
Phylogenomic tree reconstruction has recently become a 
routine and critical task to elucidate the evolutionary relation-
ships among bacterial species. The most widely used method 
utilizes the concatenated core genes, universally present in a 
single-copy throughout the bacterial domain. In our previous 
study, a bioinformatics pipeline termed Up-to-date Bacterial 
Core Genes (UBCG) was developed with a set of bacterial core 
genes selected from 1,429 species covering 28 phyla. In this 
study, we revised a new bacterial core gene set, named UBCG2, 
that was selected from the more extensive genome sequence 
set belonging to 3,508 species spanning 43 phyla. UBCG2 com-
prises 81 genes with nine Clusters of Orthologous Groups of 
proteins (COGs) functional categories. The new gene set and 
complete pipeline are available at http://leb.snu.ac.kr/ubcg2.
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Introduction

Phylogenomics has become an important routine task to in-
fer evolutionary relationships among bacterial species (Chun 
and Rainey, 2014; Chun et al., 2018; Na et al., 2018). The most 
commonly adopted method uses concatenated core gene se-
quences (Wu and Scott, 2012; Darling et al., 2014; Glaeser 
and Kämpfer, 2015; Parks et al., 2017, 2018; Chun et al., 2018; 
Zhu et al., 2019; Asnicar et al., 2020). This approach can infer 
a stable phylogeny with a higher resolution than the use of 
ribosomal RNA or a few protein-coding genes.
  The genes selected for the core gene set vary according to 
taxonomic scope, from domain level to species level (Chun 
et al., 2009; Na et al., 2018; Lee, 2019). The genes suitable for 

phylogenomic analysis should be universally present as a 
single-copy in a target taxon. Domain level core gene sets have 
advantages over lower taxon-specific gene sets. They provide 
consistent and reproducible phylogenetic analysis across all 
species, as well as any taxonomic ranks, within that domain. 
One limitation of using domain level is that such gene sets 
can vary depending on the availability of complete genome 
sequences in public databases.
  Our previously released software tool, Up-to-date Bacterial 
Core Genes (UBCG) (Na et al., 2018), collected core genes used 
in several studies and screened only single-copy genes exist-
ing in most bacteria. This core gene set and accompanying 
software tool have been widely utilized for phylogenomic 
studies, especially for the classification of new bacterial taxa. 
This study aimed to update the bacterial core gene set utiliz-
ing significantly more bacterial genomes (3,508 species) com-
pared with the previous version (1,429 species). The newly 
identified core gene set, named UBCG version 2 (UBCG2), 
comprises 81 bacterial core genes and a revised bioinformatic 
pipeline for building phylogenomic trees from genome as-
semblies. The software tools and manual are available for 
download at http://leb.snu.ac.kr/ubcg2.

Materials and Methods

Updating the bacterial core gene set
Firstly, we compiled potential single-copy core genes from 
previous studies, including our own set (UBCG) (Dupont et 
al., 2012; Ankenbrand and Keller, 2016; Parks et al., 2017; 
Na et al., 2018). The resultant genes consisted of 148 candi-
date genes.
  We then evaluated the presence of the 148 candidate core 
genes in the selected sequences using hidden Markov model 
(HMM) profiles obtained from the TIGRFAMs 15.0 (Selengut 
et al., 2007) and Pfam 31.0 (El-Gebali et al., 2019) databases. 
The genome sequences that were labeled as ‘complete’ in the 
NCBI database had been downloaded from the EzBioCloud 
database (Yoon et al., 2017). A total of 3,508 sequences rep-
resenting 3,508 different species were used to evaluate if a 
candidate gene is present as a single-copy and ubiquitous 
among the complete genomes. Coding sequences (CDSs) for 
each genome were predicted using Prodigal V2.6.3 (Hyatt 
et al., 2010). The hmmscan program (HMMER 3.1b2; http:// 
hmmer.org/) with a trusted cutoff (TC) option was used to 
detect the presence of the candidate genes. Genes with only 
one copy number in more than 95% of the complete genomes 
were selected for the UBCG2 gene set.

†These authors contributed equally to this work.
*For correspondence. E-mail: jchun@snu.ac.kr
§Supplemental material for this article may be found at
http://www.springerlink.com/content/120956.
Copyright ⓒ The Author(s) 2021

Jihyeon Kim1,2†, Seong-In Na1†, 
Dongwook Kim1,2, and Jongsik Chun1,2,3*

1Interdisciplinary Program in Bioinformatics, Seoul National University, 
Seoul 00826, Republic of Korea
2Institute of Molecular Biology & Genetics, Seoul National University, 
Seoul 00826, Republic of Korea
3School of Biological Sciences, Seoul National University, Seoul 00826, 
Republic of Korea

(Received Apr 27, 2021 / Revised May 11, 2021 / Accepted May 11, 2021)

