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Abstract: Recent studies suggested that network methods should supplant tree building as the basis
of genealogical analysis. This proposition is based upon two arguments. First is the observation
that bacterial and archaeal lineages experience processes oppositional to bifurcation and hence
the representation of the evolutionary process in a tree like structure is illogical. Second is the argument
tree building approaches are circular—you ask for a tree and you get one, which pins a verificationist
label on tree building that, if correct, should be the end of phylogenetic analysis as we currently know
it. In this review, we examine these questions and suggest that rumors of the death of the bacterial
tree of life are exaggerated at best.
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1. Introduction

There is continuing debate about the impact of horizontal gene transfer (HGT) in our ability to
infer phylogenetic relationships among bacteria and archaea. Some recent work on this topic concluded
that the death of a bacterial tree of life is a fait accompli [1–9] or, less drastically, that a bacterial tree of
life is really a “forest of life” [10]. Others argue that tree thinking in bacterial evolutionary biology is
like accepting “the tree of 1%” [11–13], implying that HGT is so prevalent that it impacts phylogenetic
signal in 99% of the genetic elements used to infer phylogeny.

Specifically, the argument is that some organisms experience processes oppositional to bifurcation
and hence the representation of the evolutionary process in a tree-like structure is illogical. To quote one
set of authors, the “inevitable noise that creeps into phylogenetic estimations, will all create patterns far
more complicated than those portrayed by a simple tree diagram” [1]. The authors who hold this view
suggested that network methods should supplant tree building as the basis of genealogical analysis.
This conclusion is indeed an evocative and important perspective if warranted. Hence, we examine
the premise and logic behind this perspective in this review.

2. HGT is the Hobgoblin of Bifurcation or Vertical Divergence

HGT has been referred to as the hobgoblin of bifurcation [14], although we note that hobgoblins
are not evil and malicious like goblins, they simply cause mischief and disarray. This vertical
lineage disruption is the primary reason some argue that a strictly bifurcating tree of life should be
shunned [1,15]. It is correct that HGT disrupts “true” phylogenetic signal and when it occurs one
might be able to infer a network of gene relationships, but clearly not a bifurcating tree. This argument
has been proposed as a real deal breaker for bacterial and archaeal lineages because these groups are
thought to have experienced large amounts of the lineage confusing process of HGT [15–21].

A slightly different argument has been raised by others who suggested that tree building methods
give a tree even when the true evolutionary history is not bifurcating [17]. Clearly, evolutionary
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processes and optimality criteria must be considered when attempting to reconstruct a phylogeny or,
if one prefers, a net in constructing a network. If the processes of bacterial and archaeal divergence
violate the basic assumptions of tree building, then we agree that tree building should not be used as an
explanatory tool. In this context, we suggest that the following issues need to be examined in a critical
and encompassing way. First, we need to detail what we know about the divergence process of bacteria
and archaea. Do properties of their overall divergence violate the assumptions of bifurcation? One
process, HGT, does occur, and it does, to a certain extent, violate the assumptions of bifurcation. But
how often and how much of an impact does HGT have on the divergence process? In addition, in this
context, if tree-based analyses truly obscure patterns produced by HGT, then we would also agree
that tree approaches should be abandoned. Finally, we need to consider whether using a tree as a null
hypothesis is a more or less sound scientific approach, than assuming that a network better explains
the data. In this chapter, we examine these questions and suggest that the rumors of the death of
the bacterial tree of life are exaggerated at best.

3. Bifurcation as an Evolutionary Pattern

The formalization of a preference for bifurcation as a major process in organic evolution comes
from Darwin. His “principle of divergence” embodies Darwin’s perception of how species form and
diverge during the evolutionary process [22]. Mayr [23] then set the stage for how we might look at
evolution in sexually reproducing populations—by coining his biological species definition, which also
implies a bifurcating pattern of divergence. The concept of genetic isolation as a means to delineate
species arises from this definition and can also easily be applied to clonally reproducing organisms.
Simply put, the principle of divergence leads to bifurcation, and Darwin’s preferences for this mode of
divergence is embodied in the only figure in On the Origin, which is a bifurcating diagram. The simple
fact that Darwin preferred this mode of divergence does not mean that we have to accept it though.

The argument made by opponents of a bifurcating bacterial tree of life suggests that the seminal
approaches to understanding how life on our planet diverged simply do not hold for bacteria, archaea
and even for some deep relationships in the eukaryotic tree of life [5,9,15–17]. These opposing views cite
the fact that randomly generated data with no background pattern of bifurcation will give a bifurcating
tree when methods that force a tree as a solution are used. Hence, the suggestion that tree building is
verificationist has arisen.

We point out that there are two approaches that we can take to look at this problem. First, some
have suggested that the processes of divergence and speciation in bacteria and archaea are so radically
different that using methods to recover bifurcation are illogical. We suggest that a detailed examination
of the divergence process in bacteria and archaea can tell us whether or not this conclusion is warranted.
By asking, do bacteria and archaea diverge in patterns that negate bifurcation as a valid explanatory
process, we can test whether there is sufficient evidence to warrant the exclusion of bifurcation as an
explanation. Second, we contend that tree building in the context of phylogenetic analysis does not
necessarily result in a tree. In fact, some approaches use a star phylogeny as a null hypothesis and
there are some studies where the existence of monophyly (the central idea of tree building) of groups
of organisms can be tested [24,25]. In addition, simple tests that allow one to determine if a dataset
results in an interpretable bifurcating tree for the tree of life exist [26].

4. Bacterial and Archaeal Divergence: Nothing Special?

Data from bacterial genomic studies have led to questions about the appropriate unit of evolution
in bacterial biology [27]. Most microbiologists accept that species-level descriptions are both useful and
necessary. However, the applicability at the bacterial level of the ‘universal species concept’, with its
emphasis on reproductive isolation, has not been universally supported [28–30]. At one extreme, some
have argued that high levels of HGT make any notion of species simply nonsense. At the other extreme,
HGT is dismissed as mere noise. This may be a case where neither extreme captures the interesting
aspects of the emerging picture. Instead, we might be best served by asking three interrelated questions:
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(1) what is the extent and pattern of non-genealogical sharing of genetic information? (2) Are particular
classes of genetic information more or less likely to be involved in such exchanges, and (3) is the extent
of such non-genealogical sharing sufficient to overwhelm the signature of vertical inheritance?

The ability of bacteria to acquire genetic information in unconventional ways is well-established [11,
31]. Further, whole genome sequencing reveals genetic exchange among even distantly related
organisms [32,33]. The surprise that the genomic revolution has revealed is thus not the existence
of such genetic traffic, but its unexpected range and frequency, which is widespread across bacterial
strains. But are these events sufficiently ubiquitous that they require us to abandon the fundamental
unit of biological organization, the species?

