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ABSTRACT 

Most plants convert sunlight into chemical energy using a process known as C3 

photosynthesis. However, some of the world’s most successful plants instead use the C4 

photosynthetic pathway which allows them to more efficiently use water, nitrogen, and 

solar energy. In the past 30 million years, C4 photosynthesis has convergently evolved 

from C3 over 60 times and new lineages are in the process of evolving even today. 

Because of this complex evolutionary history, C4 is not “one” uniform photosynthetic 

type, but a diverse collection of photosynthetic sub-types that are classically grouped 

according to their use of three different biochemical pathways. The grass tribe Paniceae is 

especially interesting in this aspect because it contains all three of these biochemical sub-

types as well as important food and bioenergy crops.  

To better understand the evolution of C4 photosynthesis, DNA and RNA 

sequencing were undertaken for various species from within the Paniceae and used for 

phylogenetic and comparative genomic studies. Cell type specific RNA expression 

profiling for the two major C4 cell types was also completed for representative species of 

each C4 sub-type. Streamlined bioinformatics pipelines for both chloroplast and nuclear 

phylogenetics were developed for processing the data. These analyses resulted in: 1) The 

first “genome scale” phylogenetic tree of the grass tribe Paniceae, 2) The clearest 

evidence to date of the evolutionary relationships between the three classically defined C4 

sub-types, 3) The most convincing results to date that the chloroplast and nuclear 

phylogenies of the Paniceae are incongruent, 4) Evidence that this chloroplast nuclear 

incongruence is likely due to introgression and/or incomplete lineage sorting, and 5) 

Strong support for sub-type mixing as well as the existence of a PCK sub-type. 
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Abstract 

 
Convergent evolution has fascinated and occasionally mystified biologists since the 

principle of universal common ancestry was accepted. Similar phenotypes can arise by 

common ancestry (including pre-adaptations) or through constraints in the space of 

possible phenotypes, and can increase in a population either via drift or selection.  

Assessing which of these mechanisms to invoke for any given example remains 

challenging for both simple and complex phenotypes. However, barriers in this area are 

slowly breaking down with recent advances in genomics and systems biology. A 

renaissance in the study of convergent evolution may be on its way, as surprising 

explanations for similar phenotypes, such as the metabolic similarities between yeast and 

cancer cells, are uncovered with network and metabolic models. We argue that although 

examples of convergence are known from many domains of life, green plants in 

particular have remarkable promise for the study of convergence because they are 

experimentally tractable, have considerable –omics and systems biology resources 

available, and show convergence in a number of important and complex traits. Four such 

examples include the “domestication syndrome”, duplicate loss and retention patterns 

following whole genome duplication, the multiple appearances of C4 and CAM 

photosynthesis, and hybrid vigor.  
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Introduction 

Convergent evolution is the appearance of similar phenotypes in distinct 

evolutionary lineages.  Common examples include the independent origins of flight in 

insects, birds, and mammals and the multiple appearances of the camera-like eye in 

lineages such as cephalopods and vertebrates (Futuyma, 1998; Gehring and Ikeo, 1999).  

Some lesser-known, but perhaps even more intriguing, examples of the convergent 

evolution of complex traits include patterns of gene retention and loss after whole 

genome duplication (WGD), the recurrent appearances of C4 and CAM photosynthesis in 

plants, the “domestication syndrome” in both plants and animals, and cross-kingdom 

examples of hybrid vigor. 

Biologists and philosophers have proposed a variety of definitions of convergent 

evolution, with considerable discussion of the precise meaning of terms such as 

convergent evolution and parallel evolution (Pearce, 2012; Currie, 2013). While 

recognizing the importance of these definitions, we here offer a broad look at 

evolutionary events involving the independent origins of complex traits. We will use 

convergence and convergent evolution as umbrella terms to encompass phenomena that 

might also be referred to as parallel evolution.  Thus, when we use the term convergent 

evolution, we are not making the claim that the homoplasious phenotype in question was 

shaped by selection in the lineages involved, but merely that similar phenotypes exist in 

those lineages in a manner that cannot be easily explained by descent from a common 

ancestor. 
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Theories Explaining Convergent Evolution of Similar Phenotypes 

An illuminating, though imperfect, metaphor for the study of convergent 

evolution is Gould’s thought experiment of “replaying the tape of life” (Gould, 1989), an 

idea, incidentally, with antecedents going back at least to Fisher (1934).  Gould’s 

question is: if the tape of life were replayed, would the results (namely the different 

modern biological forms on the planet) be the same or different from those we see today? 

Gould himself argued that, due to the contingent nature of evolution, each replay of the 

tape would result in a different outcome.  Others, such as Simon Conway Morris, have 

argued that evolution is strongly shaped by constraints: physical or developmental 

limitations on the number of solutions to a given problem (Conway Morris, 2003). These 

constraints force evolution to take specific, recurring paths, meaning that replaying the 

tape would result in similar, but not identical, outcomes each time.  

Cases of convergent evolution are sometimes thought of as examples of the “tape 

of life” being replayed with similar results. While this analogy is useful and some 

convergent events may have in fact been influenced by similarities in evolutionary 

history, these events by definition do not share the exact same history. More importantly, 

the mere appearance of similarity does not prove that selection, operating under 

constraints, has driven the common outcome.  

We propose that at least three evolutionary processes (aside from common 

ancestry itself) can give rise to similar phenotypes: 1) similar selective forces may drive a 

trait’s development in multiple lineages; 2) underlying constraints may make the trait’s 

evolution inevitable or highly probable under certain conditions; and/or 3) the trait’s 

repeated emergence may be attributable to genetic drift (See Figure 1.1).  These three 
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processes are of course not mutually exclusive: indeed most cases of convergence may 

result from a mixture of all three.  Hence, it can be informative to consider these 

processes individually and to examine their relative importance in different examples of 

convergence. 

Selection. Convergence by selection occurs when similar selective forces acting 

on distinct lineages result in similar traits within those lineages. C4 photosynthesis in 

plants (discussed in more detail later) is one example of selection’s role in convergent 

evolution. In this case, different enzymes, biochemical pathways, and anatomical 

configurations are employed by different lineages of C4 plants; nonetheless, those 

lineages seem to have evolved under similar selective pressures (Sage et al., 2012). 

Another compelling example of convergence by selection is the crystalline lenses of birds 

and mammals.  These lenses perform similar functions but are made from different 

proteins and minerals, and are constructed by different enzymes in different lineages 

(Schwab, 2012; Map of Life, 2015).  Other examples indicating a strong role for selection 

can be found across kingdoms and include the independent recent evolution of nylonases 

(Prijambada et al., 1995) and the evolution of novel glycolytic enzymes from enzymes 

with other functions in an E.coli glycolytic knock-out strain (Miller and Raines, 2004, 

2005).   In each of these examples there is a clear role for selection, be it increased 

photosynthetic efficiency, better sensory perception, or the ability to survive on a 

particular carbon source.  In each case there is also clear evidence that more than one 

viable solution to the problem exists, since the outcomes are similar at the gross level but 

differ in their details.    
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Constraint. Physical, biochemical, or developmental constraints that reduce the 

pool of potential genetic solutions to a given problem are additional mechanisms that can 

yield similar phenotypes along independent evolutionary trajectories.  The word 

constraint is often used in the context of selective constraint, meaning that a specific trait 

may arise through mutation but be quickly removed from the population by selection.  

Here we use the terms differently, namely to refer to a trait that simply cannot come into 

existence because of limitations due to physics, chemistry, and/or evolutionary history.  

In its simplest form this viewpoint suggests that, in some cases, there are a limited 

number of possible ways to achieve a given outcome (Weinreich et al., 2006).  For 

example, there are no six-legged mammals. This deficit is most likely not because six-

legged mammals have at some point evolved and been selected against, but simply 

because the ancestors of mammals were tetrapods and the genetic architecture necessary 

to create a six-legged mammal does not exist. 

Other examples of convergent evolution by constraint include similar metabolic 

traits arising under experimentally controlled circumstances (Ibarra et al., 2002), and 

similarities between human-designed networks like the U.S. power grid and biological 

networks (Watts and Strogatz, 1998; Milo et al., 2002).  These similarities can take the 

form of networks structured in such a way that they show similar statistics like centrality 

of the networks or the recurrence of common motifs whereby the same connection 

pattern among a small group of nodes occurs many times.  These similar structures also 

tend to make the networks all show “small world” features, meaning that any node in the 

network can be reached by traversing a small number of other nodes (6 or less) (Watts 

and Strogatz, 1998; Wagner and Fell, 2001).  These studies suggest that there are a 
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limited number of ways to successfully build a network, be it biological or otherwise, 

with desirable properties (Jeong et al., 2001).   

Drift. Genetic drift can also explain many examples of convergent evolution.  The 

antifreeze proteins of arctic and Antarctic fishes, for example, probably started with such 

mutations that were later co-opted and expanded (Chen et al., 1997; Fletcher et al., 2001). 

Since examples of convergence that are explained by drift alone are perhaps less 

interesting and/or pertinent to the focus of this review, we note their existence and 

importance but will leave their discussion to other articles. 

As noted earlier, these three mechanisms (selection, constraint, and drift) for 

achieving similar phenotypes are not mutually exclusive, and roles for each can be found 

in many examples of convergence. More importantly, it is not always easy or even 

possible to tease apart convergent evolution from common ancestry.  For instance, pre-

adaptations in a lineage (initially non-adaptive traits with the potential for co-option as 

adaptions later in their history) may make that lineage more likely to evolve a given 

phenotype.  This recurrence is not due to the particular architecture of the phenotype 

being the optimal solution to the problem but to the fact that the building blocks for that 

trait architecture are already in place.  Symbiosis between plants and nitrogen fixing 

bacteria through nodulation is one such example.  It occurs intermittently across multiple 

families within angiosperms. While diversity exists between many of these apparently 

isolated occurrences, there have also been suggestions that they all come from a common 

ancestor with a predisposition to symbiosis (Soltis et al., 1995; Huss-Danell, 1997; Doyle 

and Luckow, 2003; Delaux et al., 2015; Li et al., 2015b).  An additional example is the 

compound eye, which has independently evolved several times (Futuyma, 1998; Gehring 
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and Ikeo, 1999), but whose independent evolutionary origins all build on 

photosensitivity, an ancient animal trait with a common set of sensory and developmental 

genes shared by most metazoans.  The power of these shared developmental programs is 

illustrated by the fact that the mouse homolog of the Drosophila eyeless gene is able to 

induce ectopic eye development in Drosophila (Quiring et al., 1994; Halder et al., 1995).  

Hence, while eye morphology has evolved convergently (multiple origins of camera-like 

eyes and compound eyes), the deep origin of eyes is built, at least in part, from of a 

common inherited set of genes for light perception.  C4 photosynthesis in plants is 

another example where pre-adaptation may have played a significant role (see C4 

photosynthesis section below).  These examples serve as an important cautionary 

reminder of the role common ancestry can play in a trait’s emergence, even when that 

role may not be readily apparent.  

 

Challenges in Differentiating Among Causes of Convergence 

Some basic guidelines can be helpful in determining the causes of convergent 

evolution, particularly when the genetic underpinnings of a trait are sufficiently well 

known. From a genetic perspective, adaptive convergences may have arisen through two 

basic scenarios.  In the first, a mutation or mutations in the same gene or genes caused the 

homoplasy in the organisms. In the second the causal mutation or mutations occurred in 

different genes in each lineage (Wake et al., 2011). Determining which scenario occurred 

for a particular trait can suggest the degree to which each of the three above mechanisms 

of convergence is operating. If the same gene(s) have given rise to similar phenotypes in 
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independent lineages (“gene reuse”), this suggests that constraint or pre-adaptation may 

have played an important role in the convergent phenotype (Conte et al., 2012). In 

contrast, evidence for selection without constraint comes from different genes 

contributing to the same trait in different lineages (Losos, 2011).  

 Examples of gene reuse are strikingly common in domestication, implying a 

small suite of genes might be responsible for domestication-related phenotypes in many 

organisms (Paterson et al., 1995; Ramsay et al., 2011; Butelli et al., 2012; Lenser and 

Theißen, 2013; Martin and Orgogozo, 2013).  However, strong selection is also likely to 

have been important in domestication (at least in annual plants and most animals): in fact, 

some studies have not been able to detect constraints on gene reuse, arguing more 

strongly for selection as the primary factor (Gaut, 2015). 

In this same vein, several examples of convergence in protein function also 

suggest a role for constraints. For instance, the co-option of lysozymes for digestion in 

foregut-fermenting herbivores seems to have evolved multiple times in a wide range of 

species, including monkeys, birds, insects, and bovids (Stewart et al., 1987; Kornegay et 

al., 1994; Regel et al., 1998). This type of convergence in protein function suggests that 

some amount of constraint is involved: however, caution is in order because evolution 

also tends to use the materials “closest to hand,” meaning that lysozymes may simply 

have been particularly convenient for reuse in digestion. 

Occasionally, proteins may converge not only in function but also in specific 

regions of their sequences. There are a number of examples of sequence-level 

convergence in both DNA and protein sequences (Zhang and Kumar, 1997; Soltis and 

Soltis, 1998; Soltis et al., 1999; Kriener et al., 2000; Li et al., 2008; Castoe et al., 2009; 
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Liu et al., 2010; Tenaillon et al., 2012; Parker et al., 2013; Stern, 2013; Natarajan et al., 

2015).  Castoe et al. (2009), found significant convergent molecular evolution in the 

amino acid substitutions observed between the mitochondrial genomes of snakes and 

agamid lizards, and Kriener et al. (2000), found convergence in the use of shared peptide 

motifs in the major histocompatibility complexes of humans and new world monkeys.  In 

another example involving both plants and animals, Maier et al. (2013) demonstrate that 

the genes encoding ribosomal proteins are convergent in mitochondria and chloroplasts 

across all eukaryotes. 

Two recent studies of convergent evolution in mammalian genomes serve to 

illustrate the challenges inherent in differentiating among the causes of convergence.  The 

first study examined the convergent evolution of echolocation in bats and dolphins 

looking for evidence that different lineages not only share a convergent phenotype but 

also have experienced convergence at the sequence level (Parker et al., 2013).  These 

authors found evidence of convergent sequence evolution in several hundred genes linked 

to either echolocation or vision.  They were also able to demonstrate that many of these 

sequence changes showed signatures of selection (Parker et al., 2013).  Foote et al. (2015) 

found similar results in an analysis of the convergent evolution of adaptations to marine 

environments across different mammalian orders. Their analyses paint the same picture 

as those of Parker et al. in that many genes appear to have evolved convergently at an 

amino acid sequence level and also appear to have experienced positive selection.  

However, unlike the previous study, these authors also applied their methods to a set of 

control species lacking adaptations to marine environments. Surprisingly, they found 
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many of the same patterns in the non-adapted species, suggesting that these tests of 

convergence at the sequence level may be somewhat prone to false positives. 

 

Convergence and Complex Traits 

The above collection of examples and possible sources of convergence raise the 

question of the best systems for understanding convergent evolution. While a variety of 

relatively simple traits have arisen multiple times independently, these can often be 

explained easily by common underlying genetics, genetic drift, or other simple 

evolutionary processes. For example, instances of specific gene regulatory circuit 

topologies such as feed forward loops have evolved multiple times independently within 

both yeast and E.coli (Conant and Wagner, 2003), but this recurrence is perhaps not 

surprising given their relatively simple structure.  The independent origins of enzyme 

activities on the other hand are less susceptible to mutational explanations, but the 

common observation of enzyme promiscuity, the ability of an enzyme with one primary 

function to perform another function at some low level (O'Brien and Herschlag, 1999; 

Copley, 2003) makes the degree of selection at work somewhat obscure.  These kinds of 

details can make the use of simple traits less meaningful to the study of convergence. 

Because of these challenges with simple traits, it is probably more fruitful to study 

convergence in traits which appear to be complex in nature and are difficult to explain by 

common ancestry or simple evolutionary processes (Currie, 2013; Zaman et al., 2014).  It 

would appear that unlike simple traits, the convergent evolution of relatively complex 

traits likely requires a combination of selection for a certain adaptation and a limit in the 
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space of forms available to be selected upon.  In addition, the fact that many of the most 

important economic, agricultural, and medical phenotypes can be considered complex 

makes the study of convergent evolution of complex traits of significant general interest.   

That said, it can be difficult to delineate a complex trait from a simple one, and 

how complex something is often depends on the scale at which one is looking.  As we 

gain greater understanding of a given complex trait, we may find that it is actually very 

simple and that the surprising convergence we originally saw is really not so surprising.  

The examples of the compound eye and C4 photosynthesis noted above are both traits 

with considerable complexity from a birds-eye view but for which the actual complexity 

of the innovation in question may be less dramatic when fully understood.  

Over the years, different approaches have been developed and used for studying 

convergent evolution, particularly for complex traits. In the next section, we review the 

current tools for studying convergence before turning to future directions, novel tools, 

and interesting examples of complex convergence.  For many of these examples, their in-

depth dissection is only now becoming possible with recent theoretical and 

methodological advances.  Because complex traits are by definition complex, we 

advocate for the increased use of systems biology tools (here defined broadly as any 

analysis involving multiple players and their interactions) in their study.  

 

Approaches for Analyzing Convergent Evolution – Past and Present 

The first step in deciphering if patterns of trait evolution are due to common 

ancestry or convergent evolution is often to put traits in the context of a phylogenetic 

tree.  Once the phylogenetic pattern of convergence has been shown, the drivers of 
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convergence can be explored using the tools of evolutionary development (evo-devo) and 

comparative genomics.  Other experimental approaches are also useful for demonstrating 

convergent evolution in ways which, to some extent, “replay the evolutionary tape” in a 

controlled setting. 

 

Phylogenetics 

In general, the study of convergence starts with a phylogenetic tree because a well 

supported and resolved phylogeny is necessary for the identification of traits that may be 

convergent versus those that arose by common decent.  Hypotheses about which traits are 

convergent can be formed and some degree of support for those inferences can be made 

directly from the phylogeny.  The strengths of phylogenetic tools for inferring 

convergence also include their utility in identifying probable transition points between 

traits, their amenability to statistical testing, and their ability to clearly support or refute 

hypotheses of convergence.  For example, phylogenetic analyses have been instrumental 

in identifying the many distinct origins of C4 and CAM photosynthesis (see discussion 

below). 

Phylogenetics does have its limitations however.  For example, it is generally 

unable to address the causes of the convergent events (i.e., selection, constraint, drift). 

Further tools that can describe such causes (e.g., comparative genomics, evolutionary 

developmental genetics, detailed morphological studies, experimental studies and 

ecological studies) often explicitly use phylogenies and their underlying statistical models 

as a starting point (Nielsen, 2005). 
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Evolution of Development (Evo-devo) 

One important group of tools for understanding convergence is referred to as the 

study of the evolution of development or evolutionary development (evo-devo).  These 

methods use comparisons between organisms and across developmental stages to infer 

the ancestral states that led to the developmental differences currently seen between 

organisms.  Some of the most important contributions of evo-devo methods have to do 

with their ability to identify if a homoplasious trait is truly convergent.  For example, one 

can determine if a trait is truly novel within a lineage by finding out how similar that trait 

is to another trait at various points along both of their developmental trajectories (Glover 

et al., 2015).  Two structures that look very different from one another at maturity may 

actually arise from common morphology and/or molecular underpinnings at an earlier 

stage. To determine if this is the case, one can use detailed developmental analysis across 

multiple phylogenetic origins of a trait to determine if the trait has arisen multiple times 

from the same ancestral state or from different ancestral states. Over the years, evo-devo 

approaches have contributed significantly to a basic understanding of the convergent 

evolution of floral morphology in angiosperms (Preston and Hileman, 2009; Christin et 

al., 2010b; Glover et al., 2015).  Floral morphology is incredibly variable across 

angiosperms, yet most descriptive work is done on mature flowers.  In this context, what 

might looks like a petal in one species could be referred to as a completely different 

structure in another.  To accurately understand how these two traits evolved, one needs to 

know that they share a common ancestry that is not apparent at maturity. By looking at 

the two traits at earlier developmental time points one can find the precursor form(s) from 

which both originate.  These types of discoveries are aided by the use of labeling 
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techniques that allow one to find out if the same proteins exist in both precursory organs 

and if they are present at similar levels.  Similarly, two organs that arose from different 

precursors could be identified as convergent because they both express the same genes at 

similar levels.  One example of this kind of convergence is found in multiple origins of 

bilateral symmetry via parallel recruitment of TCP transcription factors across core 

eudicots (Preston and Hileman, 2009). 

 

Comparative Genomics 

Expansive collections of genomic data now allow for the analysis of the genomic 

variations responsible for morphological traits of interest (Tenaillon et al., 2012; Martin 

and Orgogozo, 2013). As the number of sequenced genomes rises, researchers are better 

able to carry out comparative analysis over larger phylogenetic distances and dissect the 

molecular basis of convergence. Improvements in the quality of sequenced genomes and 

their annotations also play a critical role in what kinds of analyses can be performed.  

