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ABSTRACT
Identifying orthologous genes continues to be an early and imperative step in genome

analysis but remains a challenging problem. While synteny (conservation of gene order) has
previously been used independently and in combination with other methods to identify orthologs,
applying synteny in ortholog identification has yet to be automated in a user-friendly manner.
This desire for automation and ease-of-use led me to develop OrthoRefine, a standalone program
that uses synteny to improve ortholog identification. OrthoRefine implements a look-around
window approach to detect synteny, which is used to distinguish orthologs from paralogs in
situations where other methods cannot separate paralogs from orthologs reliably. OrthoRefine,
applied as a postprocessing step to results obtained with other methods, was tested in tandem
with OrthoFinder, one of the most used software for identification of orthologs in recent years,
and OMA, an online database of orthologous genes. | evaluated improvements provided by
OrthoRefine in several datasets comprised of bacterial, eukaryotic, and archaeal genomes.
OrthoRefine efficiently eliminates paralogs from orthologous groups detected by OrthoFinder
and those obtained from OMA.. Using synteny increased specificity and functional ortholog
identification; additionally, analysis of BLAST e-values, phylogenetics, and operon occurrence

further supported using synteny for ortholog identification. A comparison of several window



sizes suggested that smaller window sizes (eight genes) were generally the most suitable for
identifying orthologs via synteny. However, larger windows (30 genes) performed better in
datasets containing less closely related genomes. A typical run of OrthoRefine with ~10 bacterial

genomes can be completed in a few minutes on a regular desktop PC.
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CHAPTER 1
INTRODUCTION

Discerning the evolutionary relationship between genes and genomes remains a
fundamental step in the search for answers to many biological questions. The need for accurate
assessment of evolutionary relationships among genes is inherent to many different tasks:
whether the goal is the construction of phylogenetic trees [1], using orthologs to infer the
unknown function of a hypothetical gene [2-5], constructing databases for functional and
comparative genomics [6, 7], verifying genome assemblies [8], or understanding the principles
of genome organization and evolution [9-11]. However, the accurate identification of
evolutionary relationships between genes can be confounded by evolutionary events, such as
gene or genome duplication, gene loss, and gene acquisition via horizontal gene transfer [12].
Furthermore, automating the ortholog identification process is challenging, although not
intractable [13].

In the context of gene history and comparisons, genes that evolved by divergence from a
shared ancestor are classified as homologs [1, 14]. (There is a story about the changing definition
of homolog starting with its introduction to scientific literature in 1848 by Owen; from “same
organ in different animals” to the context of genetic inheritance and whether the definition of
homolog relies on the definition of analogue [14-18] .) Gene homology can be further divided
into three types based on the events that allowed the genes to take different evolutionary paths:
1) orthologs diverged because of a speciation event, 2) paralogs diverged following a gene

duplication event [1], and 3) xenologs arose due to a horizontal gene transfer event [19]. To



relate gene duplication events with speciation events, paralogs can be further classified as
inparalogs, those that arose from a duplication event after the speciation event, and outparalogs,
when the duplication event preceded the speciation event [20].

Paralogs arise from a gene duplication event that creates a second copy of a gene in the
genome, which can lead to several different outcomes. The most common result, non-
functionalization, is that one of the copies is lost via direct deletion or deleterious mutation [21-
23]. Alternatively, both copies of the gene can be retained resulting in either
subfunctionalization, neofunctionalization, or superfunctionalization. Subfunctionalization
occurs when the duplicated gene(s) becomes more specialized in function [24]. This functional
divergence is facilitated by a reduced selective constraint on the duplicate copies of the gene and
may take different forms [24, 25]. For example, promiscuous enzymes (those that catalyze the
same chemical reaction but on different substrates) can become specialized to one particular
substrate, or the genes’ regulation is differentiated by placing the copies under the control of
different regulatory elements [26]. In neofunctionalization, the reduced selective constraints
allow one of the post-duplication genes to evolve a new function while the other gene maintains
the original function [27]. In some instances, the organism might benefit from maintaining both
copies of the gene without further divergence. This is sometimes referred to as
superfunctionalization [28], and the fitness benefit comes from the increased synthesis rate of the
gene’s product; a typical example is multiple copies of rRNA genes commonly present in
genomes of fast-growing bacteria [29-31].

While all genes experience genetic changes, orthologs tend to retain the function of the
shared ancestral gene more often than paralogs [25, 32]; this property of orthologs is routinely

used to predict functions of genes that are yet to be experimentally characterized. In the early



days of genome sequencing, a gene with an unknown function would be compared to a database
of known genes (via pairwise alignments of the protein amino acid sequences) and assigned the
function of the closest match [3, 4]. However, this led to a propagation of errors, and modern
methods replaced pairwise gene-to-gene comparisons with an ensemble approach, typically
utilizing hidden Markov models [33-35].

An additional application of gene orthology is in phylogenetics where, in general, the
goal is to elucidate the evolutionary relationship or history between genetic units (genes,
proteins, or genomes). Under a strict interpretation of an alignment, the aligned data are expected
to have an orthologous relationship [1, 19, 36-39]. Including paralogs in the alignment is thought
to reduce the accuracy of a phylogenetic tree derived from the alignments [19, 37, 40]. However,
recent research suggests that the negative effect of including paralogs may be less significant
than previously thought [41-43]. Another application of gene orthology is in judging the quality
of de novo genome assemblies by verifying that they have the expected single-copy orthologs
present in other related species [8]. Regardless of the application, the core assumption is that
orthologous genes tend to retain their function after divergence, which is less likely for paralogs
or xenologs.

Current informatics-based methods for the identification of orthologs are rooted in either
phylogenetics, as is the case with Ortholuge which compares ratios of phylogenetic distances
between ingroups and an outgroup to improve the accuracy of prior ortholog identification [44],
or reciprocal best hit (RBH) via BLAST (or another sequence alignment tool) combined with a
clustering algorithm — e.g., OrthoMCL performs Markov clustering on RBH results [45]. Other
ortholog identification programs include OrthoLoger [46], TreeFam [47], and InParanoid [48].

However, the original software that implemented these methods is generally no longer functional



on present-day computers and operating systems due to dependencies on obsolete versions of
software components or the software is challenging to set up and use [49].

An alternative but often not an ideal solution for the identification of orthologs is to use
one of several available databases of orthologous genes, such as OrthoDB [50], eggNOG [51],
PANTHER [52], or OMA [53]. This solution requires that the database contains information on
the genome of interest and that the data from the database is in an accessible format that can be
used for analysis. In addition, the databases generally do not allow changing the parameters of
the algorithm used to identify the orthologs (e.g., sequence similarity cutoff, clustering
parameters, phylogenetic models and their parameters), and the default parameters may not be
ideal for different types of studies [54].

OrthoFinder combines reciprocal best-hits with phylogenetics to identify orthologs. The
major advantages over other software include that it is user-friendly, easy to install (it does not
rely on additional software not included in the installation), and offers increased accuracy for
ortholog identification compared to many earlier methods [13, 49]. In OrthoFinder’s 2015 paper,
the authors noted the possibility of using synteny (conservation of gene order) to refine ortholog
identification. However, they chose not to use synteny because reliable syntenic information
breaks down over long evolutionary distances, and syntenic information is not immediately
available for de novo assemblies. I note that for de novo assemblies, a genome annotation may be
obtained by submitting the data for automated annotation at NCBI, or it can be directly generated
by the user using the same pipeline [55].

The term synteny was initially conceived to describe genes linked together during
inheritance (chromosome mapping, see [56]) and referred to two or more genes located on the

same chromosome [57]. More recently, particularly in the context of prokaryotic genomes, the



term “synteny’ has been used to refer to conserved gene order in comparative genomics [5, 58,
59]. This is how I use the term “synteny” in this work.

OrthoFinder is an effective tool that provides results suitable for many tasks.
Nonetheless, incorporating synteny into the criteria for identifying orthologs as an additional
postprocessing step can enhance the program’s ability to distinguish orthologs from paralogs and
further refine some of the HOGs (hierarchical orthogroups) reported by OrthoFinder. Here |

present a new program, OrthoRefine (https://github.com/jl02142/OrthoRefine), which automates

the task of using synteny information to refine the HOGs identified by OrthoFinder into groups
of syntenic orthologs, orthologs grouped based on evidence of synteny. My results below, and
other recent work [60], show that ortholog identification via OrthoFinder can be enhanced by
using synteny information.

In chapter 2 of this dissertation, | cover a brief overview of OrthoFinder’s methods,
OrthoRefine’s algorithm, and runtime parameters. | benchmark OrthoFinder vs. OrthoFinder +
OrthoRefine, and I discuss several specific examples of orthogroups that are improved via
syntenic information. In chapter 3, I extend OrthoRefine to use the OrthoXML standardized
input format and | use OrthoRefine to compare an ortholog database that utilizes the OrthoXML

format with OrthoFinder.


https://github.com/jl02142/OrthoRefine

CHAPTER 2

OrthoRefine: automated enhancement of prior ortholog identification via synteny.

In this chapter, I implement and test OrthoRefine in combination with OrthoFinder,
currently one of the most frequently used tools for ortholog identification. I provide a brief
overview of OrthoFinder’s methods, describe OrthoRefine’s main algorithm for identifying
orthologs via synteny, analyze and discuss the effects of OrthoRefine’s parameters and make
recommendations on their values, benchmark OrthoRefine, and finally investigate and offer
discourse on specific examples where synteny improved prior ortholog identification.
Implementation

OrthoFinder Summary

OrthoFinder was initially described in 2015 [49], and updated software and manuscript
were released four years later [13]. We used version 2.5.2, downloaded from the GitHub
repository on April 6", 2021 [61]. OrthoFinder begins with pairwise all-against-all alignments of
genes in all compared genomes and records the protein pairwise sequence similarity. It then uses
the BLAST bit score [62] and normalizes the data so that sequence length does not influence the
bit score. Normalization also makes the scores comparable for genomes at various levels of
phylogenetic distance. Orthogroups, defined as the set of all genes predicted to be descendants of
a single gene of the last common ancestor (this can include orthologs and paralogs) [49], are
constructed by first grouping any genes that have a greater normalized similarity score than a

cutoff score automatically determined by OrthoFinder. The second step for forming orthogroups,



and the final step of the 2015 version, is clustering the pairwise hits into orthogroups using the
MCL algorithm [63].