This question is not merely a semantic one, but rather an empirical challenge. Vertical inheritance
is still taking place, leaving behind a genomic signal that we can, in principle, retrieve. Horizontal gene
transfer also leaves behind a retrievable signal. The question remains, however, are the phylogenetic
reconstructions made possible by rich genomic datasets descending into chaos, suggesting that the noise
created by HGT is swamping out the phylogenetic signal? In our view, the signal of vertical inheritance
remains loud and clear. In the majority of cases where multiple genes and/or genomes have been
used for phylogenetic reconstruction, the resulting trees are resolved and largely congruent [34–36].
Furthermore—with some interesting exceptions—these reconstructions match established patterns
of classification.

The availability of whole genome sequences provided our first glimpse into the dynamic nature
of a species genome. Glasner and Perna [37] and Mau et al. [38] compared six complete genomes of
Escherichia coli and revealed a highly conserved genome backbone with greater than 98% sequence
similarity among the isolates. However, this conserved backbone was interrupted by hundreds of
strain-specific ‘sequence islands’. These patterns of shared and unique sequences appear to be common
among bacterial species [39–42]. However, the relative fraction of the genome shared varies greatly
from one bacterial species to the next [43–47]. A highly robust phylogenetic tree was constructed for 13
gamma-proteobacteria using a concatenated alignment of several hundred conserved orthologous
proteins [48]. Only two of the proteins had incongruent tree topologies in this analysis. A similar
type of investigation was undertaken with Neisseria [49], which revealed that the use of concatenated
sequences buffered the distorting effect of recombination events and resulted in the resolution of clusters
corresponding to the three most abundant species in the sample. Genome sequence comparisons
among members of Agrobacterium highlighted a broad range of intra-species divergence within very
closely related but distinct species [50–52]. Their data supported earlier claims by Majewski [53] that
‘bacterial species experience a degree of sexual isolation from genetically divergent organisms since
recombination occurs more frequently within species than between species’. Konstantintidis and
Tiedje [54] compared the gene content of 70 closely related bacterial genomes to identify whether
species boundaries exist. They found the levels of sequence similarity on the order of 94% corresponded
to the traditional 70% DNA–DNA reassociation standard of the current species definition. As more
extensive whole genome data come online, we can expect phylogenetic reconstructions to stabilize.
Some existing phylogenetic reconstructions will stand, and others will fall.

Finally, several recent studies have demonstrated that bacterial lineages follow bifurcating or
vertical divergence [29,30,55–58]. Two studies in particular have shown that the dynamics of bifurcation
are common and retrievable when considering bacterial lineages. Bobay and Ochman [29] showed
that the footprints of divergence are easily detected in all domains of the tree of life. Using measures
of gene flow, they showed clearly that bacterial and archaeal lineages are no different from other
organisms in showing discontinuities in gene flow. They took this result as evidence that discontinuity
in genetic similarity during the divergence process in bacteria conforms to a biological species concept.
Jain et al. [30] used the average nucleotide identity (ANI), another method of assessing genomic
similarity, to examine species divergence in thousands of genomes (involving billions of comparisons).
Intriguingly, they discovered an easily discernable and robust gap between 95% intra-species and
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83% interspecies ANI values. This gap is again indicative of divergence in accordance with vertical
divergence or splitting.

Other researchers argued for pluralism in how the divergence process is viewed. Suárez [59]
suggested that speciation in the same mode as animals and plants can only be inferred if it can explain
divergence better than a null hypothesis based on a random birth death process. They argued that
“only when the real data are statistically different from the expectations under the null model that some
speciation process should be invoked”. Their assumption is that selection drives speciation and should
manifest itself in a statistically significant difference from the null hypothesis. This argument, however,
does not recognize random processes such as drift as a means to divergence and hence speciation.

5. Tree Thinking, Concatenation and Bacteria

With the advent of genomic techniques, more and more gene partitions can and have been used
in phylogenetic analysis. This has led some researchers to suggest that concatenation of these genes
sours the discovery of phylogenetic relationships [15,18]. In essence, some researchers have suggested
that gene sequences in a concatenated approach to phylogenetic systematics is a verificationist
endeavor [17,18], the sole aim of which is to increase the appearance of support for a phylogenetic
branching diagram [60]. We point out here that this view misses the Popperian underpinnings of
phylogenetic systematics. As Lienau and DeSalle [60] (p. 195) pointed out:

“The goal of the total evidence approach to phylogenetic research is based in the idea of
increasing explanatory power over background knowledge through test and corroboration,
rather than to bolster support for nodes in a tree. In this context, the testing of phylogenetic
data is a falsificationist endeavor that includes [italics added] the possibility of not rejecting
the null hypothesis that there is no tree-like structure in molecular phylogenetic data.”

In addition, over the past three decades, phylogenetic studies have recognized
the hypothetico-deductive nature of tree building. Maddison [61] recognized that lack of resolution
could arise in nearly any phylogenetic analysis. He discussed the lack of resolution as polytomies and
coined the terms hard and soft polytomy. A hard polytomy is one that arises as the result of actual
trifurcation or even polyfurcation events in the divergence of organisms. A soft polytomy, on the other
hand, is one where there simply are not enough data to support one bifurcating pattern over another.
If the support for a node is low or even nonexistent, then it can be for two reasons. First, there simply
may be no information in the dataset to resolve the node. In this case, there should be no conflicting
signal amongst different sources of data. The second reason might be because of direct conflict amongst
phylogenetic information, the very reason that we should be wary of HGT. The conflicting signal will
manifest itself as a node with low support. In addition, statistical approaches in the phylogenetic
comparative method use a star phylogeny as a null hypothesis, explicitly testing for “treeness” [62,63].