Comparative genomic methods have proven useful in finding the molecular causes of 

convergent traits in a variety of plants, insects, and animals (Paterson et al., 1995; Parker 

et al., 2013; Denoeud et al., 2014). For example, quantitative trait loci (QTL) analysis 

allowed Paterson et al. (1995) to identify convergent domestication-related traits between 

sorghum, rice and maize.  Denoud et al. (2014) found convergence in caffeine synthesis 

within eudicots. Likewise, as already discussed, Parker et. al. (2013) identified over 200 

loci involved in the evolution of echolocation in both bats and dolphins on the basis of 



 

 16 

the analysis of 22 genome sequences.  Further studies of this scale are becoming possible 

in an increasing number of plant lineages. 

Beyond identifying the genetic basis of convergent traits, comparative genomics 

can also aid in differentiating between the causes of convergence as described earlier.  

Large-scale genomic data can allow one to look for signatures of selection across 

multiple organisms and multiple genes with relative ease.  These signatures, along with 

the actual genomic sequences underlying the traits allow one to make strong inferences 

about the roles of constraint and selection in the convergence of a trait. 

In addition to parsing the contributions of selection and constraint in convergent 

traits, comparative genomics allows for the study of convergent evolution in the genomes 

themselves.  For example, convergent genome shrinkage, the loss of large amounts of 

similar types of genomic DNA, has been linked to whole-genome duplication (WGD) 

(discussed in more detail in a later section) and endosymbiosis (Paterson et al., 2006; van 

Hoek and Hogeweg, 2007; McCutcheon et al., 2009; McCutcheon and Moran, 2010). 

 

Experimental Approaches 

Various experimental approaches have also been used to elucidate the forces 

driving convergent phenotypes.  The main class of experimental approaches that have 

been employed involve “replaying the tape of life” in the laboratory (Kawecki et al., 

2012; Lobkovsky and Koonin, 2012; Barrick and Lenski, 2013; Matos et al., 2015).  

These approaches are of course limited to organisms that are amenable to a lab 

environment and experiments that can be performed in a reasonable amount of time. The 
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example of re-evolving a glycolysis enzyme in E. coli using substrate ambiguity has 

already been mentioned (Miller and Raines, 2004, 2005).  By applying artificial selection, 

the researchers were able to select for a spontaneous mutation that increased a gene’s 

expression to the point that it could restore function to a knocked-out pathway (Miller 

and Raines, 2005).   Another example in E. coli is the evolution of tolerance to heat 

stress, where constraints appear to play an important role in the convergence of genes 

(Gaut, 2015). Similar experimental protocols have been employed in fruit flies; 

convergence was found in the frequency of alleles in populations under the same 

selection regime (Burke et al., 2010; Kawecki et al., 2012) as well as in phenotypic traits 

when distinct populations are placed under similar selection (Fragata et al., 2014).  Other 

examples of experimental evolution have studied bacteriophages and shown repeatability 

in the way the virus evolves to attack its host (Meyer et al., 2012).   

Other types of experimental approaches have also been used to elucidate the 

forces driving convergent phenotypes, including functional analyses of behavior.  One 

example of this comes from studies of undulation swimming, which has independently 

evolved to a mechanical optimum in multiple phylogenetically-distant species from 

flatworms to rays to knifefish (Bale et al., 2015). In this example it appears that an 

optimum swimming pattern exists and any large departure from that pattern is strongly 

selected against (Bale et al., 2015). If there are any local optima, they are small enough 

and selection pressure is strong enough that they appear to have been quickly 

outcompeted by the global optimum. The researchers demonstrated this fact 

experimentally by first phylogenetically identifying homoplasy in the undulation 

swimming phenotype.  Then, they employed computational and experimental modeling 
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to explore how mechanical swimming efficiency changes under perturbations to the 

observed natural patterns.  These experiments were able to elegantly demonstrate that a 

mechanical optimum does in fact exist for this trait and variation away from that 

optimum drastically reduces efficiency.  These results make a strong case for an 

interaction between strong selective forces and a narrow (constrained) pool of potential 

solutions to the problem.  

One last example of using experimental evolution to study convergence in plants 

comes from the re-synthesis of 50 Brassica napus allopolyploids (Gaeta et al., 2007; 

Gaeta and Pires, 2010; Xiong et al., 2011). These lines were maintained for over ten 

generations and analyzed for structural and expression level changes over that time.  

Although the evolution of the lines post-allopolyploidization involved many gene losses 

and even the loss and replacement of whole chromosomes, these losses were shown to 

have more recurrent events than explicable by chance (Gaeta et al., 2007; Xiong et al., 

2011).  The patterns of homoeologous recombination found in these resynthesized lines 

were also found in natural accessions of Brassica napus (Chalhoub et al., 2014) . 

 

A case study in convergence: C4 photosynthesis 

Plant biologists are also integrating an array of tools to study convergent 

evolution, as exemplified by studies of C4 photosynthesis.  Most land plants use the 

ancestral form of photosynthesis, known as C3, to harness energy from sunlight for the 

conversion of carbon dioxide into sugars and other products (Sage et al., 1999; Sage et 

al., 2012).  Around three percent of plants have evolved additional mechanisms that 
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concentrate carbon dioxide around the enzyme RuBisCO (Ribulose-1,5-bisphosphate 

carboxylase/oxygenase), thereby increasing the efficiency of photosynthesis (Sage et al., 

1999; Sage et al., 2012).  These mechanisms are known broadly as C4 photosynthesis.   

C4 photosynthesis is generally considered a complex trait because many changes 

are required to go from C3 to C4 (Sage et al., 2012).  For example, C4 uses a modified 

anatomical leaf structure, often called Kranz anatomy, enzymatic pathways not generally 

found in C3 plants, and a suite of gene expression and metabolic changes on both 

quantitative and qualitative levels.  Even so, there are suggestions that certain lineages 

may be pre-adapted for C4 evolution, and evidence is accumulating that the anatomical 

changes required for C4 may be simpler than once thought (Grass Phylogeny Working 

Group II, 2012; Slewinski et al., 2012; Slewinski, 2013; Cui et al., 2014).  

On the basis of the angiosperm phylogeny, the C4 phenotype has independently 

evolved over 60 times (Sage et al., 2012).  Within grasses (family Poaceae) alone, the 

trait seems to have evolved at least 22 times (Grass Phylogeny Working Group II, 2012) 

(See Figure 1.2).   In some of these cases, well-supported phylogenies with good species 

sampling show C4 clades that are well separated from each other by C3 clades and long 

periods of evolutionary time.  In these cases, a parsimonious reconstruction of the trait’s 

evolution on the phylogeny clearly favors multiple C4 origins over a single C4 origin and 

multiple reversions to C3.  However, when one examines more closely related species 

that show a mix of C3 and C4 photosynthetic systems, it becomes less clear whether these 

apparently novel C4 origins are indeed convergent appearances of C4 or if instead they are 

only apparent reappearances that are in fact due to reversions back to C3.   
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A number of authors have sought to resolve this difficulty using grasses as a test 

case. On the basis of both phylogenetic reconstructions of ancestral states and 

biochemical, anatomical, and genetic studies (Christin and Besnard, 2009; Christin et al., 

2010a; Roalson, 2011; Grass Phylogeny Working Group II, 2012), these researchers have 

shown that the rate of C3 to C4 conversions within grasses is probably many times higher 

than the rate of conversions from C4 back to C3 (Grass Phylogeny Working Group II, 

2012).  One source of evidence for this bias is that the remnants of the C4 pathway do not 

appear to be retained within C3 species as would be expected in the case of a reversion 

from C4 back to C3.  If this observation holds more generally (outside of grasses), then 

nearly all examples of C4 lineages separated by C3 lineages are in fact likely to be 

convergent and not merely due to a high rate of reversion back to the C3 phenotype.  

The case for convergence of C4 photosynthesis is bolstered by a partial 

understanding of the selective regimes likely to favor that phenotype. Researchers believe 

that most C4 origins result from selection for the prevention of photorespiration, a highly 

inefficient process which takes place in plants when CO2 levels are low, temperatures are 

high, and/or water supplies are limited (Sage et al., 2012).  Nonetheless, even with this 

extensive history of research on C4 photosynthesis, our understanding of why it evolved 

so many times and the underlying causes are still quite imperfect.  Open areas for 

investigation include: whether certain lineages were pre-adapted for C4 photosynthesis, 

the reasons behind the evolution of different C4 subtypes (Washburn et al., 2015), and the 

biological level (gene, cellular compartment, tissue) at which selection has acted for 

convergent C4 structures.  Because of the complex nature of C4, systems biology tools 

should play a critical role in understanding its evolution.  Several studies on C4 to date 
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have applied tools that could be thought of as acting at a systems level, and they have 

made important discoveries about C4 efficiency and the evolutionary path from C3 to C4 

photosynthesis (de Oliveira Dal'Molin et al., 2010; Bräutigam et al., 2014; Heckmann et 

al.; Mangan and Brenner, 2014; Wang et al., 2014).  Systems approaches have also been 

applied to understanding the evolution and development of C4 leaf anatomy (de Oliveira 

Dal'Molin et al., 2010; Fouracre et al., 2014).  However, these studies have likely only 

just begun to illustrate what systems biology can teach us about C4. 

 

Future Prospects for Investigating Convergent Evolution 

 

What does the future hold for the study of convergent evolution, particularly in 

plants?  What new tools are available now or will soon be available which may shed light 

on this phenomenon?  What can plant systems tell us about convergence that others may 

not be able to?  

 

Convergent Evolution as Seen Through the Lens of Systems Biology 

Many of the most compelling and interesting examples of convergent evolution 

can be classified as complex and are likely due to interactions between many players (see 

examples above).  Although the importance of studying these complex interactions is 

widely noted, the tools for studying them are not so widely used and often in need of 

improvement (Manolio et al., 2009; Zuk et al., 2012; Chandler et al., 2014; Taylor and 

Ehrenreich, 2014, 2015).  
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Systems biology generally denotes the study of biological systems, with multiple 

components and interactions (Kitano, 2002a, b; Loewe, 2009).  The systems under study 

can vary greatly in scale, from whole ecosystems down to interactions between proteins.  

Systems biology offers a variety of developed and developing tools, such as network 

modeling and flux balance analysis, which are ideal for the study of complex convergent 

phenotypes because they have the ability to consider the many players and interactions 

involved in the phenotypes of interest.  

Systems biology methods are also uniquely adapted to the discovery of emergent 

properties that are not apparent from studying single components of a system (the whole 

is more than the sum of its parts). Many complex traits can be considered emergent and 

are difficult (or impossible) to understand using purely reductive approaches. For 

example, genome scale metabolic network modeling of single-gene mutants in the model 

plant Arabidopsis thaliana suggests that even simple mutations can have effects on 

multiple metabolites, even when those metabolites’ location in the metabolic network are 

distant from that of the mutant gene (Kim et al., 2015).  Our own work has shown that 

glucosinolates, defensive compounds including mustard oils that deter insect predators, 

are very costly for the plant to metabolize; supporting their important evolutionary roll in 

plant herbivore defense (Bekaert et al., 2012).  The costliness of glucosinolates seems 

logical, but becomes much clearer with systems biology analysis.  Modeling the 

enzymatic pathways of C4 photosynthesis (as described above) is another example.   

Several studies outside of plants also demonstrate the usefulness of systems 

biology for understanding complex and/or convergent traits.  For instance, predictive 

models of the human microbiome offer valuable insights into how microorganisms 
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interact with human health (Greenblum et al., 2013; Levy and Borenstein, 2013), and 

network modeling of neuronal genes in autism patients has reveled groups of genes 

which interact together and are associated with autism and other human diseases 

(Hormozdiari et al., 2015).  These types of studies are becoming increasingly possible in 

plants as molecular and genomic resources advance.   

 

Surprising Examples of Convergence: Crabtree and Warburg Effects 

Although systems biology approaches are being increasingly used in plants, the 

resources available are still limited in comparison to those found in the human and 

microbial research communities.  For this reason, methods and discoveries currently 

occurring in these communities are likely to provide a road map for future discoveries in 

plants.  Along this vein, we share another human/microbe example that represents one of 

the best illustrations of how systems biology analyses can yield new and surprising 

insights.  This example comes from the metabolic similarities observed among yeast, 

cancer cells, and embryos (Mayfield-Jones et al., 2013; Mordhorst et al., 2015).  Most 

species of yeast will ferment sugars only in the absence of oxygen. However, bakers’ 

yeast, the product of an ancient allopolyploidy event (Marcet-Houben and Gabaldón, 

2015), commonly ferments sugars even when oxygen is present, a phenotype known as 

the Crabtree effect.  This behavior is odd because such fermentation is apparently less 

energetically efficient than is the normal respiratory pathway of complete conversion of 

sugars to CO2.  The current explanation for this behavior relates to the tragedy of the 

commons (Hardin, 1968) and can be explained as follows.  More efficient yeast cells 
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(using the normal respiratory pathway) are able to extract more chemical energy from 

ingested glucose, but the time required to do so means that they have reduced growth 

rates as compared to those using fermentation.  For this reason, the fast, wasteful cells 

outcompete the efficient cells and dominate the culture (Pfeiffer et al., 2001; Pfeiffer and 

Schuster, 2005; MacLean and Gudelj, 2006; Dashko et al., 2014; Pfeiffer and Morley, 

2014). Several researchers have suggested that the polyploidy event (or whole genome 

duplication) and the later preferential retention of glycolysis enzymes from that 

polyploidy may have been responsible for this shift in metabolic preference (Blank et al., 

2005; Piškur et al., 2006; Conant and Wolfe, 2007; Merico et al., 2007) while others 

believe the Crabtree effect may pre-date the WGD event (Hagman et al., 2013).   

What makes the Crabtree effect so interesting in terms of convergent evolution is 

that a similar phenomenon occurs in human cancer cells that are, of course, 

phylogenetically distant from yeast (Mayfield-Jones et al., 2013).  In cancer cells, this 

phenomenon has been termed the Warburg effect and is again defined by glucose 

fermentation, in this case in tumor cells (Gatenby and Gillies, 2004).  The Warburg effect 

often occurs when tumors are in a hypoxic condition and the citric acid cycle cannot be 

used for energy production.  However, as with the Crabtree effect in yeast, the Warburg 

effect can also occur when oxygen is present, and the citric acid cycle would be more 

efficient (Gatenby and Gillies, 2004; Kim and Dang, 2006; Arora et al., 2015).  

Whether or not the Crabtree and Warberg effects are convergent at some level is 

still unknown, but several lines of evidence suggest this possibility. For example, both the 

Crabtree and Warburg effects use similar mechanisms to repress oxidative 

phosphorylations by glucose (Diaz-Ruiz et al., 2011; Dell’ Antone, 2012; Mayfield-Jones 
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et al., 2013).  It is also plausible that both the Warburg and Crabtree effects may be the 

result of selection for fast but inefficient growth ( Pfeiffer et al., 2001; Pfeiffer and 

Schuster, 2005; Mayfield-Jones et al., 2013). What makes this hypothesis even more 

interesting is the possible role of genome duplications or similar events playing a role in 

the both the Warburg and Crabtree effects (Blank et al., 2005; Piškur et al., 2006; Conant 

and Wolfe, 2007; Ganem et al., 2007; Merico et al., 2007; Merlo et al., 2010).  The role 

of genome duplication in yeasts has already been mentioned: intriguingly tumor cells 

commonly also show large-scale copy number alterations that result from either whole-

genome duplications or at least relatively large-scale aneuploidy (Shackney et al., 1989; 

Mitelman, 2000; Storchova and Pellman, 2004; Ganem et al., 2007; Fröhling and Döhner, 

2008; Merlo et al., 2010). 

Beyond applications to the study of cancer, the Crabtree and Warburg effects 

illustrate more generally the value of systems biology in understanding convergences.  At 

a metabolic level, human cancer cells appear to be more similar to yeast cells then they 

are to the other (non-cancerous) human cells from which they originated.  Without 

systems biology tools, who would have hypothesized that yeast and human cancer cells 

might share such a strong convergent phenotype?  It is our hope and prediction that 

similar systems approaches will soon yield as unlikely and insightful results within plants 

as those described above for yeast and humans. 
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Doubling the System: Studying Convergent Gene Loss and Retention After Whole 

Genome Duplication 

Another, related, example of convergent evolution, for which systems biology and 

comparative genomics tools have improved our understanding in plants and elsewhere, is 

the convergent pattern of genome evolution after polyploidy/whole genome duplications 

(WGD) events (Freeling, 2009;Bekaert et al., 2011; De Smet et al., 2013;  Mayfield-

Jones et al., 2013; Conant, 2014). These convergences fulfill the requirement of 

complexity described earlier, as the patterns observed often involve hundreds to 

thousands of genes and in some cases can be linked to relatively complex biological 

changes. 

In order to understand the nature of these convergences, a brief detour into the 

biology of WGDs is needed.  WGDs can occur in various ways but are most commonly 

caused by errors in meiosis or mitosis (Mayfield-Jones et al., 2013; Mason and Pires, 

2015).  These events may occur within a single species, yielding two or more copies of 

the same genome (called autopolyploidy), or together with the hybridization of two 

distinct species, forming a new species with genome copies from both parents (known as 

allopolyploidy).  

In all cases, a WGD event results in multiple copies of most or all genes/alleles in 

the genome(s).  The majority of these duplicate genes are lost soon after the WGD event 

(Scannell et al., 2007). However, the surviving duplicates tend to be drawn from similar 

types of genes across a broad range of taxa including plants, yeast, vertebrates, and 

paramecium (Seoighe and Wolfe, 1999; Blanc and Wolfe, 2004; Aury et al., 2006; 

Paterson et al., 2006; Schnable et al., 2009, 2011a, 2011b; Huminiecki and Heldin, 2010; 
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De Smet et al., 2013; McGrath et al., 2014; Thompson et al., 2015).  For instance, 

transcription factors, ribosomal proteins and kinases all are more commonly retained in 

duplicate after WGD than expected (Freeling, 2009; Thompson et al., 2015). Moreover, it 

is not only the set of duplicates retained after WGD that shows evidence of convergence. 

The genes that are rarely or never seen to survive in duplicate are also very similar across 

diverse taxa: angiosperms and yeast show convergent early losses of genes involved in 

DNA repair and genes whose products are targeted to the mitochondria (De Smet et al., 

2013; Conant, 2014;). While this example of convergent evolution might seem trivial, it 

is more complex than it appears (more than 10% of the genes in a given genome may be 

involved) and can have far-reaching consequences (Huminiecki and Heldin, 2010).  

The reasons for these similarities in gene retention were not initially known, but 

there is now a substantial body of theory that explains the convergence of gene loss and 

retention after WGD events, namely the dosage balance hypothesis (DBH) (Papp et al., 

2003; Freeling and Thomas, 2006; Birchler and Veitia, 2007, 2010, 2012; Edger and 

Pires, 2009; Conant et al., 2014; Thompson et al., 2015). This hypothesis posits that 

maintaining a stoichiometric balance in the dosage of some genes (i.e., keeping those 

genes in the same relative copy number) is important to an organism’s fitness and 

therefore maintained by selection. The reasons that dosage changes alter fitness are still 

imperfectly understood, but generally relate to the need for the interactions between gene 

products to occur in certain proportions (Veitia and Birchler, 2015).  This type of 

selection acts both on individual duplications, which are disfavored under these 

conditions, and on the duplicates produced by a WGD, where it is the loss of certain gene 

duplicates after WGD that is detrimental due to the disruption in dosage that results.  This 
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preferential retention of some genes after WGD is thought to be, at least in part, 

responsible for the state of modern genomes that show signatures of ancient WGD 

events.  Not only are these examples of convergent preferential retention after WGD 

abundant in nature, but it is also possible to re-create and study these events in the 

laboratory, particularly in plants (Kato and Birchler, 2006; Gaeta et al., 2007; Gaeta and 

Pires, 2010; Mestiri et al., 2010; Buggs et al., 2011; Xiong et al., 2011; Buggs et al., 

2012; Washburn and Birchler, 2014; Yoo et al., 2014; Li et al., 2015a). Likewise, 

comparative genomics allow us to track these processes over the evolutionary history of 

the lineages involved, observing the actions of dosage balance in the process (Conant, 

2014).  Hence, many examples of WGD followed by similar patterns of gene loss and 

retention represent convergent systems where phylogenetic independence and complexity 

are both well demonstrated; leaving selection and constraint as the likely causes.  

 

Why Study Convergence in Plants? 

Different biological systems have distinct advantages and disadvantages for the 

study of convergent evolution.  Bacterial, fungal, and viral systems are particularly 

amenable to experimental testing of hypotheses regarding convergence because of their 

short generation times and ease of laboratory manipulation.  However, systems such as 

plants (both single and multi-cellular) represent fertile ground for the study of convergent 

evolution, particularly given the wide availability and cost effectiveness of various -

omics based technologies.   
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Several convergent plant phenotypes have received considerable attention over 

the years, including the multiple origins of carnivorous, parasitic, and mycoheterotrophic 

plants (Albert et al., 1992; Smith, 1997; Cameron et al., 2002; Soltis et al., 2005; 

Barkman et al., 2007; Hashimoto et al., 2012; Wicke et al., 2014; Pavlovič and Saganová, 

2015).  Each of these convergent phenotypes appear, at least on the surface, to be 

complex traits whose evolution could be better understood using systems biology.  

