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Abstract

Phylogenetic reconciliation has emerged as a principled, highly effective technique for

investigating the origin, spread, and evolutionary history of microbial gene families.

Proper application of phylogenetic reconciliation requires a clear understanding of po-

tential pitfalls and sources of error, and knowledge of the most effective reconciliation-

based tools and protocols to use to maximize accuracy. In this book chapter, we provide

a brief overview of Duplication-Transfer-Loss (DTL) reconciliation, the standard rec-

onciliation model used to study microbial gene families, and provide a step-by-step

computational protocol to maximize the accuracy of DTL reconciliation and minimize

false-positive evolutionary inferences.

Keywords: Gene family evolution, phylogenetic reconciliation, horizontal gene

transfer, RANGER-DTL

1

PREPRINT



2 Mukul S. Bansal

1 Introduction

Microbes, i.e., prokaryotes and single-celled eukaryotes, are the most ancient and most

abundant life forms on earth and play a fundamental role in shaping and sustaining the

biosphere. Understanding microbial evolutionary processes and inferring the evolu-

tionary histories of microbial genes and genomes is therefore crucial to understanding

life on our planet. Microbial gene family evolution is driven by complex evolution-

ary processes such as speciation, gene duplication, gene loss, and, perhaps most im-

portantly, horizontal gene transfer (transfer for short). Figure 1 illustrates how these

processes shape the evolution and phylogenetic distribution of microbial gene families.

Duplication-Transfer-Loss (DTL) reconciliation is a well-developed and widely-used

computational technique for inferring the presence and impact of such evolutionary

processes in the evolutionary histories of microbial gene families [2, 3, 5, 8, 11, 12, 15,

18, 21, 24, 27, 35, 47, 48, 50, 52, 54, 56–58]. The detailed knowledge of gene family

evolution enabled by DTL reconciliation has many important biological applications

in evolutionary biology and comparative genomics; these include inference of transfer

events, dating gene birth, inference of orthologs, paralogs, and xenologs, reconstruc-

tion of ancestral microbial gene content, gene tree error-correction, and species tree

selection and dating.

DTL reconciliation involves the systematic comparison of a gene tree (i.e, a phy-

logeny showing the evolutionary relationships between genes of the chosen gene fam-

ily) with a corresponding species tree (i.e., a phylogeny showing the evolutionary rela-

tionships between the microbial species or strains included in the analysis). Algorithms

for DTL reconciliation work by reconciling any topological differences between the

two trees by invoking gene duplication, transfer, gene loss, and speciation. The end

result of DTL reconciliation is a mapping of the nodes of the gene tree to nodes (or

edges/branches) of the species tree, showing how the branches of the gene tree are em-

bedded within the branches of the species tree, as well as a labeling of each internal
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node of the gene tree as representing either a speciation, duplication, or transfer event.

This is illustrated in Figure 2.

To correctly apply DTL reconciliation, one requires a clear understanding of its

potential pitfalls and sources of error as well as knowledge of how to correctly interpret

its results. The purpose of this book chapter is to equip readers with knowledge about

some of the most effective tools and techniques for DTL reconciliation and to provide

a step-by-step computational protocol to maximize the accuracy of DTL reconciliation

and minimize false-positive evolutionary inferences.

The remainder of this book chapter is organized as follows. In the next section, we

review the three key software tools used in our proposed computational protocol. We

provide a step-by-step description of the computational protocol in Section 3. In Sec-

tion 4, we identify potential difficulties in applying the proposed protocol and discuss

further enhancements, best-practices, alternatives, and expected accuracy. Concluding

remarks appear in Section 5.

2 Description of software tools

Our proposed computational protocol for reconciling microbial gene families use three

key software tools, TreeFix-DTL [6], MAD [59], and RANGER-DTL 2.0 [5]. Next,

we briefly describe these tools and discuss how they work.