While the suggestion that random data will produce bifurcating trees with relatively good support
is true [64–66], this phenomenon is very dependent on the number of taxa. As a simple demonstration
of this problem, we have created several random phylogenetic datasets by transforming Darwin’s On
the Origin of Species into amino acid sequences, with assignment of hypothetical taxa to random blocks
of text. When matrices with 4, 8, 15, 20, and 40 taxa with 100 genes each (genes with length 100 amino
acids) are generated in this way, phylogenetic analysis yields resolved trees. While matrices with 4 and
8 taxa show relatively high support at nodes, the effect erodes as more taxa are allowed to fill the “fake”
phylogenetic matrix. By the time 40 taxa are generated, parsimony trees are still resolved but with
extremely low or no support measures at the majority of nodes in the tree (Figure 1). We take this as
evidence against the claim that random data will produce trees if you ask them to. This brings in to
focus the need for assessment of robustness as a part of answering the question does a tree arise from
a particular dataset? This leads us to three direct tests for a bacterial tree of life.
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Figure 1. Results of the Ithink experiment. The number of taxa for each part of the experiment is
given above the trees. The top row shows the most parsimonious tree obtained for each matrix and
the bottom row shows the bootstrap trees for each of the five experiments (NTAX = 4, 8, 15, 20 and 40).
Red dots indicate nodes with BP between 66% and 85%. The green dots indicate nodes with BP between
50% and 65%. Construction of the Ithink matrices is described here. We first extracted the text from
Darwin’s On the Origin of Species. The first 100 letters of the text were turned into a line corresponding
to taxon 1, the next 100 letters are turned into a line corresponding to taxon 2, the next 100 letters are
turned into a line corresponding to taxon 3 and the next 100 letters are turned into a line corresponding
to taxon 4. The process starts over again for the four taxa with the next 100 letters and so on for 100
partitions. The next step is to remove spaces and any letters in the alphabet that do not correspond to
an amino acid. These are replaced with ambiguous X’s. Next the individual lines for each partition are
transformed into FASTA files and aligned using MAFFT [67] with default settings. Finally, the matrices
are formatted for phylogenetic analysis and analyzed using PAUP [68]. We used parsimony as an
optimality criterion and weighted all characters equally. The searches were accomplished using 200
rounds of random taxon addition with tree bissection reconnection (TBR) branch swapping. We focused
the analyses to be very simple and point out that results using parsimony here will indeed be different
from those using likelihood or Bayesian approaches. We obtained bootstrap proportions for the trees
shown here using the “boot” option in PAUP with 100 replicates. The “ithink” matrix is available from
the authors upon request.

6. Three Simple Falsificationist Hypotheses that Test for the Existence of the Tree of Life

Lienau et al. [26] proposed three simple falsification-prone hypotheses to test whether a tree of
life can be rejected as a means of explaining the divergence of bacterial and archaeal lineages (Table 1).
The last hypothesis in Table 1 is the most complex of the three because it requires the testing of several
sub-hypotheses based on background knowledge that microbial systematists have established over
the last century. These largely revolve around monophyly of well-established groups of organisms and
bacterial species and higher category boundaries established by systematists.
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Table 1. Three hypotheses that can be tested to examine the validity of a vertical tree of life.

Hypothesis 1 A Massively Concatenated Matrix of Genome-Based Information Results
in a Generally Unresolved Phylogenetic Tree.

If this hypothesis can
be rejected then,

Hypothesis 2 The Tree Generated from a Massively Concatenated Matrix is not Robust.

If this hypothesis can
be rejected then,

Hypothesis 3
The Robust Tree Generated from a Massively Concatenated Matrix does
not Make Biological Sense (i.e., is in Conflict with Accepted Taxonomic

Knowledge).

If this hypothesis can
be rejected then, No vertical tree of life exists.

It is not surprising to us that all three levels of null hypotheses can be rejected [26,69–72], indicating
that the conclusion that a bacterial tree of life is a good explanation for how life has diverged is valid.
This does not mean that HGT and other lineage blurring processes do not occur. On the other hand,
this also does not imply that strictly bifurcating tree building methods obscure the role of HGT and
lineage sorting (see below).

7. Obscured Pattern or Obscured Process

Several authors have claimed that tree-based phylogenetic analyses obscure the discovery of
patterns that are of interest to evolutionary biologists. They further suggested that “many tree-based
approaches to resolving the evolutionary analysis have been tried, but with little success” [1] (p. 440).
They cited two specific examples where they suggest tree-based approaches have “misled” overall
interpretation of the evolutionary history of the organisms involved. The first is most relevant to
this discussion and comes from the now classic Rokas et al. [73] study on yeast phylogenetics using
a genome level dataset. A recent analysis of the yeast dataset disavowing a tree-based approach and
preferring a network approach suggested that the disparity in gene tree topology may be the result
of genome hybridization [74]. However, standard tree-based approaches [75–77] concluded that
the incongruence of different gene geneologies as generated from the dataset is easily explained and
expanded upon using a bifurcating framework. First, hidden support [76,78,79] can be used as an
explanatory tool for the large amount of incongruence. The genes that are involved in incongruence
can be identified and a quantitative framework for their behavior can be developed [76]. Second,
the impact of outgroup choice is critical in analyzing genome level data. Gatesy et al. [79] showed
for the Rokas et al. [73] dataset that inappropriate outgroup choice can result in random rooting and
result in seemingly incongruent phylogenies (see also [77]). In fact, Gatesy et al. [79] obtained the same
unrooted network for all 106 genes in the dataset indicating that it is only when the unstable root is
applied to the networks that incongruence appears. In addition, it depends on the network approach
that is applied. Some network approaches are entirely non-phylogenetic [80,81].

8. Why a Tree of Life Infected with HGT Still Bifurcates

Gogarten and Townsend [82] pointed out that the impact of HGT on phylogenetic inference is
very context-dependent. They suggested that since the incidence of HGT varies among genes and
groups of organisms, the impact or effect of HGT will then vary from phylogenetic problem to problem.
It is difficult to argue with this important observation, but a detailed examination of the impact of
HGT on phylogenetic analysis in some specific examples can show some of the range of the effect HGT
might have on phylogenetic analysis.

By examining the behavior of data in a phylogenetic context on a node-by-node and
character-by-character basis, the impact of HGT on treelike structure can be examined. DeSalle
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et al. [83] established simple character reconstruction criteria to classify all identifiable orthologs as
either impacted by HGT or not (Figure 2). Removal of genes affected by HGT shows three things. First,
the proportion of HGT genes in phylogenetic analysis of these 160 genomes relative to non-HGT genes
is about 1:7. This ratio was tested at a wide range of E-value cutoffs and it appears to be immune
to manipulation of cutoff values. Second, the consistency of a phylogenetic analysis is impacted by
the removal of HGT genes. This is a totally unexpected result, as the whole rationale for removing
such genes is that they are inconsistent with an analysis. Third, the removal of HGT genes decreases
the resolution of a phylogenetic hypothesis at many nodes in an overall tree. This result is obtained
because the HGT genes actually carry phylogenetic information relevant to the collapsing nodes. Using
similar approaches based on phylogenetic incongruence called Prunier, Abby et al. [71] examined over
350 genomes in 16 bacterial and archaeal phyla for over 12,000 orthologs. They pointed out that most
branches in the tree of life they constructed experience an average of 5 to 10% HGT. Zamani-Dahaj [84]
used a similar presence absence approach to Desalle et al. [83] for cyanobacteria and archaea and come
to the conclusion that for cyanobacteria, about 15% and, for archaea, between 20% and 39% of genes
show patterns of HGT.
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Figure 2. Three results of categorizing gene families as horizontal gene transfer (HGT) or noHGT
(see [83] for details). (A) The graph represents the plot of E value against number of gene families.
Green represents the total number of HGT families, blue represents the total number of noHGT gene
families and the red line the total number of gene families at each E value. Most of the impact of HGT
occurs at E values less than −100 and the green arrows indicate the difference in nonHGT and total gene
families; (B) the graph represents a plot of E value versus the consensus fork index (CFI), a measure of
consistency of trees in a dataset. To calculate the CFI, the concatenated tree was used as a standard;
(C) the impact of removing HGT genes from the dataset on resolution of a phylogenetic tree. When
HGT genes are removed from the dataset, basal nodes are deresolved. Reference 84is available from
the authors on request.