In addition to C4 photosynthesis, which is described in detail above, CAM 

photosynthesis (which increases a plant’s water use efficiency by only opening its 

stomata at night) has also evolved multiple times from C3 ancestry (Yang et al., 2015).  

Like C4, CAM appears to be a complex trait with a complicated evolutionary history.  

CAM plants have received less attention and investment than C4 in recent years, but the 

resources available for studying them on a systems level are quickly becoming available 

(Yang et al., 2015).     

One plant and animal phenomenon that has been studied a great deal but deserves 

even more research, particularly in light of convergence, is the “domestication 

syndrome.” This syndrome postulates that domestication represents a long-term 

convergent evolution experiment for which many of the selective pressures can be 

confidently inferred (Lin et al., 2012; Fuller et al., 2014; Larson et al., 2014; Schmutz et 

al., 2014; Gaut, 2015; Takuno et al., 2015).  Whether or not domestication should really 

be considered a syndrome or more of a process with many events has been questioned in 

recent literature (Doebley et al., 2006; Gerbault et al., 2014; Larson et al., 2014), but 

many domesticated crops do share similar traits that make them easier to use in 

agricultural settings. These traits include the loss of seed dispersal mechanisms, shorter 
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flowering times, and increased seed yields. Domesticated animals have also been selected 

for a suite of similar traits including tameness, changes in coat color, reduction in tooth 

size, and reduction in brain size (Diamond, 2002; Wilkins et al., 2014).  Because the wild 

relatives of domesticated species often display very different phenotypes for these 

characters, it seems unlikely that they result from constraints on evolution alone, making 

them an interesting case for the study of selection in convergence.   

A recent study looked for evidence of constraints governing which genes were 

selected for during the domestication of corn and rice (Gaut, 2015).  If selection favored 

the same genes in both cases, it would suggest that constraint played a role in the process.  

The study was unable to find such evidence, leading to the conclusion that constraint 

does not play a major role (Gaut, 2015). Of course, as the author of the study 

acknowledged, it was only a preliminary comparison between two species and may not 

apply to domestication in general.  Several other studies have in fact found evidence for 

gene reuse in domesticated species, implying a small suite of genes are available for 

alteration through artificial selection, and therefore some amount of constraint might be 

responsible for domestication-related phenotypes (Paterson et al., 1995; Ramsay et al., 

2011; Butelli et al., 2012; Lenser and Theißen, 2013; Martin and Orgogozo, 2013).  

Further application of genomics and systems biology tools to the domestication syndrome 

will likely yield valuable insights into this phenomena. 

Hybrid vigor or heterosis is another convergent phenomenon that takes place in a 

variety of organisms but is particularly common and well studied in plants (Birchler et 

al., 2010).  Heterosis describes the phenomenon that, when two distantly related 

organisms or genotypes are crossed with each other, their progeny are often more 
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vigorous (in one aspect or another) than either of the two original parents.  Various 

explanations have been given for this phenomenon, but a clear consensus on its cause(s) 

across organisms has yet to be reached (J ones, 1917; East, 1936; Crow, 1948; Shull, 

1948; Lippman and Zamir, 2007; Birchler et al., 2010; Chen, 2010; Freeling et al., 2012; 

Washburn and Birchler, 2014).  Furthermore, all current explanations for heterosis fail as 

a general description of the phenomenon (Birchler, 2013). In other words, examples of 

heterosis exist which cannot be well explained by any of the current hypotheses. 

As stated earlier, the ubiquity of polyploidy in plants also makes them fertile 

ground for the study WGD-related convergences. There have already been decades of 

experimentation, theory, and descriptive work on plant polyploidy (Soltis et al., 2010; 

2012; Stebbins, 1950), and a number of methods exist for the experimental induction of 

WGD events in plants (Eigsti, 1938; Eigsti et al., 1949; Kato and Geiger, 2002; Kato and 

Birchler, 2006; Lukens et al., 2006; Tate et al., 2006; Gaeta et al., 2007; Yu et al., 2009; 

Gaeta and Pires, 2010). The combination of deep knowledge of the natural history of 

plant polyploids and the ability to experimentally manipulate them returns us to Gould’s 

metaphor, except that now his thought experiment becomes the potential for experiments 

that really do replay this tape in plants. 

 

Conclusions 

 

The study of convergent evolution has fascinated biologists since the advent of 

evolutionary theory.  Systems biology tools, –omics level technologies, and a plethora of 

convergent phenotypes (found in nature and inducible in the lab) place plant biologists in 
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an unprecedented position to dissect and understand convergent evolution.  Compelling 

examples such as metabolic similarities between yeast and cancer, and the patterns of 

preferential gene retention in polyploids demonstrate the power and utility of emerging 

systems biology tools.  Domestication, polyploidy, photosynthetic mode, and heterosis 

are among the many examples of convergent phenotypes that make plant systems ideal 

for the study of convergent evolution.  Each of these examples awaits the application of 

systems biology to illuminate it in new ways.  
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Figure 1.1 - Ways of explaining convergent evolution. Line drawings 
representing the evolutionary histories of distinct theoretical lineages with a convergent 
phenotype, and how these lineages might be expected to evolve under selection, 
constraint, or drift. 
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Figure 1.2 - Convergent evolution of C4 photosynthesis in the PACMAD 
grasses. A phylogenetic tree showing multiple origins of C4 photosynthesis within a 
subsection of the grasses (family Poaceae) called the PACMAD.  Lineages using the C4 
photosynthetic type are marked in red while those using the ancestral type (C3) are 
marked in black.  Note that the distribution of C4 lineages shown here are not 
proportional to those found across angiosperms as a whole and are only an estimate of the 
number of origins within grasses. Several of these origins may be further subdivided or 
combined as future research demonstrates better support for distinct clades. The tree is re-
drawn from Grass Phylogeny Working Group II, (2012) and Washburn et al., (2015). 
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Abstract 

PREMISE OF THE STUDY: The grass tribe Paniceae includes important food, forage, 

and bioenergy crops such as switchgrass, napiergrass, various millet species, and 

economically important weeds. Paniceae are also valuable for answering scientific and 

evolutionary questions about C4 photosynthetic evolution, drought tolerance, and spikelet 

variation. However, the phylogeny of the tribe remains incompletely resolved.  

METHODS: Forty-five taxa were selected from across the tribe Paniceae and outgroups 

for genome survey sequencing (GSS). These data were used to build a phylogenetic tree 

of the Paniceae based on 102 markers (78 chloroplast, 22 mitochondrial, 2 nrDNA). 

Ancestral state reconstruction analyses were also performed within the Paniceae using 

both the traditional and two subtype classification systems to test hypotheses of C4 

subtype evolution.  

KEY RESULTS: The phylogenetic tree resolves many areas of the Paniceae with high 

support and provides insight into the origin and number of C4 evolution events within the 

tribe. The recovered phylogeny and ancestral state reconstructions support between four 

and seven independent origins of C4 photosynthesis within the tribe and indicate which 

species are potentially the closest C3 sister taxa of each of these events.  

CONCLUSIONS: Although the sequence of evolutionary events that produced multiple 

C4 subtypes within the Paniceae remains undetermined, the results presented here are 

consistent with only a subset of currently proposed models. The species used in this study 

constitute a panel of C3 and C4 grasses that are suitable for further studies on C4 

photosynthesis, bioenergy, food and forage crops, and various developmental features of 

the Paniceae.  
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Introduction 

The tribe Paniceae R.Br. s.s. (family Poaceae) includes 84 genera and ∼1500 

species of grasses (Morrone et al., 2012; Soreng et al., 2015). The tribe’s members exist 

mainly in tropical and subtropical areas around the globe but also have limited 

distributions in cooler climates (Morrone et al., 2012). Paniceae have been circumscribed 

in various ways over the years, but are here referred to in the strict sense to include only 

the clade in Panicoideae with a base chromosome number of x = 9 (Grass Phylogeny 

Working Group II, 2012; Morrone et al., 2012; Soreng et al., 2015). 

The tribe Paniceae are part of the subfamily Panicoideae and phylogenetically 

sister to the combined Andropogoneae and Paspaleae tribes that include economically 

important crops such as corn, sorghum, sugarcane, and a variety of turf and forage 

grasses. The tribe Paniceae itself contains many economically and socially important 

plants. For example, food crops found within the tribe include a number of “millet” 

grains, which are critical to human survival in the developing world and play important 

roles within the developed world as gluten-free alternatives to wheat and as domestic and 

agricultural animal feeds. Several members of Paniceae (i.e., switchgrass, guinea grass, 

elephant grass, and others) have also recently become the focus of breeding efforts as 

bioenergy crops. The tribe also includes important weed species within Digitaria and 

Echinochloa.  

One suite of traits that makes the crop and weed species of Paniceae so 

ecologically successful is their drought tolerance and drought avoidance abilities, which 

have been linked to the use of the C4 photosynthetic pathway, one of the most efficient 

ways plants turn sunlight into chemical energy (Sage et al., 2011). In fact, one member of 
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the Paniceae (Panicum miliaceum, known as common millet, broomcorn millet, or proso 

millet) has one of the lowest water requirements of any cultivated cereal although that 

may be due more to its rapid generation time than to drought tolerance (Baltensperger, 

1996; Graybosch and Baltensperger, 2009; Hunt et al., 2014). 

Currently, massive international efforts are focused on breeding and 

bioengineering C4 photosynthesis into C3 rice and other food and sustainable energy 

crops (Covshoff and Hibberd, 2012). However, C4 comes in different shapes and sizes, 

and which C4 subtype is most efficient for a given use will likely depend on the local 

environment, plant morphology, life history, and other traits. Over the past 30 million 

years, C4 has evolved over 60 times (Sage et al., 2012). Because of this evolutionary 

history, C4 is not “one” uniform photosynthetic type, but a diverse group of 

photosynthetic subtypes with over 20 different anatomies and three classically defined 

biochemical subtypes (Christin et al., 2015; Covshoff et al., 2014; Raghavendra, 1980; 

Sage, 2001; Sage, 2004; Sage et al., 2011).  The tribe Paniceae also contains several 

clades where C4 photosynthesis appears to have originated independently (Grass 

Phylogeny Working Group II, 2012).  

The phylogeny of the tribe Paniceae has been investigated by various researchers 

over many years (Aliscioni et al., 2003; Bouchenak-Khelladi et al., 2009; Bouchenak-

Khelladi et al., 2008; Bouchenak-Khelladi et al., 2010; Chemisquy et al., 2010; Christin 

et al., 2008; Christin et al., 2009a; Christin et al., 2009b; Christin et al., 2009c; Donadío 

et al., 2009; Doust and Kellogg, 2002; Duvall et al., 2007; Giussani et al., 2001; Grass 

Phylogeny Working Group, 2001; Grass Phylogeny Working Group II, 2012; Hodkinson 

et al., 2007; Morrone et al., 2012; Soreng et al., 2015; Spriggs et al., 2014; 
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Teerawatananon et al., 2011; Vicentini et al., 2008). The majority of these studies have 

focused on plastid markers (or nrDNA) and shown similar results but with poor backbone 

resolution. A few studies have included nuclear markers (other than nrDNA), and these 

have been incongruent with the plastid phylogenies(Christin et al., 2008; Christin et al., 

2009a; Christin et al., 2007a; Christin et al., 2009b; Christin et al., 2009c; Christin et al., 

2007b; Teerawatananon et al., 2011; Vicentini et al., 2008). This body of work was well 

summarized by a few recently published phylogenies (Grass Phylogeny Working Group 

II, 2012; Spriggs et al., 2014; Vicentini et al., 2008). The nuclear phylogeny by Vicentini 

et al. (2008) is well supported in terms of traditional phylogenetic statistics (maximum 

likelihood bootstraps and Bayesian posterior probability values) but is only based on two 

genes (one nuclear and one chloroplast). The plastid phylogeny is based on several 

chloroplast markers and a much more thorough species sampling of Paniceae taxa (Grass 

Phylogeny Working Group II, 2012; Spriggs et al., 2014). These two phylogenies 

(nuclear and chloroplast) disagree with each other in important areas of their topology, 

and the plastid phylogeny lacks the statistical support values necessary to resolve several 

key backbone areas of the tribe Paniceae (see Figure 2.1) (Grass Phylogeny Working 

Group II, 2012; Spriggs et al., 2014). Because of this lack of resolution and the lack of 

agreement between the different published phylogenies, it is impossible to confidently 

estimate the backbone phylogeny of the Paniceae from the current literature.  

One unique aspect of the tribe Paniceae is that it is the only known group utilizing 

all three traditionally defined C4 enzymatic subtypes (called NADP-ME, PCK, NAD-ME 

after a prominent enzyme in each pathway) without any C3 taxa separating them 

phylogenetically (Sage et al., 2011). Modifications to this traditional subtype 
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classification system have been suggested to make it more biologically meaningful (see 

Discussion for further details and implications of these modifications).  

The area of the Paniceae where these subtypes occur is referred to here as the 

MPC clade (for the subtribes Melinidinae, Panicinae, and Cenchrinae) as in the paper by 

the Grass Phylogeny Working Group II (2012). The clade has drawn interest for 

understanding C4 subtype evolution for years, and several different approaches have been 

taken to unraveling its evolutionary history (Christin et al., 2009b; Christin et al., 2009c; 

Christin et al., 2007b; Grass Phylogeny Working Group II, 2012; Vicentini et al., 2008). 

A starting point for understanding the evolution of the MPC is a clear phylogenetic 

understanding of its history. Past studies have demonstrated that the MPC is in fact 

monophyletic, but the exact relationships between the three subclades in the MPC remain 

unclear (see Figure 2.1) (Grass Phylogeny Working Group II, 2012; Vicentini et al., 

2008). There is also conflict in the literature as to whether an additional C4 subtribe, 

Anthephorinae, should be included as a member of the clade (Grass Phylogeny Working 

Group II, 2012; Vicentini et al., 2008). The resolution of both of these uncertainties is 

critical to a clear understanding of the evolution of C4 subtypes/C4 diversity within the 

MPC clade. To better understand the evolutionary history of the tribe Paniceae and the C4 

subtypes found within it, this study analyzed 45 taxa from across the tribe Paniceae and 

outgroups using genome survey sequencing (GSS) (Steele et al., 2012), also known as 

genome skimming (Edger et al., 2014; Straub et al., 2012; Weitemier et al., 2015; 

Wysocki et al., 2014). Phylogenetic trees of the Paniceae were constructed based on 

various combinations of 102 markers (78 chloroplast, 22 mitochondrial, 2 nuclear 

ribosomal DNA). These trees resolve many areas of the Paniceae with high support and 
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provide insight into the number of C4 events within the tribe, their closest C3 relatives, 

and the evolutionary history of the MPC. Ancestral state reconstruction analyses were 

also performed within the Paniceae using both the traditional and two subtype 

classification systems to test hypotheses of C4 subtype evolution, allowing the 

prioritization of hypotheses for future testing. Genome size data were also taken for 

members of the tribe to provide a resource for future studies within Paniceae.  

 

Materials and methods 

Taxon sampling 

Sampling included 45 new taxa and five more from public archives for a total of 

50 taxa from across the grasses (the main focus being within the tribe Paniceae). Most of 

the taxa were obtained from the USDA Germplasm system and grown in the greenhouses 

at the University of Missouri in Columbia, Missouri, United States. Others were received 

from various sources as noted in Supplemental Figure S2.1. Whenever possible, 

flowering specimens were collected for each taxon and evaluated against voucher 

specimens at the Missouri Botanical Garden Herbarium (MO). When significant 

differences between the specimens and vouchers were identified, those specimens were 

keyed out and again compared with vouchers until a confident match could be made. In 

several cases, the USDA specimens proved to be incorrectly identified to genus and/or 

species. The final identification of each specimen along with its original USDA ID is 

given in Supplemental Figure S2.1 and has been passed on to the USDA for correction of 

their records. Herbarium vouchers are deposited at MO with the exception of 
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Paraneurachne muelleri, which was sampled from a voucher at NY and a few species for 

which flowering specimens were unavailable.  

DNA extraction and sequencing 

Tissues were sampled from live materials (except in the case of a few dried 

specimens), and DNA was extracted using the DNeasy Plant Mini Kit (QIAGEN, 

Germantown, Maryland, USA). For samples in which the DNeasy kit did not provide 

adequate amounts of DNA, a second extraction was performed using an in-house urea-

based DNA extraction protocol (see Supplemental Figure S2.2). Several samples were 

also extracted from herbarium specimens using a modification of the DNeasy Plant Mini 

Kit procedure with 600 µL Buffer AP1 and a 1-h incubation time rather than that 

recommended in the manual. Sequencing libraries were prepared by the MU sequencing 

core facility using the TruSeq DNA Sample Preparation Kit (Illumina, San Diego, 

California, USA) and sequenced in a multiplexed fashion with 24 samples per lane and 

2×100bp chemistry on an Illumina Hiseq. Three of the samples (including the herbarium 

material sample) were made into libraries using the Nextera DNA Sample Preparation Kit 

(Illumina) because of its low DNA input requirements and sequenced under the same 

multiplexing and sequencing method as the others.  

Phylogenetic analysis 

Raw data were quality filtered and trimmed following standard procedures 

(Babraham Bioinformatics, 2015; Schmieder and Edwards, 2011). Each set of high-

quality reads was then sorted into potentially overlapping files based on blast similarity to 
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a database of chloroplast, mitochondrial, or nrDNA sequences from members of the 

Paniceae and close relatives. These databases consisted of the gene regions only. The 

groups of reads from each individual taxon (three files per taxon, one chloroplast, one 

mitochondrial, and one nrDNA) were then assembled separately using the program 

SPAdes (Bankevich et al., 2012; Nurk et al., 2013; Wysocki et al., 2014) and annotated 

via several in-house scripts primarily utilizing stand alone BLAST (Camacho et al., 

2009). Gene trees, species trees, and concatenated trees were constructed using the 

programs RAxML and ASTRAL and were created for each organelle group separately as 

well as all grouped together in one joint analysis (Mirarab et al., 2014; Stamatakis, 2014, 

2006) (Supplemental Figures S2.3-S2.5). The RAxML trees were generated using 

partitioning by gene and a GTR GAMMA model. DNA sequence data were deposited in 

the Sequence Read Archive (SRA) of the National Center for Biotechnology Information 

(NCBI) (http://www.ncbi.nlm.nih.gov/sra) with the identification numbers noted in 

Supplemental Figure S2.1. Alignments and trees were deposited in Dryad 

(http://dx.doi.org/10.5061/dryad.92137).  

Genome size estimates were obtained using flow cytometry at the Benaroya 

Research Institute at Virginia Mason in Seattle, Washington. These estimates were 

obtained using a standard protocol with some modifications (Arumuganathan and Earle, 

1991). The 1C genome size estimates in this study are given as one-half of the value 

obtained by flow cytometry and are not corrected for ploidy level (see Supplemental 

Figure S2.1).  

Ancestral state reconstruction 



 

 72 

Each taxon in the phylogeny was identified as utilizing the C3, C4 NADP-ME, C4 

NAD-ME, or C4 PCK photosynthetic type based on published literature (Brown, 1977; 

Ehleringer and Pearcy, 1983; Grass Phylogeny Working Group II, 2012; Gutierrez et al., 

1974; Hattersley and Stone, 1986; Hattersley and Watson, 1992; Hattersley et al., 1982; 

Ibrahim et al., 2009; Lin et al., 1993; Liu and Osborne, 2015; Morrone et al., 2012; 

Prendergast et al., 1987; Sage et al., 1999; Vicentini et al., 2008). The literature on 

photosynthetic biochemical subtype is good for the tribe Paniceae, but there are still 

various species for which the subtypes have only been determined based on leaf anatomy 

and/or phylogenetic relatedness (Sage et al., 1999). Assigning subtype based on 

relatedness is particularly problematic within the genus Alloteropsis where, to the best of 

our knowledge, only one species has been confirmed biochemically (Alloteropsis 

semialata subsp. semialata) and a few others have been looked at anatomically. For this 

study, biochemical determination was used as the gold standard in all cases, and when 

that was not available, an anatomical determination and phylogenetic relatedness were 

used. We also determined the C4 subtype for each species given the use of a two-subtype 

classification system; we simply used the enzyme with the highest activity (excluding 

PCK) for the subtype and then used phylogenetic relatedness to infer the subtypes of 

those that have not been examined biochemically. 

The subtypes were mapped onto the chloroplast tree and used to infer the number 

of C4 origins as well as the number of origins of each of the C4 subtypes. Ancestral state 

reconstruction analyses were performed using only the Paniceae clade of the tree with 

one outgroup for rooting and the assumption of C3 as the ancestral photosynthetic state 

(Grass Phylogeny Working Group II, 2012). Multiple ancestral state reconstruction 
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analyses were performed using the program BEAST 2 (Bouckaert et al., 2014) (for 

making the tree ultrametric and for Bayesian character state reconstruction) and the ace 

function for likelihood ancestral state reconstruction in the R package ape (Paradis et al., 

2014; The R Foundation, 2015). Reconstructions were preformed using a three-state 

model (NADP-ME, NAD-ME, C3) and a four-state model (NADP-ME, PCK, NAD-ME, 

C3). The R package phyloch was also used for various phylogenetic manipulations 

(Heibl, 2013). 