TreeFix-DTL: The accuracy of any reconciliation-based evolutionary inference de-

pends critically on the accuracy of the gene tree being reconciled. Since reconstructed

gene trees often have considerable topological uncertainty, e.g., due to insufficient in-

formation in gene family sequence alignments or short or long branches in the tree, it

is often necessary to error-correct gene trees using additional information prior to rec-

onciliation. This has led to the development of several species-tree-aware methods for

microbial gene tree reconstruction or error-correction [6,11,24,28,40,42,50]. TreeFix-

DTL [6] is one of the most effective such methods and can be used to error-correct a
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given maximum likelihood gene tree when a reasonable estimate of the species tree is

available. Specifically, TreeFix-DTL takes as input a maximum likelihood gene tree

(such as one constructed using RAxML [51]), the corresponding gene family align-

ment, and a rooted species tree, and uses tree search heuristics and statistical tests to

find an alternative, error-corrected gene tree whose likelihood is statistically equivalent

to that of the input gene tree but which has a lower DTL reconciliation cost against

the species tree. This tool has been rigorously tested and shown to be highly effec-

tive at improving gene tree accuracy and the accuracy of downstream evolutionary

inferences [6, 28]. TreeFix-DTL is open source and can be freely downloaded from:

https://www.cs.hmc.edu/˜yjw/software/treefix-dtl/

MAD: DTL reconciliation requires that both the gene tree and species tree being rec-

onciled are rooted. Since nearly all standard gene tree inference methods, including

RAxML and TreeFix-DTL, result in unrooted gene trees, it is necessary to root gene

trees prior to reconciliation. Minimal Ancestor Deviation (MAD) [59] is a phyloge-

netic rooting method that has been shown to work well for rooting microbial gene

trees [60]. MAD rooting works by calculating the mean relative deviation from the

molecular clock implied by each possible rooting of the unrooted gene tree, and root-

ing the gene tree at the edge that minimizes this relative deviation [59]. A software

implementation of MAD rooting can be freely downloaded from:

https://www.mikrobio.uni-kiel.de/de/ag-dagan/ressourcen

RANGER-DTL 2.0: Short for “Rapid ANalysis of Gene family Evolution using Rec-

onciliation – DTL” RANGER-DTL is a software package that implements various al-

gorithms related to DTL reconciliation [5]. RANGER-DTL is based on a parsimony-

based model of DTL reconciliation (see Section 4 for a discussion of other models) and

has been shown to be both highly accurate and highly efficient/scalable [2, 3, 5, 6, 27,

29, 30]. The RANGER-DTL 2.0 software package consists of several programs out of

which our suggested computational protocol makes use of the following two: Ranger-
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DTL and AggregateRanger. Among these, the program Ranger-DTL implements the

main, parsimony-based DTL reconciliation algorithm; it takes as input a rooted gene

tree, rooted species tree, and event costs for duplications, transfers, and losses, and

computes a most parsimonious reconciliation, i.e., one with minimum total cost for

all duplications, transfers, and losses invoked by the reconciliation. (Speciations are

treated as null events and have a cost of 0.) Since there can be multiple most parsimo-

nious reconciliations, each execution of Ranger-DTL on the same input may output a

different reconciliation, sampled uniformly at random from the space of all most par-

simonious reconciliations [3]. The program AggregateRanger is designed to merge

multiple reconciliations into a single, aggregate reconciliation. Specifically, Aggre-

gateRanger takes as input the output files created by executing Ranger-DTL multiple

times on the same gene tree and species tree and outputs a single combined reconcilia-

tion with support values for the inferred events and mappings. Thus, AggregateRanger

can be used to compute support values for individual events and mappings by account-

ing for reconciliation uncertainty due to the existence of multiple most parsimonious

reconciliations and use of alternative event cost assignments. RANGER-DTL 2.0 is

open source and can be freely downloaded from:

https://compbio.engr.uconn.edu/software/ranger-dtl/

Note that our protocol also makes use of some other, broadly used phylogenetic

tools such as RAxML [51] and ModelTest-NG [10].

3 Suggested computational protocol

The computational protocol consists of five sequential steps. For several of these steps,

we describe two variants of the protocol for that step: Variant-1 is suitable for large-

scale aggregate analyses over hundreds or thousands of gene families, while variant-2

is suitable for fine-grained evolutionary analysis of individual gene families. Thus,

variant-1 for any step is more scalable and computationally efficient but slightly less
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rigorous, while variant-2 is more computationally intensive but also more rigorous.

We assume that the specific species/strains to be included in the analysis have al-

ready been chosen and that genes from these chosen species/strains have already been

clustered into homologous gene families. We also assume that the gene/protein se-

quences in each gene family have been aligned using a high-quality multiple sequence

aligner [43].

We provide sample program execution commands for some of the steps below.

Note that these sample commands are for illustrative purposes only and researchers

applying the suggested protocol will need to appropriately modify these commands to

apply them to their own datasets.