While there are some groups that experience a large amount of HGT, even these groups are not
impacted phylogenetically, forcing them to conclude that “the impact of LGT (HGT) on the branches of
the tree of life is significant but not overwhelming” [71,85,86].

We comment here too about the tree of 1%, first articulated by Dagan and Martin [87]. It is difficult
to argue with the premise of the tree of 1%. Of course, if 30 genes are chosen for an analysis and there
are 3000 genes in an average bacterium or archaeon genome, then 1% is correct. But some studies
used the entire repertoire of proteins from the organisms under study for phylogenetic analysis, and
the Lineau et al. [69] dataset shows that we can reject the three hypotheses listed in Table 1. Another
example is from di Bonaventura et al. [88], where a phylogeny of 14 species of Pasteurellaceae was
placed into a phylogenetic context. Two datasets were considered in this study—first, all 3130 proteins
were included regardless of taxonomic overlap, and second a matrix with 633 proteins where all
fourteen Pasteruellaceae had the sequence. There are 11 nodes in the concatenated tree for both datasets
that are recovered regardless of method and at 100% bootstrap support. Figure 3 shows the number of
nodes agreeing with the concatenated trees graphed against the number of proteins in the two datasets
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for the node number in agreement. The figure demonstrates rampant incongruence in both datasets.
Yet a robust and taxonomically reasonable hypothesis is attained that mirrors the current taxonomy
of the group. The concatenated phylogeny is the product of the interaction of all of the phylogenetic
signal of all of the proteins in the datasets.Microorganisms 2020, 8, x FOR PEER REVIEW 8 of 14 
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regardless of taxonomic coverage. The orange bars represent the dataset with proteins across all 14
taxa. A 50% bootstrap cutoff was used to say that a node existed for a particular gene partition. See
reference [89].

An explanation for this seemingly strange result came from Lienau et al. [26], who pointed out
that even if incongruence at a node exists for a particular gene on a global level, there can be hidden
support [75] for many of the other nodes in a phylogenetic hypothesis. The easiest way to picture
this phenomenon is to think of mitochondrial and bacterial 16S ribosomal DNA. Using this gene to
address the topology of the tree of life results in a tree radically incongruent with our background
knowledge about the relationships of Archaea, Bacteria and Eukarya. The 16S tree places Eukarya
within the bacterial clade and specifically close to the Proteobacteria. However, when one looks at
the hidden support 16S rDNA contributes to the accepted tree of life hypothesis, the hidden support is
immense. We suggest that it is often overlooked that while HGT impacts phylogeny, it does so only at
the point of the HGT. History before and after HGT is oftentimes kept intact.

9. Concluding Remarks

A representation of the history of life serves many purposes. While the first and most technical
purpose is to show the pattern of divergence of life on the planet, phylogenetic trees and indeed any
method that represents this divergence are important for more practical reasons. Phylogenetic trees are
becoming increasingly important in community ecology, biogeography, hybrid zone analysis and even
population genetics to name just a few evolutionary subdisciplines that are more and more reliant on
phylogenies. It is therefore incumbent upon scientists to use the most accurate approaches to represent
the pattern of divergence of life on Earth.

Challenges to the tree of life have been raised on two major fronts as a result of genome level
sequencing. Incomplete lineage sorting ISL [58] and HGT [11–16,18,20,21] have both been suggested
as “treebusters” at certain levels of divergence amongst organisms. It is true that ISL and HGT disrupt
vertical signals and they are both extremely interesting evolutionary processes that deserve attention
and focus in both phylogenetic and evolutionary studies. The extent of their impact on vertically
evolving and bifurcating lineages has been assumed to be substantial enough that new paradigms to
replace the tree of life have been suggested [1]. We suggest that beyond supposedly high levels of
HGT, bacteria and archaea play by the same evolutionary rules that involve mutation, recombination,
drift and selection. There is nothing really special about their divergence other than HGT, and if HGT
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either exists at a lower level than is thought or can be shown to be surmountable in the context of
phylogenetic analysis, then there is no reason to “uproot” the tree of life.

Attempts at empirically determining the level of HGT in datasets range between below 15% [71,
83,84] and the high set by the tree of 1%. If the tree of life is a “tree of 1%” then the rest—99%—can be
used as a limit of non-vertical information [12,13] of the genes in bacterial and archaeal datasets. If we
consider those estimates made from presence/absence approaches, the frequency of potential HGT tops
out at 35% for archaea and lower for other lineages. From these estimates, we suggest that the level of
HGT is not enough to destroy, let alone damage, recovering bifurcating history, especially when we
take the lower end of the HGT estimate (5 to 15%) of the genes involved in HGT in a dataset that could
actually contribute to the overall phylogenetic signal via hidden support [71,83,84]. We want to make
it very clear that we are not minimizing, ignoring or deflecting HGT as a biological process. It exists
and it is an important factor in how many microbes have diverged and evolved. We simply suggest
that it is not pervasive enough to fell a bifurcating tree of life.

Many readers will be asking why not just use networks to do our analyses in the first place.
Such methods can detect tree-like structures very simply and because they are more flexible in their
interpretation, they should be preferred over strictly bifurcating trees. We suggest that this approach
puts the cart before the horse because using the tree of life as a null hypothesis to examine the impact
of HGT and lineage sorting in the tree of life makes fewer and simpler assumptions than assuming
a network. In fact, we contend that phenomena such as specific HGT events in an evolutionary context
are not discoverable without a tree of life. In essence, we can make the same argument we mentioned
earlier, that can be made against tree-based approaches. If you look for a tree with incongruent data,
you will find one. We suggest that if you look for a network with incongruent data, you will also find
one. Because incongruence can be the result of many things, the relevant question is: do the incongruent
data specifically produce a net? We can test hypotheses about the physical mechanisms of HGT, but
their evolutionary history can be most efficiently and scientifically tested via tree building methods.
This begs the question as to what gene net methods actually tell us that tree building methods do not.

Phylogenetic tree analysis actually allows the researcher to identify HGT events [71,85]. By
accepting a concatenated hypothesis for the tree of life, a baseline bifurcating pattern is discovered.
This baseline pattern can then be used to interpret any fragment of DNA, gene or cluster of genes as
being in line with vertical history or horizontal transfer [71]. In fact, a tree of life offers what we might
call more explanatory power than any other method of evolutionary analysis, because a bifurcating tree
makes fewer assumptions about the divergence process as first proposed by Darwin in his Principle
of Divergence.