Because of the low number of species sampled in the phylogeny, a tree that 

included the chloroplast data generated here as well as data used in the Grass Phylogeny 

Working Group II (2012) paper was also constructed. Each gene was aligned 

individually, concatenated into one large matrix, and the phylogeny was inferred using 

RAxML. The resulting tree had an identical, and well supported, backbone to that from 

the tree with only the original data generated in this study, but included the much greater 

species sampling of the Grass Phylogeny Working Group II (2012) paper. Following the 

method of the Grass Phylogeny Working Group II (2012) paper, species from the tips of 

clades within the tribe Paniceae portion of the tree were trimmed to include proportions 

of the species and photosynthetic type in each clade that are as similar as possible to 

those known to exist, while still including putative C4 origins (Morrone et al., 2012). This 

trimming was done based on the criteria that it did not change the basic (subtribe level) 

backbone of the phylogeny. The trees were also trimmed so as to leave as many different 

genera in the tree as possible (i.e., if one genus had five representative species and 

another only had one, then a species would be removed from the first genus rather than 

the second). Photosynthetic subtype of each species in the tree was again determined as 
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stated earlier. Reconstructions were preformed using similar models to those just 

described but included an “unknown” state. In this case, a four-state model (NADP-ME, 

NAD-ME, C3, unknown) and a five-state model (NADP-ME, PCK, NAD-ME, C3, 

unknown) were used. Because of the size of this tree and computational constraints, the 

tree was made ultrametric, and an ancestral state reconstruction was performed using the 

chronopl function with lambda = 0.1 and the ace function, respectively, in the R package 

ape (Paradis et al., 2014). 

 

Results 

Trees were first constructed using markers for each genome separately (Figure 

2.2, and Supplemental Figures S2.3 and S2.4). The mitochondrial and nuclear ribosomal 

trees were poorly resolved, suggesting insufficient marker information was present in 

these data sets alone. A combined tree (Supplemental Figure S2.5) generated using all 

three data types exhibited a similar topology to the plastid-only tree but with small 

changes (both increases and decreases) to the support assigned to particular groupings. 

All subsequent analyses were conducted using the 78-locus chloroplast tree (see Figure 

2.1, 2.2). 

A key result of this tree is that the monophletic nature of the subtribes 

Melinidinae, Panicinae, and Cenchrinae (earlier referred to a the MPC clade) are all well 

supported with Cenchrinae and Melinidinae being sister to each other and then sister to 

Panicinae. This result agrees with previously published nuclear phylogenies and is much 

better supported in this study than the most recent chloroplast phylogeny (Grass 

Phylogeny Working Group II, 2012; Vicentini et al., 2008). 
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Based on this study’s sampling, the sister group to the MPC comprises a clade 

which includes the C3 subtribe Dichantheliinae, the C3 genus Sacciolepis and the mixed 

photosynthetic type subtribe Neurachninae. This result is different from both the (Grass 

Phylogeny Working Group II, 2012) plastid phylogeny and the Vicentini et al. (2008) 

nuclear phylogeny. What is not clear in the likelihood phylogeny (BS of 79 but PP of 1) 

is whether the Sacciolepis and Dichantheliinae clades are sister to each other or whether 

one of them is more closely related to the MPC than the other. The (Grass Phylogeny 

Working Group II, 2012) phylogeny and other chloroplast phylogenies were also unable 

to resolve this due to poor support values, but the (Vicentini et al., 2008) phylogeny 

places Sacciolepis as a closer relative to the MPC than Dichantheliinae. Moving out on 

the tree, the Boivinellinae is placed as the next sister group to the rest with greater 

support than it previously had and the Anthephorinae is placed as the next sister to the 

rest of the Paniceae. This placement is in agreement with past chloroplast trees, but is 

entirely inconsistent with the combined chloroplast and nuclear tree, which places 

Anthephorinae as sister to the MPC clade (see discussion section for further elaboration 

on the implications of this placement) (Grass Phylogeny Working Group, 2001; Grass 

Phylogeny Working Group II, 2012; Vicentini et al., 2008). Within subtribes of the 

Paniceae, we also find that both the genera Digitaria and Urochloa are paraphyletic. In 

both cases, this is in agreement with the Grass Phylogeny Working Group II (2012) tree.  

Ancestral state reconstruction analyses of the Paniceae were performed using both 

the traditional subtype classification and the two subtype classification systems. These 

models indicate several possible scenarios for the evolution of C4 and its subtypes within 

the tribe (see Figure 2.3–2.6).  
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Discussion 

Chloroplast, mitochondrial, and nuclear incongruence 

The combined 102-gene phylogeny (chloroplast, mitochondrial, and nrDNA) 

agrees generally with the topology of the chloroplast-only phylogeny (see Figure 2.2). 

However, when compared with the chloroplast-only tree, the combined tree shows 

enhanced support in some areas and decreased support in others (Supplemental Figure 

S2.5) suggesting that the mitochondrial and/or nrDNA tree(s) are either adding noise to 

the complete tree or that they actually support different topologies than the chloroplast 

data in certain areas. Most enhancements to the tree’s support values were found within 

the smaller clades representing the different Paniceae subtribes, while the decreased 

support values were found within the backbone of the tree and within the individual 

clades. These observations are consistent with differing nuclear and chloroplast genome 

histories surrounding the origin of the Paniceae. This possibility seems particularly likely 

when one considers that the published nuclear gene phylogenies of the Paniceae 

(Teerawatananon et al., 2011; Vicentini et al., 2008) produce results incompatible with 

either this study or previous phylogenies based on plastid markers (Aliscioni et al., 2003; 

Bouchenak-Khelladi et al., 2009; Bouchenak-Khelladi et al., 2008; Bouchenak-Khelladi 

et al., 2010; Chemisquy et al., 2010; Christin et al., 2008; Donadío et al., 2009; Doust and 

Kellogg, 2002; Duvall et al., 2007; Giussani et al., 2001; Grass Phylogeny Working 

Group, 2001; Grass Phylogeny Working Group II, 2012; Hodkinson et al., 2007; 
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Morrone et al., 2012; Soreng et al., 2015; Spriggs et al., 2014). However, the limited 

number of nuclear markers examined to date are insufficient to draw any conclusions 

with certainty. Resolving this incongruence will require a new study employing data from 

a wider range of nuclear genes.  

Multiple origins of C4 photosynthesis  

Several lines of evidence suggest that C3 to C4 transitions are much more common 

than reversions (Christin et al., 2013; Christin et al., 2010b; Grass Phylogeny Working 

Group II, 2012). Phylogenetic methods have been used to access the likelihood of C3 to 

C4 transitions and reversions within the grasses on several occasions (Christin et al., 

2013; Christin et al., 2010a; Christin et al., 2011; Christin et al., 2012a; Christin et al., 

2014; Christin et al., 2012b; Christin et al., 2010c; Giussani et al., 2001; Grass Phylogeny 

Working Group II, 2012; Khoshravesh et al., 2012; Vicentini et al., 2008). One of the 

most exhaustive of these analyses comes from the Grass Phylogeny Working Group II 

(2012) paper, which included a very large and representative species sampling. Their 

analysis indicates that C3 to C4 transitions happen at a rate which is ∼50 times that of 

reversions within the grasses. Other observations support a high ratio of gains to losses 

for this trait, such as anatomical and enzymatic differences between different 

monophyletic C4 groups (Bräutigam et al., 2014; Brown, 1977; Wang et al., 2014). For 

this reason, all occurrences of sister clades of C3 and C4 species that have a maximum 

likelihood (ML) support value of 80 or higher have been scored as C3 to C4 transitions 

rather than C4 to C3 reversions within this manuscript. However, the possibility of 

reversions cannot be entirely rule out.  
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Using this system, one can identify either six or seven distinct origins of C4 

photosynthesis or four origins and two to three evolutionary conversions between C4 

subtypes (the exact number depends on which subtype classification system is used) 

(Figure 2.2). It is of note that the tree in Figure 2.2 actually shows a minimum of five 

origins, but taking the conservative approach of considering only well resolved branches 

with ML support greater than 80 leaves only four origins that are well supported. The 

lowest possible number (four origins) results from lumping all C4 subtypes into one 

category, under the assumption that different subtypes do not originate de novo, but are in 

fact only modifications of an original C4 event. The higher estimate of six to seven C4 

origins is based on the assumption or definition of each C4 subtype as its own C4 origin. 

The four C4 origins one can confidently confirm in the tree are likely an underestimate of 

the true number within the Paniceae. Both the genus Alloteropsis and the subtribe 

Neurachninae have been reported to contain multiple origins of C4 photosynthesis 

(Christin et al., 2012a; Christin et al., 2012b); however, each is represented by only a 

single exemplar species in this study.  

C4 subtypes in the tribe Paniceae 

While the traditional classification system has treated the identity of the primary 

decarboxylating enzyme in a C4 species as a qualitative trait, more recent work suggests 

many species use multiple decarboxylating enzymes in varying ratios (Furbank, 2011). 

Phosphoenolpyruvate carboxykinase (PCK) activity has also been observed to play a 

significant role in the carbon shuttles of a range of species traditionally classified as 

belonging to the NADP-malic enzyme (ME) or NAD-ME enzymatic subtypes (Furbank, 
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2011; Wang et al., 2014). Theoretical modeling and observational studies suggest that the 

PCK cycle provides the greatest efficiency in terms of quanta of light required per 

molecule of CO2 fixed (Ehleringer and Pearcy, 1983; von Caemmerer and Furbank, 

1999); however, a more recent modeling study demonstrated that utilizing a pure PCK 

cycle requires a larger percentage of total light energy absorption in bundle sheath cells 

than may be achievable with traditional Kranz anatomy (Wang et al., 2014), providing 

one possible explanation for the observation that even in species where PCK appears to 

act as the primary decarboxylation enzyme significant levels of NADP-ME or NAD-ME 

activity are often observed (Gutierrez et al., 1974; Lin et al., 1993; Prendergast et al., 

1987). These observations have called into question the usefulness of the traditional 

classification system and have led to the suggestion that all C4 species be classified as 

either NAD-ME or NADP-ME (Wang et al., 2014). 

On the other hand, much of the evidence discussed has been developed employing 

data from model species/genera that, under the traditional definition, employ NADP-ME 

or NAD-ME (Brown et al., 2005; Brutnell et al., 2010). There are also a number of 

species where PCK enzyme activity is far higher, even by an order of magnitude, than 

that of NADP-ME or NAD-ME (Gutierrez et al., 1974; Lin et al., 1993; Prendergast et 

al., 1987). These high PCK species often cluster together in phylogenetic studies of the 

MPC clade at the exclusion of species with the other two traditional subtypes (Grass 

Phylogeny Working Group II, 2012; Vicentini et al., 2008). Molecular evolution studies 

have demonstrated parallel positive selection specific to clades where PCK 

decarboxylation predominates (Christin et al., 2009a). Liu and Osborne (2015) also 
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recently demonstrated physiological differences in response to drought between grass 

species where NAD-ME predominates and those where PCK predominates.  

Because the exclusive use of one system or the other has not been fully accepted 

by the field and may not even be appropriate for all situations, we have used both the 

traditional and the two subtype systems in our analyses.  

C4 subtype evolution in the MPC clade of the Paniceae  

Several models for the evolution of C4 subtypes within the Paniceae are equally 

consistent with the results of this study (see Figure 2.6). The first is that an ancestral C4 

subtype originally evolved within the MPC (shown as NAD-ME in Figure 2.6, but the 

other subtypes are equally likely) and that the other two subtypes evolved from it 

(Christin et al., 2009b). We call this the one subtype hypothesis. A second hypothesis 

(here called the three subtype hypothesis) is that all three subtypes evolved together and 

were present at some level within the most recent common ancestor (MRCA). Then one 

subtype or another became primary within each of the different lineages over time. A 

third hypothesis, here referred to as the C3 hypothesis, is that the distinct subtypes each 

evolved from a C3 MRCA (most likely preadapted to C4 evolution).  

The ancestral state reconstructions performed here had various outcomes 

depending on the methods used and assumptions made. The addition of species to the 

phylogeny (see Figures 2.4 and 2.5 as compared with Figure 2.3) paints a clearer picture 

of C4 subtype evolution within the Paniceae, and several broad conclusions can be drawn 

from these reconstructions (Figure 2.3–2.5). First, the reconstructions using the two and 

three subtype systems differ from each other.  
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Under the traditional three subtype system, the reconstructions are not consistent 

with the one subtype hypothesis above and in Figure 2.6. Namely, the probability of any 

one of the C4 subtypes being dominant over the others in the ancestral state is low within 

the model. The other two hypotheses are more difficult to confirm or deny based on the 

results described here. If one takes the most likely value for each of the nodes as its actual 

ancestral state, then C3 is clearly in the MRCA of the MPC, which would at least partially 

support the third or C3 hypothesis of each subtype evolving independently from C3 

photosynthesis or some sort of C3–C4 intermediate. Also consistent with this hypothesis 

(though not necessarily inconsistent with some variations of the others) is a published 

phylogenetic analysis of the PCK gene in the MPC clade. This analysis showed that the 

Melinidinae clade gained/co-opted its PCK gene after its split from the other two clades 

(Christin et al., 2009a; Christin et al., 2009b). 

The remaining hypothesis (labeled as the three subtype hypothesis in Figure 2.6) 

suggests that all three subtypes existed within the MRCA of the MPC and that each of the 

subtypes has since become primary in one of the clades. The use of the same PEPC gene 

by the whole MPC supports this hypothesis (Christin et al., 2007b), as does evidence that 

the primary enzymes of each subtype are functional at some level within each of the 

MPC clades (Gutierrez et al., 1974; Lin et al., 1993; Prendergast et al., 1987). 

Under the two subtype system, the reconstructions are somewhat different than 

above (see Figures 2.3, 2.5). The probability of NAD-ME being the ancestral subtype is 

very high, and the likelihood of any of the other hypotheses is very low, not unexpected 

given the shift in the number of species utilizing NAD-ME under the two subtype 

classification system. These results suggest that photosynthesis within the MPC clade has 
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undergone qualitative changes between C3, C4-NAD-ME, and C4-NADP-ME, as well as 

at least one large quantitative flip-flop between low PCK with either high NAD-ME or 

NADP-ME and high PCK with either low levels of NAD-ME or NADP-ME. 

The different predictions made, depending on the classification system used, 

indicate the important role these systems play in our ability to understand C4 subtype 

evolution. The differences also demonstrate the need for more quantitative data and 

modeling to understand C4 diversity at a higher level than simple C4 subtype 

classification. 

Two avenues of investigation may be particularly helpful to the current 

understanding of C4 evolution within the MPC and the broader Paniceae. First, the 

phylogeny of the group should be investigated using many nuclear genes. Once the 

relationship of Anthephorineae to the MPC is more clearly understood one should be able 

to more confidently reconstruct the ancestral state of the MPC. Second, the use of 

genomic and metabolic network ancestral state reconstructions should be applied to 

understanding how the MPC may have evolved (Conant, 2014). Variations on these 

approaches have shed light on the evolution of various traits within organisms across the 

tree of life and would allow one to consider the entire dynamic pathway of each subtype 

and its diversity rather than simply examining the primary enzyme. Further elaboration 

on previous network modeling approaches are also likely to be informative to these 

questions (Wang et al., 2014). 

This study provides insights into the chloroplast evolutionary history of the 

Paniceae along with the estimated nuclear genome sizes of various species across the 

tribe. The chloroplast and nuclear phylogenies of the tribe appear incongruent suggesting 
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the need for further investigation of the nuclear phylogeny. The evolutionary paths that 

led to multiple C4 origins and multiple C4 subtypes within the Paniceae remain 

undetermined, but progress was made in narrowing the range of hypotheses under which 

future studies of this evolution within the Paniceae should be made.  

In conclusion, comparative studies of C4 photosynthesis have largely focused on a small 

number of crop species and wild models likely as a result of a lack of access to 

germplasm and the intractability of most wild species, which exhibit poor germination, 

slow growth, possibility of polyploidy, and a lack of pre-existing molecular biology data. 

The accessions used in this study are largely available from the USDA, represent multiple 

origins of multiple subtypes of C4 photosynthesis, and are amenable to experimentation. 

We hope that the characterization and availability of this diversity panel will drive the 

accumulation of further genomic and phenotypic data and catalyze new research into 

photosynthesis, food and forage crops, and plant development within the Paniceae.  
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Figure 2.1 - Phylogenetic understandings of the tribe Paniceae. Left: 
Previous phylogeny of the tribe Paniceae redrawn from the Grass Phylogeny Working 
Group II (2012). Right: New phylogeny from the 78 chloroplast gene data set presented 
in this study. Branches with a posterior probability of less than 0.8 are collapsed into 
polytomies on both phylogenies.  Figure is drawn using the traditional three C4 sub-type 
system but can be easily interpreted based on the two sub-type system by replacing PCK 
with NAD-ME. 
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Figure 2.3 - Ancestral state reconstruction of C4 sub-types within the 
Paniceae. Likelihood based ancestral state reconstructions based on both the classical 
definition of C4 photosynthetic sub-types and the two sub-type definition. 
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Figure 2.4 - Ancestral state reconstruction of C4 sub-types within the 
Paniceae (Three C4 sub-types). Likelihood based ancestral state reconstructions 
based on the classical definition of C4 photosynthetic sub-types and a combined phylogeny 
built from both the data generated in this study and that from the GPWG II (2012).  Above 
genus taxonomy labeling has been adjusted to fit recent classification changes (Soreng et al., 
2015). 
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Figure 2.5 - Ancestral state reconstruction of C4 sub-types within the 
Paniceae (Two C4 sub-types). Likelihood based ancestral state reconstructions 
based on the two sub-type definition of C4 photosynthetic sub-types. Mapped onto a 
combined phylogeny built from both the data generated in this study and that from the 
GPWG II (2012).  Above genus taxonomy labeling has been adjusted to fit recent 
classification changes (Soreng et al., 2015). 
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Figure 2.6 - Hypotheses of C4 sub-type evolution within the MPC clade. 
Generalized hypotheses of how C4 sub-types may have evolved within the MPC clade 
based on the current chloroplast phylogeny presented in this study.  Hypotheses are 
drawn for both traditional and two sub-type definitions. 
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Subtribe Genus Species Authority Source ID3number 1C3Genome3
size3(Mb) Common3name

Cenchrinae Cenchrus americanus (L.)-Morrone Katrien-Devos,-UGA- ICMP;451 1,992 pearl-millet-
Cenchrinae Cenchrus americanus (L.)-Morrone USDA PI-300888 2,001 pearl-millet-
Cenchrinae Cenchrus purpureus (Schumach.)-Morrone USDA PI-667860 2,018 elephant-grass-
Cenchrinae Setaria italica (L.)-P.-Beauv.- Thomas-Brutnell,-Danforth yugu-1 506 foxtail-millet-
Cenchrinae Setaria viridis (L.)-P.-Beauv. Thomas-Brutnell,-Danforth A10.1 782 green-bristlegrass-
Cenchrinae Stenotaphrum secundatum (Walter)-Kuntze USDA PI-410357 478 St.-Augustine-grass
Cenchrinae Zuloagaea bulbosa (Kunth)-Bess USDA PI-442528 1,877 bulb-panic-grass
Melinidinae Eriochloa punctata (L.)-Desv.-ex-Ham. USDA PI-310041 1,424 Louisiana-cupgrass-
Melinidinae Megathyrsus maximus (Jacq.)-B.K.-Simon-&-S.W.L.-Jacobs USDA PI-404634 1,233 guineagrass
Melinidinae Tricholaena monachne (Trin.)-Stapf-&-C.E.-Hubb.- USDA PI-166381 1,467
Melinidinae Urochloa brizantha (Hochst.-ex-A.-Rich.)-R.-Webster USDA PI-226049 2,591 palisade-grass
Melinidinae Urochloa fusca (Sw.)-B.F.-Hansen-&-Wunderlin- USDA LBJWC;52- 400 browntop-signalgrass-
Melinidinae Urochloa plantaginea (Link)-R.D.-Webster- USDA PI-379628 794 plantain-signalgrass
Panicinae Panicum capillare L.- USDA PI-220025 459 witchgrass
Panicinae Panicum coloratum L.- USDA PI-185546 593 kleingrass-
Panicinae Panicum hallii Vasey David-Lowry,-MSU HAL-2 630 Hall's-panicgrass-
Panicinae Panicum miliaceum L.- USDA PI-578073 1,025 proso-millet-
Panicinae Panicum repens L.- USDA PI-208687* 1,459 torpedo-grass
Panicinae Panicum repens L.- USDA PI-238344* 1,215 torpedo-grass
Panicinae Panicum virgatum L.- Laura-E.-Bartley AP13 1,300 switchgrass-
Dichantheliinae Dichanthelium oligosanthes (Schult.)-Gould Anthony-Studer,-Danforth D1 957 Scribner's-rosette-grass
Dichantheliinae Dichanthelium scoparium (Lam.)-Gould- USDA PI-652864 896 velvet-panicum
Incertae-sedis Sacciolepis indica (L.)-Chase- USDA PI-338609 523 glenwoodgrass
Incertae-sedis Sacciolepis striata (L.)-Nash- USDA NSL-454620 1,582 American-cupscale
Neurachninae Paraneurachne muelleri (Hack.)-S.T.Blake NY 2342251† unavailable
Boivinellinae Alloteropsis cimicina (L.)-Stapf ATCFC AGG-59560 1,295 summergrass-
Boivinellinae Alloteropsis cimicina (L.)-Stapf James-R.-Burkhalter,-UWF JRB† 872 summergrass-
Boivinellinae Echinochloa esculenta (A.-Braun)-H.-Scholz- USDA PI-647850 1,150 Japanese-millet-
Boivinellinae Echinochloa frumentacea Link- USDA Ames-11429 1,590 billion;dollar-grass-
Boivinellinae Oplismenus burmannii (Retz.)-P.-Beauv.- Mark-Whitten,-FMNH MW 587 Burmann's-basketgrass
Anthephorinae Anthephora pubescens Nees- Elizabeth-Kellogg TK1 1,623 wool-grass
Anthephorinae Digitaria californica (Benth.)-Henrard USDA PI-364670* 1,319 Arizona-cottontop
Anthephorinae Digitaria cuyabensis (Trin.)-Parodi- USDA PI-349688* 798
Anthephorinae Digitaria pentzii Stent USDA PI-476678* 828 slenderstem-digitgrass

Sorghinae Dichanthium sericeum (R.-Br.)-A.-Camus- USDA PI-213880 765 silky-bluestem-
Arundinelleae Arundinella hirta (Thunb.)-Tanaka USDA PI-246756 2,614 sae
Arundinelleae Arundinella hookeri Munro-ex-Keng James-Schnable Kew-#0050290 unavailable
Paspalinae Paspalum simplex Morong USDA PI-337586* 1,301
Paspalinae Paspalum vaginatum Sw.- USDA PI-509022 606 seashore-paspalum-
Otachyriinae Steinchisma decipiens (Nees-ex-Trin.)-W.-V.-Br. USDA PI-462236 656
Arthropogoinae Coleateania prionitis (Nees)-Soreng USDA PI-496395 1,656 capim;Santa;Fe
Tristachyideae Danthoniopsis dinteri (Pilg.)-C.E.-Hubb.- USDA PI-207548 760

Eriachne aristidea F.-Muell.- USDA PI-238306 1,255
Aristida congesta Roem.-&-Schult. USDA PI-364389 393 katstertsteekgras
Aristida purpurea Nutt.- USDA PI-598972 3,080 purple-threeawn-

*-Specimins-misidentified-in-USDA-collection.--Taxon-names-shown-are-based-on-identification-from-this-study.
†-DNA-Libraries-prepared-using-Nextera-kit.

