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Comparative Genomics using the Integrated Microbial Genomes & Microbiomes (IMG/M)

System - a Deinococcus Use Case

Rekha Seshadri*, Nikos Kyrpides, Natalia N. Ivanova

DOE  Joint  Genome  Institute,  Lawrence  Berkeley  National  Laboratory,  1  Cyclotron  Road,

Berkeley, CA 94720

ABSTRACT

The Integrated Microbial Genomes and Microbiomes (IMG/M) system is a web-based platform

that provides access to the wealth of public sequence data arising from diverse environments and

enables  the user to answer biological  questions.  In this  review, we explore IMG’s tools and

features using genome data for genus  Deinococcus isolates as well as metagenome-assembled

genomes (MAGs). We use various comparative genomic and visualization tools to investigate

this genus and address specific research questions. 

*To whom correspondence should be addressed: rseshadri@lbl.gov 
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Background

Extreme environments on Earth include hypersaline lakes, arid regions, deep sea, acidic

sites,  cold and dry polar regions,  permafrost,  and extremophiles  native to these environs are

conjectured to survive the harsh conditions of extraterrestrial settings - and possibly serve as

model organisms to understand the fate of biological systems in such environments. The survival

of organisms inside rocks (endolithic communities) or their survival on Mars has also been an

area  of  focus  for  understanding  the  likelihood  of  life  on  other  planets  (1,  2).  Metagenome

samples and available isolates from such types of environments can be accessed via the IMG/M

data portal.

One such model organism is Deinococcus radiodurans,  a polyextremophile,  famously

resistant to radiation, desiccation, and many toxic chemicals (3). This resistance is linked to its

ability  to  recover  following  exposure  to  diverse  kinds  of  damage,  which  is  lethal  to  most

organisms, and is mediated by hundreds of proteins involved in DNA repair, oxidative stress

defense, proteome protection, regulation and various unknown functions. Bacteria belonging to

the family  Deinococcaceae are some of the most radiation-resistant organisms discovered and

there  is  large  diversity  in  the  molecular  mechanisms  involved  in  this  resistance  within  the

Deinococcus genus (4, 5). Members of this group are not only model organisms for the study of

DNA damage and repair, but candidates for practical applications such as cleanup of radioactive

waste  sites  (e.g.,  D. radiodurans engineered  to  express  enzymes  for  metal  detoxification  or

degradation of organic pollutants) (6). 

Here we use  Deinococcus  as the biological case study to explore and highlight useful data

resources and tools for comparative genomics within the IMG/M system. IMG/M allows the

benchtop biologist to formulate and answer biological questions quickly using an easy-to-use

web interface. We identify and compare cultured isolate and uncultivated genomes of the genus

Deinococcus  in  order  to  address  the  following  objectives:  (1)  explore  the  general  genome

properties and diversity of available genomes with particular  attention to the  D. radiodurans

clade (2) identify unique functional gene content in this clade that may be associated with any

relative resistance prowess compared to other Deinococcus species (3) assess the occurrence of

Deinococci in environmental samples and the relative diversity of uncultivated genomes (MAGs)
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recovered  from  these  samples  (4)  examine  the  distribution  of  a  previously  characterized

mutagenesis  cassette  to  highlight  strains  that  may  possibly  serve  as  a  chassis  for  strain

engineering efforts. 

Exploring Genomes & their Statistics

Using the advanced genome search function that allows the user to query and retrieve 

datasets based on elaborate metadata criteria (sourced from the GOLD database mentioned in the

accompanying article in this issue by Reddy et. al.), we retrieve 47 isolate genomes (finished and

draft assemblies) by specifying a total genome scaffold count of <=600. The scaffold count 

serves as a measure of the assembly quality, helping to eliminate highly fragmented draft 

genomes from the analysis. Metadata filters and other utilities of the advanced search builder are 

presented in this You tube tutorial. Deinococcus spp. genome sizes range from 2.75 - 6.65 Mbp 

(Fig. 1).  Deinococcus radiodurans R1 was the first isolated (from irradiated canned meat) and 

its finished genome consists of two chromosomes and two plasmids (177- and 45- kb) totaling 

3.34 Mbp (7). 
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Figure 1. Genome Size (panel 1), G+C% (panel 2) and total scaffold counts distribution for 60 

Deinococcus spp isolates is shown. Five quantile summary is included in each plot. 
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From the genome cart, additional metadata can be explored for these genomes such as 

genome statistics like G+C%, sequencing or assembly methodology, environmental 

classification, and much more. As reported previously for this genus (8), there is little correlation

between genome size and G+C % (Fig. 2a).

Recently added and highly useful fields include contamination and completeness estimates 

from checkM (9) and GTDB-Tk taxonomy (RE). CheckM scores are provided to help with 

assessment of the quality of individual genomes, while GTDB-Tk provides a genome-based 

taxonomy, which is based on a set of universally conserved marker genes. It complements the 

NCBI lineage, which is based on multiple classification criteria ranging from average nucleotide 

identity (ANI) to 16S rRNA-based classification. Data tables are easily exportable into a 

spreadsheet for graphing or other analysis or visualization. 

Environmental metadata show that Deinococcus spp. were isolated from a wide range of 

environments as summarized in Fig.2b. Reported sites of isolation include lake sediment, 

weathered granite, irradiated medical instruments, and air purification systems among others

(10). 
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Figure 2. Plot of genome size versus G+C for each of the isolate genomes (left). Unlike reported

trends in other taxa, there is little correlation between these to metrics in this ancient phylum. 

Genome size distribution of Deinococcus spp. isolated from distinct environmental sources 

(right). Points indicate individual genome sizes. 