3.1 Step 1: Species tree estimation

Meaningful application of DTL reconciliation depends on the ability to reconstruct one

or more credible and well-supported species trees. Despite the presence of extensive

horizontal gene transfer, it is widely accepted that microbial phylogenies representing

the evolution of microbial species do exist, even if individual genes from those species

do not share the same vertical history [19, 32, 39, 45]. As such, there are two main

approaches that are currently used for reconstructing microbial phylogenies. The first

approach is to use small-subunit ribosomal RNA (rRNA) genes, e.g., [44, 64], and the

second is to use a concatenated alignment of some core genes from the genomes of

interest, e.g., [9,31,38]. While both these approaches have their drawbacks [13,14,17,

22, 23, 33, 39] they are widely used to produce credible estimates of microbial species

trees. Some other genome-scale methods have also been proposed for microbial species

tree construction, e.g., [7, 49, 54, 63], but these have not been as widely used or tested.

Variant-1. This variant requires the careful reconstruction of only a single species

phylogeny. We suggest using either an rRNA based approach or core-gene concatenated-

alignment based approach, as described above, to construct a single, credible, well-
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supported species tree using established tools, such as RAxML [51], IQ-TREE [41]

and PhyML [20], and established best-practices. The resulting tree can be rooted using

standard approaches such as outgroup rooting [26, 36, 62] or MAD [59]. If the species

tree shows poor branch support values, e.g., bootstrap support scores below 70% for

a majority of internal nodes in the tree, then an alternative species tree reconstruction

approach may be needed.

Variant-2. For a more conservative analysis that takes into account inference error

due to species tree uncertainty, we suggest constructing two or more alternative species

trees using both an rRNA based approach and a core-gene concatenated-alignment

based approach. Other newer approaches for microbial species tree reconstruction,

some of which were cited above, may also be employed. As with variant-1, the goal is

to compute credible, well-supported species trees.

3.2 Step 2: Gene tree construction and error-correction

We suggest a two-step approach to constructing the gene trees to be used for DTL

reconciliation. Th first step is to infer gene trees using RAxML and the second is

to error-correct the RAxML gene trees using TreeFix-DTL. TreeFix-DTL is among

the most effective tools for microbial gene tree error-correction [6, 28] and has been

extensively evaluated and tested. TreeFix-DTL is also designed to work seamlessly

with RAxML; it uses RAxML under the hood to perform likelihood calculations and

therefore provides access to all sequence evolution models implemented in RAxML.

Variant-1. In this variant, we carefully construct a single gene tree representative

per gene family. We suggest using thorough search settings to first compute a good

RAxML tree. A sample RAxML command follows:

raxmlHPC -f a -x 12345 -p 12345 -s inputAlignment.fasta

-m PROTGAMMAJTT -# 100 -n raxmlTree
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In this command, the model of evolution, as specified using the -m option, would

need to be adjusted based on the type of sequence data used (nucleotide or amino acid)

and on the best fitting nucleotide or amino acid evolutionary model as suggested by a

tool such as ModelTest-NG [10]. In general, the PROTGAMMAJTT model often works

well for amino acid sequences and GTRGAMMAImodel often works well for nucleotide

sequences. The -f a option specifies the main algorithm that RaxML will execute,

-x and -p are used to specify arbitrary random seeds to be used during the search,

-s is used to specify the input sequence alignment file, -# controls the thoroughness

of the tree search heuristic, and -n specifies the suffix to be appended to the name

of each output file. Once the RAxML tree has been constructed, it must be further

error-corrected using TreeFix-DTL. The RAxML tree provided to TreeFix-DTL for

error-correction must be rooted. This rooting can be arbitrary and does not influence

TreeFix-DTL output. RaxML itself can be used to perform this rooting as follows:

raxmlHPC -f I -t geneFamily1.raxmlTree -m PROTGAMMAJTT

-n rooted

In the command above, the -f I option specifies that RaxML should root the

unrooted tree passed using the -t option.

The resulting tree can then be error-corrected using TreeFix-DTL using the follow-

ing sample command:

treefixDTL -s speciesTree.newick -S smap.txt -A .fasta

-o .raxmlTree.rooted -n .treefixDTL.tree

-e "-m PROTGAMMAJTT" -V1 -l treefixDTL.log

geneFamily1.raxmlTree.rooted

In this command, the -s option specifies the species tree, -S option specifies the

mapping from the leaves of the gene tree to the leaves of the species tree, -A is used

to specify the suffix of the sequence alignment file used to construct the RAxML gene

tree, -o is used to specify the suffix of the input rooted RAxML gene tree (i.e., the file
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name suffix of the tree to be error-corrected), -e is used to specify, within quotes, the

RAxML evolutionary model under which the input RAxML tree was constructed, -n

specifies the suffix to be appended to the name of the output file, -l species the name

of the log file, and the final argument specifies the input rooted RAxML gene tree to be

error-corrected. The output of this command is an error-corrected unrooted gene tree

in Newick format. A step-by-step tutorial that shows how to install TreeFix-DTL and

explains in greater detail how to use it is available from:

http://compbio.mit.edu/treefix/tutorial.html

See Note 1 for further discussion on controlling the thoroughness of TreeFix-DTL’s

tree search.

