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8.1.1 Introduction

8.1.1.1. The tree metaphor to describe evolution

Trees have a long history to depict genealogies of individuals (family trees) and interactions
between living systems, including the biblical tree of life, the world tree in Mesoamerican
cultures and Y ggdrasil in Norse mythology (Gogarten et al. 2008; Anonymous 2017). Mark
Ragan in a well-illustrated article (Ragan 2009) describes trees and network diagrams that were
used before Darwin to depict relationships between plants and animals. The first explicit
description of evolution as a tree goes back to Jean-Baptiste Lamarck, although Peter Simon
Pallas's description of the gradation between organisms came close to depicting evolution.
Lamarck's tree-like diagram overlaid multiple chains-of-progress, each for a different lineage
into a single diagram (Lamarck 1809). Charles Darwin in this Origin of Species (Darwin 1859)
provides a poetic description of the Tree-of-Life as an image of evolution, and the tree diagrams
in his notebooks (Darwin 1836) illustrate the use of trees to depict shared ancestry. In his
notebook Darwin expressed concern about the tree metaphor, because in a botanical tree the
whole tree is alive, including the root, whereas in the tree-of-life image only the top layer is
represented by living organisms (Darwin 1836; Olendzenski and Gogarten 2009), and his
concern has gained new prominence with the realization that molecular based phylogenies
usually only access data from extant or recently extinct species, and that most organisms that
ever existed on this planet belong to lineages that are now extinct (Zhaxybayeva and Gogarten
2004; Fournier et al. 2009; Fournier et al. 2015; Weigel 2017).
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8.1.1.2. The tree in light of gene transfer

The exchange of genetic information between independent lines of descent and the fusion of
independent lineages are deviations from a tree-like structure. The evolution of genomes
undoubtedly is a highly-reticulated network. While gene transfer is indeed rampant in most
bacterial and archaeal lineages, and even appears to be frequent in eukaryotes (Soucy et al.
2015), most genes are transferred between closely related organisms (Andam et al. 2011). The
transfer rate to organisms belonging to different orders and classes is several orders of magnitude
lower than that of within genus transfers (Williams et al. 2012). Over short periods of time most
genes are passed on vertically (from mother to daughter cell). This majority signal over short
periods of time can define the organismal lineage, even in the presence of rampant gene transfer.
Garry Olsen used the metaphor of a rope to describe this. In a rope (the lineage) each fiber (the
gene traveling through time) extends only over a very short distance. Nevertheless, the rope is a
continuous reality. By analogy, the same can be said for the organismal lineage: Even if not a
single gene travels through a lineage from beginning to end, the lineage can still be defined
through the majority of gens being passed on over short time intervals (Zhaxybayeva and
Gogarten 2004).

Instances of lineage fusion that occurred in case of the endosymbionts that evolved into
mitochondria and plastids violate the tree paradigm, if one considers the host and the symbiont as
equal contributors. However, these reticulations in the tree of live are rare (Martin and
Herrmann 1998), in many or even all instances the host cells genome dominates the gene content
persisting in the symbiosis. In most instances the phylogenetic signals resulting from shared
ancestry and from biased gene transfer reinforce one another (Andam et al. 2010; Pace et al.
2012). Therefore, while the history of genomes is highly reticulated, hope persists that careful
examination of the phylogenetic signal retained in molecular phylogenies may result in an
improved inference of life’s early history (Williams et al. 2011). The phylogenetic information
provided through transferred genes that persist in the recipient lineage might improve the
reconstruction of early cellular evolution (Huang and Gogarten 2006; Szollosi et al. 2012) and
allows to correlate evolutionary events in different parts of the tree of life (Gogarten 1995).
However, emphasis has to be placed on “careful”, because the uncritical application of
computational screening tools may lead to unwarranted conclusions (Gogarten and Deamer
2016).

8.1.1.3. Most recent common ancestors, roots, and stem groups.

With the introduction of ribosomal RNA as a marker molecule it became possible to place
unicellular anucleate organisms onto a tree-like phylogeny (Woese and Fox 1977a). One
immediate realization was that prokaryotes fall into two groups, now known as Bacteria and
Archaea, previously labelled as Eubacteria and Archaebacteria. Willi Hennig developed a
natural taxonomy in which proper groups are defined by a common ancestor that is only ancestor
to members of this group (Hennig 1966). Such a group is known as monophyletic. A group
whose members all trace back to the same ancestor, but this ancestor also gave rise to organisms
that are not part of the group is known as paraphyletic, and usually not considered as



monophyletic [However, see (Ashlock 1971) who defines monophyletic to include both para-
and holophyletic groups.] In the now traditional tree of life, the Archaea are the sistergroup to
the eukaryotic nucleocytoplasm, and the ancestor of the bacteria and archaea is also the ancestor
to the eukaryotes. Therefore, in a cladistics classification system, the prokaryotes are a
paraphyletic group, and the name prokaryotes describes a grade (developmental stage) and not a
proper group in a natural taxonomic system. However, naming groups based on properties has a
long history, often makes intuitive sense, and many of these group labels are in common use
(e.g., reptiles, whose most recent common ancestor also is ancestor to birds and mammals).
Before the availability of molecular data, grades often were the only available classification
scheme. For further discussion see the exchange of opinions between Ernst Mayr and Carl
Woese (Mayr 1998; Woese 1998).