Outgroups

Supplemental Figure S2.17- Study Material Details. List of all taxa used in this 
study including their identification numbers, NCBI SRA numbers, common names, source, 
and estimated genomes sizes. 
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Supplemental Figure S2.28- Mitochondrial tree. Maximum likelihood (ML) 
tree with bootstrap support labels. 
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Supplemental Figure S2.39- Nuclear ribosomal tree. Maximum likelihood 
(ML) tree with bootstrap support labels. 
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Supplemental Figure S2.410- Combined (all 102 genes) Paniceae 
phylogney. Maximum likelihood (ML) tree with bootstrap support labels. 
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DNA$Extraction$protocol$(Urea$method)!obtained!from!Ryan!Douglas!
$
Urea!extraction!buffer!(100ml):!

! 42g!Urea!

! 7ml!5M!NaCl!

! 5ml!1M!Tris(Ph=8.0)!

! 4ml!0.5M!EDTA!

! 10ml!10%!Sarkosyl!

!

1. Grind!tissue!
2. Place!~500ul!of!tissue!in!a!2ml!tube.!
3. Add!700ul!Urea!extraction!buffer.!Vortex.!Place!on!ice.!
4. Shake!sample!at!37°C!for!15min.!
5. Add!750ul!phenol/chloroform/isoamyl!alcohol!(25:24:1).!Vortex!for!30!

seconds.!

6. Shake!sample!at!37°C!for!15min.!
7. Centrifuge!for!10min!at!11,000!rpm.!
8. Remove!supernatant!to!a!new!tube.!Discard!phenol!layer.!
9. Add!70ul!3M!Sodium!Acetate!(Ph!5.25)!and!700ul!isopropyl!alcohol.!Invert!to!

mix.!

10. Centrifuge!for!3!min!at!13,000!rpm!and!discard!the!supernatant.!(may!need!
to!extend!the!spin!time!if!pellet!doesn’t!form).!

11. Wash!twice!with!70%!EtOH!
12. Dry!the!pellet!on!a!lab!bench.!
13. Resuspend!the!pellet!in!50ul!1xTE!at!4°C.!

Supplemental Figure S2.511- DNA Extraction Protocol (Urea 
Method). 
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Abstract 

The past few years have witnessed a paradigm shift in molecular systematics from 

phylogenetic methods (using one or only a few genes) to those that can be described as 

phylogenomics (phylogenetic inference with entire genomes). One approach that has 

recently emerged is phylo-transcriptomics (transcriptome-based phylogenetic inference). 

As in any phylogenetics experiment, accurate orthology inference is critical to phylo-

transcriptomics. To date, most analyses have inferred orthology based either on pure 

sequence similarity or using gene-tree approaches. The use of conserved genome synteny 

in orthology detection has been relatively under-employed in phylogenetics, mainly due 

to the cost of sequencing genomes. While the current trend focuses on the quantity of 

genes included in an analysis, the use of synteny is likely to improve the quality of 

ortholog inference. In this study, we combine de novo transcriptome data and sequenced 

genomes from an economically important group of grass species, the tribe Paniceae, to 

make phylogenomic inferences. This method, which we call “genome-guided phylo-

transcriptomics”, is compared to other recently published orthology inference pipelines, 

and benchmarked using a set of sequenced genomes from across the grasses. These 

comparisons provide a framework for future researchers to evaluate the costs and benefits 

of adding sequenced genomes to transcriptome data sets. In the case of the grass 

benchmarking set, twice the percentage of known syntenic orthologs are recovered with 

the new genome-guided method as are recovered in the other tested methods. The method 

also enables a new way to investigate and visualize gene tree incongruence; along the 

length of a chromosome. In addition, this study provides the most comprehensive and 
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robust nuclear phylogeny of the tribe Paniceae (Poaceae) to date, allowing more informed 

choices of new genomes to sequence.  
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Phylogenetic methods have undergone enormous changes over the past few years 

as the costs of next generation sequencing have declined. Where researchers once spent 

considerable time designing and testing PCR primers to sequence one or a few genes, it is 

now becoming common to sequence large numbers of genes, or even whole genomes, for 

phylogenomic analyses (Cibrián-Jaramillo, et al. 2010, Burleigh, et al. 2011, Lee, et al. 

2011, Dunn, et al. 2013a, Salichos and Rokas 2013, Delaux, et al. 2014, Misof, et al. 

2014, Yang and Smith 2014, Smith, et al. 2015). In an increasing number of cases, it is 

possible to build phylogenetic trees based on sequenced genomes, but even these are 

often re-sequenced or low coverage genomes (Orlando, et al. 2013, Salichos and Rokas 

2013, Tsagkogeorga, et al. 2013, Jarvis, et al. 2014, Zhang, et al. 2014, Fontaine, et al. 

2015, Foote, et al. 2015, Lamichhaney, et al. 2015, Librado, et al. 2015, Malinsky, et al. 

2015, Neafsey, et al. 2015, Lin, et al. 2016). For most groups of eukaryotic organisms, 

the costs of sequencing and assembling whole genomes remain prohibitive, limiting the 

applicability of whole genome sequencing for studies that sample large numbers of taxa. 

Whole genomes are also not generally necessary to allow phylogenomic methods to 

provide increased resolution of species relationships (Lemmon, et al. 2012). Reduced 

representation approaches, where part of the genome is excluded from sequencing, allow 

researchers to obtain sequence data for large numbers of nuclear genes across many 

species at a relatively low cost and have become increasingly common (Lemmon and 

Lemmon 2013, Weitemier, et al. 2014, Zimmer and Wen 2015, Budenhagen, et al. 2016, 

Glenn and Faircloth 2016, McCormack, et al. 2016, Moyle, et al. 2016, Schmickl, et al. 

2016).  
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The current study focuses on improving and testing the constraints of one of these 

approaches, transcriptome-based phylogenomics. Variations of this method have been 

applied to a range of organisms and scientific questions (Barker, et al. 2008, Dunn, et al. 

2008, Hittinger, et al. 2010, Burleigh, et al. 2011, Wickett, et al. 2011, McKain, et al. 

2012, Delaux, et al. 2014, Sveinsson, et al. 2014, Wickett, et al. 2014, Xi, et al. 2014, 

Cannon, et al. 2015, Edger, et al. 2015, Yang, et al. 2015b, Barker, et al. 2016, Lei and 

Dong 2016, McKain, et al. 2016, Pease, et al. 2016, Janouškovec, et al. 2017). 

Transcriptome-based methods differ from other reduced representation approaches in the 

nature of the gene/transcript ascertainment bias that results. Transcriptomes produce a 

sampling of transcripts that are biased due to the biology of the organisms under study 

and the time point(s) and tissue(s) being sampled. Probe-based reduced representation 

methods on the other hand are biased by the methods used for discovering and choosing 

the probes.  Transcriptome-based approaches to phylogenomics rely on sequencing RNA 

from multiple taxa at sufficient depth to enable de novo assembly of many (usually 

hundreds to thousands) of transcripts. The resulting transcripts are then used in 

phylogenetic analyses. The cost of sequencing transcriptomes is, of course, substantially 

less than that required for whole genomes. Transcriptome-based approaches also require 

less upfront time investment and a priori knowledge than probe hybridization/sequence 

capture-based methods. However, they require more bioinformatics time post-

sequencing, the reason being that no probe design is required for transcriptome 

sequencing, but post-sequencing assembly is required. One key limitation of 

transcriptome-based methods is that they require access to fresh tissue or RNA, and 

therefore cannot be employed with, for example, museum collections. Conversely, one 
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advantage of transcriptome-based methods is that the expression data can be used for 

additional biological analyses beyond phylogenetic inference, as RNA-Seq data is widely 

used to understand the evolution of gene expression (Dunn, et al. 2013b, Conesa, et al. 

2016, Honaas, et al. 2016, Todd, et al. 2016); of course, probe and hybridization-based 

methods can also be used for other types of functional exploration. Collecting and 

preserving RNA from fresh or frozen tissue has become routine in many laboratories 

(Yang, et al. 2017) and, at least in our hands, it is actually easier and less time consuming 

than DNA sequencing due to streamlined commercial kits (cited in materials and methods 

below) and the small quantities of RNA required for library preparation.  

One area of rapid advancement in transcriptome-based phylogenomics (and most 

other phylogenomics approaches) is orthology determination. Once transcriptomes are 

generated and assembled, it is necessary to identify orthologous genes between the 

various transcriptomes; that is genes that are descended from a single gene copy present 

in the most recent common ancestor of the species being compared. To date, the most 

commonly used methods for orthology inference from assembled transcriptomes are 

based on a multi-step method.  First, all-by-all BLAST and the Markov Cluster algorithm 

(MCL) are used to infer homologous gene sequences (van Dongen 2000, Li, et al. 2003, 

Camacho, et al. 2009, Duarte, et al. 2010).  Second, in some cases, phylogenetic gene 

trees are built from these homologs and topological features of the trees are used to infer 

orthologs. Two of the most commonly used platforms for doing this are the Agalma and 

Yang & Smith pipelines (Howison, et al. 2012, Dunn, et al. 2013a, Yang and Smith 2013, 

Yang and Smith 2014, Yang, et al. 2015a).  These phylogenetically-informed methods 

have proven effective and become popular in large part because they are computationally 
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tractable and because they require no a priori information about gene order (e.g., they do 

not require sequenced genomes).  One of the major downsides to these methods is the use 

of an all-by-all BLAST step. Not only can sequence similarity searches be problematic 

for establishing orthology (Smith and Pease 2016), but when they are performed in a 

pairwise all-by-all framework they become extremely resource-intensive 

computationally.  Some of these issues can be overcome through the phylogenetically 

informed approaches described above and the use of parallel computing, but many 

improvements remain to be made. 

An alternative method for orthology inference that has been used in prokaryotes 

but received relatively little attention in eukaryotic phylogenetics is the use of gene 

synteny (Bekaert and Conant 2011, Prasanna and Mehra 2013, Wang and Wu 2015). 

Synteny can be defined as the co-localization of the same gene at similar chromosomal 

positions across related taxa (Tang, et al. 2008, Bekaert and Conant 2011). Synteny has 

been compared to a street address system where, if one knows the physical location of a 

building, it is much easier to find that building than just looking for a building with 

specific features. Synteny-based orthology determination is then rooted in the assumption 

that orthologous genes will not only share sequence similarity, but will also reside in 

similar locations within the genomes of related species (Tang, et al. 2008). Synteny-based 

methods are widely employed in comparative genomics studies (Cannon and Young 

2003, Fu, et al. 2007, Han and Hahn 2009, Jun, et al. 2009, Schnable, et al. 2011, 

Schnable, et al. 2012a, Schnable, et al. 2012b, Lechner, et al. 2014). They omission of 

synteny-based approaches in most phylogenetic studies is likely due to the fact that 

syntenic analysis requires information on gene order in addition to gene sequence, and 
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information on gene order is not captured by reduced representation methods, including 

amplification-based, probe-based and transcriptome-based datasets. However, as synteny 

is widely conserved across many groups of related species (Lyons and Freeling 2008, 

Lyons, et al. 2008, Tang, et al. 2008), it is possible to use syntenic data from a few 

genomes as an anchor for reduced representation data, an idea that has not yet been fully 

explored. 

Here we describe the development and implementation of a method we call 

genome-guided phylo-transcriptomics.  This method uses genome-derived syntenic 

orthologs to anchor transcripts for phylogenetic inference, and is here tested and applied 

in an economically and scientifically important group of grasses, the tribe Paniceae 

(Vicentini, et al. 2008, Grass Phylogeny Working Group II 2012, Spriggs, et al. 2014, 

Washburn, et al. 2015, Burke, et al. 2016, Washburn, et al. 2016).  While the method still 

requires a BLAST step in which transcripts are mapped directly to reference genes that 

are known to be single-copy orthologs based on synteny, it bypasses the time consuming 

and error prone all-by-all BLAST and MCL algorithm steps commonly used in current 

phylo-transcriptomic methods. Furthermore, by removing transcripts that map in multiple 

copies to the reference ortholog (see Materials and Methods section), one can avoid using 

BLAST to distinguish between paralogs and orthologs whose sequences are very similar.  

These are, of course, the sequences for which BLAST is most problematic (Smith and 

Pease 2016).  We hypothesize that the use of a genome-guided method for orthology 

prediction will result in a greater percentage of “true” orthologs than those predicted by 

topology-based methods. This decrease in the signal-to-noise ratio in a data set could 
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have serious impacts given the influence that even a single informative ortholog can have 

on a phylogenetic analysis (Brown and Thomson 2016).  

In addition to the Paniceae data set here generated, we applied the new method to 

a published dataset from grape (Vitis vinifera) and its relatives which covers a wider 

phylogenetic distance than the tribe Paniceae (Wen, et al. 2013, Yang and Smith 2014).  

We also constructed and analyzed a data set from several publically available genomes 

from across the grasses (family Poaceae) and used it to benchmark the method’s 

reliability as compared to orthology inference based entirely on sequenced genomes. The 

three data sets were analyzed using both this genome-guided method as well as two 

recently published topology-based approaches for orthology inference with 

transcriptomes, the Agalma and Yang & Smith pipelines (Howison, et al. 2012, Dunn, et 

al. 2013a, Yang and Smith 2014).  

 

Materials and Methods 

Taxon Sampling and Plant Materials 

Forty-five species from across the tribe Paniceae and outgroups were selected for 

RNA sequencing. Samples were obtained from the sources listed in Supplemental Table 

S3.1 (available on Dryad), with the majority of samples drawn from the USDA 

germplasm collection. Most samples were taken from the same plants as those used by 

Washburn et al. (2015) so results could be directly compared to the chloroplast 

phylogeny inferred in that study. Plants were grown and sampled in the greenhouse 

facilities at the University of Missouri, Columbia, MO and the Danforth Center, St. 
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Louis, MO, with the exception of Neurachne alopecuroidea and Paraneurachne 

muelleri, for which RNA samples were obtained from Martha Ludwig, University of 

Western Australia.  Leaf material was sampled from all plants and where possible, shoot, 

flower, and drought-stressed tissue samples were also taken with the hope of capturing a 

greater number of unique transcripts. RNA was extracted using the PureLink® RNA 

Mini Kit (Invitrogen, Carlsbad, CA, USA) or using Roche TriPure (Indianapolis, IN, 

USA), following the manufacturer’s instructions.  The grape data set was obtained from 

NCBI. Details on its generation and record locators can be found in Wen, et al. (2013). 

The grass genomes and annotation were downloaded from Phytozome 

(phytozome.jgi.doe.gov) and included Zea mays 284 5b+ (Schnable, et al. 2009), 

Sorghum bicolor 255 v2.1 (Paterson, et al. 2009), Setaria italica 312 v2.2 (Bennetzen, et 

al. 2012), Oropetium thomaeum 386 v1.1 (VanBuren, et al. 2015), Oryza sativa 323 v7.0 

(Ouyang, et al. 2007), and Brachypodium distachyon 283 v2.1 (The International 

Brachypodium Initiative 2010). 

 

Transcriptome Sequencing 

Libraries were prepared using the TruSeq Stranded mRNA Sample Prep Kit 

(Illumina, Inc., San Diego, CA, USA) or the method described by Wang, et al. (2011). 

Sequencing was performed at the MU DNA Core facility on the campus of the University 

of Missouri and at Cornell University’s sequencing core facility, and was done on an 

Illumina Hiseq sequencer with 2 X 100 bp chemistry and six species per lane. Data 
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generated or used in the study can be found on NCBI SRA under the accession numbers 

noted in Supplemental Table S3.1. 

Sequence Processing 

RNA-seq data were quality filtered following standard procedures (Schmieder 

and Edwards 2011, Babraham Bioinformatics 2015). Transcriptomes were assembled de 

novo using Trinity (Grabherr, et al. 2011, Henschel, et al. 2012, Haas, et al. 2013) and 

processed as described in Yang and Smith (2013).  

The sequenced genomes of S. bicolor and S. italica were used for syntenic 

ortholog determination because both are high quality and publically available, they 

represent an ingroup and outgroup taxa to the tribe Paniceae, and neither genome 

contains a recent whole genome duplication event (Paterson, et al. 2009, Bennetzen, et al. 

2012). Syntenic orthologs between S. bicolor and S. italica were infered using the 

SynMap tool  in CoGe (https://genomevolution.org/CoGe/) with QuotaAlign  set to filter 

out syntenic paralogous regions using a quota setting of 1:1 (Lyons, et al. 2008, Tang, et 

al. 2011).  Protein sequences of the S. bicolor representative orthologs were used as the 

reference sequence for the remainder of the analyses.  The assembled tribe Paniceae 

transcripts (excluding outgroup transcriptomes) were then mapped to the S. bicolor 

reference orthologs using BLAST with a cutoff E-value of 0.00001 and 85% amino acid 

identity. When a given S.bicolor gene mapped to more than one transcript in a species, all 

transcripts maping to that gene where discarded. These sequences where then grouped 

into orthologous sets for each gene and a multiple alignment was created using mafft 

(Katoh, et al. 2002, Katoh and Standley 2013).  In this way, the use of all-by-all BLAST 
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and the MCL algorithm are completely avoided. After further filtering with phyutility and 

several scripts from Yang and Smith (2014), concatenated trees, coalescent species trees, 

and binned coalescent species trees were created using RAxML, ASTRAL, and binning 

followed by ASTRAL, respectivly (Stamatakis 2006, Mirarab, et al. 2014a, Mirarab, et 

al. 2014b, Stamatakis 2014) (Figure 3.1).  To investigate syntenic block phylogenies, data 

from the genome-guided gene trees were grouped based on conserved syntenic blocks 

across the S. bicolor and S. italica genomes (again obtained from CoGe). Each transcript 

was mapped to its syntenic block and trees created using RAxML based on concatenated 

transcripts from each syntenic block.  The same method was applied to the grape data set, 

except that the V. vinifera and Arabidopsis thaliana genomes where used and the E-value 

and protien identity cutoffs where lowered to 0.0001 and 75%, respectively, to account 

for the increased phylogenetic distances represented in the grape data set. Scripts and 

instructions for the genome-guided method are available at: 

bitbucket.org/washjake/transcriptome_phylogeny_tools.   