The 2019 software begins where the 2015 version ended; the 2015 output (the clustering
of the orthogroups) is used to create an unrooted gene tree for each orthogroup using
DendroBLAST [64]. The unrooted gene trees are forwarded to STAG (Species Tree Inference
from All Genes) [65] to infer an unrooted species tree, and the unrooted species tree is rooted by
STRIDE (Species Tree Root Inference from Gene Duplication Events) [66]. The rooted species
tree is then used to root each unrooted gene tree (orthogroup tree) [13]. To delineate the
orthogroups into orthologs and identify duplication events (paralogs), the final step of the 2019
software (pre-version 2.4.0) is a hybrid algorithm that was designed to merge the accuracy of
DLCpar [67] with the speed of the species overlap algorithm [68]. The update in version 2.4.0
introduced a new final output in the form of HOGs obtained from the analysis of the rooted gene
trees [61].

In summary, the 2019 version uses the orthogroups from the 2015 algorithm and applies
phylogenetics to identify orthologs and gene duplication events. However, since OrthoFinder
version 2.4.0 of July 2020, the authors have replaced the now deprecated orthogroups with
hierarchical orthogroups (HOGs), which are more accurate orthogroups inferred at each level in
the species tree. Version 2.5.2 continues to supply the end user with the deprecated orthogroups
delineated into orthologs; however, these data are not from the improved HOGs. Additionally,
the end user must manually analyze many different data files or write their script(s) to process
the data [60]. I desired to 1. use the more accurate HOGs, 2. keep the analysis automated, 3. and
enhance the ortholog identification with synteny by refining the HOGs into orthologs and

paralogs, which led me to create OrthoRefine.



While there are options and parameter adjustments that may be used when running
OrthoFinder (e-value of BLAST, MCL inflation parameter, and phylogenetic parameters, etc.),
my focus was on running OrthoFinder with default settings because, in my review of literature
citing OrthoFinder, OrthoFinder was generally used with default parameters.

OrthoRefine Methods

By default, OrthoRefine is only applied to HOGs with genes from at least two genomes
and at least two genes from the same genome (paralogs), with an option to verify synteny for
HOGs that have only a single gene from each genome. The latter may still include paralogs if
genes were duplicated and the original copy was subsequently lost, which can be revealed by
synteny. The analysis begins by constructing a window centered at each gene of the HOG.
OrthoRefine evaluates the synteny by counting matching pairs of genes inside the window;
matching pairs consist of genes assigned to the same HOG in the initial OrthoFinder output
(Figure 1). I note that genes only need to be within the window and are not required to be in the
same order, and genes that do not have a homolog in the other genome are not included in the
window (see Figure 7). The synteny ratio, sr, is calculated by taking the number of matching
pairs and dividing it by the window size, w (Egs. 1). If the ratio is greater than a cutoff (default
0.5), the genes at the center of the window are considered syntenic. After a pairwise comparison
between all genes of different genomes in the original HOG, any subset of genes linked by
synteny is referred to as a syntenic ortholog group (SOG). A HOG can thus be refined into one
SOG (by removing paralogs which do not exhibit synteny with any other genes from the original
HOG) or into more than one SOG if the original HOG contained multiple distinct subgroups of

genes linked by synteny within each subgroup but not between the subgroups.
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where sr is the synteny ratio, w is the window size, and i is the serial number of the gene within

the window. The gene being evaluated for synteny (at the center of the window) is not counted.

| expect OrthoRefine to be used primarily in tasks that would benefit from resolving
orthologous relationships to no more than a single ortholog from each compared genome in each
orthologous group. OrthoRefine was designed to emulate several of the qualities that make
OrthoFinder a desirable tool for the end user: speed, ease-of-use, and self-containment (no
dependencies); OrthoRefine requires only the output from OrthoFinder (or any orthogroup file
formatted to match OrthoFinder’s format; see Chapter 3) and genome annotations (in the RefSeq
features table format used by NCBI) and does not depend on any other software or data that
could complicate its use. The only input required to be created by the end user is a text file where
each line specifies the RefSeq accession for each genome used as input for OrthoFinder.

OrthoRefine Parameters

Two runtime parameters control OrthoRefine, window size and synteny ratio. There is no
consensus on the required amount of synteny - how many surrounding genes in a window must
be orthologs to conclude that the gene of interest is an ortholog — or the size of the window. |
recommend a smaller window size and larger synteny ratio when analyzing datasets containing
closely related genomes, e.g., window size eight and synteny ratio 0.5. In contrast, a larger
window size and or a lower synteny ratio may be more appropriate as the evolutionary distance
increases, e.g., window size 30 and synteny ratio 0.2. After testing several combinations of
window size and synteny ratio, | selected a window size of eight and synteny ratio of 0.5 as

default parameters (see Results and Discussion for details).



OrthoRefine Example

I demonstrate the use of OrthoRefine on HOG 19 from the OrthoFinder output for
representative genomes of four different species of the Escherichia genus: Escherichia coli strain
K12 substrain MG1655 (NCBI genome assembly GCF_000005845.2), Escherichia fergusonii
(GCF_013892435.1), Escherichia albertii (GCF_016904755.1), and Escherichia marmotae
(GCF_902709585.1). OrthoFinder, with default parameters, was used to identify HOGs, and
OrthoRefine was subsequently applied with window size eight and synteny ratio cutoff 0.5.

The HOG included four E. coli genes (b0652, b3271, b4106, & b4096), fives genes from
E. fergusonii (HVX45_RS09410, HVX45_RS02390, HVX45_RS04025, HVX45_RS07420, &
HVX45 RS11505), two genes from E. marmotae (GV529 RS14465 & GV529 RS05870), and
one gene from E. albertii (JRC41_RS15115). Most of the genes were annotated as encoding
ATP-binding cassette (ABC) transporters. Figure 1 shows how OrthoRefine determined which of
b3271 or b0652 of E. coli is the ortholog of RS11505 of E. fergusonii. As eight out of eight
genes surrounding RS11505 had a match in the window centered at b3271, | concluded that there
is a syntenic relationship between E. coli’s b3271 and E. fergusonii’s RS11505, and they are
orthologs while b0652 is presumed to be a paralog of RS11505; none of the genes surrounding
b0562 had a match within the window around RS11505. This HOG was ultimately refined into
two SOGs: the first included a single syntenous ortholog from each genome and the second SOG
contained a single syntenous ortholog from E. coli, E. fergusonii, and E. marmotae. The
remaining genes initially placed in HOG 19 by OrthoFinder were excluded by OrthoRefine as

putative paralogs (see Results and Discussion for details).
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Results and Discussion

Datasets Used to Evaluate OrthoRefine’s Performance

| analyzed several datasets including taxa of different levels of divergence. The first
dataset, Quest for Orthologs [69], included 23 diverse bacterial genomes used to test
OrthoRefine using the community standard benchmarking tool [70]. The second dataset was the
four Escherichia species detailed above. The third dataset comprising four Gammaproteobacteria
— E. coli, Klebsiella pneumoniae, Salmonella enterica, and Pseudomonas aeruginosa — was
adopted from a prior study [71]. The fourth dataset was a collection of sixteen members of the
phylum Actinomycetota. The fifth dataset was used to test OrthoRefine’s performance with
eukaryotic genomes; three Saccharomyces genomes were selected: Saccharomyces mikatae,
Saccharomyces cerevisiae, and Saccharomyces kudriavzevii.

Benchmarking OrthoRefine

Orthology Benchmarking [70], a web-based benchmarking tool, was used to evaluate
OrthoRefine’s ability to improve functional ortholog identification (gene ontology conservation
(GO) & enzyme classification (EC); [72]) and specificity (Robinson-Foulds (RF) distance; [72]).
Because the RefSeq annotations and sequences corresponding to the date when the
benchmarking data were generated (2020) are no longer available on the NCBI website

(https://ftp.ncbi.nlm.nih.gov/genomes/all/GCEF/), I was unable to use precisely the same

collection of proteins that was used for the benchmarking (the annotations are required to
determine gene location to assess synteny) and my results are not directly comparable to the data
on the benchmarking server. However, I utilized the benchmarking tool to compare OrthoFinder
and OrthoRefine results using a dataset that was composed of the same 23 bacterial genomes

(Table 1) as the benchmarking dataset but with current annotations and protein sequences
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downloaded in August 2023 (See Appendix A for details on generating the dataset). This dataset
includes genomes spanning diverse bacterial phyla and the large evolutionary distances among
the genomes makes synteny less effective, providing a stringent test for OrthoRefine.

As expected, OrthoRefine increased functional ortholog identification and specificity
accuracy compared to OrthoFinder alone. Of the combinations for window size and synteny ratio
I tested, window size ten and synteny ratio 0.5 resulted in the lowest RF distance (conceptually
defined as a normalized sum of differences between the benchmark orthogroups and the user
proposed orthogroups; a lower score indicates higher specificity). The highest average Schlicker
score [73] (a measure of the overall mutual similarity of the function classifications of the
orthologs) for the GO terms was observed at window size 40 and synteny ratio 0.5, while the
highest average Schlicker score for EC was recorded for window sizes 20-40 at a synteny ratio of
0.5 (Figure 2).