Variant-2. For a more thorough analysis of individual gene families, we suggest us-

ing at least 10 error-corrected gene trees per gene family. Using multiple gene trees

helps capture the uncertainty of gene tree construction and, depending on how recon-

ciliation results on these trees are interpreted, can help minimize both false-positive

and false-negative evolutionary inferences resulting from gene tree error/uncertainty.

These 10 (or more) error-corrected gene trees can be constructed using the proce-

dure given for Variant-1, but repeated 10 (or more) times using different random seeds

when using RAxML (-x and -p options). Such repetition can be easily automated

using simple scripting. For example, Bash scripting can be used to compute 10 initial

RAxML trees as follows:

for i in {1..1000}; do

raxmlHPC -f a -x $i -p $i -s inputAlignment.fasta

-m PROTGAMMAJTT -# 100 -n "$i".raxmlTree

done
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3.3 Step 3: Gene tree rooting

DTL reconciliation requires gene trees to be rooted. Since the result of the previous

step is one (or more) unrooted error-corrected gene trees, they must first be rooted.

MAD rooting [59] has been shown to be among the most accurate methods for root-

ing microbial gene trees [60]. The unrooted error-corrected gene tree resulting from the

previous step (after applying TreeFix-DTL) does not have branch lengths. Thus, prior

to using MAD to root the error-corrected gene trees, one must recompute/reoptimize

branch lengths on each gene tree using its original gene family alignment and the same

evolutionary model used with RAxML and TreeFix-DTL. This can be easily done us-

ing RAxML. A sample command follows:

raxmlHPC -f e -t geneFamily1.treefixDTL.tree -s

geneFamily1.fasta -n branchLengths -m PROTGAMMAJTT

MAD can now be easily used to root the resulting gene trees with branch lengths.

A sample command follows:

mad geneFamily1.treefixDTL.tree.branchLengths -n

See Note 2 for a discussion on an alternative rooting method, DTL rooting, that has

been shown to work even better than MAD under certain conditions, and Note 3 for a

discussion on gene tree rooting versus species tree rooting.

3.4 Step 4: DTL reconciliation

Once the final, rooted gene tree(s) and species tree(s) are available, it is easy to perform

DTL reconciliation. As explained in Section 2, each execution of Ranger-DTL com-

putes one optimal DTL reconciliation, sampled uniformly at random from the space of

all optimal DTL reconciliations for the given gene tree species tree pair. To adequately

sample the diversity of possible optimal reconciliations, we therefore recommend exe-

cuting Ranger-DTL 100 times per gene tree/species tree pair and aggregating over the

resulting 100 reconciliations.
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Variant-1. For each distinct gene tree species tree pair, the first step is to use Ranger-

DTL to compute the 100 reconciliations and save the resulting output files in a separate

directory, and the second step is to use AggregateRanger to create a single reconcilia-

tion output aggregating the 100 individual reconciliations. It is important to make sure

that the leaf labels on the input gene tree and species tree are in accordance with the

format required by Ranger-DTL (see Note 4) and that the species tree and gene tree to

be reconciled are placed in the same input file (species tree on line 1, gene tree on line

2). Once the input file is in the correct format, the following sample Bash script can be

used to automatically run Ranger-DTL 100 times and then run AggrerateRanger. We

assume that a directory named “geneFamily1 reconciliation” has been created to save

the resulting output files.

for i in {1..100}; do

Ranger-DTL --seed $i -i inputFile.newick -o

geneFamily1 recon/rangerOutput$i

done

AggregateRanger geneFamily1 recon/rangerOutput >>

geneFamily1 AggregateOutput.txt

For Ranger-DTL, the --seed command is used to specify a starting seed for

the random number generator (see Note 5), -i specifies the input file containing the

species tree and rooted gene tree, and -o specifies where the resulting reconciliation

output should be saved. For AggregateRanger, the first argument specifies the path to

and prefix of the 100 reconciliation files to be aggregated, and the >> is used to redirect

the output to the specified file.