Two gene tree topology-based approaches to orthology inference where also used 

for comparison: the Agalma pipeline (version 0.5.0) by Dunn, et al. (2013a) and the Ya 

Yang pipeline (Yang and Smith 2013, Yang and Smith 2014). As above, RAxML, 

ASTRAL, and binning combined with ASTRAL were used to infer phylogenies.  

For the grass data used for benchmarking, several additional analyses were run. 

Single copy syntenic orthologs were found in a pairwise fashion between O. sativa and 

each of the other genomes using CoGe as described above. These orthologs where used 

to create a set of high-confidence, fully synteny-based, one-to-one orthologs across the 

grasses. While this set does not include all possible single-copy orthologs, it does include 
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all of them for which we can have high confidence based on the available data and 

current methods, and represents the closest thing to a gold standard ortholog set currently 

possible for the grasses, with rice as the reference. We refer to this as the benchmarking 

data set.  

Each of the ortholog inference methods described above was then run using the 

transcriptomes generated by the genome sequencing projects referenced above.  In this 

way, the transcripts could be followed by name through the pipelines (except for the 

Agalma method for which this could not be easily accomplished due to the way the 

pipeline is packaged). Ortholog sets derived from the genome-guided method and the 

Yang and Smith method were then compared to the benchmarking set to determine how 

many orthologs each method was able to find in common with the benchmark orthologs. 

 

Results 

For species tree inference in the tribe Paniceae, the genome-guided method 

provided similar numbers of orthologous genes to both the Agalma and Yang & Smith 

methods at a 90% matrix occupancy cut-off (Table 3.1). However, for the full matrix 

runs, when any orthologous gene without all species represented was discarded, the 

genome-guided method returned fewer orthologs than the other two methods. This is 

probably due to the genome-guided method not using transcripts that map to the same 

ortholog. The genome-guided method however, produced more consistent tree topologies 

than the topology-based methods. For example, all species trees (concatenated, 

coalescent, binned, and with multiple matrix occupancies and taxonomic inclusion) built 

with the genome-guided orthology pipeline agreed in their subtribe level topologies.  The 
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topology-based methods on the other hand, occasionally produced conflicting subtribe-

level topologies. In other words, the topology-based methods were more sensitive to 

perturbations in taxonomic inclusion than the genome-guided method. The genome-

guided method was also many times faster than the topology-based methods (Table 3.2).   

Figure 3.2 shows what we consider to be the most conservative and best estimate 

of the Paniceae nuclear species tree, based on currently available data. This tree places 

Anthephorinae as direct sister to the MPC clade (subtribes Melinidinae, Panicinae, and 

Cenchrinae), which, although different from published chloroplast trees (Grass 

Phylogeny Working Group II 2012, Washburn, et al. 2015, Burke, et al. 2016), is 

consistent with the combined nuclear-chloroplast topology reported by Vicentini, et al. 

(2008).  

As mentioned, the topology-based approaches (Yang & Smith and Agalma) 

generally resulted in the same tree topology as the genome-guided method (Figure 3.3a). 

However, in some cases, depending on the taxon sampling included in the analysis, an 

alternative topology was obtained from these methods. This topology placed the subtribe 

Anthephorinae together with the Neurachninae and Sacciolipis lineages as sister to the 

MPC clade (Figure 3.3b).  Internode certainty (IC) scores for the main conflicting node in 

both the primary and secondary topologies were close to zero and in some cases even 

negative, suggesting high levels of gene tree incongruence (Salichos and Rokas 2013, 

Salichos, et al. 2014, Kobert, et al. 2016). Both the genome-guided method, and the 

topology-based methods included genes representative of each of the Sorghum bicolor 

chromosomes and the major Setaria italica scaffolds, indicating that the sampled genes 

from both methods came from across the entire genome (Supplemental Table S3.2).  
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To further dissect the causes of gene tree incongruence within the Paniceae, the 

tree binning scripts described by Mirarab, et al. (2014a) where used to separate groups of 

genes with distinct evolutionary histories. This method allows one to set a significance 

threshold at which branches can be considered high confidence, and then compare large 

sets of gene trees for compatibility with each other.  Different cut-off values were tested 

for this analysis, almost always (see exception below when a cut-off of 100 was used) 

resulting in several hundred distinct tree topologies that were incompatible with each 

other.  

When a bootstrap cutoff value of 100 was used as the threshold, indicating that 

only gene tree branches with 100 percent bootstrap support were considered, the synteny-

based data set still placed the trees into 18 unique topology groups. These eighteen 

topologies were then compared visually and examined for differences that could directly 

affect the relationship between the MPC clade and the subtribe Anthephorine.  Of the 

eighteen (2211 total genes) topologies, eight topologies (981 total genes) showed strong 

support for the inclusion of Anthephorine within the MPC (as in the primary topology 

described above and shown in Figures 3.2 and 3.3b), five topologies (615 total genes) 

showed strong support for Anthephorine as sister to Neurachninae and Sacciolipis (as in 

the secondary topology described above and shown in Figure 3.3b), and one topology 

(123 total genes) agreed with the chloroplast phylogeny from Washburn, et al. (2015) 

(Figure 3.3c). The remaining four topologies (492 total genes) had low support for this 

area of the tree.   

Another approach we developed to dissect gene tree incongruence consisted of 

building trees based on the combination of genes that share a similar physical location.  A 
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recent study was able to find likely introgression events using a non-overlapping window 

approach and constructing trees based on 1 Mb and 100 kb blocks of genes (Pease, et al. 

2016).  Because of the genome-guided approach, we were able to group genes into more 

biologically relevant blocks, namely blocks that are syntenically conserved between 

ingroup and outgroup taxa. The appearance of a block of genes sharing the same 

phylogeny, which differs from the species phylogeny, might suggest 

hybridization/introgression within a group as recently diverged as the Paniceae, but ILS 

could also produce these types of blocks. 

Many syntenic block phylogenies were inconclusive in that they yielded 

topologies that had little similarity to any of the previously described or published species 

trees. This seemed to be correlated with the number of genes in a syntenic block in that 

blocks with more genes generally (but not always) provided a resolved phylogeny that 

was similar in the placement of the subtribes Melinidinae, Panicinae, Cenchrinae, 

Anthephorinae, Neurachninae, and the Sacciolipis lineage to one of the three phylogenies 

in Figure 3.3.  When these blocks and their topologies were mapped to an ideogram of 

the S. italica chromosomes a striking patchwork of differing syntenic block histories was 

revealed (Figure 3.3d).  To further investigate wither or not syntenic blocks have distinct 

tree topologies we used Robinson-Foulds (RF) distances as implemented in the ETE 

Toolkit (Huerta-Cepas, et al. 2016). By computing pairwise RF distances for all genes in 

a given block we created a tree distribution for each of the blocks. We then took the 

complete set of gene trees (those from all blocks) and randomly re-assigned them to 

blocks eighty thousand times, each time computing the pairwise RF distance for each 

block.  In this way, we created a simulated “random distribution” of trees for each block 



 

 119 

that could be used as the null distribution in a statistical test comparing the observed pair-

wise RF distances in a block to the simulated distribution under the null hypothesis that 

all blocks share the same tree distribution.  Of the 79 blocks, 15 had distributions that 

were significantly different then their respective simulated distributions at a significance 

level of alpha < 0.001 (Figure 3.3d). Hence, it appears that these blocks have a 

distribution of tree distances smaller than that expected. This observation implies that at 

least some local regions of the genome have similar evolutionary histories relative to the 

genome as a whole, either because of locally-coherent ILS or hybridization. 

To further benchmark the Genome-Guided method here developed we applied it 

to two additional data sets. We used publically available sequenced grass genomes to 

compare our method with the Agalma and Yang and Smith methods.  Syntenic 

relationships between the genomes were used to construct a list of high confidence single 

copy orthologs across the grasses.  This list then served as a benchmark to which the 

orthologs predicted by each of the methods could be compared.  Of course, this list does 

not contain all orthologs across the grasses, so it cannot tell us anything about the validity 

of ortholog combinations predicted for genes not found in the list.  However, it can tell us 

when each ortholog prediction method correctly places orthologs in its list, and when it 

incorrectly identifies paralogs as orthologs.  Therefore, we think that these comparisons 

are informative as to the reliability of different orthology assignment methods. 

All three orthology detection pipelines and the synteny-derived benchmarking set 

generated the same tree topology, in agreement with previous phylogenetic studies, with 

high confidence (Grass Phylogeny Working Group II 2012).  Gene by gene comparisons 

between each method and the benchmarking set show that the genome-guided method 
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recovers a much higher percentage of ortholog gene trees that agree, in terms of which 

genes are included, with the benchmarking set than either the Yang & Smith 1 to 1 or 

MO Methods (62%, 32%, and 31% respectively with a species cutoff of four and genes 

not found in the benchmarking set excluded. See Table 3.3). Because of the way Agalma 

is packaged, we were unable to modify its code to include it in this comparison, but it 

would likely perform similarly to the Yang & Smith method as it uses similar 

approaches. Beyond the orthologous genes in the benchmarking set, the Yang & Smith 

methods also include as many as 2,116 additional ortholog gene trees. These trees are 

based on genes which our direct synteny comparisons did not find. They may or may not 

be based on correct orthology assignment, but because they are not in the benchmarking 

set they could not be evaluated here. 

We also analyzed previously published data from grape and its relatives in order 

to benchmark the method and explore the phylogenetic distance it is capable of spanning.  

The grape data set performed similarly to the Paniceae dataset we generated in terms of 

the amount of time it took to perform the genome-guided method versus the other 

methods. The number of orthologs retrieved was much smaller for the genome-guided 

method than it was for the two topology-based methods (Supplemental Table S3.3). This 

dearth of orthologs is likely due to the simple fact that syntenic relationships are expected 

to break down as the evolutionary distance between two species increases.  Grape and 

Arabidopsis likely diverged between 69-150 million years ago (m.y.) with most estimates 

around 100 m.y., while Sorghum and Seteria probably diverged between 25-40 m.y. 

(Vicentini, et al. 2008, Grass Phylogeny Working Group II 2012, Stevens 2017). Even 

with substantially fewer genes, the genome-guided method still predicted similar 
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topologies to those of the other two methods and those previously published (Figure 3.4) 

(Yang and Smith 2014). 

 

Discussion 

Genome-Guided versus Topology-Based Methods 

Phylogenetic consistency, broadly defined as convergence on the “correct” tree 

topology with increasing data, is a well-established phylogenetic accuracy assessment 

criterion (Hillis 1995, Huelsenbeck 1995, Nabhan and Sarkar 2011). The Genome-guided 

method proposed here consistently inferred the same subspecies level tree topology 

regardless of the matrix occupancy used, the tree building approach applied, and the 

number of taxa included. The topology-based approaches also resulted in the same tree 

topology in most cases, however, when the number of taxa were reduced to 33 by 

removing species near the main areas of conflict, the topology-based approaches no 

longer produced consistent results while the Genome-guided method continued to 

produce the same topology. In general, the inclusion of more taxa, which better represent 

the diversity of a group of organisms, will increase the accuracy of phylogenetic 

inference (Hillis, et al. 2003, Havird and Miyamoto 2010, Nabhan and Sarkar 2011). It 

then follows that the topology found by both genome-guided and topology-based 

methods, when all taxa were included, is likely to be the topological estimate nearest to 

the true species history. This implies that the genome-guided method should be able to 

infer that topology with less data than the topology-based methods require for similar 

confidence and accuracy. 
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Additionally, the grass benchmarking data set comparisons indicate that, of the 

orthologs we know with high confidence, the genome-guided method predicts a higher 

percentage of them correctly than does the Yang & Smith method. 

Computational Times and Resources 

Orthology inference with the genome-guided pipeline is also many times faster 

than the topology-based methods and, except for the CoGe step, can be run efficiently on 

a standard desktop computer; something not possible with either of topology-based 

methods. This computational efficiency results from the fact that the genome-guided 

method does not require all-by-all BLAST or iterative tree pruning steps.  The CoGe step 

is also very simple and straight-forward to run, as is the process of loading new genomes 

into the CoGe database. CoGe also has the capacity for uploading and analyzing private 

genomes without making them public and is exceptionally well documented.  

A natural downside of the genome-guided method is the need for two genomes 

that span the taxonomic clade one is working with.  While this approach could be used 

with only one genome or even a list of genes from a de novo transcriptome assembly, 

doing so negates its benefits and will increase the likelihood of including paralogs in the 

analysis. In these situations, topology-based methods are probably the best analysis 

choice. 

Gene Tree Incongruence 

Based on both the binning analysis and the syntenic block trees, we conclude that 

the secondary topology, or at least the differential placement of the Anthephorine relative 
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to the MPC, is not an artifact of the topology-based methods, but is supported by an 

appreciable number of genes regardless of the orthology determination method 

employed. The different topologies of these genes may result from either ILS or post-

speciation hybridization, or both.  

The small numbers of transcripts representing many of the syntenic blocks in 

Figure 3.3, likely contributed to an inability to infer well supported phylogenies for some 

of the blocks. However, RF based topology distribution tests confirmed that tree topology 

distributions in at least certain areas of the genome are likely more similar for genes in a 

syntenic block than they are across the whole genome.  This type of local-synteny 

analysis should become even more informative in future studies as more sequenced 

genomes are generated and included in phylogenetic inference. These types of analyses 

are also not limited to transcriptomic data but have the potential to add value to other data 

sets generated with probe/hybridization based data collection methods, as long as one or 

more sequenced genomes exist within the taxonomic group being studied. 

 

Phylogeny of the Tribe Paniceae 

The nuclear phylogeny of the Tribe Paniceae produced in this study is consistent 

with that produced in a previous study.  However, that study was only able to sample one 

nuclear gene and because the inferred topology was incongruent with the many 

chloroplast phylogenies of the group, it was generally dismissed. This study demonstrates 

that in fact the nuclear phylogeny of the Paniceae is very different than the chloroplast 

one, and that those differences are not due to signals in one or a few genes, but are wide 
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spread across the genome. This study also shows that while that original topology, based 

on only one nuclear gene is supported by many other genes, not all nuclear genes agree 

with it, and in fact a significant minority of the genes are incongruent with that topology. 

The differences between the nuclear and chloroplast phylogenies shown here are 

critical to both basic and applied questions within the tribe Paniceae. For example, 

investigations within the tribe of the evolution of C4 photosynthesis, a trait with great 

economic importance, have focused on the MPC clade at the exclusion of the subtribe 

Anthephorinae (Grass Phylogeny Working Group II 2012, Washburn, et al. 2015). 

Choices about resource investment, such as which genomes to sequence, have also been 

based almost exclusively on the chloroplast phylogeny (Studer, et al. 2016).  Given our 

results, further resource investment in Paniceae (at least for the purpose of studying C4 

photosynthesis) should be directed within the genus Sacciolepis or a close relative to it 

and the subtribe Anthephorinae. We suggest Sacciolepis indica as a model C3 species for 

further study as it is a close relative the MPCA clade in both chloroplast and nuclear 

phylogenies, has a genome size of approximately 523Mb, and is easily self-pollinated 

(Washburn, et al. 2015). An ideal Anthephorinae species for further investment is less 

clear, but Digitaria cuyabensis has an approximate genome size of 798Mb making it a 

good candidate for genome sequencing (Washburn, et al. 2015). Species within the 

Crabgrass complex, which includes several different species in the genus Digitaria, 

might also be good candidates for resource investment due to their economic importance 

as a noxious weed. Genome-guided phylo-transcriptomics allows for a more informed 

way to choose future genomes to sequence because, as is shown here, the nuclear-gene 

trees may differ from the organellar gene trees.  
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Figure 3.1 - Genome-guided phylo-transcriptomics workflow. 
Illustration of the workflow followed to produce the genome-guided phylogenies in 
this study. 
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Figure 3.2 - Genome-guided concatenation-based phylogeny of the tribe 
Paniceae. Phylogenetic tree of the tribe Paniceae (Poaceae) built using RAxML based 
on a concatenated matrix with 90% gene occupancy. Branches are labeled with maximum 
likelihood bootstrap values; unlabeled branches have values of 100. 
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Figure 3.3 - Phylogenies Mapped to Chromosome Blocks. a) Primary 
nuclear topology found using all methods, b) Secondary nuclear topology, c) Chloroplast 
topology re-drawn from Washburn, et al. (2015).  d) An ideogram of the Setaria italica 
chromosomes with conserved syntenic blocks between S. italica and Sorghum bicolor 
demarcated. Syntenic blocks are colored based on the phylogenetic patterns from a-c that 
each block supports. Gray indicates areas of the chromosomes not covered by our blocks. 
Asterisks below the blocks indicate significance level for pairwise Robinson-Foulds 
distance tests: *** <0.001, ** <0.01, *<0.05. 
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Figure 3.4 - Tree built using the Grape data 
based on the genome-guided method. Trees 
from all three methods shared this same topology. 
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Table 3.1 - Total orthologs found in each method separated by matrix 
occupancy. 

Method	 		 		 8	spp	 90%	 Full	

Genome-guided	 Genes	 Total	 9,757	 2,211	 434	
Min	 5,389	 1,963	 434	

Amino	Acids	 Total	 4,182,364	 835,229	 144,503	
Min	 1,775,925	 669,215	 128,896	

Agalma	 Genes	 Total	 11,563	 2,308	 555	
Min	 5,453	 2,054	 555	

Amino	Acids	 Total	 4,420,707	 797,333	 182,368	
Min	 1,568,329	 613,538	 168,157	

Yang	&	Smith	1	to	1	 Genes	 Total	 7,323	 1,925	 898	
Min	 3,685	 1,781	 898	

Amino	Acids	 Total	 2,408,802	 789,203	 361,901	
Min	 1,129,993	 628,190	 310,283	

Yang	&	Smith	MO	 Genes	 Total	 11,568	 1,966	 1,076	

Min	 6,417	 1,879	 1,076	

Amino	Acids	 Total	 4,362,686	 857,857	 456,597	

Min	 2,009,430	 687,942	 380,988	

 

 

Table 3.2 - Approximate run times in hours (hrs) for each orthology 
inference method based on a 16 CPU system. 

		 Synteny	Step	 BLAST	Step	

Alignment	and	
Tree	Building	
for	Pruning	 Total	

Genome-Guided	 <	1	 6.7	 N/A	 7.7	
Agalma	 N/A	 46.4	 88.6	 135.0	
Yang	&	Smith	 N/A	 366.9	 412.2	 779.1	
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Table 3.3 - Grass (Poaceae) wide gene by gene comparisons of orthology 
detection methods to a benchmark set of orthologs derived entirely from 
syntenic relationships between sequenced genomes. 

Method	 		 		 4	species	 5	species	 6	species	
Genome-
Guided	

All	Trees	
Included	

Trees	Agreeing	with	Benchmark	 4,119	 2,169	 413	
Total	Trees	 6,669	 3,700	 896	
Percent	Trees	in	Agreement	 61.8%	 58.6%	 46.1%	

Yang	&	
Smith	1	
to	1	

All	Trees	
Included	

Trees	Agreeing	with	Benchmark	 1,936	 1,741	 1,370	

Total	Trees	 7,933	 6,989	 5,171	
Percent	Trees	in	Agreement	 24.4%	 24.9%	 26.5%	

Excluding	trees	
not	in	

benchmark	set	

Trees	Agreeing	with	Benchmark	 1,936	 1,741	 1,370	

Total	Trees	 6,088	 5,417	 4,320	

Percent	Trees	in	Agreement	 31.8%	 32.1%	 31.7%	
Yang	&	
Smith	
MO	

All	Trees	
Included	

Trees	Agreeing	with	Benchmark	 2,000	 1,795	 1,404	

Total	Trees	 8,619	 7,560	 5,464	

Percent	Trees	in	Agreement	 23.2%	 23.7%	 25.7%	

Excluding	trees	
not	in	

benchmark	set	

Trees	Agreeing	with	Benchmark	 2,000	 1,795	 1,404	
Total	Trees	 6,503	 5,757	 4,516	

Percent	Trees	in	Agreement	 30.8%	 31.2%	 31.1%	
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Supplemental Table S3.14- Materials used in study. 
A list of all plant species used in the study along with their source, identification number, 
herbarium specimen number, and NCBI record numbers where applicable. 

 
 
  

Subtribe Genus Species Authority Source ID	number Herbarium	
Accession	No.