We point out that species and speciation in bacteria would not be interpretable in a biological
context without a bifurcating tree of life. As we note above, bacteria and archaea play by the same
evolutionary rules as eukarya. Mutation, selection and drift result in genotypic and phenotypic
clustering that simply would not result with a tree of 1%. Again, we may turn to Darwin’s perspective,

“Why is not all nature in confusion, instead of the species being, as we see them, well defined? [90]?”
Although Darwin was referring to eukaryotes, numerous studies have revealed clusters of bacterial

isolates that share complex phenotypes, and these clusters are often designated as species [89,91–94].
In fact, Cohan used the existence of these clusters as evidence of bacterial species. “Bacterial diversity
is organized into discrete phenotypic and genetic clusters . . . and these clusters are recognized as
species.” [95]. Lan and Reeves [96] proposed the core genome hypothesis (CGH), which starts
with the biological species concept [23] and acknowledges the potential impact of HGT on bacterial
species. The CGH predicts that a subset of bacterial genes, the core, is present in all, or nearly all,
individuals within a species. These are the genes that provide the defining characteristics of a species
and are assumed to experience primarily purifying selection, to remove deleterious mutations, and
to maintain existing functions. As a species evolves, its core genome will evolve as a complex of
co-evolved functions.
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The CGH has dramatically influenced how bacteriologists think about the nature of bacterial
species. Prior to the CGH, the strongest argument against the recognition of bacterial “species” was
the simple observation of HGT between bacterial lineages. The fact that bacterial species gene pools
may not be tightly closed was enough reason for many microbiologists to conclude bacterial species
could not survive such exchange. This contradicts the fact that bacteria exist in phenotypic clusters,
which many microbiologists recognize as species. Even more compelling, it is becoming clear that
these well-defined phenotypic clusters correspond to underlying genotype clusters [97–99].

Taxonomy of bacteria and archaea would be impossible too. Several authors have argued that
the tree of life is essential to advancing microbial taxonomy [100–107]. These authors recognized
the importance of a phylogenetic bifurcating tree of life for the advancement of organizing and naming
the millions of species of microbes on this planet. This makes good sense, as taxonomy is based on
bifurcation of species. Without bifurcation, divergence in a biological context and every scientific
endeavor that uses such divergence becomes meaningless.

Author Contributions: Both authors contributed equally to the conceptualization and writing of this article
and have read and agreed to the published version of the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the Sackler Foundation, the Korein Foundation, the Lewis and Dorothy
B. Cullman Program in Molecular Systematics at the AMNH and the National Institutes of Health (NIH R01
GM068657 and AI064588).

Acknowledgments: We thank Apurva Narechania for helping with the “Ithink” analyses.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Baptese, E.; Van Iersel, L.; Janke, A.; Kelchner, S.; Kelk, S.; McInerney, J.O.; Morrison, D.A.; Nakhleh, L.;
Steel, M.; Stougie, L.; et al. Networks: Expanding evolutionary thinking. Trends Genet. 2013, 29, 439–441.
[CrossRef] [PubMed]

2. Papale, F.; Saget, J.; Bapteste, É. Networks consolidate the core concepts of evolution by natural selection.
Trends Microbiol. 2020, 28, 254–265. [CrossRef] [PubMed]

3. Watson, A.K.; Habib, M.; Bapteste, É. Phylosystemics: Merging phylogenomics, systems biology, and ecology
to study evolution. Trends Microbiol. 2020, 28, 176–190. [CrossRef] [PubMed]

4. Watson, A.K.; Lannes, R.; Pathmanathan, J.S.; Méheust, R.; Karkar, S.; Colson, P.; Corel, E.; Lopez, P.;
Bapteste, É. The methodology behind network thinking: Graphs to analyze microbial complexity and
evolution. In Evolutionary Genomics; Anisimova, M., Ed.; Humana: New York, NY, USA, 2019; pp. 271–308.

5. Booth, A.; Mariscal, C.; Doolittle, W.F. The modern synthesis in the light of microbial genomics. Annu. Rev.
Microbiol. 2016, 70, 279–297. [CrossRef]

6. Bapteste, E.; Huneman, P. Towards a dynamic interaction network of life to unify and expand the evolutionary
theory. BMC Biol. 2018, 16, 56. [CrossRef]

7. Corel, E.; Lopez, P.; Méheust, R.; Bapteste, E. Network-thinking: Graphs to analyze microbial complexity
and evolution. Trends Microbiol. 2016, 24, 224–237. [CrossRef]

8. Morrison, D.A. Is the tree of life the best metaphor, model, or heuristic for phylogenetics? Syst. Biol. 2014, 63,
628–638. [CrossRef]

9. Doolittle, W.F.; Brunet, T. What is the tree of life? PLoS Genet. 2016, 12, e1005912. [CrossRef]
10. Puigbò, P.; Wolf, Y.I.; Koonin, E.V. Genome-wide comparative analysis of phylogenetic trees: The prokaryotic

forest of life. Methods Mol. Biol. 2012, 856, 53–79.
11. Koonin, E.V. Horizontal gene transfer: Essentiality and evolvability in prokaryotes, and roles in evolutionary

transitions. F1000Research 2016, 5. [CrossRef]
12. Doolittle, W.F. Eradicating typological thinking in prokaryotic systematics and evolution. Cold Spring Harb.

Symp. Quant. Biol. 2009, 74, 197–204. [CrossRef] [PubMed]
13. Martin, W.F. Early evolution without a tree of life. Biol. Direct. 2011, 6, 36. [CrossRef] [PubMed]
14. Hillis, D.; Huelsenbeck, J.; Swofford, D. Hobgoblin of phylogenetics? Nature 1994, 369, 363–364. [CrossRef]

[PubMed]

http://dx.doi.org/10.1016/j.tig.2013.05.007
http://www.ncbi.nlm.nih.gov/pubmed/23764187
http://dx.doi.org/10.1016/j.tim.2019.11.006
http://www.ncbi.nlm.nih.gov/pubmed/31866140
http://dx.doi.org/10.1016/j.tim.2019.10.011
http://www.ncbi.nlm.nih.gov/pubmed/31785987
http://dx.doi.org/10.1146/annurev-micro-102215-095456
http://dx.doi.org/10.1186/s12915-018-0531-6
http://dx.doi.org/10.1016/j.tim.2015.12.003
http://dx.doi.org/10.1093/sysbio/syu026
http://dx.doi.org/10.1371/journal.pgen.1005912
http://dx.doi.org/10.12688/f1000research.8737.1
http://dx.doi.org/10.1101/sqb.2009.74.002
http://www.ncbi.nlm.nih.gov/pubmed/19667014
http://dx.doi.org/10.1186/1745-6150-6-36
http://www.ncbi.nlm.nih.gov/pubmed/21714942
http://dx.doi.org/10.1038/369363a0
http://www.ncbi.nlm.nih.gov/pubmed/8196763


Microorganisms 2020, 8, 1179 11 of 14

15. Doolittle, W.F.; Bapteste, E. Pattern pluralism and the tree of life hypothesis. Proc. Natl. Acad. Sci. USA 2007,
104, 2043–2049. [CrossRef]

16. Doolittle, W.F. Phylogenetic classification and the universal tree. Science 1999, 284, 2124–2128. [CrossRef]
17. Bapteste, E.; Boucher, Y. Epistemological impacts of horizontal gene transfer on classification in microbiology.