As an aside, a similar debate concerns the archaea: if the eukaryotic nucleocytoplasm emerged
from within the archaeal domain [(Zaremba-Niedzwiedzka et al. 2017); see (Da Cunha et al.
2017; Levasseur et al. 2017)for conflicting opinions], then the archaea will either need to be
considered paraphyletic, and/or eukaryotes and archaea need to be united into a single taxonomic

group.

In considering a tree, or part of a tree, the most recent common ancestor (MRCA) of a group is
the organism placed at the deepest (earliest) split between lineages leading to members of the
group. In the field of evolutionary biology, this MRCA is often described as the root of the
group. In case of the tree of life that includes all cellular organisms, the root of the tree of life
refers to that organism that existed at the deepest split, and this organism is also known as the
Last Universal Common Ancestor, the MRCA of all cellular life, or as the organismal
cenancestor (Fitch and Upper 1987). This root of a phylogenetic tree is very different from a
botanical tree, where the root is located at the base of the stem.

The stem stem group of a taxon is defined as the group of those extinct organisms that branch of
the lineage leading the MRCA of that taxon. In case of the organismal LUCA, molecular
evidence suggests that deeper branching lineages existed and contributed some genes through
horizontal gene transfer to extant lineages (Fournier et al. 2009; Fournier et al. 2015).

8.1.2 Placing the Root in the Tree of Cellular Life.

The tree of cells is embedded into network of gene trees. To find the root of a phylogenetic tree,
different approaches are employed. The most common and widely accepted approach is to use
an outgroup. In case of the tree of life, no organism can function as an outgroup, because in
case of the tree of life all organisms by definition are part of the ingroup. However, ancient gene
duplications that occurred before LUCA can provide an outgroup to molecular phylogenies
(Gogarten et al. 1989; Iwabe et al. 1989; Brown and Doolittle 1995; Gribaldo and Cammarano
1998). Margaret Dayhoff first had suggested the approach to use an ancient gene duplication to
provide an outgroup (Dayhoff 1972). For most ancient duplicated genes, this approach places
the root between bacteria on side of the root, and the archaea and the eukaryotic nucleocytoplasm
on the other side. Using the unrooted tree of the translation machinery as reference, the root is



placed on the branch leading from the central trifurcation to the bacterial domain; therefore, this
placement of the root is also known as placing the root on the bacterial branch. The placement
of LUCA on the branch connecting bacteria and archaea was also inferred using ancestral
sequence reconstruction for ribosomal proteins and identifying the place in the unrooted tree of
ribosomal proteins that has an amino acid composition that likely reflects the signal from the
assembly of the genetic code, i.e., proteins that evolved before the genetic code evolved to
include all of today’s genetically encoded amino acids should not include the later added amino
acids in conserved positions (Fournier and Gogarten 2010). A few scientist place LUCA in
different places in the tree of life, either within the bacteria (e.g., (Cavalier-Smith 2002;
Skophammer et al. 2007)), or within the archaea (Di Giulio 2007; Kim and Caetano-Anollés
2011)). Often these rootings are based on singular characters, e.g., split genes (Di Giulio 2007)
or the outer membrane of the Gram negative bacteria (Cavalier-Smith 2002), or novel
approaches to reconstruct evolution (Cejchan 2004; Skophammer et al. 2007; Swithers et al.
2011). While the placement of the root remains under debate, most scientist, including former
critics of the rooting on the bacterial branch, agree that the root of the cellular tree of life is
located between Bacteria and Archaea, and with the eukaryotic nucleocytoplasm grouping on the
archaeal side of the tree (Puigbo et al. 2013; Forterre 2015).