Evaluating OrthoRefine’s Runtime Parameters

In the absence of a gold standard dataset of true orthologs to assess OrthoRefine’s
accuracy, | consider that, for most applications, the most desirable set of orthologs would include
genes from the maximum number of the genomes analyzed (high sensitivity) while containing no
paralogs (i.e., a single gene from each genome; high specificity). |, therefore, evaluated
OrthoRefine’s output for the average maximum number of orthologous genes (AMNOG) defined
as the dataset’s average maximum number of orthologs present in SOGs without paralogs. For
HOGs that were refined into multiple SOGs, the SOG with the most genomes represented is
included in the AMNOG calculation. | propose to use the AMNOG as a relative measure of
sensitivity while specificity is, in theory, at or near 100% (SOGs containing paralogs are

excluded). In general, changing parameters did not dramatically change the AMNOG measure. |
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observed that larger windows and lower synteny ratio performed slightly better in datasets
consisting of diverse genomes. For datasets of closely related genomes, smaller window sizes
performed at least equally as well as larger window sizes and within those smaller window sizes,
a larger synteny ratio tended to result in a higher AMNOG (Table 2).

Testing OrthoRefine on Datasets of Varying Phylogenetic Diversity

Escherichia Dataset

I evaluated OrthoRefine on four species of the Escherichia genus. The close relationship
among the genomes was expected to make accurate identification of orthologs easier for
OrthoFinder and OrthoRefine due to the low divergence between orthologous gene sequences
and the high conservation of gene order. Indeed, 64% of OrthoFinder’s HOGs were comprised of
precisely one gene from each genome (1-to-1 HOGs), while 25% of the HOGs were missing an
ortholog in at least one genome but included no more than one gene per genome (0-or-1 HOGs).
11% of HOGs combined orthologs and paralogs (at least one genome contributed more than one
gene to the same HOG). OrthoRefine modified 87% of these paralogous HOGs (synteny
eliminated at least one paralog and or divided the HOG into at least one SOG); the remaining
13% were split between either confirmed (all genes assigned by OrthoFinder to a HOG were
supported by synteny) (3%) or unconfirmed (insufficient synteny support for the original HOG
or any SOG subgroup) (10%). Additionally, OrthoRefine confirmed 97% of the 1-to-1 HOGs and
88% of the 0-or-1 HOGs (Figure 3).

Case study 1: HOG19 — (ABC transporters)

HOG19, identified by OrthoFinder, contained a group of genes encoding ATP-binding
cassette (ABC) transporters. ABC transporters are easily identifiable by the presence of the

distinctive ATP-binding domain, but their further classification remains challenging, in part, due
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to the vast diversity of substrates they can transfer and the often subtle differences that can affect
substrate specificity [74].

OrthoRefine divided this HOG into two subgroups: SOG19.0 which consisted of b0652,
JRC41 RS15115, HVX45 RS07420, & GV529 RS05870 and SOG19.1 which consisted of
b3271, HVX45 RS11505, & GV529 RS14465, while excluding b4106, b4096,
HVX45 RS02390, HVX45 RS04205, & HVX45 RS09410 as presumed paralogs (Figure 4).

The BLAST e-values and percent identity from OrthoFinder’s alignment supported the
presence of these two natural subgroups in HOG19 (Table 3), as did the phylogenetic tree made
independently of OrthoFinder (Figure 5) using Muscle, version 5 [75], RAXML, version 8.2.12
[76], R, version 4.1.2 [77], and the R library ape, version 5.6-2 [78] (See Appendix B for
commands used). Previously reported operon structures further supported the division of HOG19
by OrthoRefine (Figure 6). b0652, annotated as encoding glutamate/aspartate ABC transporter
ATP subunit gl/t/, is a member of the g/t/JKL operon [79]. All members of SOG19.0 (b0652,
JRC41 RS15115, HVX45 RS07420, & GV529 RS05870) were in the same operon in their
respective genomes. Similarly, all members of SOG19.1 (b3271, HVX45 RS11505, &
GV529 RS14465) were in the previously reported yAdWXYZ operon in their respective genomes
[80, 81]. Members of both operons encode products of the same length and the second and third
sub-units (J/X & K/Y) followed the previously reported pattern of the first three of the more
specific substrate-binding sub-units being about 30% smaller than their non-specific counterparts
[81]. The exceptions, g/t & yhdW, were probably due to a frameshift in the yid operon [80, 81].

Case study 2: HOG21 — (rpnA/rpnE homologs)

HOG 21 comprised eight genes from the four genomes; the genes were annotated as

encoding recombination-promoting nuclease (rpnA), rpnE, insertion sequence family not
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classified yet (ISNCY), or hypothetical protein. The recombination-promoting nucleases are
thought to be involved with horizontal gene transfer, though RpnE was inactivein
recombination-determining assays [82].

Similar to HOG19 above, OrthoRefine divided HOG21 into two subgroups: SOG21.0 —
the rpnE and ISNCY group, which consisted of b2244, HVX RS21485, GV529 RS12150, &
JRC41 RS07400 and SOG21.1 — the rpnA group, which consisted of b3411, HVX45 RS12120,
& GV529 RS10930 while excluding HVX45 RS22925 as a presumed paralog (Figure 7). The
BLAST e-values and percent identity supported dividing HOG21 into these two natural
subgroups (Table 4); additionally, the phylogenetic tree agreed with the two subgroups but
included HVX45 RS22925 in the rpnA group (Figure 8). The HVX45 RS22925 gene encodes a
short (68 amino acids) hypothetical protein similar to the C-terminal segment of RpnA, which is
much larger (292 amino acids in E. coli). The similarity probably leads to this hypothetical
protein being included in HOG21 by OrthoFinder, but its short length suggests that it is not a true
ortholog of RpnA - if it is a functional protein at all.

Gammaproteobacteria Dataset (Lim et al. 2022)

In their publication, the authors analyzed the dataset (Table 5) with OrthoFinder and
highlighted a specific HOG which contained paralogs; I analyzed the same genomes with
OrthoFinder and OrthoRefine to resolve the paralog HOG to a 1-to-1 relationship. I observed a
lower percentage of 1-to-1 HOGs (27%) than in the Escherichia dataset, presumably due to the
larger evolutionary distance among the genomes. The percentage of 0-or-1 HOGs (43%) and
HOGs with paralogs (30%) increased. When using OrthoRefine to process OrthoFinder results, I
observed a lower percentage of 1-to-1 HOGs (34%) and 0-or-1 HOGs (63%) confirmed by

synteny and generally higher number of HOGs that were modified by OrthoRefine (Figure 9).
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Case study 3: HOG346 - (sdiA)

sdiA encodes a LuxR family transcription factor and is thought to regulate transcription of
cell division genes [83] and genes involved in acid tolerance [84]. OrthoFinder included potential
paralogs in this HOG in the original analysis by Lim et al. ([71] Figure 2 C & D) and the same
genes were included in this HOG in my results when we used OrthoFinder without OrthoRefine.
E. coli, S. enterica, and K. pneumoniae each contributed one gene to HOG 346, while P,
aeruginosa contributed four genes. OrthoRefine, with window size eight and synteny ratio 0.5,
did not resolve HOG346; none of the four P. aeruginosa homologs could be classified as
syntenous due to a lack of matches within the window. However, this HOG was resolved with
the parameters I recommend for more distantly related genomes - window size 30 and synteny
ratio 0.2, which identified the P. aeruginosa gene AF195 RS32400 (transcription regulator /uxR
family) as the ortholog of sdid in E. coli, S. enterica, and, by proxy, K. pneumoniae (Table 6).

I speculate that the lack of synteny between the K. pneumoniae gene and any of the four
genes of P. aeruginosa could stem from the fact that the syntenous genes between E. coli, S.
enterica, and P. aeruginosa were motility genes, whereas K. pneumoniae is non-motile [85], and
therefore not expected to contain these genes. Nevertheless, this conclusion is apparent only
from the synteny analysis, whereas neither sequence similarity (Table 7) nor the phylogenetic
tree (Figure 10) could differentiate an ortholog from the paralogs in the P. aeruginosa genome.

Actinomycetota Dataset

This dataset of sixteen arbitrarily selected genomes from the phylum Actinomycetota
(Table 8) further increased the evolutionary distances among the analyzed genomes. The
Actinomycetota are classified based on 16S [86], 23S rRNA, and distinct indels [87] and are the

“high” G+C division of gram-positive bacteria while Bacillota, formerly Firmicutes, are the
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“low” G+C gram-positive bacteria [88]; rarely, Bacillota may become gram-negative later in the
life cycle [89]. Of the HOGs identified by OrthoFinder, only 2% were 1-to-1, 60% were 0-or-1,

and 38% were paralogous. OrthoRefine modified 65% of the HOGs with paralogs; additionally,
OrthoRefine confirmed 49% and 32% of the 1-to-1 and 0-or-1 HOGs (Figure 11).

Case study 4: HOG 402 — (PknB)

HOG 402 is comprised of 23 genes from the sixteen species, which are all annotated as
encoding proteins of the kinase B (PknB) family — which contains penicillin-binding proteins
(PBP) and serine/threonine kinases (STKP) characterized by the presence of a serine/threonine
kinase-associated domain (PASTA). The pknB gene is essential in Mycobacterium tuberculosis
[90, 91], where it controls cell division and cell wall synthesis [92]; however, pknB was found to
be not essential in Streptomyces coelicolor, where it is thought to be involved in the development
cycle and antibiotic production [93]. In PBPs, the function of the PASTA domain appears to be
species specific [94], and there is a lack of consensus on its exact function [95]. In STKPs, the
PASTA domain is thought to bind peptidoglycan and B lactam (penicillin group antibiotics) [96].

OrthoRefine split the HOG into four SOGs (Figure 12). SOG 402.0 contained the genes
from O. timonensis, O. uli, D. detoxificans, C. curtum, and E. lenta. SOG 402.1 included two
genes from A. ferrooxidans and one member each from E. rhizosphaerae, E. halophilus, A.
cellulolyticus, S. fradiae, S. avermitilis, and S. griseus, the two genes from A. ferrooxidans are in
tandem next to each other, which prevents them from being differentiated by synteny. SOG 402.2
contained similar pairs of tandem paralogs from the Streptomyces genera. SOG 402.3 included
genes from R. tropicus and R. marinus, whereas the genes from R. xylanophilus and A. oris

lacked the required synteny to be assigned to any SOG. The phylogenetic tree built
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independently of OrthoFinder could not delineate the Streptomyces orthologs and paralogs
(Figure 13).

