and most relevant one as for phylogenetic studies is the lower coverage of target genes. Due to
shallower depth and uneven coverage across the genome, some target genes may not be recovered,
as these target genes were not chosen specifically to accommodate genome skimming data. In this
respect, target enrichment method may outperform genome skimming, because for the former one
the target genes were chosen and tested across different genomes to ensure their producibility.
Moreover, for those target genes that can be recovered, the effective length (when align the coding
regions with full-length CDS from transcriptome and genomic datasets) tend to be shorter. In my
project, gene trees reconstructed from a considerable portion (~50%) of genes from genome
skimming datasets are prone to erroneous results, although automatic methods and manual
inspection (see 3.2.3) could purge erroneous sequences.

The second challenge for using genome skimming data is to predict the structure of target
genes, as for most of the species genome annotation information is scarce. In my project HaMStR
is used to obtain coding sequences from de novo assembled genomic contigs, which are supposed
to contain additional elements other than exons, such as introns and intergenic regions. The
algorithm implemented by HaMStR will try to generate possible translations from the genomic
contigs, compare the results with the template sequences, and output one or multiple coding

sequences predicted to be homologous with the templates. This process usually results in a shorter
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coding sequence compared with the templates, since the contigs are not guaranteed to cover the full
length of CDS. However, when combined with sequences from transcriptomic data and aligned,
the retaining coding sequences from genome skimming datasets generally looks reliable, although
missing regions is common.

The third challenge is to identify false positive sequences from the putative orthologous
groups. HaMStR (or other automatic methods to predict homologs) may report sequences that are
chimera of different paralogs (due to assembly errors) or sequences with only a few matched
regions of templates scattered and are not true homologs. These sequences cannot be easily
identified from the alignment by automatic methods, and manual inspection is needed. In my
project, single-gene trees and the corresponding alignments went through auto-detection of long
branches as well as manual inspection to remove sequences that are potentially paralogs or of lower
quality. This has proven effective to improve the quality of single-gene trees and thus the reliability
of coalescent results.

To summarize, the challenges for incorporating genome skimming data into phylogenetic
analyses come from three aspects, and eventually all lead to fewer and shorter target genes. If using
together with sequences of higher quality from transcriptomic or genomic datasets, these defects
can be partially counteracted, but effort is necessary to inspect the alignment and corresponding
gene trees. Expanding the pool of target genes is also a potential solution to compensate for lower
data recovery of genome skimming data, although precautions must be taken to select for genes
that are suitable for phylogenetic analyses (i.e., low-copy, putative orthologous). For species of
critical phylogenetic positions (e.g., a single species representing a tribe or subtribe), increasing the
sequencing depth would be beneficial, as this will improve the de novo assembly and hence increase

the chance of recovering target genes.
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3.4.2 The number of C, origins in Panicoideae

As a popular topic, the origin of C4 photosynthesis in Poaceae has been widely discussed
in previous studies. Based on a plastid gene phylogeny, GPWG II (2012) inferred 22~24 times of
C4 origins in Poaceae, and 17~19 of them are in Panicoideac. While their results were congruent
with my nuclear-gene phylogeny for the relationship among tribes of Panicoideae s.s. which
contains the majority of C4 Panicoid grasses, Tristachyideae was reported as sister to Centotheceae,
Cyperochloeae plus Thysanolaeneae (see Figure 3-1 B), making C4 in Tristachyideae seems like
an independent origin. In my results, however, Tristachyideae is consistently sister to Panicoideae
s.s., therefore a more reasonable interpretation is that C4 only originated in this combined clade.

Tribes Paniceae and Paspaleae are mixture of Cs; and Cy4 species, where both types are
intertwined wtihin subtribes. Ancestral state reconstruction based on statistical analysis tend to
report multiple origins and reversals based on photosynthetic types mapped on the phylogeny, but
this kind of results is merely a simplified deduction, because the conversion from one type to the
other is complex and should not be modelled by a simple process. Given that Cy4 tribe Tristachyideae
is sister to all the remaining C4 clade, a more reasonable hypothesis would be that preconditions
for C4 were developed in the common ancestor of Tristachyideae plus Panicoideae s.s., and some
lineages continued on their way to C4 while others retained C; (or reversed back to Cs) as this whole
clade diverged. Therefore, previous studies possibly overestimated the number of C4 origins in
Panicoideae, and the position of Tristachyideae as reported in my project is critical for this question.