This script can be easily extended to compute individual “AggregateOutput.txt”

files for multiple gene trees per gene family, multiple gene families, and/or multi-

ple species trees through the use of additional nested for loops and variables. The

RANGER-DTL 2.0 software package includes a sample Bash script file showing how
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to automate the analysis of multiple gene families.

Variant-2. In the above analysis, we use default event costs of 2, 3, and 1 for du-

plication, transfer, and loss events, respectively. While these costs have been shown

to work well in practice, for a more thorough analysis it may be desirable to use two

or more different event cost settings and aggregate over the results. We suggest using

default cost values for duplications and losses, but two different costs, 3 and 4, for

transfer events. To perform such an analysis, the Bash script from variant-1 above can

be slightly modified as follows:

for i in {1..50}; do

Ranger-DTL --seed $i -i inputFile.newick -o

geneFamily1 recon/rangerOutput$i

done

for i in {51..100}; do

Ranger-DTL --seed $i -T 4 -i inputFile.newick -o

geneFamily1 recon/rangerOutput$i

done

AggregateRanger geneFamily1 recon/rangerOutput >>

geneFamily1 AggregateOutput.txt

Note that, since the gene tree species tree pair remains the same, a single run of

AggregateRanger is able to aggregate over the reconciliations computed with different

event costs. See Note 6 for further discussion on customizing event costs and on pos-

sible use of distance dependant transfer costs and Note 7 for discussion on a variant of

Ranger-DTL that can account for unsampled or extinct lineages during reconciliation.

3.5 Step 5: Interpreting reconciliation output

Each run of Ranger-DTL outputs a text file showing an optimal reconciliation of the

input gene tree and species tree. This reconciliation shows the mapping and event type
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for each node of the gene tree to a node of the species tree. Figure 3 shows the output

of running Ranger-DTL on the gene tree and species tree shown in Figure 1. Observe

that the reconciliation in Figure 3, as output by Ranger-DTL, corresponds exactly to

the reconciliation shown in Figure 2. We also note that, even though each gene tree

is mapped to node of the species tree, the interpretation for gene tree nodes labeled as

duplications or transfers is that they map to the parent edge of the mapped species node

(i.e., those evolutionary events occurred somewhere along the parent edge).

There are often a very large number of optimal reconciliations, each slightly differ-

ent, for any given gene tree species tree pair. The aggregate reconciliation computed

via AggregateRanger can be very useful whenever multiple optimal reconciliations ex-

ist. In such cases, the aggregate reconciliation can be used to easily identify those

aspects of the reconciliation that are either fully or largely conserved across all optimal

reconciliations. For example, for the gene tree and species tree of Figure 1, there ex-

ists one other equally optimal reconciliation (invoking only two transfer events) when

using default event costs. Figure 4 shows the output of running AggregateRanger on

100 optimal reconciliation samples for that gene tree species tree pair. This output

can be easily used to infer that 5 out of the 6 internal nodes of the gene tree are always

mapped consistently across all (only two in this case) optimal reconciliations and that 4

out of the 6 nodes consistently have the same event assignment. In general, it has been

observed that, on biological datasets, over 90% of events and over 70% of mappings

are inferred consistently (i.e., identically) across all sampled reconciliations [4, 48].

See Note 8 for a discussion on the accuracy of events and mappings inferred by DTL

reconciliation.

When using multiple gene trees per gene family, it may be appropriate to trust only

those evolutionary inferences that are fully supported by reconciliations for all or most

of the gene trees for that gene family.

If the goal of the reconciliation analysis is to infer transfer events on the species
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tree, then the aggregate reconciliation files are not useful. Instead, users should write

a simple script to extract all those lines in individual Ranger-DTL output files that

correspond to transfer events. Once all such transfer events have been extracted from all

100 reconciliation samples for each of the gene trees for that gene family, simple post-

processing based on the “Mapping” and “Recipient” for each transfer event will yield

all distinct transfers of that gene family on the species tree, along with their support

values. Transfer events with high support values (i.e., those that are present in all or

most of the individual reconciliation files for that gene family) are likely to be correct.

Since inference of transfers is highly sensitive to error in the species tree topology, it

is beneficial to use multiple species tree candidates and compare the transfers inferred

for each.