The members of SOG 402.0 and SOG 402.1 were identified as members of a previously
identified operon from Mycobacterium [91, 92, 97] and Streptomyces [94]. The members of SOG
402.2 are not organized in the same operon, which provided further evidence for placing these
genes into their own SOG. The operons for members of SOG 402.1 were consistently found to
have a gene encoding a STPK adjacent to a gene encoding a PBP, fisW, stpl, and a gene
encoding a forkhead-associated (FHA) domain; members of SOG 402.0 had a similar
arrangement except the gene encoding the PBP and fisW were fused (Figure 12). I could not
detect an analogous operon containing the genes included in HOG402 from the Rubrobacter
genomes. However, a manual inspection of the annotation for R. xylanophilus, R. tropicus, & R.
marinus reveals the operon not with the Rubrobacter genes assigned to HOG402 but rather with
those assigned to HOG401 (RXYL RS00115, GBA63 RS00140, & GBA65 RS00120). I also
detected a gene fusion or split - which has previously been shown to reduce the accuracy of
ortholog identification [98] - between members of SOG 402.0 and SOG 402.1, which would
explain why OrthoRefine split these groups into their own SOGs instead of combining them into
a single SOG. Additionally, A. oris has an additional gene in its operon that was not present in
SOG 402.0 or 402.1, which would explain why its gene failed to be grouped with any SOG.

In most Streptomyces, a gene encoding a STPK with four PASTA domains is positioned
next to a gene encoding a PBP without the PASTA domain [95]. The Streptomyces proteins
encoded by the genes assigned to SOG402.1 (SAVERM_RS22430, SGR_RS18440, &

CP974 RS14705) have four PASTA domains, while the tandem pairs of Streptomyces genes in

SOG402.2 encode proteins that have one PASTA domain. The genes from Rubrobacter revealed
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from the manual inspection (HOG 401) encode a STPK protein with four PASTA domains and
those genes are adjacent to a gene that encodes a PBP, providing further confidence that these
genes are the orthologs of SOG 402.1 and not the original Rubrobacter genes assigned to HOG
402.

Saccharomyces Dataset

I evaluated three Saccharomyces genomes for orthologs to test OrthoRefine’s
performance on eukaryotic genomes: S. mikatae (GCF_947241705.1), S. cerevisiae
(GCF_000146045.2), and S. kudriavzevii (GCF_947243775.1). As expected, due to the small
evolutionary distance between the three Saccharomyces genomes, 95% of OrthoFinder’s HOGs
were 1-to-1, 2% were 0-or-1, and 3% were paralogous. OrthoRefine modified 82% of the
paralogous HOGs and confirmed 99% of 1-to-1 HOGS and 85% of the 0-or-1 HOGs (Figure 14).

Case Study 5: HOG 55 - (glyceraldehyde-3-phosphate dehydrogenase)

HOG 55 is composed of two genes from each of the three genomes - annotated as
encoding glyceraldehyde-3-phosphate dehydrogenase, either tdh2 or tdh3 - which are known
paralogs [99]. OrthoRefine split the HOG into two SOGs, correctly separating the members of
the two groups: SOGS55.0, the tdh2 group, was comprised of SMKI 10G2100, YJR009C, &
SKDI 10G2170, whereas SOG55.1, the tdh3 group, was comprised of SMKI 16G0680,
YGR192C, & SKDI 07G4440 (Figure 15). The BLAST e-value and percent identity mostly
agreed with these groupings (Table 9); however, SKDI 07G4440 was the best match for both S.
cerevisiae genes, which led to a failure in correct ortholog assignment for the two paralogs in S.
cerevisiae based on sequence similarity alone. It has previously been reported that orthologs
sometimes have a lower percent identity than their paralogs [97, 100]. This result shows that

synteny can, at least in some instances, resolve such discrepancies in sequence divergence. The
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phylogenetic analysis mostly supported the synteny groupings; however, similar to the BLAST
e-values, there was a lack of support to tell where to group the genes from S. kudriavzevii (Figure

16).
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Table 1. Names and RefSeq accessions for the 23 genomes from the Quest for Orthologs.

Genius species

RefSeq accession

Mycobacterium tuberculosis

GCF_000195955.2

Pseudomonas aeruginosa

GCF_000006765.1

Thermotoga maritima

GCF_000008545.1

Chlamydia trachomatis

GCF_000008725.1

Streptomyces coelicolor

GCF_000203835.1

Leptospira interrogans

GCF_000092565.1

Escherichia coli

GCF_000005845.2

Neisseria meningitidis

GCF_000008805.1

Deinococcus radiodurans

GCF_000008565.1

Bradyrhizobium diazoefficiens

GCF_000011365.1

Synechocystis

GCF_000009725.1

Chloroflexus aurantiacus

GCF_000018865.1

Bacillus subtilis

GCF_000009045.1

Gloeobacter violaceus

GCF_000011385.1

Aquifex aeolicus

GCF_000008625.1

Helicobacter pylori

GCF_000008525.1

Fusobacterium nucleatum

GCF_000007325.1

Rhodopirellula baltica

GCF_000196115.1

Geobacter sulfurreducens

GCF_000007985.2

Mycoplasma genitalium

GCF_000027325.1

Dictyoglomus turgidum

GCF_000021645.1
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Bacteroides thetaiotaomicron GCF_000011065.1

Thermodesulfovibrio yellowstonii GCF_000020985.1
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Table 2. Combinations of window size and synteny ratio on the AMNOG.

4 4 Gammaproteo- | 16 Actino- | 3
Escherichia | bacteria mycetota | Saccharomyces

:iVZléldow rsa}glgeny Average max number orthologous genes (AMNOG) ﬁ\ﬁ;%ec}
2 0.5 3.16 2.52 3.2 2.3 2.8
4 0.25 3.15 2.54 3.21 2.33 2.81
4 0.5 3.2 2.57 3.41 2.44 291
6 0.2 3.17 2.6 3.41 2.32 2.88
6 0.5 3.19 2.59 3.38 2.55 2.93
8 0.2 3.19 2.57 3.42 2.41 2.9
8 0.3 3.2 2.57 3.44 2.54 2.94
8 0.5 3.24 2.57 3.39 2.59 2.95
10 0.2 3.22 2.58 3.4 2.39 2.9
10 0.3 3.22 2.57 3.45 2.6 2.96
10 0.5 3.23 2.56 3.34 2.67 2.95
30 0.2 3.22 2.6 3.4 2.72 2.99
30 0.3 3.23 2.56 3.31 2.73 2.96
30 0.5 3.17 2.54 3.02 2.68 2.85
40 0.2 3.2 2.59 3.44 2.73 2.99
40 0.3 3.21 2.57 3.29 2.69 2.94
40 0.5 3.18 2.53 2.9 2.7 2.83
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Table 3. BLAST e-values and percent identity for HOG 19.

BLAST e-values and percent identity, reported by OrthoFinder, for two genes from E. coli,
b0652 & b3271, as BLASTed against the other members of HOG19 from E. albertii, E.
fergusonii, and E. marmotae. Bolded values are the lowest e-value and highest percent identity
from b0652 or b327. b4106 & b4096 were ommitted due to high e-value (1.6e-35 & 2.6e-18) and
low percent identity (39.1 & 31.2). HVX45 RS02390, HVX45 RS04025, & HVX45 RS09410
were omitted for the same reason (best e-value with E. coli. = 5.9e-56, best percent identity =
51.08).

HOG 19
E. coli E. coli
b0652 b3271
e-value % identity Gene to be e-value % identity
BLAST against
1.0e-131 98.8 | JRC41 RS15115 | 2.1e-82 60.6
(E. albertii)
4.4e-133 100.0 | HVX45 RS0742 | 2.8e-82 60.2
0
(E. fergusonii)
4.2e-133 100.0 | GV529 RS0587 | 2.7e-82 59.8
0
(E. marmotae)
3.7e-79 60.2 | HVX45 RS1150 | 1.1e-142 98.0
5
(E. fergusonii)
1.3e-78 60.2 | GV529 RS1446 | 2.3e-142 97.6
5
(E. marmotae)
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Table 4. BLAST e-values and percent identity for HOG 21.
BLAST e-values and percent identity, reported by OrthoFinder, for two genes from E. coli,
b2244 & b3411, as BLASTed against the other members of HOG21 from E. albertii, E.
fergusonii, and E. marmotae. Bolded values are the lowest e-value and highest percent identity.
HVX45 RS22925 had no reported best match within the HOG and had a very different length of
68 amino acids vs. the other member’s average length of 305 amino acids.

HOG 21
Escherichia coli Escherichia coli
b2244 (rpnkE) b3411 (rpnA)
e-value % identity|Gene to be BLASTje-value % 1identity|
against
2.2e-155 89.3| JRC41_RS07400 3.3e-100 57.9
(E. albertii)
3.9¢-163 90.9 HVX45 RS21485(1.5¢-98 65.2
(E. fergusonii)
5.9e-161 92.2) GV529 RS12150 @.4e-100 58.1
(E. marmotae)
4.7e-100 60.77HVX45 RS1212009.0e-157 93.5
(E. fergusonii)
5.1e-96 57.11GV529 RS10930 3.9e-149 86.3
(E. marmotae)
IN/A N/AIHVX45 RS22925 N/A N/A
(E. fergusonii)
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Table 5. Names and RefSeq accessions for genomes used in Lim et al. 2022.

Gene annotations are in parenthesis: Suppressor of cell division A (sdiA), transcription regulator
(tr) which is further noted as part of the luminescence (uxR) family, regulator of elastase lasB
(lasR), thamnolipid regulator (#4/R), and quorum-sensing transcription repressor (gscR).