8.1.3 The Progenote Concept

Woese and Fox (1977b) defined the progenote as a hypothetical stage in evolution that existed
before a strict coupling between geno- and phenotype had emerged, i.e,. before the typical
features characteristic of today's prokaryotes had emerged: "Eucaryotes did arise from
procaryotes, but only in the sense that the procaryotic is an organizational, not a phylogenetic
distinction. In analogous fashion procaryotes arose from simpler entities. The latter are properly
called progenotes, because they are still in the process of evolving the relationship between
genotype and phenotype”. The progenote concept is related to the Darwinian threshold (Woese
2002) or Darwinian transition (Goldenfeld et al. 2017). After living system passed this
threshold, natural selection acting on cells drove the optimization of transcription and translation
of genetically encoded systems. Below this threshold life is assumed to have been characterized
by a high rate of gene exchange. A high gene transfer rate in communal entities also allows for
smaller genomes (Lawrence 1999) and may help avoid an error catastrophe (Eigen 1971;
Biebricher and Eigen 2005). Otto Kandler described the same concept under the term pre-cell
populations (Kandler 1994).
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Figure 8.1.1. Two versions of the tree of life indicating the possible relations between the Last
Common Ancestor or cenancestor of all extant cellular life, and the progenote-phase of early
evolution. The progenote describes a period in the evolution of cells before a strict coupling
between geno- and phenotype had been established. During this phase cells or pre-cells
frequently exchanged genes with one another (see text for discussion). The sketch in panel A
reflects the view popularized through the work of Carl Woese and Otto Kandler (Woese and Fox,
1977b; Kandler, 1994). In this version of the tree of life, the three domains of life evolved
independently from the progenote. The sketch in panel B recognizes that LUCA was a complex
organism with an established coupling between geno- and phenotype (Gogarten and Taiz, 1992;
Delaye et al., 2005; Kim and Caetano-Anollés, 2011; Goldman et al., 2013), and depicts the
progenote as an earlier phase preceding LUCA.

8.1.4 Inferring LUCA's Properties

Confusion regarding the term progenote resulted from Woese and Fox assuming that the most
recent ancestor of the three domains was a progenote (Woese and Fox 1977). In their and
Kandler's vision (Kandler 1994) all three cellular domains independently trace their ancestry
back to the progenote phase of life (see Figure 8.1.1 panel A).

In contrast, the many properties shared by all cells, and the fact that all ancient duplicated genes,
including the aminoacyl tRNA synthetases themselves (Wolf et al. 1999; Woese et al. 2000;



Fournier et al. 2011), make use of the same twenty genetically encoded amino acids, and the
observation that among the ancient duplicated genes are two subunits of the ATPsynthase that
translates transmembrane gradients for ions (sodium or hydrogen ions) into chemical energy
stored in the ATP molecule) (Gogarten et al. 1989) suggest that LUCA was a cellular entity not
too dissimilar from a modern prokaryote that possessed ribosomes for mRNA directed protein
biosynthesis, aminoacyl tRNA synthetase proteins to charge tRNAs, and membranes that were
used for chemiosmotic coupling (Gogarten and Taiz 1992) (see Figure 8.1.1 panel B).

As discussed in section 8.1.1.2., gene transfer has not erased all information that can be used to
trace the evolutionary history of cell, and in many instances gene transfer has generated signals
that allow to define groups and correlate evolutionary events in different parts of the tree.
However, when trying to infer LUCA's properties from molecular phylogenies, wrong
conclusions can be reached, when gene transfer events are mistaken for lines of vertical descent.
In case of proteins with nearly universally distribution, such as amino acyl tRNA synthetase or
the F/V/A-ATPases careful analysis and comparison to other conserved proteins allows
identification of branches in a molecular phylogeny that correspond to gene transfer event (Ibba
et al. 1999; Wolf et al. 1999; Zhaxybayeva et al. 2005; Lapierre et al. 2006). However, this task
is more challenging, when gene are considered that do not have near universal distribution. The
automated detection of genes that were present in LUCA faces two difficulties: either too many
gene families are removed from consideration, because they show signs of horizontal gene
transfer, or a gene transfer event that took place between archaea and bacteria is mistaken for the
branch containing LUCA (Gogarten and Deamer 2016). Weiss et all (Weiss et al. 2016) used a
computational pipeline to identify genes present in LUCA. Many of the genes they identified as
being present in LUCA mistook a gene transfer event between the domains for the location of
LUCA. This is even true for genes that according to more careful analyses were present in
LUCA, such as the phenylalanine amino acyl tRNA synthetase (pheRS) subunits. The LUCA
branch identified in Weiss et al. (Weiss et al. 2016) for these gene families corresponds to a
known transfer of the archaeal version of this enzyme to Spirochetes (Andam and Gogarten
2011), whereas most of the bacterial pheRS genes were not included in the analysis. At present,
reliable inference of genes to be present in LUCA is limited to genes with nearly universal
distribution. Analysis of less conserved genes encoding functions in metabolism faces hurdles,
such as the decay of phylogenetic information and difficulties to identify gene transfer events.
However, progress in gene tree - species tree reconciliation (Boussau et al. 2013; Sjostrand et al.
2014; Bansal et al. 2015; Wen and Nakhleh 2017) may make further progress possible.

Another source for inferring properties of early life is the analysis of genes that diverged before
LUCA. At present these analysis are restricted to ATP synthase and aminoacyl tRNA synthetase
subunits (Fournier and Gogarten 2007), and information gleaned from these data is restricted to
the assembly of the genetic code, and the way tRNAs were charged during the early expansion of
the genetic code (Fournier et al. 2011). While sequence data for most gene families may not be
sufficiently conserved for this type of analyses, consideration of conserved protein folds might
provide alternative avenues to characterize pre LUCA evolution (see (Koonin et al. 2006)).
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