In Horizontal Gene Transfer; Gogarten, M.B., Olendzenski, L., Gogarten, J.P., Eds.; Humana Press: Totowa, NJ,
USA, 2009; pp. 55–72.

18. Boucher, Y.; Bapteste, E. Revisiting the concept of lineage in prokaryotes: A phylogenetic perspective.
Bioessays 2009, 31, 526–536. [CrossRef]

19. Creevey, C.J.; Fitspatrick, D.A.; Philip, G.K.; Kinsella, R.J.; O’Connell, M.J.; Pentony, M.M.; Travers, S.A.;
Wilkinson, M.; McInerney, J.O. Does a tree-like phylogeny only exist at the tips in the prokaryotes? Proc. Biol.
Sci. 2004, 271, 2551. [CrossRef]

20. Bapteste, E.; Boucher, Y.; Leigh, J.; Doolittle, W.F. Phylogenetic reconstruction and lateral gene transfer. Trends
Microbiol. 2004, 12, 406–411. [CrossRef]

21. Koonin, E.V. Darwinian evolution in the light of genomics. Nucleic Acids Res. 2009, 37, 1011–1034. [CrossRef]
22. Kohn, D. Darwin’s keystone: The principle of divergence. In The Cambridge Companion to the “Origin of

Species”; Ruse, M., Richards, R.J., Eds.; Cambridge University Press: Cambridge, UK, 2009; pp. 242–278.
23. Mayr, E. Systematics and the Origin of Species, from the Viewpoint of a Zoologist; Harvard University Press:

Cambridge, MA, USA, 1942.
24. Huelsenbeck, J.P.; Rannala, B. Phylogenetic methods come of age: Testing hypotheses in an evolutionary

context. Science 1997, 276, 227–232. [CrossRef]
25. Planet, P.J. Tree disagreement: Measuring and testing incongruence in phylogenies. J. Biomed. Inform. 2006,

39, 86–102. [CrossRef] [PubMed]
26. Lienau, E.K.; DeSalle, R.; Allard, M.; Brown, E.W.; Swofford, D.; Rosenfeld, J.A.; Sarkar, I.N.; Planet, P.J.

The mega-matrix tree of life: Using genome-scale horizontal gene transfer and sequence evolution data as
information about the vertical history of life. Cladistics 2010, 27, 417–427. [CrossRef]

27. Doolittle, W.F.; Zhaxybayeva, O. On the origin of prokaryotic species. Genome Res. 2009, 19, 744. [CrossRef]
[PubMed]

28. Staley, J.T. Universal species concept: Pipe dream or a step toward unifying biology? J. Ind. Microbiol.
Biotechnol. 2009, 36, 1331–1336. [CrossRef] [PubMed]

29. Bobay, L.; Ochman, H. Biological species are universal across Life’s domains. Genome Biol. Evol. 2017, 9,
491–501. [CrossRef]

30. Jain, C.; Rodriguez, L.M.; Phillippy, A.M.; Konstantinidis, K.T.; Aluru, S. High throughput ANI analysis of
90K prokaryotic genomes reveals clear species boundaries. Nat. Commun. 2018, 9, 1–8. [CrossRef]

31. Zaneveld, J.R.; Nemergut, D.R.; Knight, R. Are all horizontal gene transfers created equal? Prospects for
mechanism-based studies of HGT patterns. Microbiology 2008, 154, 1–15. [CrossRef]

32. Davison, J. Genetic exchange between bacteria in the environment. Plasmid 1999, 42, 73–91. [CrossRef]
33. Beiko, R.G.; Harlow, T.J.; Ragan, M.A. Highways of gene sharing in prokaryotes. Proc. Natl. Acad. Sci. USA

2005, 102, 14332–14337. [CrossRef]
34. Wertz, J.E.; Goldstone, C.; Gordon, D.; Riley, M.A. A molecular phylogeny of enteric bacteria and implications

for a bacterial species concept. J. Evol. Biol. 2003, 16, 1236–1248. [CrossRef]
35. Lerat, E.; Daubin, V.; Ochman, H.; Moran, N.A. Evolutionary origins of genomic repertoires in bacteria. PLoS

Biol. 2005, 3, e130. [CrossRef] [PubMed]
36. Riley, M.A.; Lizotte-Waniewski, M. Population genomics and the bacterial species concept. In Horizontal

Gene Transfer; Gogarten, M.B., Olendzenski, L., Gogarten, J.P., Eds.; Humana Press: Totowa, NJ, USA, 2009;
pp. 367–377.

37. Glasner, J.D.; Perna, N.T. Comparative genomics of E. coli. Microbiol. Today 2004, 31, 125.
38. Mau, B.; Glasner, J.D.; Darling, A.E.; Perna, N.T. Genome-wide detection and analysis of homologous

recombination among sequenced strains of Escherichia coli. Genome Biol. 2006, 7, R44. [CrossRef] [PubMed]
39. Edwards, S.V.; Fertil, B.; Giron, A.; Deschavanne, P.J. A genomic schism in birds revealed by phylogenetic

analysis of DNA strings. Syst. Biol. 2002, 51, 599–613. [CrossRef]
40. Waterfield, N.R.; Daborn, P.J.; Dowling, A.J.; Yang, G.W.; Hares, M.; Ffrench-Constant, R.H. The insecticidal

toxin makes caterpillars floppy 2 (Mcf2) shows similarity to HrmA, an avirulence protein from a plant
pathogen. FEMS Microbiol. Lett. 2003, 229, 265–270. [CrossRef]

http://dx.doi.org/10.1073/pnas.0610699104
http://dx.doi.org/10.1126/science.284.5423.2124
http://dx.doi.org/10.1002/bies.200800216
http://dx.doi.org/10.1098/rspb.2004.2864
http://dx.doi.org/10.1016/j.tim.2004.07.002
http://dx.doi.org/10.1093/nar/gkp089
http://dx.doi.org/10.1126/science.276.5310.227
http://dx.doi.org/10.1016/j.jbi.2005.08.008
http://www.ncbi.nlm.nih.gov/pubmed/16243006
http://dx.doi.org/10.1111/j.1096-0031.2010.00337.x
http://dx.doi.org/10.1101/gr.086645.108
http://www.ncbi.nlm.nih.gov/pubmed/19411599
http://dx.doi.org/10.1007/s10295-009-0642-8
http://www.ncbi.nlm.nih.gov/pubmed/19779746
http://dx.doi.org/10.1093/gbe/evx026
http://dx.doi.org/10.1038/s41467-018-07641-9
http://dx.doi.org/10.1099/mic.0.2007/011833-0
http://dx.doi.org/10.1006/plas.1999.1421
http://dx.doi.org/10.1073/pnas.0504068102
http://dx.doi.org/10.1046/j.1420-9101.2003.00612.x
http://dx.doi.org/10.1371/journal.pbio.0030130
http://www.ncbi.nlm.nih.gov/pubmed/15799709
http://dx.doi.org/10.1186/gb-2006-7-5-r44
http://www.ncbi.nlm.nih.gov/pubmed/16737554
http://dx.doi.org/10.1080/10635150290102285
http://dx.doi.org/10.1016/S0378-1097(03)00846-2