Genius species

RefSeq accession

Gene locus tag (gene

annotation)
[Escherichia coli GCF_000005845.2 b1916 (sdid)
Salmonella enterica GCF_000006945.2 STM1950 (sdid)

Klebsiella pneumoniae

GCF_000445405.1

N559 RS09495 (sdid)

Pseudomonas aeruginosa

GCF_001181725.1

AFI95 RS32400 (tr, luxR
family)

AFI95 RS29375 (lasR)
AFI195 RS07465 (rhiIR)

AFI95 RS28195 (gscR)
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Table 6. Synteny ratio between genes for HOG 346.

The four Gammaproteobacteria genomes were analyzed with OrthoRefine (window size = 30; synteny ratio = 0.2).

Synteny ratio
Genius E. coli S. Pseudomonas aeruginosa
species enterica
Locustag | b1916 STM19 | AFI95 RS324 | AFI95 RS293 | AFI95 RS074 | AFI95 RS281
50 00 75 65 95
E. coli b1916 - - 0.22 0.00 0.00 0.00
S. enterica | STM1950 | 0.9 - 0.33 0.03 0.00 0.00
K. N559 RSO | 0.86 0.83 0.00 0.00 0.00 0.00
pneumoniae | 9495
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Table 7. BLAST percent identity for HOG 346.
BLAST percent identity, reported by OrthoFinder, between genes for HOG 346 of the four

Gammaproteobacteria genomes (E. coli, S. enterica, K. pneumoniae, & P. aeruginosa).

BLAST percent identity

P aeruginosa

b191 | STM19 | AFI95 RS324 | AFI95 RS293 | AFI95 RS074 | AFI95 RS281
6 50 00 75 65 95
b1916 - - 37.3 30.1 40.8 33.2
STM1950 713 |- 34.7 30.2 45.0 34.0
N559 RS094 | 65.8 | 66.7 25.7 Not reported 43.7 31.0
95
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Table 8. Species names and RefSeq accession for the sixteen Actinomycetota genomes.

Genus species

RefSeq accession

Cryptobacterium curtum

GCF _000023845.1

Olsenella timonensis

GCF_900119915.1

Olsenella uli

GCF_000143845.1

Eggerthella lenta GCF 021378605.1
Egibacter rhizosphaerae GCF_004322855.1
[Egicoccus halophilus GCF 004300825.1

Denitrobacterium detoxificans

GCF_001643775.1

Rubrobacter xylanophilus

GCF _000014185.1

Rubrobacter tropicus

GCF_011492945.1

\Rubrobacter marinus

GCF_011492965.1

Acidimicrobium ferrooxidans

GCF _000023265.1

Streptomyces fradiae

GCF _008704425.1

Streptomyces griseus

GCF_000010605.1

Streptomyces avermitilis

GCF_000009765.2

Acidothermus cellulolyticus

GCF _000015025.1

Actinomyces oris

GCF 016127955.1
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Table 9. BLAST e-values and percent identity for HOG 55.
BLAST e-values and percent identity, reported by OrthoFinder, for two genes from S. cerevisiae,
YJRO009C & YGR192C, as BLASTed against the other members of HOGSS from S. mikatae & S.
kudriavzevii. Bolded values are the lowest e-value and highest percent identity.

HOG 55
S. cerevisiae S. cerevisiae
YJR009C YGR192C
e-value % identity | Gene to be e-value % identity
BLAST against
1.5e-186 99.4 | SMKI 10G2100 | 6.4e-182 96.4
1.6e-183 97.3 | SKDI 10G2170 | 3.2e-181 95.8
8.7e-182 96.4 | SMKI 16G0680 | 2.4e-187 99.4
1.4e-184 97.9 | SKDI 07G4440 | 3.0e-182 96.4
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Figure 1. Example of OrthoRefine’s synteny analysis.

The window around three genes assigned to HOG19 by OrthoFinder demonstrates how
OrthoRefine determines which of the E. coli genes is an ortholog of E. fergusonii'’s

HVX45 RS11505. The HOG19 genes are shown with yellow fill, other genes assigned to the
same HOG are shown in matching colors, and genes that have orthologs in other genomes
outside the displayed window are shown in white. The first number below each circle denotes the
HOG assigned by OrthoFinder, while the second entry shows the locus tag.
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Robinson-Foulds (RF) distance Average Schlicker GO term score

OrthoFinder OrthoFinder
OR_ws 2 st 0.5 OR_ws_2_sr 0.5
OR _ws 4 sr 0.5 OR_ws 4 sr 0.5

OR_ws_8_sr_0.25 OR_ws_8_sr_0.25
OR_ws_8 st 0.5 OR_ws_8_sr_0.5
OR_ws_10_sr_0.2 OR_ws_10_sr_0.2
OR_ws_10_sr_0.5 OR_ws_10_sr_0.5
OR_ws_20_sr 0.25 OR_ws_20_sr_0.25
OR_ws_20_sr 0.5 OR_ws_20_sr 0.5
OR_ws_30_sr 0.3 OR_ws_30_sr 0.3
OR_ws_30_sr 0.5 OR_ws_30_sr 0.5
OR_ws 40 sr 0.25 0.52 OR_ws_40 sr 0.25
OR_ws_40_sr_0.5 OR_ws_40_sr_0.5

Average Schlicker EC score

OrthoFinder 0.94

OR ws 2 sr 0.5 0.97
OR_ws_4 sr 0.5 0.98
OR_ws_8 sr 0.25 0.97
OR ws 8 sr 0.5 0.98
OR ws 10 sr 0.2 0.97
OR ws 10 sr 0.5 0.99
OR ws 20 sr 0.25 0.98
OR ws 20 sr 0.5
OR_ws 30 sr 0.3 0.99
OR_ws 30 sr 0.5
OR_ws 40 sr 0.25 0.98
OR_ws 40 sr 0.5

Figure 2. Benchmarking results for OrthoFinder and OrthoRefine on the Quest for Orthologs
bacterial dataset.

OrthoRefine was run with different parameters for window size (ws) and synteny ratio (sr) (A)
Robinson-Foulds (RF) distance as a measure of specificity (lower values indicate higher
specificity). (B) Average Schlicker scores for gene ontology (GO) and (C) enzyme classification
(EC) as a measure of functional ortholog identification (higher scores indicate improvement).
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143
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15

Paralog HOGs
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Figure 3. Summary statistics for the four Escherichia genomes.

Unconfirmed
48

Modified
514

Modified
408

The genomes were analyzed with OrthoRefine (window size = §; synteny ratio = 0.5). 1-to-1
HOGs contained precisely one gene per genome. 0-or-1 HOGs were missing an ortholog in at
least one genome and none of the genomes contributed more than one gene. Paralog HOGs are
those where at least one genome contributed more than one gene. Confirmed HOGs are those
where all genes assigned by OrthoFinder to a HOG were supported by synteny. Unconfirmed
HOGs lacked synteny support for all genes assigned to a HOG by OrthoFinder or any SOG
subgroup. HOGs where synteny eliminated at least one paralog and/or divided the HOG into at
least one SOG are designated Modified HOGs. HOGs comprised of genes of only one genome

could not be analyzed by OrthoRefine and were excluded.
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E. coli
b3271
13 2453 3644 3531 19 2454 2455 2456 2457
E. fergusonii
HVX45_RS11505
2453 4181 3644 3531 19 2454 2455 2456 2457
E. marmotae
GV529_RS14465
13 2453 3644 3531 19
E. coli
b0652
E. albertii
JRC41_RS15115
E. fergusonii
HVX45 RS07420 193 99 397 966 19 967 968 969 970
E. marmotae
GV529_RS05870

Figure 4. Synteny analysis of HOG 19.

Matched colored circles represent genes assigned to the same HOG by OrthoFinder, with the
HOG numbers shown below each circle; white circles denote genes with orthologs in other
genomes located outside the displayed window. Green and blue boxes mark the two SOGs
delineated by OrthoRefine. The missing data from E. marmotae to the right of the HOG19
member is due to a scaffold boundary in the assembly. The neighborhoods for genes marked by
the blue box are identical and are collapsed into a single line. The other members of HOG19
(b4106, b4096, HVX45 RS02390, HVX45 RS04025, & HVX45 RS09410) are omitted
because they have no syntenic matches to any other member of HOG19.
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Figure 5. Phylogenetic tree of HOG 19.

The tree was generated by RAXML comprised of sequences from E. coli (prefix b), E. fergusonii
(HVX45), E. marmotae (GV529), and E. albertii (JRC41). b0652 of E. coli is a representative of
HVX45 RS07420 of E. fergusonii and JRC41 RS15115 of E. albertii. The best BLAST hit
from S. enterica, STM0828, was used to root the tree. Boxes have been placed around
Orthofinder’s grouping (red) and OrthoRefine’s groupings (blue or green). Node values are
bootstrap support with n = 1000. There was bootstrap support (>70 [101]) for the blue and green
groupings but not for additional groups.
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ghK gltL

302 246 224 247
341 393 367 252

Figure 6. The operons of HOG 19.
The gltlJKL and yhdWXYZ ABC transporter operons of the Escherichia genera. The product
length is below each gene. The RNA gene, sroC, has been omitted from the gltlJKL operon for

simplicity.
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Figure 7. Synteny analysis of HOG 21.

Matched colored circles represent genes assigned to the same HOG by OrthoFinder, which is
shown below each circle; white circles denote genes with orthologs in other genomes located
outside the displayed window. Green and blue boxes mark the two SOGs identified from
HOG?21. The analysis was performed with window size 8 (four genes on each side of HOG21).
However, because the synteny is evaluated separately for each pair of genomes and the E.
fergusonii genome contains no representative of HOGs 3433, 3434, and 3435, these genes are
excluded from comparisons with E. fergusonii (OrthoRefine ignores genes that do not have a
counterpart in the other genome) and the window instead includes an additional three genes
(HOGs 1862, 1863, and 1864), which allows HVX45 RS21485 to be identified as the syntenous
ortholog of b2244, GV529 RS12150, and JRC41 RS07400.
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Figure 8. Phylogenetic tree of HOG 21.