In some cases it may be useful to visually see the embedding of the gene tree inside

the species tree as implied by a computed reconciliation. The reconciliation output

from Ranger-DTL can be converted into the standard RecPhyloXML format [16] for

DTL reconciliations using the RangerToXML tool available from https://compbio.

engr.uconn.edu/software/ranger-dtl/. The converted output can then

be visualised using the tool available from http://phylariane.univ-lyon1.

fr/recphyloxml/recphylovisu.

4 Notes

1. Adjusting Treefix-DTL thoroughness. TreeFix-DTL uses a local-search based

heuristic approach to search through the space of candidate gene tree topolo-

gies. By default, TreeFix-DTL executes 1000 iterations/steps of this local search

heuristic. This has been shown to provide a good trade-off between speed and

accuracy for gene trees with up to a few hundred leaves [6]. If even greater accu-

racy is needed, or if the gene tree has more than a few hundred leaves (say greater

than 400), then it may be desirable to increase the number of search iterations
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to, say, 3000 to 5000 using the --niter option. In general, a run of TreeFix-

DTL with default parameters takes about 3 times as long as the corresponding

RAxML run, and increasing the number of search iteration will correspondingly

increase running time.

2. Alternative gene tree rooting approaches. DTL rooting, implemented in the Op-

tRoot program of RANGER-DTL 2.0 [5], is a technique for rooting gene trees

that has been shown to be more accurate than MAD rooting under certain condi-

tions [60]. DTL rooting works by considering all possible rootings of the given

unrooted gene tree and finding those rootings that have minimum total DTL rec-

onciliation cost. DTL rooting works very well (especially when a higher-than-

default transfer cost is used) when the rate of transfers is low and the gene tree is

relatively error-free, but accuracy degrades rapidly as the prevalence of transfers

increases and/or gene trees become more error prone [60]. Thus, DTL rooting

can be used in place of MAD rooting whenever gene trees are of high quality and

the number of transfer events on the gene tree being rooted is, roughly speaking,

no more than one-tenth the number of leaves in that gene tree. A sample com-

mand to perform DTL rooting appears below:

OptRoot -T 5 -r -i geneFamily1.treefixDTL.tree

Another recently developed phylogenetic tree rooting method, Minimum Vari-

ance (MV) rooting [37], has also been shown to have rooting accuracy almost

equivalent to that of MAD on microbial gene families [60].

MAD rooting and MV rooting both use estimated branch lengths on the input

unrooted tree to estimate the most likely root position. However, branch lengths

are affected by substitution rate variation along tree edges, which can mislead

methods like MAD and MV rooting that depend on branch lengths to estimate

root positions. Branch lengths can also be difficult to infer accurately, further af-

fecting the accuracy of these methods. DTL rooting ignores branch lengths and
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only use the topology of the input gene tree, along with a rooted species tree, for

root identification. Thus, DTL rooting is not misled by substitution rate variation

or errors in branch length estimation. However, as described above, DTL recon-

ciliation has been shown to be sensitive to topological errors in the gene tree and

to increasing rates of transfer events. MAD rooting and MV rooting, on the other

hand, are sensitive to substitution rate variation but have been shown to be quite

robust to gene tree reconstruction error and to increasing rates of evolutionary

events [60].

3. Gene tree rooting versus species tree rooting. Rooting methods that are based on

finding the “middle point” or “center” of a phylogenetic tree based on its branch

lengths, such as MAD and MV rooting, can be applied to both gene trees and

species trees. In contrast, some rooting methods are primarily or exclusively

applicable either to gene trees or to species trees. Such methods include DTL

rooting, which is designed exclusively for gene tree rooting (see Note 2), and the

widely-used outgroup rooting approach [26, 36, 62], which is primarily intended

for species tree rooting.

4. Ranger-DTL input format. The species tree and gene tree must both be rooted

and binary, and leaf labels in the gene and species tree must follow the specific

format specified in the user manual for RANGER-DTL 2.0. Internal nodes of

the gene and species trees should not be labeled. Branch lengths are allowed,

but are not used. Most unexpected errors related to the input are caused by the

presence of non-numeric characters (such as ‘e’) that can sometimes be present

in branch lengths; we therefore recommend stripping species trees and gene trees

of branch lengths prior to using them with Ranger-DTL.

5. Random seeds for Ranger-DTL. Ranger-DTL uses system time at the resolu-

tion of 1 second as seed for the random number generator. Thus, if multiple

instances of Ranger-DTL are executed within the same second then they will re-
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sult in identical output reconciliations. Thus, we suggest explicitly specifying a

different random seed, as shown in the sample command, for each execution of

Ranger-DTL on the same gene tree species tree pair.

