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Abstract
With the decreasing cost of NextGen sequencing and the subsequent increase in the availability of
microbial genome sequences, it has been suggested that the prokaryotic species definition should
change from physical measurements of DNA-DNA hybridization (DDH) to computationally
determined genome-wide metrics. The Reciprocal Orthology Score Average (ROSA) metric
described here is calculated using Average Amino Acid Identity (AAl) and percent bi-directional
best-hit (%BBH) genes at its core. We have developed a JavaScript-based tool
(http://lycofs01.lycoming.edu/~newman/rosa/) that calculates AAl, %BBH, and ROSA using the
output from the “Sequence-based comparison” tool on the Rapid Annotation with Subsystems
Technology (RAST) service (rast.nmpdr.org). The ROSA metric has a range from <3 when comparing
genomes from different domains to >98 when comparing closely related strains. Organisms at
every level from subspecies to domain are clustered more accurately using ROSA thresholds than
with any existing published metric because it takes into consideration both similarity of orthologs
as well as percentage of the genome composed of orthologs.

Background/Review of Existing Phylogenomic Metrics

70% DNA-DNA Hybridization (DDH)-Official Species definition (Wayne et al. 1987)
 Physical integration of ortholog similarity and percentage of orthologs

* Examines entire genome

* Few labs have capability, error prone, applicable only at species level

* Requires physical reciprocal experiment for each organism, cannot database

70% estimated DDH using Genome-Genome Distance Calculator (GGDC

« Easily accessible web-based tool (Meier-Kolthoff et al. , 2013)

* Examines entire genome sequence, range similar to DDH, statistical support
* “Black box” calculation derived from unclear metric and complex statistics

* No widely accepted thresholds above species level

98.65% 16s rRNA similarity (Stackebrandt & Ebers, 2006; Kim et al., 2014)
« Simple, very inexpensive, large databases.

* Easily accessible stand alone and web-based tools (Kim et al., 2012)

* Examines only a single gene, many separate species have >99% similarity
* No widely accepted thresholds above species level

95-96% Average Nucleotide Identity (ANI) (Goris et al. , 2007)

* Accessible tools (Jspecies - Richter & Rossello’-Mora, 2009;
Kostas Lab http://enve-omics.ce.gatech.edu/ani/;
Chunlab http://www.ezbiocloud.net/ezgenome )

* Metric is moderately clear and intuitively understood at a basic level

* Value reflects average similarity of only highly similar (>60%) sequences

* Does not consider distant or non-orthologous sequences (min ~60%)

* No widely accepted thresholds above species level

95% Average Amino Acid Identity (AAI ) (Konstantinidis & Tiedje, 2005)

* Higher amino acid sequence conservation detects more orthologs than ANI

* Metric is clear and intuitively understood, reflects unit of selection/conservation
(proteins rather than randomly broken DNA seq)

* Applicable above species level, but no widely accepted thresholds (yet)

* Does not consider non-orthologous sequences

* No easily accessible tools

Goal: Create a genome-based metric to differentiate bacterial species.

* Incorporate orthology between distantly-related organisms (AAI)

* Incorporate core genome percentage due to HGT/reductive evolution (%BBH)
* Comparable to DDH using full range from 0 — 100

* Accessible via web using meaningful components, intuitive to understand

Integration of Average Amino Acid Identity (AAIl) and Percentage of Orthologous Genes in a Single Phylogenomic Metric,

the Reciprocal Orthology Score Average (ROSA).
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agid Annotation with Subsystem Technology (RAST)

ttp://rast.nmpdr.org/ (Overbeek et al., 2014)
Users upload multi-sequence fasta files

* RAST calculates GCmol%, genome size, identifies CDSs & RNAs,
Integrates into subsystems.
Sequence-Based Comparison tool identifies unidirectional and
bidirectional best hits between a “Reference Genome” and up to ten
“Comparison Genomes”

* Exportable color-coded table and graphic shows best matches.

* Screen “mouseover” or columns in exported table provide protein
name and AA sequence identity of each.
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Figure 2. Exported table with Sequenced-Based Comparison tool
results. Important columns are indicated with a red box.

Separate comparisons must be conducted using each organism as a
reference and the others (up to 10) as comparison organisms.
* Can be used to construct Venn Diagrams
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Figure 3. Screenshot of ROSA Calculator.
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Logic of Phylogenomic Metric Design

* AAI - Due to variation in percent identity of CDS, (see fig.
2) length included as a factor.

_ Z(%identity * length )obn

Zlength bon
* Because Horizontal Gene Transfer (HGT) and reductive
evolution would decrease DDH values between two
organisms, we calculated this as %BBH.

AAl

_ Elength bbh (comparison )

%BBH
Elength all (reference )
* Because 95% AAI corresponds to 70% DDH (the species
barrier), we concluded that decreasing AAl would decrease
DDH faster than a decrease in %BBH

Orthology Score (OS) = AAI? * %BBH

« Differences in reference genome size create different %BBH
values in reciprocal comparisons

Reciprocal Orthology Score Average (ROSA)

ROSA = (0S, + 0S;,)/2

Example ROSA Clusters

Table 1. Same species >65;
Same genus, different species 35-65
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Figure 4. Relationship between reciprocal DDH
and ROSA or ANI

e e e RO rere i e e e o
range range _range
8 speces stan 565 49 9950 8598 312 3 _ N/A
7 genus speces 3565 685 958 3663 521 294 38
6 famly genus 1535 58 5499 1886 524 125 19
5 order famly 1015 475 23.09 1158 314 79 22
4 cass _order 810 415 1499 822 286 121 _ 58
3 phylum class 6-8 43 114 6.62 123 42 14
2 domain phyum 36 185 766 445 211 10 6
1 domain <3 136 444 242 47 0 9

Table 4. ROSA Values at Different
Phylogenetic levels.

Conclusions:

* ROSA metric correlates well with DDH because
it incorporates level of similarity and percentage
of orthologs in a genome.

* If Microbial Systematics is to become based on
phylogenomics, much taxonomic revision will be
necessary.

* Comparison of shared and unique orthologs can
allow prediction of differentiating traits between
groups

Table 2. Same family, different genus 15-35;
different family <15

i

Table 3. Same domain, different phylum 3-6;
different domain <3
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