The tree was comprised of sequences from E. coli (prefix b), E. fergusonii (HVX45), E.
marmotae (GV529), and E. albertii (JRC41). The best BLAST hit from S. enterica, STM3508,
was used to root the tree. Boxes have been placed around Orthofinder’s grouping (red) and
OrthoRefine’s groupings (blue or green). Node values are bootstrap support with n = 1000. There
was bootstrap support (>70) for the blue and green groupings. HVX45 RS22925 had bootstrap
support to be included in the green group; however, such a grouping would be non-monophyletic
[102] and thus violated the species overlap method used to tell ortholog from paralog [68].
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Figure 9. Summary statistics for the four Gammaproteobacteria genomes.
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The genomes were analyzed with OrthoRefine (window size = 8; synteny ratio = 0.5). See

legend to Figure 3.
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Figure 10. Phylogenetic tree of HOG 346.

The tree was comprised of sequences from E. coli (b1916), K. pneumoniae (N559 RS09495), S.
enterica (STM1950), and P. aeruginosa (prefix AFI195). The best BLAST hit from Legionella
pneumophila, A9E85_RS12875, was used to root the tree. Boxes have been placed around
OrthoFinder’s grouping (red) and OrthoRefine’s grouping (blue). There was a lack of bootstrap
support (>70) for any of the four P. aeruginosa genes to be grouped with the genes from the other
species. Node values are bootstrap support with n = 1000.
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Figure 11. Summary statistics for the sixteen Actinomycetota genomes.
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The genomes were analyzed with OrthoRefine (window size = 8; synteny ratio = 0.5). See

legend to Figure 3.
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Figure 12. Synteny analysis of HOG 402.

Matched colored arrows represent the same HOG number, which have been placed inside the
arrows; white arrows denote genes with no match from the same HOG within the window,
arrows containing N/A were not assigned to a HOG. The Actinomycetota operons of pknB have
been divided based on SOG assignment and their edges color coded (SOG 402.0 orange, 402.1
blue, 402.2 green, or 402.3 black). Additional matches within the window have been omitted
from the figure as the focus was on the operon. Due to an additional STPK (red star), assigned to
HOG 400, between the STPK and the PBP, 4. oris was not assigned to any SOG but otherwise
has the same operon as SOG 402.1.
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Figure 13. Phylogenetic tree of HOG 402.
The tree was comprised of sequences from the 16 Actinomycetota; the Gelria gene with the best

BLAST hit was used to root the tree. OrthoFinder grouped all genes into a single HOG (red box),
while OrthoRefine split the group into four SOGs (orange, blue, black, and green boxes). Node
values are bootstrap support values with n = 1,000. There was a lack of bootstrap support (>70)
to delineate the Streptomyces orthologs from paralogs using the species overlap method.
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Figure 14. Summary statistics for the sixteen Saccharomyces genomes.
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The genomes were analyzed with OrthoRefine (window size = 8; synteny ratio = 0.5). See

legend to Figure 3.
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Figure 15. Synteny analysis of HOG 55.

Matched colored circles represent genes assigned to the same HOG (shown below each circle);
white circles denote genes with orthologs in other genomes located outside the displayed
window. Blue and green boxes mark the two SOGs derived from HOGSS.
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Figure 16. Phylogenetic tree of HOG 55.

The tree was comprised of sequence from S. cerevisiae (YJR), S. mikatae (SMKI), and S.
kudriavzevii (SKDI). The best BLAST hit from Candida albicans, CAALFM_C306870WA, was
used to root the tree. Boxes have been placed around OrthoFinder’s grouping (red) and
OrthoRefine’s groupings (blue or green). Node values are bootstrap support with n = 1000.
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CHAPTER 3
Expanding OrthoRefine’s Functionality

In this chapter, I extend OrthoRefine’s functionality to accept OrthoXML input files and
apply OrthoRefine to data from one commonly used ortholog database, OMA (orthologous
matrix).
Introduction

A recurring issue in ortholog analysis is lack of adherence to a uniformly accepted
standard data format. Most programs and databases use custom formats that are often difficult to
compare and complicate further downstream processing of data. The OrthoXML file format
[103, 104] was designed to standardize how ortholog data are communicated; currently, there are
eight databases that provide data in OrthoXML format [105]. This work aimed to expand
OrthoRefine’s utility by accepting input provided in the OrthoXML format. Additionally, |
utilized OrthoRefine to compare the results obtained with OrthoFinder [13, 49] and the OMA
database [53].
Methods

| used a combination of the OrthoXML documentation [106] and the OMA OrthoXML
files [107] to design a script to convert from OrthoXML to OrthoFinder’s output format, the
native input format for OrthoRefine. However, the provided documentation was insufficient to
unambiguously interconvert the formats, which was further complicated by the need to match
uniqgue OMA protein identifiers to gene identifiers in the genome annotations (See Appendix C

for example files and details). Moreover, although OrthoXML is listed as an optional output
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format in OrthoFinder’s documentation, this feature appears nonfunctional (the program crashes
if the option is selected). Overcoming these difficulties required extensive testing and validation.
Unfortunately, due to specificities of OMA’s data and the use of honstandard protein identifiers,
the script may require modifications to work with OrthoXML files from other sources.

The dataset to test the conversion script and compare the OMA database with
OrthoFinder was comprised of three Archaea genomes from within the same genus:
Archaeoglobus fulgidus (GCF_000008665.1), Archaeoglobus profundus (GCF_000025285.1),
and Archaeoglobus veneficus (GCF_000194625.1). OrthoFinder was run with default settings
and OMA’s HOG database file was converted for use with OrthoRefine; OrthoRefine was
applied to OrthoFinder’s and OMA’s data using the recommended settings (window size = 8,
synteny ratio = 0.5). The average maximum number of orthologous genes (AMNOG, see
Chapter 2), summary statistics generated as part of OrthoRefine’s analysis, and specific
examples of HOGs were utilized in comparing OrthoFinder and the OMA-hog database results.
Results and discussion

The data from OrthoRefine’s analysis of OMA had a higher AMNOG (a surrogate
measure of sensitivity) than the OrthoFinder results at lower window sizes but experienced a
notable fall-off as the window size increased beyond 10 (Table 10); no trend was noted on
smaller vs larger synteny ratio. I speculate that OMA’s fall-off was due to how the conversion
script interpreted the orthogroups into HOGs (at the lowest orthogroup level); a planned analysis
of OrthoFinder’s OrthoXML conversion, which was intended to be used as guide for which
orthogroup level(s) to consider as a HOG when converting from OrthoXML format, was
abandoned due to a bug resulting in OrthoFinder’s non-functionality of printing to the

OrthoXML format. Nevertheless, an analysis of OrthoFinder’s and OMA’s raw data revealed
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that OrthoFinder produced more HOGs (OrthoFinder 1721, OMA 1550), more gene paralogs
(OrthoFinder 807, OMA 287), and overall, more genes grouped into HOGs (OrthoFinder 5235,
OMA 4379) — suggesting higher sensitivity in the OrthoFinder data. Additionally, the OMA data
contained fewer paralogous HOGs as a percentage of total HOGs (OrthoFinder 25%, OMA 13%)
and more 1-to-1 (OrthoFinder 54%, OMA 61%) or 0-or-1 HOGs (OrthoFinder 21%, OMA 26%)
(Figure 17,18) — suggesting higher specificity in the OMA data. (A prior study identified 1,001
1-to-1 orthologs between A. fulgidus, A. profundus, A. veneficus, and A. sulfaticallidus [108];
OrthoFinder identified 929 while OMA identified 951; A. sulfaticallidus was not included in
OMA'’s database.) The Orthology Benchmarking results (see chapter 2) also concluded that
OrthoFinder had a higher sensitivity than OMA and that OMA had higher specificity than
OrthoFinder [109].

OrthoFinder’s and OMA’s OrthoRefine outputs were compared for proportions of
different outcomes when a HOG was refined by synteny. The most common outcome was that
OrthoFinder’s result could be further refined with synteny, but OMA already had the correct
refinement according to OrthoRefine (42%). For 16% of HOGs, OrthoFinder had the correct
refinement originally whereas OMA’s HOG could be further refined. OrthoFinder and OMA
identified the same orthologs that were further refined by OrthoRefine in 30% of HOGs, and in
12% of HOGs OrthoFinder results required fewer refinements (contained fewer paralogs) than
OMA. When both OMA and OrthoFinder results could be refined, OMA never produced HOGs
that would require fewer refinements than OrthoFinder, probably because OMA’s dataset

contained fewer paralogous HOGs than OrthoFinder’s (Figure 17, 18).
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Case Study 6: OrthoFinder HOG 186, OMA HOG 1435 - (hydrogenase iron-sulfur
subunit)

OrthoFinder HOG 186 and OMA HOG 1435 were comprised of the same genes:
AF_RS06935 of A. fulgius, ARCPR_RS07755 of A. profundus, and ARCVE_RS10480,
ARCVE_RS07785, & ARCVE_RS02635 of A. veneficus; all were annotated as encoding a
hydrogenase iron-sulfur subunit. The synteny analysis conducted on OrthoFinder’s output
identified ARCVE_RS07785 as the ortholog of AF_RS06935 and ARCPR_RS07755. The
synteny analysis on OMA’s output failed to group any gene of A. veneficus with A. fulgius and A.
profundus as there were insufficient genes that matched in the window, which resulted in the
synteny ratio failing to be at least 0.5 (Figure 19). Notably, ARCVE_RS07785 is listed as the
ortholog of AF_RS06935 & ARCPR_RS07755 in the OMA web interface whereas
ARCVE_RS10480 & ARCVE_RS02635 were listed as paralogs [110]; this points to a possible
discrepancy between the OMA database files provided for download and the information
displayed online. Inspection of OMA’s data revealed that one gene that was matched within the
window of the OrthoFinder analysis but not the OMA analysis, ARCVE_RS07800, was in
OMA’s list of genes but was not included as a member of any OMA HOG:; regardless of how the
OrthoXML script interpreted orthogroup levels when converting to HOGs, ARCVE_RS07800
would have never been included in a HOG. Another gene that matched within the window of the
OrthoFinder analysis but not the OMA, ARCVE_RS07780, was assigned to an OMA HOG that
only had two of the three genomes (the HOG was missing an A. fulgius gene); thus, it could not
be included in the window for the pairwise analysis between A. fulgius and A. veneficus. This

demonstrates how OrthoRefine will work better with a program that prioritizes sensitivity over
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specificity as OrthoRefine can improve specificity via eliminating false positives (paralogs) but it
cannot improve sensitivity.