NCBI	Number Library	Method

Cenchrinae Cenchrus americanus (L.)	Morrone KD ICMP-451 MO-6635001 XXXX TS
Cenchrinae Cenchrus americanus (L.)	Morrone USDA PI	279664 N/A XXXX W
Cenchrinae Cenchrus purpureus (Schumach.)	Morrone USDA PI	667860 N/A XXXX TS
Cenchrinae Setaria viridis (L.)	P.	Beauv. N/A N/A N/A ERR385861-6 N/A
Cenchrinae Stenotaphrum secundatum (Walter)	Kuntze USDA PI	410357 MO-6635005 XXXX TS
Cenchrinae Zuloagaea bulbosa (Kunth)	Bess USDA PI	442528 MO-6635006 XXXX TS
Melinidinae Megathyrsus maximus (Jacq.)	B.K.	Simon	&	S.W.L.	Jacobs USDA PI	404634 MO-6635008 XXXX TS
Melinidinae Tricholaena monachne (Trin.)	Stapf	&	C.E.	Hubb.	 USDA PI	166381 MO-6635009 XXXX TS
Melinidinae Urochloa brizantha (Hochst.	ex	A.	Rich.)	R.	Webster USDA PI	226049 MO-6635010 XXXX W
Melinidinae Urochloa fusca (Sw.)	B.F.	Hansen	&	Wunderlin	 USDA LBJWC-52	 MO-6635011 XXXX W
Melinidinae Urochloa plantaginea (Link)	R.D.	Webster	 USDA PI	379628 MO-6635012 XXXX TS
Panicinae Panicum capillare L.	 USDA PI	220025 MO-6635013 XXXX TS
Panicinae Panicum coloratum L.	 USDA PI	185546 MO-6635014 XXXX TS
Panicinae Panicum hallii Vasey DL HAL	2 MO-6635015 XXXX TS
Panicinae Panicum miliaceum L.	 USDA PI	578073 MO-6635016 XXXX W
Panicinae Panicum repens L.	 USDA PI	208687 MO-6635017 XXXX TS
Panicinae Panicum repens L.	 USDA PI	238344 MO-6635018 XXXX TS
Panicinae Panicum virgatum L.	 LEB AP13 MO-6635019 XXXX TS
Dichantheliinae Dichanthelium oligosanthes (Schult.)	Gould AS D1 MO-6635020 XXXX W
Dichantheliinae Dichanthelium scoparium (Lam.)	Gould	 USDA PI	652864 MO-6635021 XXXX TS
Incertae	sedis Panicum bisulcatum Thunb. USDA PI	286485 MO-6647157 XXXX TS
Incertae	sedis Panicum trichanthum Nees USDA PI	206329 MO-6647158 XXXX TS
Incertae	sedis Sacciolepis indica (L.)	Chase	 USDA PI	338609 MO-6635022 XXXX TS
Incertae	sedis Sacciolepis striata (L.)	Nash	 USDA NSL	454620 MO-6635023 XXXX TS
Incertae	sedis Walwhalleya proluta (F.	Muell.)	K.	E.	Wills	&	J.	J.	Bruhl NS NS	42146 MO-6647159 XXXX TS
Neurachninae Neurachne alopecuroidea R.	Br. ML N/A N/A XXXX TS
Neurachninae Paraneurachne muelleri (Hack.)	S.T.Blake ML N/A N/A XXXX TS
Boivinellinae Acroceras calcicola A.	Camus MSB MSB	199378 MO-6647161 XXXX TS
Boivinellinae Alloteropsis cimicina (L.)	Stapf JRB JRB MO-6635025 XXXX TS
Boivinellinae Cyrtococcum patens (L.)	A.	Camus MSB MSB	516 MO-6647160 XXXX TS
Boivinellinae Echinochloa esculenta (A.	Braun)	H.	Scholz	 USDA PI	647850 MO-6635026 XXXX W
Boivinellinae Echinochloa frumentacea Link	 USDA Ames	11429 MO-6635027 XXXX W
Boivinellinae Oplismenus burmannii (Retz.)	P.	Beauv.	 MW MW MO-6635028 XXXX TS
Anthephorinae Anthephora pubescens Nees	 EK TK1 MO-6635029 XXXX W
Anthephorinae Digitaria californica (Benth.)	Henrard USDA PI	364670 MO-6635030 XXXX TS
Anthephorinae Digitaria cuyabensis (Trin.)	Parodi	 USDA PI	349688 MO-6635031 XXXX TS
Anthephorinae Digitaria pentzii Stent USDA PI	476678 MO-6635032 XXXX TS
Sorghinae Dichanthium sericeum (R.	Br.)	A.	Camus	 USDA PI	213880 MO-6635033 XXXX TS
Arundinelleae Arundinella hirta (Thunb.)	Tanaka USDA PI	246756 MO-6647156 XXXX W
Arundinelleae Arundinella hookeri Munro	ex	Keng EK Kew	#0050290 N/A XXXX W
Paspalinae Paspalum vaginatum Sw.	 USDA PI	509022 MO-6635035 XXXX W
Otachyriinae Steinchisma decipiens (Nees	ex	Trin.)	W.	V.	Br. USDA PI	462236 MO-6635036 XXXX TS
Arthropogoinae Coleateania prionitis (Nees)	Soreng USDA PI	496395 MO-6635037 XXXX W
Tristachyideae Danthoniopsis dinteri (Pilg.)	C.E.	Hubb.	 USDA PI	207548 MO-6635038 XXXX W

Eriachne aristidea F.	Muell.	 USDA PI	238306 MO-6635039 XXXX W
Aristida congesta Roem.	&	Schult. USDA PI	364389 MO-6635040 XXXX W
Aristida purpurea Nutt.	 USDA PI	598972 N/A XXXX W

Source	abreviations:	MSB=Millenial	Seed	Bank,	NS=Nindethana	Australian	Seeds,	KD=K.M.	Devos,	DL=D.B.	Lowery,	LEB=L.E.	Bartley,	AS=A.J.	Studer,	
					ML=	M.	Ludwig,	JRB=J.R.	Burkhalter,	MW=W.M.	Whitten,	EK=E.A.	Kellogg.			Library	methods:	TS=TruSeq	Stranded	mRNA,	W=Wang,	et	al.	(2011).

Suplementary	Table	S1.	Plant	materials	used	in	study.
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Supplemental Table S3.25- Total orthologs found on each Sorghum 
bicolor and Setaria italica chromosome separated by matrix occupancy 
and orthology inference method. 
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Supplemental Table S3.36- Total orthologs found in each method 
for the Grape data set with at least four species as the cutoff. 
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CHAPTER 4: THE SUB-TYPES OF C4 PHOTOSYNTHESIS: 

A TRANSCRIPTOMIC AND EVOLUTIONARY 

APPROACH TO UNDERSTANDING THEM IN THE 

GRASSES. 
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Abstract 

C4 photosynthesis is considered the most productive way plants turn sunlight into 

chemical energy.  However, C4 exists in multiple sub-types, and which sub-type, or 

combination of sub-types, is most efficient remains unknown. Variations on C4 

photosynthesis are classically divided into three biochemical sub-types: NADP-ME, 

PCK, and NAD-ME.  Recent literature has suggested that many plants don’t use a single 

sub-type exclusively but a mixture of sub-types together or even perhaps different sub-

type mixtures under different environmental conditions.  One of the three classical sub-

types, PCK, is commonly mixed with the other sub-types, and may even account for as 

much as 25% of photosynthesis in Corn, which has always been considered exclusively 

NADP-ME.  Some researchers have suggested that PCK is always mixed with other sub-

types and should not be considered its own sub-type at all: in fact, this view point which 

has become dominant within the C4 community in recent years. We conducted a careful 

investigation of mRNA abundance levels in mesophyll and bundle sheath cells of closely 

related species from each of the classical C4 sub-types. We also sampled a close C3 

relative to all of the species for comparison. Our data indicate that while some species 

clearly mix traditional C4 sub-types, others show little to no evidence of mixing.  Of note, 

the PCK species we sampled appears to be extremely dominant for the PCK sub-type 

with very little indication of any of the other sub-types. We conclude that the PCK sub-

type is likely functioning on its own and should not be excluded from C4 sub-type 

classification systems. Comparative phylogenetic analyses within our Paniceae species 

also indicate that the most recent common ancestor of the species here sampled likely 

contained the functional building blocks of all three C4 pathways  
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Introduction 

 The C4 photosynthetic pathway was first understood biochemically in the 1960’s 

through the discoveries of researchers around the globe; most notably Hatch and Slack 

(1966). Detailed descriptions of the history of this discovery can be found in Hatch 

(1992), Furbank (2016), von Caemmerer, et al. (2017), and others. Soon after the 

biochemical elucidation of the C4 pathway, it became apparent that not all C4 species 

used the same biochemistry. Three distinct biochemical pathways associated with 

different C4 species were described and named as NADP-ME, PCK, and NAD-ME, after 

their respective decarboxylation enzymes (Edwards, et al. 1971, Hatch, et al. 1975, Hatch 

and Kagawa 1976, Furbank 2016). There was some early discussion about whether the 

sub-types were mutually exclusive or if one species might employ two or more sub-types 

together, but in general, the sub-types have been thought of and described in the literature 

as more or less non-overlapping (Furbank 2016). This view may have been due to the 

necessity for oversimplification in describing and studying these pathways, as well as 

experimental evidence that some species, particularly in the grasses, appear to be 

extremely dominant if not exclusive for one sub-type or another (Gutierrez, et al. 1974, 

Prendergast, et al. 1987, Lin, et al. 1993). Whatever the reason, for several decades this 

description of three sub-types has been the standard treatment for C4 in the literature, and 

are even used in taxonomic classification and description (Brown 1977). 

 In more recent years, evidence for wide spread C4 sub-type mixing has 

accumulated. Corn (Zea maize), for example, has usually been thought of as exclusively 

NADP-ME, but recent studies have shown that components of the PCK sub-type are 

present in corn and may be responsible for 10-25% or more of its photosynthetic activity 
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(Walker, et al. 1997, Wingler, et al. 1999, Majeran, et al. 2010, Furbank 2011, Pick, et al. 

2011, Wang, et al. 2014, Koteyeva, et al. 2015, Weissmann, et al. 2016). It also appears 

that mixing sub-types may allow for more efficient photosynthesis.  One explanation for 

this efficiency is that the use of multiple transport molecules (those from two of the C4 

sub-types rather than just those from one) decreases concentration gradients and hence 

the energy needed for transport of metabolites between mesophyll (MS) and bundle 

sheath (BS) cells (Wang, et al. 2014). The potential benefits of sub-type mixing, and even 

plasticity, with the use of one or more subtypes depending on environmental conditions, 

remain largely unexplored. As noted by Robert Furbank, “Which [C4 sub-type or mixture 

of sub-types] is the ‘best’ or most efficient way of carrying out C4 photosynthesis is 

unknown, and a better understanding of this seems pivotal for future crop engineering 

strategies” (Furbank 2016, page 4061).  

 Some of the evidence for sub-type mixing has also led to the observation that 

many plants with the PCK sub-type also use one of the other two sub-types as well to 

perform photosynthesis (Furbank 2011). Recently, the suggestion has in fact been made 

that PCK may never function as a distinct sub-type but instead as an important accessory 

pathway to NAD-ME or NADP-ME in order to boost photosynthetic efficiency (Furbank 

2011, Bräutigam, et al. 2014, Wang, et al. 2014, von Caemmerer and Furbank 2016). 

Most of the evidence for this idea is based on computational modeling of what we 

currently know about the C4 pathways, and as it happens, what we know comes mainly 

from studying species that are traditionally classified as NADP-ME or NAD-ME, with 

relatively little biochemical work done on traditionally PCK dominant species 

(Washburn, et al. 2015). However, experimental evidence from the older literature 
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supports certain species being at least extremely PCK dominant, and these experiments 

have yet to be repeated or disproven (Gutierrez, et al. 1974, Prendergast, et al. 1987, Lin, 

et al. 1993). Several alternative options have been suggested for sub-type classification 

(Wang, et al. 2014, Washburn, et al. 2015, Rao and Dixon 2016). First, since we know 

there are over 60 independent origins of C4 photosynthesis, one could simply assume that 

each of these origins is distinct enough from the others to be considered its own sub-type. 

At some level this view is probably the most correct, but also the least useful. A second 

option is to use a two sub-type system in which NADP-ME and NAD-ME are the only 

sub-type groups considered and anything currently classified as PCK would be placed 

into one of these two (Wang, et al. 2014).  A third option is a four sub-type classification 

with NADP-ME, NAD-ME, NADP-ME + PCK, and NAD-ME + PCK as the sub-types 

(Rao and Dixon 2016).  At present, none of these classification systems has been fully 

adopted by the community, and each researcher uses the system they see as most useful. 

Part of the reason for this lack of agreement within the community may be that previous 

studies comparing the classical NADP-ME, NAD-ME, and PCK sub-types have often 

used representative species for the three sub-types that are not closely-related 

evolutionary.  While these studies have produced interesting and useful results, the choice 

of species sampling precludes more evolutionarily informed analyses that could be done 

if closely related species from the three sub-types were used.  

 To better understand the extent of C4 sub-type mixing, the role of the PCK 

pathway in C4 photosynthesis, and the utility of the different sub-type classification 

systems, we performed a careful mRNA expression analysis on BS and MS enriched 

samples across phylogenetically-spaced C4 plants that are traditionally defined as using 
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one of each of the C4 sub-types exclusively, or nearly so. These analyses were performed 

within the grass tribe Paniceae (Poaceae), the only known group of organism containing 

all three C4 sub-types as more closely related to each other (as a monophyletic group) 

than they are to any C3 species (Sage, et al. 2011).  

Materials and Methods 

Plant Materials 

 Accessions of five plant species were used in this study: Setaria italica yugu1, 

Urochloa fusca LBJWC-52, Panicum hallii FIL2, Digitaria californica PI 364670, and 

Sacciolepis indica PI 338609.  More details on each of the accessions, their sources, 

voucher specimens, and other information can be found in Washburn, et al. (2015) with 

exception of P. hallii FIL2 which was not a part of that study but was obtained from 

Thomas Juenger of the University of Texas at Austin.  Further details about this 

accession can be found under Panicum hallii v2.0, DOE-JGI, 

http://phytozome.jgi.doe.gov/. 

All plant materials were grown in controlled growth chambers at the University of 

Missouri in Columbia. Plants were grown under 16 hours of light (from 6:00-20:00) and 

8 hours of darkness with temperatures of 23C during the day and 20C at night.  Lights 

were placed between 86-88 cm above the plants.  Plantings were grown in 4 replicates in 

a completely randomized design with 32 plants per replicate (except for the case of 

Sacciolepis indica where the plants were smaller and grown with 64 plants per replicate).  

The third leaf of the plant was sampled between 11:00 and 15:00; we then employed 

established leaf rolling and mechanical BS isolation methods with some modifications as 
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described in the Supplemental Material (Sheen and Bogorad 1985, Chang, et al. 2012, 

Covshoff, et al. 2013, John, et al. 2014) in preparation for RNA extraction. 

 

Sequencing 

RNA was extracted using the PureLink® RNA Mini Kit (Invitrogen, Carlsbad, 

CA, USA) and mRNA-seq libraries were constructed and sequenced by the University of 

Missouri DNA Core Facility using the TruSeq Stranded mRNA Sample Prep Kit 

(Illumina, Inc., San Diego, CA, USA) and the Illumina HiSeq and NextSeq platforms. 

 

Analysis 

 Each mRNA sample was quality trimmed and mapped to the Sorghum bicolor 

genome (Paterson, et al. 2009, DOE-JGI 2017) using Trimmomatic and Trinity following 

the workflows outlined on their website (Grabherr, et al. 2011, Haas, et al. 2013, Bolger, 

et al. 2014). This processing included the use of RSEM and Bowtie2 for read mapping 

and counting as well as edgeR and DESeq for differential expression analysis (Robinson, 

et al. 2010, Li and Dewey 2011, Langmead and Salzberg 2012, McCarthy, et al. 2012, 

Love, et al. 2014). A list of known C4 photosynthesis genes was compiled based on the 

literature; a custom script and BLAST were then used to find the appropriate homologous 

genes for each species in order to compare their relative abundance levels (Camacho, et 

al. 2009, Chang, et al. 2012, Covshoff, et al. 2013, Bräutigam, et al. 2014, John, et al. 

2014, Tausta, et al. 2014, Rao, et al. 2016).  Ancestral state reconstructions where 
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performed using the “Trace Character History” command in Mesquite (Maddison and 

Maddison 2017). 

 

Transcript Normalization and Transcriptome Size Estimation 

 Relative transcript abundance comparisons within a single sequenced library 

require only a simple standard normalization (Coate and Doyle 2010). TPM (Transcripts 

Per Kilobase Million) values as generated using the Trinity and RSEM software packages 

were here used for all within library comparisons. On the other hand, comparisons 

between differing cell types or species require further normalization for transcriptome 

size (Coate and Doyle 2010, Coate and Doyle 2015).  Different approaches for this 

normalization have been suggested, each with benefits and drawbacks.  

For comparisons across all cell types and species within our study, we used the 

Trimmed Mean of M-values (TMM) method described by Robinson and Oshlack (2010) 

as implemented in DESeq. This method is entirely computational and requires no 

biological knowledge or additional experiments to implement. However, it relies on the 

assumption that most genes are not differentially expressed, which is likely not true in 

many situations (Coate and Doyle 2015).   

Another approach is to normalize all transcripts to “housekeeping” genes under 

the assumption that these genes will be expressed similarly in all tissues. This assumption 

is sometimes violated making the method undesirable for many applications (Nicot, et al. 

2005, Coate and Doyle 2015). However, when exploring the relative transcript levels of 

C4 genes within BS cells, the biology of the system makes normalization to certain 

transcripts extremely useful. Rubisco activase (RBCSACT), for example, is an ideal 
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candidate for normalization because its relative abundance should be highly correlated 

with turnovers in the Calvin Cycle.  Based on this reasoning, we used RBCSACT for 

normalization in comparisons between the BS transcriptomes from the different species. 

Our BS cell analyses where done separately using both normalization to RBCSACT as 

well as TMM and the results were qualitatively identical.   

 

Results and Discussion 

Methods Validation 

Since this experiment was the first to apply leaf rolling and mechanical BS 

isolation to several of our species (particularly the C3 species S. indica), it was unclear 

how successful the procedures would be. For all five of the species, microscopic 

examination of the mechanically separated cells revealed high levels of purity for bundles 

sheath cells with very few, if any, other intact cells being found in the preparations 

(Figure 1). Examination of the rolled leaves used for isolating MS contents also indicated 

a high level of purity for most samples (Figure 1).  However, S. indica performed so 

poorly in the leaf rolling procedure that it could not be used in the study.  Despite many 

attempts, we were unable to roll S. indica leaves with sufficient pressure to burst MS 

cells without mutilating the leaves.  It may still be possible to use leaf rolling with S. 

indica and other C3 species, but it will likely require a more sophisticated rolling system 

where pressures can be applied exactly, and/or rolling the leaves at a different 

developmental stage (Furbank, et al. 1985, Leegood 1985).  For this study, we substituted 
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whole leaf RNA-seq data for S.indica, from the same growth conditions, for MS enriched 

RNA-seq data. 

 In addition to evaluating the purity of our samples under the microscope, we also 

performed differential expression analyses for known C4 genes, and looked for 

expression patterns consistent with the literature (Covshoff, et al. 2013, John, et al. 2014). 

These analyses showed clear differences in expression levels between MS and BS 

samples which are consistent with previous studies and our current understanding of C4 

photosynthesis (Figure 2)(Covshoff, et al. 2013, John, et al. 2014). Each of the C4 species 

displays a transcriptional profile consistent with performing C4 photosynthesis while the 

C3 species, as expected, shows a profile consistent with C3 photosynthesis.  These 

expected results serve as further confirmation that the performance of these isolation 

procedures in our species is consistent with previous experiments (Covshoff, et al. 2013, 

John, et al. 2014). 

 

Some Species Mix Sub-Types but Others Clearly Do Not 

Setaria italica – S. italica is a member of the Cenchrinae subtribe within the 

Paniceae. This subtribe is classically defined as using the NADP-ME sub-type of C4 

(Gutierrez, et al. 1974, Prendergast, et al. 1987, Lin, et al. 1993). Two enzymes that are 

particularly indicative of this sub-type are NADP-ME within the BS cell type, and 

NADP-MDH within the MS cell type. Based on previous literature and the classical 

definition of the C4 sub-types, we would expect transcript abundance levels of these two 
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enzymes in their respective cell types to be high, and levels of the PCK, NAD-ME, NAD-

MDH, ASP-AT, and ALA-AT within the BS to be low.   

Figure 3a shows the levels of each of these transcripts within BS and MS cells as well as 

a simplified pathway diagram of NADP-ME photosynthesis. As expected from the 

literature, transcript abundance levels for NADP-ME and NADP-MDH within BS and 

MS cells respectively are high.  Transcript abundance levels for PCK, NAD-ME, NAD-

MDH, ASP-AT, and ALA-AT within the BS are also low as expected.  As a control, 

RBSCACT has BS transcript abundance levels many times higher than those of the other 

enzymes (aside from NADP-ME). High RBSCACT levels are expected in the BS cells of 

all C4 plants. Within the MS cells of S. italica, NADP-MDH is highly abundant as 

expected for a plant using the NADP-ME sub-type.  PPDK, PEPC, and CA also have 

moderate to high transcript abundance levels within the MS cells as expected in all C4 

plants. Transcript abundance levels for ASP-AT, and ALA-AT are also present at about 

half the level to NADP-MDH. Abundance of this magnitude is not necessarily expected 

in an NADP-ME species, but without higher levels of PCK or NAD-ME in the BS, these 

levels are not likely on their own to indicate the use of other sub-types.  