6. Ranger-DTL event costs and distance dependant transfer costs. Event costs can

be adjusted to customize the reconciliation analysis to the specific characteristics

of the dataset being analyzed. We suggest keeping loss and duplication costs at

their default values of 1 and 2, respectively. The default transfer cost of 3 has

been shown to work well for microbial gene families, but this cost can be in-

creased to 4 or even greater if gene duplication is expected to play a significant

role in the evolutionary history of the gene family being analyzed. In essence,

higher transfer costs lead to greater utilization of gene duplication and loss as a

mechanism to explain gene tree species tree discordance. Ranger-DTL also al-

lows for the use of distance dependant transfer costs. This is meant to capture the

reality that transfer generally occurs more easily and frequently between more

closely related species than between more distantly related ones. Thus, it may

make sense to assign a lower cost to tansfers between closely related species and

higher costs to transfers between distantly related ones. Ranger-DTL provides

two different schemes for using such distance-based transfer costs and we re-

fer interested users to the user manual for RANGER-DTL 2.0. We point out,

however, that the impact of using distance-based transfer costs has not been sys-

tematically studied.

7. Accounting for extinct and unsampled lineages. A species tree represents the

evolutionary history of a collection of sampled extant species/strains and does

not capture the evolutionary history of those lineages, present within that clade,

that were either not sampled or that have gone extinct. It is reasonable to expect

that such extinct and unsampled species/strains may have engaged in horizontal

gene transfer with the species lineages represented on the species tree. In other

PREPRINT



18 Mukul S. Bansal

words, extinct and unsampled species lineages may have affected the evolution-

ary history of the gene family under consideration. However, most existing mod-

els and implementations of DTL reconciliation, including RANGER-DTL 2.0,

do not consider the potential impact of unsampled or extinct species lineages

on gene family evolution. There have been efforts to address this limitation

by explicitly accounting for unsampled/extinct lineages during DTL reconcili-

ation [24, 56, 61]. Such approaches are based on augmenting the species tree

with one or more branches representing unsampled and extinct species lineages,

and allowing these lineages to engage in transfer events. While promising, these

approaches have not yet been thoroughly tested and a preliminary study using

simulated data suggests that accounting for unsampled/extinct lineages may not

lead to an overall improvement in reconciliation accuracy. Nonetheless, a proto-

type version of Ranger-DTL that accounts for extinct/unsampled lineages [61],

called Ranger-DTLx is available from https://compbio.engr.uconn.

edu/ranger-dtlx/.

8. Accuracy of DTL reconciliation. The DTL reconciliation model implemented

in Ranger-DTL has been shown to be highly accurate, even under high rates of

evolutionary events, when error-free (i.e., topologically correct) gene trees and

species trees are used [5, 6, 29]. Recall that DTL reconciliation labels each in-

ternal node of the gene tree with a mapping to a node of the species tree and an

event type (speciation, duplication, or transfer). When considering event type

accuracy, these previous studies have found that speciations and transfers are

identified with well over 90% accuracy, and duplications with about 85% accu-

racy, even with high rates of DTL events. When considering mapping accuracy,

these studies have found that gene tree nodes labeled as speciation or duplication

have a mapping accuracy of well over 90%, even at high rates of DTL events.

Mappings for gene tree nodes labeled as transfer events have been found to be
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more sensitive to DTL event rates, with mapping accuracy decreasing from about

90% at low DTL rates to about 75% for high DTL rates. As expected, accuracy

decreases when the gene trees being reconciled have reconstruction error [6],

with both precision and sensitivity decreasing by about 20% for transfers and by

smaller amounts for speciations and duplications [6].

5 Conclusion

A detailed understanding of the evolutionary histories of gene families, their spread

through horizontal transfer and vertical inheritance, and their relationship to species

evolution has many applications in evolutionary biology and comparative genomics.