ARCPR_RS07755 is known as mvhD, which has been reported to form an operon with
mvhG and mvhA in Methanobacterium thermoautotrophicum [111]. The three Archaeoglobus
genomes were inspected and mvhG and mvhA homologs were located immediately downstream
of AF_RS06935, ARCPR_RS07755, and ARCVE_RS07785. However, ARCVE_RS10480 and
ARCVE_RS02635 were not in proximal locations to the mvhG and mvhA homologs (Figure 20).
OrthoRefine’s conclusion that ARCVE_RS07785 is the correct mvhD ortholog in A. veneficus is
consistent with the presence of the mvhDGA operon, whereas BLAST e-values and percent
identity (Table 11), and the phylogenetic tree (Figure 21) on their own were insufficient to
differentiate the ortholog from paralogs.

As a caveat of the OrthoFinder and OMA comparison, the data used to generate the
genome annotations required by OrthoRefine and the data incorporated into OMA’s database
were mismatched in date; for some genomes, this was a difference of several years. For the
Archaeoglobus dataset, this led to 17 genes in the OMA data that could not be matched to a gene
in the annotation. The discrepancies between the OMA database and current genome annotations
vary among different genomes and can be much larger.

Ultimately, | found the OMA database implementation of OrthoXML to be problematic.
Particularly limiting was the use of protld as a nonstandard OMA-specific identifier, which
prevented conversion of OMA’s HOG OrthoXML format to include standard and up-to-date

identifiers used in major sequence databases such as NCBI or EMBL.
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Table 10. Combinations of window size and synteny ratio on the AMNOG for three
Archaeoglobus genomes.

OrthoFinder | OMA
Window Size | Synteny ratio Average max number of orthologous genes (AMNOG)
2 0.5 2.04 2.24
4 0.25 2.08 2.35
4 0.5 2.18 2.4
6 0.2 2.21 2.37
6 0.5 2.19 2.33
8 0.2 2.16 2.27
8 0.3 222 2.36
8 0.5 2.08 2.21
10 0.2 2.13 2.27
10 0.3 2.1 2.25
10 0.5 1.95 1.94
30 0.2 1.86 1.67
30 0.3 1.81 1.33
30 0.5 2 1.33
40 0.2 1.85 1.53
40 0.3 1.83 0.5
40 0.5 0 0
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Table 11. BLAST e-values and percent identity for OrthoFinder HOG 186.
Bolded values are the lowest e-value and highest percent identity. Three genomes from Archaeoglobus were analyzed: A. fulgius (AF),
A. profundus (ARCPR), and A4. veneficus (ARCVE).

ARCPR RS07755 ARCVE RS10480 ARCVE RS07785 ARCVE RS02635
e-value | % identity | e-value | % identity | e-value | % identity | e-value | % identity
AF_RS06935 2.1e-36 52 | 1.5e-28 43.4 | 2.0e-33 46.6 | 3.9e-29 45.1
ARCPR_RS07755 | - - | 6.5e-32 45.1 | 1.5e-44 58.5 | 8.8e-37 50.4
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Figure 17. Summary statistics of three Archaeoglobus genomes analyzed with OrthoFinder and
then OrthoRefine (window size 8, synteny ratio 0.5); data are percentages. See legend to Figure
3.
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Figure 18. Summary statistics of three Archaeoglobus genomes from the OMA database
analyzed with OrthoRefine (window size 8, synteny ratio 0.5); data are percentages. See legend

to Figure 3.
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Figure 19. Synteny analysis of OMA HOG 1435.

Matched colored circles represent genes assigned to the same HOG by OMA, with the HOG
numbers shown below each circle; white circles denote genes with orthologs in other genomes
located outside the displayed window.
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Figure 20. Operon analysis of HOG 186.
Matched colored arrows represent the same HOG number, which have been placed inside the

arrows; white arrows denote genes with no match from the same HOG surrounding the operon,
arrows containing N/A were not assigned to a HOG.
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Figure 21. Phylogenetic tree of HOG 186.

The tree was comprised of sequences from three genomes of Archaeoglobus: A. fulgius (AF), A.
profundus (ARCPR), and A. veneficus (ARCVE). The best BLAST hit from Ferroglobus
placidus, FERP_RS04200, was used to root the tree. Boxes have been placed around
OrthoFinder’s & OMA’s grouping (red), OrthoRefine’s analysis of OrthoFinder’s output (blue),
and OrthoRefine’s analysis of OMA’s database file (gold).
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CHAPTER 4
Conclusion

I developed OrthoRefine, a standalone program that automates refinements of ortholog
identification by evaluating gene synteny. OrthoRefine is designed to mimic the desirable
properties of OrthoFinder, namely ease-of-use (no dependencies on additional software, a simple
input, and support scripts to download data or create summary statistics), automation, and speed.
I expect OrthoRefine to be most beneficial when the desired orthologous relationship is 1-to-1
(i.e., a single ortholog from each genome with no paralogs). The value of synteny for ortholog
identification has been demonstrated in previous studies [60, 100, 112-114], but in the absence of
easy-to-use tools to identify syntenous orthologs automatically, such studies have been time-
intensive and generally limited in their scope. This work further demonstrates how the use of
synteny, automated in OrthoRefine, can enhance ortholog identification by analyzing different
data sets and groups separated by different evolutionary distances. In addition to confirmation of
OrthoRefine’s ability to increase specificity of functional ortholog identification via the
community benchmarking tool, detailed investigation of several cases by manual inspection of
sequence alignments, phylogenetic trees, and operon structures provided additional independent
support for OrthoRefine’s results.

To further expand OrthoRefine’s utility, I developed a script to convert the standard
ortholog file format, OrthoXML, to OrthoRefine’s input format to facilitate use of OrthoRefine
in combination with other software for ortholog identification (in addition to OrthoFinder). I

used this script to apply OrthoRefine to data from the OMA database and compared the
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performance of OrthoRefine when applied to OMA data and OrthoFinder results. One outcome
of adapting OrthoRefine for use with the database is that it demonstrated a need for compliance
with standard data formats and data identifiers adopted by major bioinformatics resources (e.g.
NCBI, EBI, KEGG). OMA’s use of nonstandard protein identifiers in combination with dated
genome annotations makes it difficult to relate the OMA database information to information

from other databases.
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APPENDIX A
Ortholog Benchmarking Commands
This appendix contains the commands used to generate the data to benchmark OrthoFinder and

OrthoRefine using the community standard benchmark (see Chapter 2).

# Download data files from Benchmark website

ftp://ftp.ebi.ac.uk/pub/databases/reference proteomes/previous releases/gfo release-

2020 04 with updated UP000008143/Qf0O release 2020 04 with updated UP000008143.tar.

gz

# move benchmark files to own directory, note you have to change file path where you want to
move files

Is *.fasta | grep -v "DNA" | grep -v "addit" | xargs -1 {} mv {}
..I..[benchmark_to_submit/bacteria/

# need to change fasta header line OrthoRefine’s pattern matching

for thing in *.fasta; do sed 's/*>..|/>/' $thing | sed 's/|/ |/' > temp.fasta; mv temp.fasta $thing; done
# Use README file to look up GCF accession for benchmarking dataset

# Included at the end of this file is a copy/paste file with input for using download script and
input with GCF, GCA, UP, and species name

# Download GCF using OrthoRefine’s download script

Jdownload_ft fafiles “$file name”

# Download GCA files manually
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https://ftp.ncbi.nlm.nih.gov/genomes/all/GCA/

# Rename feature table file so they don’t interfere with OrthoRefine when running benchmark on

their data

# Compile support script convert_locus_tag_to_prot_id.cpp as convert_locus_tag_to_prot_id.exe
g++ convert_locus_tag_to_prot_id.cpp -0 convert_locus_tag_to_prot.exe

# Perform conversion on REFSEQ feature table to change to uniport ID

for thing in GCF*_ft.txt; do thing2="GCAS${thing##???}"; thing3="${thing2%_*}";
thingd="${thing3%_*}".txt; ./convert_locus_tag to_prot.exe $thing $thing4; done

# rename fasta file to match OrthFinder output to OrthoRefine input, note detailed input file
which is included at the end of this file

cat detailed_input_all_bacteria_benchmark.txt | awk ‘{print $3"* "$1" .fasta"}' > move_list

while read line; do mv $line; done < move_list

# Move .faa files to different directory so OrthoFinder doesn’t use them

mv *.faa /path/to/dir

# Run OrthoFinder

/path/to/OrthoFinder/./orthofinder -f ./

# use dos2unix on OrthoFinder output

dos2unix NO.tsv

# Generate OrthoRefine results, also get lines that are extra to remove from OrthoFinder output
to match OrthoRefine’s dataset which has missing data (difference between NCBI and uniprot as

NCBI is 2023 data and uniprot is 2020, can’t find NCBI 2020 data backup)
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./OrthoRefine.exe -input input_all_bacteria_benchmark.txt -OF _file NO.tsv -window_size 8 -
synteny _ratio 0.5 -benchmark 1 -run_all 1 -print_all_orthofinder 1 | grep "prod” | cut-d " " -f3 >
list_to_remove_from_orthofinder_as_no_ft_match.txt