Due to the lower recovery rate of genes, genome skimming datasets were not included in
the ppc gene family analysis, although many of them represent C3 species in Paniceae and
Paspaleae. Nevertheless, efforts were made to obtain ppc genes from de novo assembled genomic
contigs, and one interesting observation is a putative C4 type ppc from Arundoclaytonia dissimilis

(data not shown), a species close to Zeugiteae and Chasmanthieae, both reported to be wholly Cs.
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This corresponding amino acid sequence has a Serine at #780 (Zea mays PEPC numbering), a
characteristic of functionally C4s PEPC; on the other hand, no Cs4 type ppc was found in other species
in Zeugiteae or Chasmanthieae. Further investigation from transcriptome sequencing or PCR-based

sequencing would be needed to check if this is a functional activate gene or a pseudogene.
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Fossils used for calibration in molecular clock analysis

Age (million

# Clade Min/Max Fossil type References
years)
1 CG_commelinids Max 118 Secondary calibration (Hertweck et al., 2015)
Silicified epidermal pieces and
2 CG_Poaceae Min 101 (Wuetal., 2018)
phytoliths
3 SG_Zingiberales Min 77 Seeds (Iles et al., 2015)
(Stromberg, 2005; Prasad et
4 SG_Chusquea Min 35 Phytolith
al., 2011)
(Zucol et al., 2010; Prasad et
5 CG_Pooideae Min 40 Phytolith
al., 2011; Iles et al., 2015)
(Manchester, 2001; Iles et al.,
6 SG_Stipeae Min 34 Fruits
2015)
7 SG_PACMAD Min 40 Phytolith (Zucol et al., 2010)
8 CG_Chloridoideae Min 19 Phytolith (Stromberg, 2005)
(Nambudiri et al, 1978;
9 CG_C4 Panicoideac Min 12 Macrofossil Whistler et al., 2009; Prasad et
al., 2011)
(Prasad et al., 2011; Iles et al.,
10 CG_Oryzoideae Min 66 Epidermis and phytolith
2015)
(Walther and Kvacek, 2007;
11 SG_Leersia Min 30.44 Inflorescence
Iles et al., 2015)
Inflorescence,  spikelet and
12 CG_(Oryza+tZea) Min 55 (Crepet and Feldman, 1991)

pollen
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(Dugas and Retallack, 1993;
13 SG_Neyraudia Min 19 Phytolith
Stromberg, 2005)

*CG=crown group; SG=stem group




Molecular clock estimates of mean ages and 95% confidence intervals at

Appendix B

major nodes in Poaceae phylogeny

clade low mean high note
Crown group Poaceae 101 101 101 fixed
Crown group Streptochaeta (Anomochlooideac) 6.67 7.03 7.35

Crown group Guaduella (Puelioideae) 46.01 48.19 49.58

Crown group Puelia (Puelioideac) 42.56 44.48 47.12

Crown group (BOP + PACMAD) 81.17 81.43 81.78

Crown group BOP 77.69 77.94 78.29

Crown group subfamily Oryzoideae 66 66 66 fixed
Crown group subfamily Bambusoideae 66.46 66.89 67.32

Crown group subfamily Pooideae 66.54 67.03 67.5

Crown group PACMAD 65.98 66.33 66.83

Crown group subfamily Aristidoideae 46.93 47.46 48.28

Crown group subfamily Micrairoideae 32.71 33.07 33.68

Crown group subfamily Panicoideae 53.72 54.22 54.78

Crown group subfamily Arundinoideae 56.84 57.39 57.97

Crown group subfamily Danthonioideae 35.15 35.8 36.51

Crown group subfamily Chloridoideae 57.31 57.76 58.22
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