This book chapter provides a step-by-step computational protocol for investigating

such questions through the proper application of DTL reconciliation. A defining fea-

ture of the suggested computational protocol is its focus on controlling false-positive

evolutionary inferences through proper reconstruction of species trees and gene trees

and explicit accounting of different sources of inference error and uncertainty. While

this protocol is designed around the use of some specific tools, such as RAxML and

TreeFix-DTL for gene tree construction and error-correction, MAD for gene tree root-

ing, and RANGER-DTL 2.0 for DTL reconciliation, there are also other tools that

may be appropriate to use as replacements for one or more steps of the overall proto-

col. For example, Minimum Variance Rooting [37] could be used in place of MAD

rooting for rooting gene trees [37, 60] and other popular maximum likelihood based

phylogeny inference tools, such as PhyML [20] and IQTree [41] could be used in place

of RAxML. Several alternative approaches also exist for gene tree error-correction, in-

cluding ALE [55], ecceTERA [24, 47], TreeSolve [28], GeneRax [40], and some of

these may be appropriate to use instead of TreeFix-DTL, especially if the scalability of

TreeFix-DTL becomes a bottleneck. Some probabilistic models of gene family evolu-

tion, e.g., [50], can also simultaneously reconstruct gene trees and their reconciliations,
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though such models are highly computationally intensive and can only be applied to

small datasets. Many different models and software packages also exist for perform-

ing DTL reconciliation, with some based on parsimony [2, 3, 5, 8, 11, 12, 15, 18, 21,

24, 27, 35, 47, 48, 52, 57, 58] and some based on probabilistic models of gene family

evolution [50, 54–56]. Among these, models implemented in parsimony-based DTL

reconciliation software packages, such as NOTUNG [52], ecceTERA [24], and eM-

PRess [46], may be most compatible with the overall computational protocol described

in this chapter.

Existing models of DTL reconciliation have several limitations worth understand-

ing. Perhaps the most important limitation is that DTL reconciliation only models a

subset of the evolutionary events/phenomena that may have played a role in the evolu-

tion of the chosen gene family, likely leading to the inference of false-positive dupli-

cation, transfer, or loss events. While there has been some effort towards incorporating

further events in DTL reconciliation, e.g., [1, 29, 52], further modeling, development,

and testing may be needed before such models are mature enough for widespread use.

Another important limitation is that DTL reconciliation models consider gene families

as the “unit” of evolution and do not account for the scale of individual evolution-

ary events. More advanced reconciliation models that can consider both sub-gene and

multi-gene events, e.g., [25,34,53] will likely lead to improved reconciliation accuracy.
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Figure 1: Gene family evolution. This figure shows a possible evolutionary history of
some gene family G (middle) that evolves along the branches/lineages of the depicted
species tree S (left). The gene family G starts as a single gene in the ancestral species
represented by the root of S and evolves along the branches of the species tree where it
is affected by duplication, transfer, and loss events, in addition to speciation. The tree
on the right represents the gene tree topology for G that would result if one were to
use all extant homologous gene sequences from gene family G (i.e., all gene from G
present in species A, B, C, and D) and reconstruct a gene tree on those gene sequences.
The leaves labeled with lower-case letters in the gene tree represent genes sampled
from the corresponding upper-case species, e.g., genes a1 and a2 represent the two
genes from G present in species A.
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Figure 2: DTL reconciliation output. The two trees on the left are the rooted species
tree and rooted gene tree being reconciled. The tree on the right, within the red box,
depicts the result of applying DTL reconciliation to the trees on the left. Specifically,
DTL reconciliation labels each internal node of the gene tree with a mapping to a node
of the species tree and an event type (sp, du, and tr for speciation, duplication, and
transfer, respectively). The reconciliation also specifies the edges of the gene tree,
marked in bold orange, that represent transfer edges. These events and mappings show
how the gene tree may have evolved inside the species tree. The reconciliation (i.e.,
labeled gene tree) shown in this figure implies that gene family G evolved inside the
species tree as shown at the bottom.
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Figure 3: A screenshot of Ranger-DTL output. The screenshot shows the result of
reconciling the gene tree and species tree shown in Figure 1 using Ranger-DTL with
default event costs. The top 5 lines show the species tree and gene tree in Newick
format, with internal nodes labeled. The reconciliation block shows the event type and
mapping for each internal node of the gene tree. For transfer events, the mapping for
the recipient species is also given. This reconciliation is identical to the reconciliation
shown in Figure 2. The bottom 3 lines provide information about reconciliation cost,
total number of optimal reconciliations, and number of possible optimal mappings for
the root node of the gene tree.

Figure 4: Screenshot of AggregateRanger output. The screenshot shows the result
of running AggregateRanger on 100 optimal reconciliation samples for the gene tree
species tree pair of Figure 1. The aggregated reconciliation output shows that 5 out
of the 6 internal nodes of the gene tree are mapped consistently across all optimal
reconciliations and that 4 out of the 6 internal nodes are assigned consistent event
types. In other words, the mapping of one of the nodes, m3, is uncertain, and the event
types of two of the nodes, m2 and m3, are uncertain.
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