 Our data are in agreement with the literature that S.italica is likely using the 

NADP-ME pathway exclusively or nearly so.  Given our data, S.italica could be easily 

and informatively classified using any of proposed classification systems (discussed in 

the introduction) or the traditional three-subtype system.  

Urochola fusca – U. fusca is a member of the subtribe Melinidinae and is 

classically defined as using the PCK sub-type (Gutierrez, et al. 1974, Prendergast, et al. 

1987, Lin, et al. 1993).  As discussed earlier and contrary to the older literature, several 
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authors and at least one modeling study have suggested that the PCK sub-type is unlikely 

to function alone in any species (Furbank 2011, Bräutigam, et al. 2014, Wang, et al. 

2014).  Because of these disagreements in the literature, there are two potential 

expectations for what our data should look like. If PCK is functioning as its own sub-type 

with little to no help from other sub-type pathways, one would expect to see high 

transcript abundance levels for PCK, ASP-AT, and ALA-AT, and low abundance levels 

for NADP-ME, NAD-ME, and NAD-MDH within BS cells.  One would also expect high 

levels of ASP-AT and ALA-AT within MS cells. Conversely, if PCK is simply ancillary 

to one of the other sub-types, one would expect to see high levels of NAD-ME and NAD-

MDH, or high levels of NADP-ME and NADP-MDH. Our data support the first scenario 

with high levels of PCK and low levels of NADP-ME and NAD-ME in BS cells (Figure 

3b).  We also see low to moderate levels of ASP-AT and ALA-AT in BS cells and high 

levels in MS cells. NAD-MDH levels are also very low in BS cells further supporting the 

idea that the NAD-ME sub-type is not operating at a high level within U. fusca. 

Strikingly, these results are very similar to results generated decades ago within the 

Melinidinae generated using enzyme activity measurements (Gutierrez, et al. 1974, 

Prendergast, et al. 1987, Lin, et al. 1993). Together, our data strongly suggest that PCK is 

in fact functioning as the primary C4 sub-type in U.fusca. The relatively low transcript 

abundance levels of NADP-ME, NAD-ME, and NAD-MDH within U.fusca bundles 

sheath cells and NADP-MDH in MS cells cannot completely rule out the possibility of 

these pathways contributing to C4 function in this species, but they do suggest that any 

contribution is probably many times lower than that of PCK.  
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These data for U.fusca only fit well within the classical definition and the use of a 

PCK sub-type. A two or four sub-type system as described above is unable to confidently 

place U.fusca in any category, because the next highest transcript abundance level after 

PCK is many times smaller, and NADP-ME and NAD-ME display transcript abundance 

levels that are not statistically different. 

Panicum hallii – The third species we assayed was P. hallii. It is a member of the 

Panicinae subtribe and is classically defined as using the NAD-ME sub-type. Our 

expectations for transcript abundance levels within an NAD-ME species are as follows.  

Within the BS, we expect to see high levels of the NAD-ME, NAD-MDH, ASP-AT, and 

ALA-AT transcripts.  We also expect to see low levels of both PCK, and NADP-ME 

transcripts within BS cells. For the MS cells of an NAD-ME species we expect to see 

high levels of ASP-AT and ALA-AT, and low levels of NADP-MDH.  

From our data, it appears that some of these expectations are met while others are 

not (Figure 3c). Transcript abundance levels in both MS and BS cells of P.hallii show 

strong signs of the NAD-ME sub-type being functional (high levels of NAD-ME, NAD-

MDH, ASP-AT, and ALA-AT as described above).  Surprisingly though, high levels of 

NADP-ME and moderate levels of PCK are also seen in the P.hallii BS samples. This 

combination is unexpected given both the current dogma surrounding the NAD-ME sub-

type and the classical literature (Gutierrez, et al. 1974, Prendergast, et al. 1987, Lin, et al. 

1993).  Interestingly, similar results have been found in recent work on switchgrass 

(Panicum Virgatum), a close relative to P. hallii and another member of the subtribe 

Panicinae (Zhang, et al. 2013, Meyer, et al. 2014, Rao and Dixon 2016, Rao, et al. 2016).  

Rao, et al. (2016) suggest that these high levels of NADP-ME may not contribute 
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functionally to photosynthesis in Switchgrass, based on the homology of this particular 

NADP-ME gene to one of the NADP-ME genes in maize that has been shown to be non-

photosynthetic. The transcript levels of this NADP-ME isoform in Switchgrass leaves are 

also much lower in comparison to NAD-ME in BS cells.  Rao, et al. (2016) speculate that 

post-transcriptional or translational modification may account for this.  Conversely, in 

both our study and the Rao study, the NADP-ME transcripts appear to be from the same 

isoform as that used for photosynthesis in S.itilica or Setaria viridis respectively, an 

argument for their functional relevance. Further work will be needed to determine if 

P.hallii is functionally mixing sub-types or if it actually falls into the classical NAD-ME 

definition functionally. 

Digitaria californica – D. californica is a member of the Anthephorinae subtribe in 

the Paniceae. This subtribe is classified as using the NADP-ME sub-type. Our 

expectations for transcript abundance levels within this group are the same as those for 

the S.italica comparisons discussed earlier.  We expect D. californica to display high 

levels of NADP-ME and NADP-MDH within the BS and MS specific samples 

respectively. We also expect to see low levels of PCK, NAD-ME and NAD-MDH within 

the BS samples and low levels of ASP-AT and ALA-AT within both MS and BS 

samples.  Figure 3d shows our results for D. californica.  As expected, levels of NADP-

ME and NADP-MDH are high in BS and MS samples respectively, suggesting that 

D.californica utilizes the NADP-ME sub-type.  However, D. californica displays 

unexpectedly high transcript abundance levels for transcripts associated with the PCK 

sub-type. In this case, PCK, ASP-AT, and ALA-AT all show high levels of transcript 

abundance, and for the most part these high levels are found in the expected locations 
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(MS or BS) for a functional PCK pathway.  The exception to these expectations is in the 

BS cells, where ASP-AT and ALA-AT are low, as one might anticipate for an NADP-

ME sub-type species. PCK transcript abundance levels are more than double those of 

NADP-ME in the BS cells, and ASP-AT levels in the MS cells are also extremely high. 

NAD-ME and NAD-MDH levels are barely detectable in the BS cells of D. californica, 

suggesting the NAD-ME sub-type is unlikely to function at a meaningful level within this 

species.  As in the case of P.hallii, further work is needed to determine if D.californica is 

mixing the NADP-ME and PCK sub-types, but our data support this hypothesis. 

Sacciolepis indica – The final species sampled was S. indica, a close C3 relative 

to all four of the C4 species considered above. Since this species uses C3 photosynthesis, 

we expect to see very low levels of all C4-related transcripts. Although our data were 

generally consistent with this expectations, the levels were not as low as one might have 

expected. In many cases, they were higher than the base levels seen for the same 

transcripts in some of the C4 species examined.  For example, PCK and NAD-ME levels 

in S. indica BS cells were higher than they were in S. italica BS cells.  These low levels 

of C4 transcript abundance and their occurrence in the correct places for C4 

photosynthesis suggest the possibility that these biochemical pathways might be 

operating at some low level in S. indica. Our data also suggest that there is no strong 

preference for one of the sub-type pathways over the others within S. indica (Figure 4). 
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Ancestral State Reconstruction for the MPCA Clade 

 How each of the different sub-types (or mixes of sub-types) within the MPC(A) 

clade evolved is an intriguing question, with implications for crop improvement and 

engineering.  Hypotheses about this clade’s evolution have been put forward in the past 

(Figure 5), but testing them has been challenging (Washburn, et al. 2015).  Our data 

provide a new opportunity for examining the evolution of C4 sub-types within the 

MPC(A) clade in the light of transcript abundance levels from different cell types and 

representatives of each of the three C4 sub-types and a close C3 relative.  Ancestral state 

reconstructions of transcript abundance levels at each node of the MPC(A) phylogeny 

show mixtures of all three primary sub-type enzymes at every node (Figure 6).  The 

appearance of transcriptional level sub-type mixing in at least two of our four species also 

supports the common ancestor of these species having employed sub-type mixing.  

Additionally, transcripts associated with multiple enzymes involved in each of the three 

C4 sub-types are present at low, but higher than expected, levels (given their low levels in 

some of the C4 species here sampled) within the C3 species S. indica.  Taken together, 

these data support the hypothesis that the C4 sub-types existed together within the MRCA 

of the MPC(A) clade of the Paniceae, rather than each having evolved independently 

from the others or one having evolved first with the other two evolving from it in a 

stepwise fashion. 

 

Conclusions 

 A phylogenetically-aware analysis of BS and MS transcript abundances across 

closely related C4 species representing each of the classical C4 sub-types and a close C3 
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relative were performed. The results indicate that: 1) MPC(A) representatives of each of 

the classical C4 sub-types are transcriptionally distinct from each other.  2) S.italica and 

U.fusca have transcript abundance levels consistent with the classically defined NADP-

ME and PCK sub-types respectively with little to no sub-type mixing. 3) Since U.fusca 

appears to be using the PCK sub-type at a nearly exclusive level, it follows that the 

traditional PCK sub-type classification is, in fact, biologically relevant and should be 

considered in studies of C4 photosynthesis.  4) P. hallii and D.californica show transcript 

abundance levels that are indicative of sub-type mixing within these species and further 

examination on a protein level should be conducted to confirm this occurrence. 5) 

S.indica (a C3 species) has BS transcript abundance levels consistent with pre-adaptation 

to C4 photosynthesis, potentially for all three sub-types (Gould 1989, Christin, et al. 2009, 

Christin, et al. 2015, Washburn, et al. 2016). 6) Ancestral state reconstructions and the 

S.indica transcript abundance levels are most consistent with the MRCA of the MPC(A) 

clade using all three sub-types at some level: these analyses do not support an 

independent origin of the sub-types in the phylogeny nor step-wise evolution of one sub-

type from another. 

 While a great deal of effort has gone into understanding and engineering C4 

photosynthesis into C3 species and in improving it in species that already have it, we 

suggest more research is needed both on the natural diversity C4 sub-types and on how 

mixing them together might increase photosynthetic efficiency, drought tolerance, and 

crop productivity.  The PCK sub-type, in particular, remains extremely understudied.  

Given PCK’s importance to photosynthesis in corn, arguably the world’s most productive 
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crop plant, a better understanding of PCK has great potential to aid in crop improvement 

and engineering.  
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Figure 4.1 - Microscope pictures of mesophyll and bundle sheath 
preparations. 
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Figure 4.2 - Log2 fold change between 
mesophyll (MS) and bundle sheath (BS) 
cells for a subset of well-studied C4 related 
genes across all five taxa.  Brackets indicate 
genes commonly considered MS or BS specific. 
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Figure 4.3 - Relative transcript abundance levels for Mesophyll and 
Bundle Sheath each of C4 species as well as simplified diagrams of the 
C4 pathways into which each has traditionally been classified. 
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Figure 4.4 - Whole leaf and bundle sheath enriched transcript 
abundance levels with Sacciolepis indica. 
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Figure 4.5 - Three hypotheses for the evolution of C4 sub-types within 
the tribe Paniceae. The one sub-type hypothesis posits that the most recent common 
ancestor (MRCA) utilized one sub-type exclusively, and the other types evolved from it 
is a step-wise fashion. The three sub-type hypothesis suggests that all three sub-types 
existed in the MRCA and then each has become dominant in one clade or another over 
time.  The C3 hypothesis is based on the idea that each of the sub-types evolved 
independently from a C3 ancestor.  Figure was modified and re-drawn from Washburn, et 
al. (2015) and Washburn et al. (in review). 
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Figure 4.6 - Between species comparisons of the transcript 
abundances of the NADP-ME, PCK, and NAD-ME transcripts 
within Bundle Sheath cells along with their nuclear gene 
phylogenetic relationships and ancestral state reconstructions of 
transcript abundance levels. Transcript levels are normalized to those of 
Rubisco activase. 
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CHAPTER 5: FUTURE DIRECTIONS 

 

Based on conclusions from the previous chapters there are several avenues of 

further research which seem pertinent, timely, and most likely to be impactful both 

scientifically and in crop improvement. I describe three of these research directions 

which I see as most useful below.  They are: 1) Increasing our understanding of the 

Paniceae phylogeny, 2) Increasing our Understanding of C4 Sub-Type Evolution, 

Diversity, and Sub-Type Mixing, and 3) Implications of C4 sub-types for crop 

improvement. 

 

Increasing our Understanding of the Paniceae Phylogeny 

There are two basic strategies for improving our current understanding of the 

Paniceae phylogeny.  The first is greater taxon sampling, and the second is greater depth 

of gene sampling (meaning whole genome sequencing). The first one is likely to have the 

greatest impact on our understanding of the phylogeny itself, and could be accomplished 

by adding more species and/or adding more genotypes of the currently sampled species 

from the previous chapters.  The second option, is unlikely to improve our understanding 

of the phylogeny directly, but might improve our understanding of the causes of 

incongruence between gene trees within the tribe.  

Adding more species to the current Paniceae sampling from previous chapters is 

the most likely way to improve confidence in the phylogenetic patterns seen in the tree, 

but adding more genotypes of species already represented in the tree would potentially 

improve our ability to differentiate between the causes of gene tree incongruence within 
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the tribe. Unfortunately, the areas of the tree where greater sampling is most needed are 

also those for which plant materials are most difficult to obtain. Therefore, such a project 

would be ideally suited for probe-based approaches, particularly if high enough quality 

DNA can be extracted from herbarium specimens to include them in the analysis. In my 

opinion, further chloroplast and mitochondrial gene sampling would likely not be 

particularly informative for the overall Paniceae phylogeny, although it may be useful for 

looking more deeply into issues of incongruence between the chloroplast and nuclear 

trees and for studies within particular subtribes of the Paniceae.  

The second option for improving the tribe Paniceae’s phylogeny is to add more 

genes to the current sampling.  Given that we already have over 2,000 genes in our 

phylogeny, the next step would be whole genome sequencing across the clade. This 

strategy is, in my opinion, unlikely to improve our current understanding of the 

phylogeny itself, but should be useful for dissecting the causes of incongruence between 

the gene trees and for understanding which genes are causing the incongruence and what 

their biological functions are. Such a study would, I think, greatly improve the utility of 

the Paniceae tree for understanding the evolution of different traits (like C4 

photosynthesis).  Adding only a few genomes rather than genomes for the entire tribe, for 

example one from each of the sub-type clades and Sacciolepis, would probably be in 

itself yield a substantial improvement in out understanding of why the nuclear gene trees 

are incongruent with each other and with the chloroplast tree.  Several genomes needed 

for this are currently published or in the process of sequencing at the Department of 

Energy’s Joint Genome Institute. Once these genomes are completed and available for 

use, only an Anthephorinae and Sacciolepis genome will be needed to perform a high-
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quality assessment of the reasons for incongruence in the tribe, particularly those relating 

to C4 photosynthesis. 

 

Increasing our Understanding of C4 Sub-Type Evolution, Diversity, and 

Sub-Type Mixing 

 There are several approach’s that I think would be useful for further 

understanding C4 sub-type evolution. 1) Increased cross-species level RNA-seq sampling 

within one or more of subtribes Cenchrinae, Melinidinae, Panicinae, and Anthephorinae 

(MPCA), as well as within the unnamed clade of close C3 relatives.  2) Population level 

RNA-seq sampling within one or more C4 species from within the Paniceae or any other 

C4 group. 

 Increasing controlled and replicated RNA-seq sampling across species in any of 

the C4-sub-type clades would enable a much better understanding of that clade’s ancestral 

C4-sub-type and how variable that sub-type is within the clade. It would also provide 

clearer evidence of the amount of sub-type mixing going on in that clade.  If this 

sampling were extended to all four of the MPCA subtribes and several of the close C3 

outgroup species it would allow for a much more accurate assessment of the ancestral 

state of the entire MPCA than we currently have. The inclusion of enzyme activity 

measurements in those analyses would also go a long way in determining the ancestral 

state of the MPCA clade. Obtaining these data from whole leaf sampling would probably 

be sufficient for the simple ancestral state reconstruction and some further analyses, but 

the use of mesophyll (MS) and bundle sheath (BS) enriched RNA-seq as performed in 
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Chapter 4 above might provide greater insights.  That said, the labor costs of generating 

the MS and BS enriched data likely outweighs its utility in this situation.  

 Population level RNA-seq for multiple genotypes of any C4 species is another 

sure way of increasing our understanding of C4 sub-type evolution, diversity, and mixing.  

In this case, it might also have direct and obvious implications for crop improvement. As 

discussed in Chapter 4, it has been hypothesized that C4 sub-type mixing may influence 

for, and allow further improvement of, C4 photosynthetic efficiency.  The first step in 

testing this hypothesis, in my opinion, is to obtain a data set with RNA-seq across 

multiple genotypes of a single species. This might be particularly meaningful if a 

domesticated species with improved and unimproved cultivars is examined.  The simple 

hypothesis is that the unimproved cultivars will have different ratios of sub-type mixing 

than the improved ones.  Seeing this would indicate that human selection efforts have 

influenced sub-type mixing within the species.  Not seeing this would not mean that sub-

type mixing ratios do not influence C4 photosynthetic efficiency or overall plant fitness, 

only that it has not been selected for.  

 

Implications of C4 Sub-Types for Crop Improvement 

 The idea of C4 sub-type mixing is, in my opinion, the next logical step that may 

have impacts on agriculture.  As described above, variation for sub-type mixing within a 

species, and the likelihood of it impacting crop production, should be easily tested with a 

dataset including a large sampling of RNA-seq from across multiple genotype of one 

species.  Such a data set was recently generated (but is not yet publically available) by the 

Edward Buckler lab.  Examining this data set or others like it is the first step in 
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determining if manipulation C4 sub-type mixing might be useful in crop production. 

Another data set that is currently being generated within the Thomas Juenger lab at UT 

Austin includes switchgrass genotypes planted across a climactic gradient from the 

northern to the southern edges of the United States. RNA-seq data generated from this 

study could also be extremely, telling about the interplay between environment and 

genotype that control sub-type mixing, and if variation in it effects plant adaptation to 

specific climates and conditions.  

 Another direction which I think has potential economic impacts is the 

introduction of the components of the different sub-type pathways into species not 

currently using them.  For this application, I think that the study of the PCK sub-type has 

the most potential as it currently the least well understood.  Further study of the 

Melinidinae sub-tribe should be carried out to better understand how the PCK sub-type 

functions on its own and in conjunction with other sub-types.  
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APPENDIX 1: ODE TO ENERGY 

By Jacob D. Washburn 
 
For 200-plus years, fossil fuels have ruled the day. 
They’ve powered our cars, and the homes where we stay. 
They will one day run out, and they cause pollution. 
So now we look for a greener solution. 
 
Sustainable energy that won’t soon run out, 
Is what modern research is all about. 
Renewable fuels, they may cost a mint, 
But it will be worth it, if we lower our carbon foot-print. 
 
There is solar, and wind, and nuclear too. 
Hydro-electric or geothermal would likely do. 
But what about plants? They get energy from the sun. 
They’re cheap, they’re simple, and hey, they’re kinda’ fun! 
 
Which source of power will beat out the rest? 
Perhaps a combination of all will be best. 
Give it more time, and the answer will be ready. 
That is, if we can keep funding rates steady. 
 
The future of technology remains to be seen. 
But one thing is likely, no matter the scheme. 
To power the lights there are sources not a few. 
But to fuel our bodies, only plants will do. 
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APENDIX 2: C4 PHOTOSYNTHESIS 

By Jacob D. Washburn 
 
Four billion years ago, oxygen on earth was rare. 
You and I couldn’t breathe if we had been there. 
Then along came a molecule that changed earth’s face, 
RuBisCo, or Ribulose-1,5-bisphosphate carboxylase! 
 
But RuBisCo had a problem that made arid plants blue. 
Though it preferred carbon dioxide, it could use oxygen too. 
O2 plus RuBisCo causes photorespiration, 
It’s a wasteful process, and reduces carbon fixation. 
 
As oxygen levels soared, in hot and dry places, 
Photorespiration sent evolution off to the races. 
A CO2 pump was C4’s successful solution, 
It appeared 60-plus times in convergent evolution. 
 
Each of C4‘s origins has its own composition, 
PEPC’s the only enzyme found in every rendition.  
Anatomical, biochemical, and functional differences abound, 
Can we use them in crops to make production systems sound? 
 
C4 sub-type mixing may make plants better in the field, 
Can we fine tune these combos to result in higher yield? 
To transformation and to CRISPR this problem seems conducive, 
But without biological predictions, it will long remain elusive. 
 
Perhaps your interests are in making food supplies more stable, 
Maybe you like evolutionary stories and the discoveries they enable. 
Whatever it may be that brought you to this session, 
I hope that you learned something, and with that I’ll take a question. 
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