# Convert OrthoFinder output file to 2 columns for submission
Jconvert_orthofinder_out_to_benchmark_submit.exe NO.tsv > 16_bac_orthofinder.tsv

# remove extra lines of data from OrthoFinder’s output that are not in the feature table to submit
to benchmark. Keeps dataset the same between OrthoFinder and OrthoRefine. Slow but works
while read line; do sed -i "/$line/d" ./16_bac_orthofinder.tsv; done <
list_to_remove_from_orthofinder_as no_ft match.txt

# Uniq to remove duplicates from OrthoRefine output

cat OrthoRefine_outfile | sort | uniq > sorted_OrthoRefine_outfile

# Submit to Ortholog benchmarking service
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# input file

GCF_000195955.2
GCF_000006765.1
GCF_000008545.1
GCF_000008725.1
GCF_000203835.1
GCF_000092565.1
GCF_000005845.2
GCF_000008805.1
GCF_000008565.1
GCF_000011365.1
GCF_000009725.1
GCF_000018865.1
GCF_000009045.1
GCF_000011385.1
GCF_000008625.1
GCF_000008525.1
GCF_000007325.1
GCF_000196115.1
GCF_000007985.2
GCF_000027325.1
GCF_000021645.1

GCF_000011065.1
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GCF_000020985.1
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#detailed input file

GCF_000195955.2 GCA_000195955.2 UP000001584  Mycobacterium tuberculosis strain
H37RV

GCF_000006765.1 GCA_000006765.1 UP000002438 Pseudomonas aeruginosa PAO1
GCF_000008545.1 GCA_000008545.1 UP000008183  Thermotoga maritima MSB8
GCF_000008725.1 GCA_000008725.1 UP000000431  Chlamydia trachomatis (strain D/UW-
3/Cx)

GCF_000203835.1 GCA_000203835.1 UP000001973  Streptomyces coelicolor (strain ATCC
BAA-471/ A3(2) / M145) surpressed by REFSEQ

GCF_000092565.1 GCA_000092565.1 UP000001408 Leptospira interrogans serogroup
Icterohaemorrhagiae serovar Lai (strain 56601)

GCF_000005845.2 GCA_000005845.2 UP000000625  Escherichia coli (strain K12)
GCF_000008805.1 GCA_000008805.1 UP000000425  Neisseria meningitidis serogroup B
(strain MC58)

GCF_000008565.1 GCA_000008565.1 UP000002524  Deinococcus radiodurans (strain ATCC
13939 / DSM 20539 / JCM 16871/ LMG 4051 / NBRC 15346 / NCIMB 9279/ R1/ VKM B-
1422)

GCF_000011365.1 GCA_000011365.1 UP000002526  Bradyrhizobium diazoefficiens (strain
JCM 10833/ 1AM 13628 / NBRC 14792 / USDA 110)

GCF_000009725.1 GCA_000009725.1 UP000001425  Synechocystis sp. (strain PCC 6803 /
Kazusa)

GCF_000018865.1 GCA_000018865.1 UP000002008  Chloroflexus aurantiacus (strain ATCC

29366 / DSM 635 / J-10-fl)

73



GCF_000009045.1 GCA_000009045.1 UP000001570  Bacillus subtilis (strain 168)
GCF_000011385.1 GCA_000011385.1 UP000000557  Gloeobacter violaceus (strain ATCC
29082 / PCC 7421)

GCF_000008625.1 GCA_000008625.1 UP000000798  Aquifex aeolicus (strain VF5)
GCF_000008525.1 GCA_000008525.1 UP000000429 Helicobacter pylori (strain ATCC
700392 / 26695) (Campylobacter pylori) surpressed by REFSEQ

GCF_000007325.1 GCA_000007325.1 UP000002521  Fusobacterium nucleatum subsp.
nucleatum (strain ATCC 25586 / CIP 101130/ JCM 8532 / LMG 13131) surpressed by REFSEQ
GCF_000196115.1 GCA_000196115.1 UP000001025 Rhodopirellula baltica (strain DSM
10527 / NCIMB 13988 / SH1)

GCF_000007985.2 GCA_000007985.2 UP000000577  Geobacter sulfurreducens (strain
ATCC 51573/ DSM 12127 | PCA)

GCF_000027325.1 GCA_000027325.1 UP000000807  Mycoplasma genitalium (strain ATCC
33530/ G-37 / NCTC 10195)

GCF_000021645.1 GCA_000021645.1 UP000007719  Dictyoglomus turgidum (strain Z-1310
/| DSM 6724)

GCF_000011065.1 GCA_000011065.1 UP000001414 Bacteroides thetaiotaomicron (strain
ATCC 29148/ DSM 2079 / NCTC 10582 / E50 / VVP1-5482)

GCF_000020985.1 GCA_000020985.1 UP000000718  Thermodesulfovibrio yellowstonii

(strain ATCC 51303 / DSM 11347 / YP8T)
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APPENDIX B

Generating Phylogenetic Trees Commands
This appendix contains the commands used to align the fasta files, build the phylogenetic trees,
and plot the phylogenetic tree figures (see Chapter 2).
#Bash
# align with muscle 5
J/muscle5.1.linux_intel64 -align “$sequence.fasta” -output “$aligned.fasta”
# build tree with raxml
raxml/standard-RAxML-master/./raxmlHPC-PTHREADS-AVX -T 10 -f a -m
PROTGAMMAAUTO -p 12345 -x 12345 -0 STM0828 -# 1000 -s “$aligned.fasta” -n

“$hog number tree”

#R

library(ape)

setwd() # set working directory

datal <- read.tree(“RAXML_bipartitions.hog_number_tree”)
plot.phylo(datal, show.node.label = TRUE)

add.scale.bar()

Tree figures have been rotated about nodes to place certain groups next to other groups.

75



APPENDIX C

Example Feature Table File and OMA Database File
This appendix contains an example RefSeq feature table file (genome annotation) and two
example files from the OMA database, oma-groups.orthoXML, which does not contain paralogs,
and oma-hogs.orthoXML.xml, which does contain paralogs. The tab-delimited feature table file
displays a single gene and protein product (CDS) with the remaining genes and proteins omitted.
The product accession is bolded, the gene name is bold with italics, the locus tag is bold with
solid underline, and the attributes are bold with dashed underline; the other columns, denoted by
#...#, have been omitted. A single gene and ortholog group are displayed for the oma-groups and
oma-hogs files, with the remaining genes and ortholog groups omitted. The geneld is bolded
with a dashed underline, the protld (a uniqgue OMA identifier that cannot be referenced to other
databases) is unbolded with a solid underline, and the gene id & the geneRef id is unbolded with
italics. The OrthoXML conversion script (orthoxml_convert.cpp, See Chapter 3) requires all
three files. The conversion is achieved by matching the protld information between the two
OMA files, storing the geneld from the OMA-group file for matching with the feature table later,
and matching the gene id from the start of the oma-group file to the geneRef id in the
orthologGroup at the end of the oma-group file — all genes contained within the orthologGroup
that were from the genomes specified by the user were grouped into a hog. The geneld from the
oma-group file is then compared to the attributes, locus_tag, and name column of the feature
table to match one of the columns; if no match can be found, the geneld from OMA is printed in

the output. If a match can be found, the locus_tag column between the gene and CDS lines is
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verified as matching, and then the information from the product_accession column is printed.
The conversion output is a tab-delimited HOG file that matches OrthoFinder’s formatting, which

is the format OrthoRefine requires as input.
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GCF_000008665.1 ASM866Vv1 feature table.txt

# feature 2...10 product _accession 12...13 name 15...16 locus tag 18...19 attributes
gene 2...17 AF _RS00030 18...19 AF0008,AF_0008

CDS 2...10 WP_010877522.1 12...13 MFS transporter 15...16 AF RS00030 18...20

oma-groups.orthoXML.xml
<species name="Archaeoglobus fulgidus (strain ATCC 49558 / DSM 4304 / JCM 9628 / NBRC 100126 / VC-16)" NCBITaxld="-
627288153">

<database name="Genome Reviews" version="01-SEP-2009 (Rel. 110, Last updated, Version 111)">

<genes>

</genes>

</database>
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</species>

oma-hogs.orthoXML
<species name="Archaeoglobus fulgidus (strain ATCC 49558 / DSM 4304 / JCM 9628 / NBRC 100126 / VC-16)" NCBITaxld="-
627288153">

<database name="Archaeoglobus fulgidus (strain JCM 9628 / DSM 4304 / VC-16 / ATCC 49558 / NBRC 100126)
chromosome, complete sequence.” version="01-SEP-2009 (Rel. 110, Last updated, Version 111)">

<genes>

<gene id="17953" protld="ARCFU00008"/>

</genes>
</database>
</species>
<groups>

<orthologGroup id="####">
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<geneRef id="17953"/>
<geneRef id="#####"/>
<geneRef id="#####"/>

<geneRef id="#####"/>

</orthologGroup>

</groups>
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APPENDIX D
OrthoXML Conversion and Additional Summary Statistic Commands
# To perform conversion from OrthoXML to OrthoRefine input
# taxid.txt is a single-column file that contains the taxid from the OMA file for the genome
(NOT NCBI Taxld)
Jorthoxml_convert.exe --input input.txt --ncbiTaxld taxid.txt --orthoxmIGroup oma-

groups.orthoXML.xml --orthoxmIHog oma-hogs.orthoXML --Output output.txt

# To obtain AMNOG
./OrthoRefine.exe --input input.txt --OF _file OF _file.tsv --window_size 8 --synteny _ratio 0.5 --

run_combo
# To obtain summary stats
Jsummary_stats.sh --exe ./OrthoRefine.exe --window_size 8 --synteny ratio 0.5 --input input.txt

--OF _file OF _file.tsv

# To count number of paralogs in OrthoFinder format

less NO.tsv | grep-0'," | wc -l

# To count number of genes in OrthoFinder format

less NO.tsv | cut -f 4- | tail -n +2 | grep-0'_' | wc -l
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