Microorganisms 2020, 8, 1179 12 of 14

41. Coleman, M.L.; Sullivan, M.B.; Martiny, A.C.; Steglich, C.; Barry, K.; Delong, E.F.; Chisolm, S.W. Genomic
islands and the ecology and evolution of Prochlorococcus. Science 2006, 311, 1768–1770. [CrossRef]

42. Juhas, M.; Crook, D.W.; Dimopoulou, I.D.; Lunter, G.; Harding, R.M.; Ferguson, D.J.P.; Hood, D.W. Novel type
IV secretion system involved in propagation of genomic islands. J. Bacteriol. 2007, 189, 761–771. [CrossRef]

43. Brown, J.R.; Volker, C. Phylogeny of gamma proteobacteria: Resolution of one branch of the universal tree?
Bioessays 2004, 26, 463–468. [CrossRef]

44. Woodward, M.J.; Sojka, M.; Sprigings, K.A.; Humphrey, T.J. The role of SEF14 and SEF17 fimbriae in
the adherence of Salmonella enterica serotype Enteritidis to inanimate surfaces. J. Med. Microbiol. 2000, 49,
481–487. [CrossRef]

45. Godoy, D.; Randle, G.; Simpson, A.J.; Aanensen, D.M.; Pitt, T.L.; Kinoshita, R.; Spratt, B.G. Multilocus
sequence typing and evolutionary relationships among the causative agents of melioidosis and glanders,
Burkholderia pseudomallei and Burkholderia mallei. J. Clin. Microbiol. 2003, 41, 2068–2079. [CrossRef]

46. Thompson, F.L.; Gevers, D.; Thompson, C.C.; Dawyndt, P.; Naser, S.; Hoste, B.; Munn, C.B.; Swings, J.
Phylogeny and molecular identification of vibrios on the basis of multilocus sequence analysis. Appl. Environ.
Microbiol. 2005, 71, 5107–5115. [CrossRef] [PubMed]

47. Whitaker, R.J.; Grogan, D.W.; Taylor, J.W. Recombination shapes the natural population structure of
the hyperthermophilic archaeon Sulfolobusislandicus. Mol. Biol. Evol. 2005, 22, 2354–2361. [CrossRef]
[PubMed]

48. Lerat, E.; Daubin, V.; Moran, N.A. From gene trees to organismal phylogeny in prokaryotes: The case of
the gamma-Proteobacteria. PLoS Biol. 2003, 1, e19. [CrossRef]

49. Hanage, W.P.; Kaijalainen, T.; Herva, E.; Saukkoriipi, A.; Syrjanen, R.; Spratt, B.G. Using multilocus sequence
data to define the pneumococcus. J. Bacteriol. 2005, 187, 6223–6230. [CrossRef] [PubMed]

50. Popoff, M.Y.; Kersters, K.; Kiredjian, M.; Miras, I.; Coynault, C. Taxonomic position of Agrobacterium strains
of hospital origin. Ann. Microbiol. (Paris) 1984, 135A, 427–442.

51. Mougel, C.; Thioulouse, J.; Perriere, G.; Nesme, X. A mathematical method for determining genome
divergence and species delineation using AFLP. Int. J. Syst. Evol. Microbiol. 2002, 52, 573–586. [CrossRef]

52. Portier, P.; Saux, M.F.; Mougel, C.; Lerondelle, C.; Chapulliot, D.; Thioulouse, J.; Nesme, X. Identification of
genomic species in Agrobacterium biovar 1 by AFLP genomic markers. Appl. Environ. Microbiol. 2006, 72,
7123–7131. [CrossRef]

53. Majewski, J. Sexual isolation in bacteria. FEMS Microbiol. Lett. 2001, 199, 161–169. [CrossRef]
54. Konstantinidis, K.T.; Tiedje, J.M. Trends between gene content and genome size in prokaryotic species with

larger genomes. Proc. Natl. Acad. Sci. USA 2004, 101, 3160–3165. [CrossRef]
55. Mysara, M.; Vandamme, P.; Props, R.; Kerckhof, F.; Leys, N.; Boon, N.; Raes, J.; Monsieurs, P. Reconciliation

between operational taxonomic units and species boundaries. FEMS Microbiol. Ecol. 2017, 93. [CrossRef]
56. Venter, S.N.; Palmer, M.; Beukes, C.W.; Chan, W.Y.; Shin, G.; van Zyl, E.; Seale, T.; Coutinho, T.A.;

Steenkamp, E.T. Practically delineating bacterial species with genealogical concordance. Antonie Van
Leeuwenhoek 2017, 110, 1311–1325. [CrossRef] [PubMed]

57. Haber, M.H. Species in the Age of Discordance. Philos. Theory Pract. Biol. 2019, 11. [CrossRef]
58. Lean, C.H. Biodiversity realism: Preserving the tree of life. Biol. Philos. 2017, 32, 1083–1103. [CrossRef]
59. Suárez, J. Bacterial species pluralism in the light of medicine and endosymbiosis. THEORIA. Rev. Teoría Hist.

Fundam. Cienc. 2016, 31, 91–105.
60. Lienau, E.K.; DeSalle, R. Evidence, content and corroboration and the Tree of Life. Acta Biotheor. 2007, 57,

187. [CrossRef] [PubMed]
61. Maddison, W. Reconstructing character evolution on polytomous cladograms. Cladistics 1989, 5, 365–377.

[CrossRef]
62. Bapteste, E.; Boucher, Y. Lateral gene transfer challenges principles of microbial systematics. Trends Microbiol.

2008, 16, 200–207. [CrossRef]
63. Velasco, J.D.; Sober, E. Testing for treeness: Lateral gene transfer, phylogenetic inference, and model selection.

Biol. Philos. 2010, 25, 675–687. [CrossRef]
64. Degnan, J.H.; Rosenberg, N.A. Discordance of species trees with their most likely gene trees. PLoS Genet.