Journal of Microbiology (2021) Vol. 59, No. 6, pp. 609–615
DOI 10.1007/s12275-021-1231-4

eISSN 1976-3794
pISSN 1225-8873

UBCG2: Up-to-date bacterial core genes and pipeline for phylogenomic 
analysis§



610 Kim et al.

Software features
The UBCG2 phylogenomic pipeline was coded using Java lan-
guage version 8 and is available at http://leb.snu.ac.kr/ubcg2. 
The overall workflow was identical to that of the previously 
released UBCG pipeline (Na et al., 2018; Fig. 1). The pipeline 
infers a phylogenomic tree from a set of genomic sequences 
or CDSs by implementing external programs including Pro-
digal (Hyatt et al., 2010), Hmmsearch (http://hmmer.org), 
Mafft (Katoh and Standley, 2013), RaxML (Stamatakis, 2014), 
and FastTree (Price et al., 2010).
  UBCG2 extracts the bacterial core genes and performs a mul-
tiple sequence alignment for each gene. Users can choose the 
alignment option out of the followings: (1) align nucleotide 
sequences, (2) align amino acid sequences, (3) align amino 
acid sequences, but use the nucleotide sequences, (4) align 
amino acid sequences, but use the first and second nucleo-
tides in each codon (codon 12 option). Then, the pipeline re-
moves gap-rich columns (by default, more than 50% of gap 
characters) in each alignment column and concatenates them 
into an extensive sequence alignment. UBCG2 infers the phy-
logenomic tree from this final alignment by applying RaxML 
or FastTree.

Results and Discussion

To identify the bacterial core genes among 3,508 bacterial 
species covering 43 phyla, we calculated the presence ratio 
(PR) and single-copy ratio (SR) of each candidate gene us-
ing the hmmscan program with the trusted cutoff (Table 1). 
We chose the trusted cutoffs, which vary for each gene instead 
of the fixed cutoff. For comparative purposes, when we also 
employed 10e-5 as a fixed cutoff for all genes in HMM-based 
search, the PR values of most genes increased, whereas the 
SR decreased (Table 1).
  A core gene is defined as a gene with both PR and SR of 95% 
or higher with the trusted cutoffs. This stringent criterion re-
sulted in 81 bacterial core genes, 11 fewer than the previous 
UBCG (92 genes; Na et al., 2018).
  Table 1 provides detailed information about 148 bacterial 

core gene candidates compiled from previous studies, includ-
ing bcgTree (Dupont et al., 2012; Ankenbrand and Keller, 
2016), UBCG (Na et al., 2018), and bac120 (Parks et al., 2017). 
UBCG2 has 64 and 77 genes in common with bac120 and 
bcgTree, respectively. Of the genes used in bac120 and bcgTree 
sets, 56 and 30 genes were not included in UBCG2 gene set, 
respectively, as they did not meet the 95% SR criterion. In par-
ticular, recG and rpsA included in bac120 had an SR of 69.38% 
and 46.21%, respectively, and proS, rpmH, and glyS included 
in bcgTree had an SR of 78.76%, 75.03%, and 63.57%, respec-
tively. The main reason for these discrepancies in the core 
gene sets between our study and previous studies is the com-
bination of the use of trusted cutoff in HMM-based search 
and the larger number of reference genomes employed.
  Fifteen genes included in UBCG version 1 were omitted in 
this version as they showed slightly lower SR values (93.16– 
94.93%) than the 95% cutoff (Supplementary data Table S1). 
Instead, four genes, namely, trmD, era, ruvB, and rsmH, were 
newly added to the UBCG2 gene set as they met our stringent 
criterion when 3,508 species were considered.
  It is vital to detect target orthologs with appropriate cutoff 
criteria in order to identify single-copy core genes (Selengut 
et al., 2007). If an applied cutoff is too loose, paralogous genes 
may be mistakenly identified as the correct sequence. Alter-
natively, if a cutoff is too strict, the corresponding gene se-
quence may not be detected, even though the gene is present 
in the genome sequence. In our study, we observed that PR 
and SR were significantly affected by the adopted cutoff cri-
teria. Therefore, we employed the trusted cutoff defined by 
the curators of TIGRFAM and PFAM instead of the fixed 
cutoff (e.g., 10e-5) to ensure that only orthologs can be de-
tected, which allows us to identify single-copy genes with more 
confidence.
  In this study, we only used the complete genome sequences 
for calculating the bacterial core gene set as draft genome as-
semblies are often contaminated (Parks et al., 2015; Lee et al., 
2017). To ensure a normalized representation for a broader 
taxonomic scope, each reference genome belongs to a separate 
species, which was validated by Average Nucleotide Identity- 
based identification (Ha et al., 2019). As a result, the num-

Fig. 1. The process of phylogenetic tree 
reconstruction using the UBCG2 pipeline. 
The pipeline generates 81 gene trees and 
concatenated UBCG2 tree that is labeled
with gene support index (GSI) values 
when using UBCG2 gene set.
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ber of species considered for determining the bacterial core 
gene set increased significantly from 1,429 (UBCG) to 3,508 
(UBCG2).
  Inferring phylogenomic trees using bacterial core genes 
has been widely used in taxonomy. It may become a standard 
method for the description of new taxa or genome-based phy-
logenetic studies, particularly for genus or higher-level taxa. 
We believe that our updated bacterial core gene set and ac-
companying easy-to-use bioinformatics pipeline should pro-
vide valuable means to researchers in the various fields of 
microbiology.
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