2006, 2, 762–768. [CrossRef]
65. Degnan, J.H.; Salter, L.A. Gene tree distributions under the coalescent process. Evolution 2005, 59, 24–37.

[CrossRef]

http://dx.doi.org/10.1126/science.1122050
http://dx.doi.org/10.1128/JB.01327-06
http://dx.doi.org/10.1002/bies.20030
http://dx.doi.org/10.1099/0022-1317-49-5-481
http://dx.doi.org/10.1128/JCM.41.5.2068-2079.2003
http://dx.doi.org/10.1128/AEM.71.9.5107-5115.2005
http://www.ncbi.nlm.nih.gov/pubmed/16151093
http://dx.doi.org/10.1093/molbev/msi233
http://www.ncbi.nlm.nih.gov/pubmed/16093568
http://dx.doi.org/10.1371/journal.pbio.0000019
http://dx.doi.org/10.1128/JB.187.17.6223-6230.2005
http://www.ncbi.nlm.nih.gov/pubmed/16109964
http://dx.doi.org/10.1099/00207713-52-2-573
http://dx.doi.org/10.1128/AEM.00018-06
http://dx.doi.org/10.1111/j.1574-6968.2001.tb10668.x
http://dx.doi.org/10.1073/pnas.0308653100
http://dx.doi.org/10.1093/femsec/fix029
http://dx.doi.org/10.1007/s10482-017-0869-8
http://www.ncbi.nlm.nih.gov/pubmed/28393289
http://dx.doi.org/10.3998/ptpbio.16039257.0011.021
http://dx.doi.org/10.1007/s10539-017-9592-0
http://dx.doi.org/10.1007/s10441-008-9066-5
http://www.ncbi.nlm.nih.gov/pubmed/19015816
http://dx.doi.org/10.1111/j.1096-0031.1989.tb00569.x
http://dx.doi.org/10.1016/j.tim.2008.02.005
http://dx.doi.org/10.1007/s10539-010-9222-6
http://dx.doi.org/10.1371/journal.pgen.0020068
http://dx.doi.org/10.1111/j.0014-3820.2005.tb00891.x


Microorganisms 2020, 8, 1179 13 of 14

66. Kubatko, L.S.; Degnan, J.H. Inconsistency of phylogenetic estimates from concatenated data under coalescence.
Syst. Biol. 2007, 56, 17–24. [CrossRef] [PubMed]

67. Katoh, K.; Misawa, K.; Kuma, K.; Miyata, T. MAFFT: A novel method for rapid multiple sequence alignment
based on fast Fourier transform. Nucleic Acids Res. 2002, 14, 3059–3066. [CrossRef] [PubMed]

68. Swofford, D.L. PAUP*. Phylogenetic Analysis Using Parsimony (* and Other Methods); Sinauer Associates:
Sunderland, MA, USA, 2003.

69. Lienau, E.K.; DeSalle, R.; Rosenfeld, J.; Planet, P.J. Reciprocal illumination in the gene content ToL. Syst. Biol.
2006, 55, 441. [CrossRef] [PubMed]

70. Wu, D.; Hugenholtz, P.; Mavromatis, K.; Pukall, R.; Dalin, E.; Ivanova, N.N.; Kunin, V.; Goodwin, L.; Wu, M.;
Tindall, B.J.; et al. A phylogeny-driven genomic encyclopedia of Bacteria and Archaea. Nature 2009, 462,
1056–1060. [CrossRef] [PubMed]

71. Abby, S.; Tannier, E.; Gouy, M.; Daubin, V. Lateral gene transfer as a support for the tree of life. Proc. Natl.
Acad. Sci. USA 2012, 109, 4962–4967. [CrossRef]

72. Rinke, C.; Schwientek, P.; Sczyrba, A.; Ivanova, N.N.; Anderson, I.J.; Cheng, J.-F.; Darling, A.; Malfatti, S.;
Swan, B.K.; Gies, E.A.; et al. Insights into the phylogeny and coding potential of microbial dark matter.
Nature 2013, 499, 431–437. [CrossRef]

73. Rokas, A.; Williams, B.L.; King, N.; Carroll, S.B. Genome-scale approaches to resolving incongruence in
molecular phylogenies. Nature 2003, 425, 798–804. [CrossRef]

74. Yu, Y.; Degnan, J.H.; Nakhleh, L. The probability of a gene tree topology within a phylogenetic network with
applications to hybridization detection. PLoS Genet. 2012, 8, e1002660. [CrossRef]

75. Gatesy, J. How many genes should a systematist sample? Conflicting insights from a phylogenomic matrix
characterized by replicated incongruence. Syst. Biol. 2007, 56, 355–363. [CrossRef]

76. Gatesy, J.; Baker, R.H. Hidden likelihood support in genomic data: Can forty-five wrongs make a right? Syst.
Biol. 2005, 54, 483–492. [CrossRef]

77. Rosenfeld, J.A.; Payne, A.; DeSalle, R. Random roots and lineage sorting. Mol. Phylogenetics Evol. 2012, 64,
12–20. [CrossRef] [PubMed]

78. Barrett, M.; Donoghue, M.J.; Sober, E. Against consensus. Syst. Zool. 1991, 40, 486–493. [CrossRef]
79. Gatesy, J.; O’Grady, P.; Baker, R.H. Corroboration among data sets in simultaneous analysis: Hidden support

for phylogenetic relationships among higher level artiodactyl taxa. Cladistics 1999, 15, 271–313. [CrossRef]
80. Sánchez-Pacheco, S.J.; Kong, S.; Pulido-Santacruz, P.; Murphy, R.W.; Kubatko, L. Median-joining network

analysis of SARS-CoV-2 genomes is neither phylogenetic nor evolutionary. Proc. Natl. Acad. Sci. USA 2020,
117, 12518–12519. [CrossRef] [PubMed]

81. Kong, S.; Sánchez-Pacheco, S.J.; Murphy, R.W. On the use of median-joining networks in evolutionary biology.
Cladistics 2016, 32, 691–699. [CrossRef]

82. Gogarten, J.; Townsend, J. Horizontal gene transfer, genome innovation and evolution. Nat. Rev. Microbiol.
2005, 3, 679–687. [CrossRef]

83. DeSalle, R. The Twin Phylogenomic Challenges. In Darwin Evolution and Life; NIBR Symposium: Inchon,
Korea, 2009; pp. 23–30.

84. Zamani-Dahaj, S.A.; Okasha, M.; Kosakowski, J.; Higgs, P.G. Estimating the frequency of horizontal gene
transfer using phylogenetic models of gene gain and loss. Mol. Biol. Evol. 2016, 33, 1843–1857. [CrossRef]

85. Davín, A.A.; Tannier, E.; Williams, T.A.; Boussau, B.; Daubin, V.; Szöllősi, G.J. Gene transfers can date the tree
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