4



The system provides results of searches of proteomes performed against various public 

functional annotation sources (as described in the accompanying article by Reddy et. al.) - 

offering maximal opportunity to make biological inferences based on these various annotations 

(COG, Tigrfam, Pfam, Kegg Orthology, Superfam, etc.), which are partially overlapping, but 

have distinct focuses and strengths. The genome table can be reconfigured to show summaries of 

all these search results and more custom analyses like CRISPR arrays or biosynthetic gene 

clusters (BGCs, based on AntisMASH v5 (11)). For example, the four D. radiodurans (D.r.) 

strains encode 4 BGCs  – 2 terpene clusters and 2 T3PKS. Secondary metabolites are specialized

compounds produced by these BGCs enabling organisms to respond to environmental stresses or

mediate interactions with each other  – and could have applications in many fields. A genome 

details page is available for each genome which displays all these genome statistics and also 

provides useful tools for exploration such as chromosome maps (Fig. 3), Kmer frequency 

analysis, phylogenetic distribution of BLAST hits, etc. 
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Figure 3. Circular representation of the Deinococcus radiodurans R1 overall genome structure 

comprised of four individual replicons. The outer scale designates coordinates in base pairs. The 

outer circles show predicted CDS on the plus strand color-coded by function role categories.

Comparing Genomes

The relationship  of  the  Deinococcus isolates  can be examined using the ANI tool  or

visualized on a phylogram employing 16S or other marker gene alignments. Here again, and

advanced gene builder can be used to retrieve appropriate markers (e.g., using Pfams for RpoB)

or  16S  rRNA  (using  minimum  sequence  length  constraints),  and  sequence  alignment  and

phylogram can be generated from the gene cart. Narrowing in on D.r., four strains (isolated from

irradiated meat)  form a distinct clade (as expected) with  D. xibeiensis and  D. wulumuqiensis

(both isolated from radiation-contaminated soils) as their closest available relatives in this cohort

(Fig. 4). This result is corroborated by the top BLAST hits of D.r. 16S rRNA genes that can be

accessed from the gene details page. 
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Figure  4. Rectangular  phylogram  inferred  from  RpoB  protein  sequence  alignments  (by

ClustalW) using the “sequence alignment” tool accessible through the gene cart.  D.r. str. R1 is

highlighted towards the bottom of the tree. This and neighboring genomes form the 6-genome

“D.r clade” referenced below. 

Pairwise ANI(12) (under “Compare Genomes”) of D.r. R1 strain against all other “species”

echoes  this  observation  (Fig.  5).  Highest  ANI and AF values  are  shared  between  the  near-

identical strains of D.r. (99.9% ANI/96% AF), followed by D. xibeiensis and D. wulumuqiensis.

Precomputed ANI clusters can also be browsed from the ANI tool and filtering “Contributing
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species” for  Deinococcus – over  40 distinct “species” of  Deinococcus may be discerned using

ANI for species classification(12). 

Figure 5. Results of pairwise ANI query comparing D.r. R1 against other strains and species 

(top 25 rows are shown). ANI is average nucleotide identity and AF is alignment fraction. 

Functional  content  (based  on  CDS  protein  sequence  assignments  to  COG,  Pfam,  KO,

Tigrfam)  may  be  compared  across  all  genomes  using  a  variety  of  tools  under  “Compare

genomes”  such  as  genome  clustering,  abundance  profiles,  and  more.  To  directly  compare

proteomes based on pairwise sequence similarities rather than protein family assignments, tools

under Find Genes > Phylogentic Profilers may be appropriate. For example, the “Single Genes”

tool may be employed to find genes that are unique to the  D.r. clade by specifying all other

genomes  in  the  “without  homologs”  box  (Fig.  6)  –  only  306  genes  are  retrieved  from the

reference strain (R1) that meet the specified criteria (Supplementary Table 1). Of these, over half
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are  conserved  hypothetical  proteins  and  the  remainder  notably  comprise  many  regulatory

proteins,  transposases,  biotin  uptake-,  osmoprotectant  transporter,  bacterial  sensor  and

chemotaxis  proteins,  erythromycin  esterase,  triacylglycerol  lipase,  and  cytochrome  c-type

biogenesis proteins. Some of these have been implicated in their hallmark radiation resistance

phenotype although many mechanisms of exist (13) (14). 

Figure 6. Screenshot of data input page for pairwise sequence based (USEARCH) comparisons 

of specified genomes. Tool can be found under Find Genes > Phylogentic Profilers > Single 

Genes. 

Discovering genomes “in the wild”

The distribution or occurrence of D.r. and related strains in metagenome samples can be

assessed preliminarily  using the “top IMG metagenomes  16S rRNA hits”  option from RNA

homologs in the 16S gene detail page. This can be repeated individually for 16S genes from each

genome. From the BLAST results (filtering >=97% identity hits, which roughly corresponds to a

species level 16S rRNA sequence similarity), it is apparent that these species are not present in

the thousands of metagenome samples available in IMG. The D.r. clade members are only found
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in  a  mock  synthetic  community  (example  -  blast  hits  from  R1).  While  the  distribution  of

deinococci  has  not  been  explored  systematically,  a  preliminary  assessment  of  16S  matches

suggests that some other Deinococcus species like D. grandis ATCC 43672 or D. soli N5, or D.

sp UR-1, are detected in freshwater samples from certain lakes, rivers or aquifers around the

world (Fig. 7 – blast hits from UR1).

Figure 7. Screenshot showing top 8 BLAST results of Deinococcus sp. UR1 16S rRNA against a

custom reference database of 16S rRNA genes arising from metagenome samples available in

IMG. 

Another  approach  pursuing  this  objective  is  to  assess  whether  any  Deinococcus

metagenome  assembled  genomes  (MAGs) have  been  recovered  from metagenome  samples.

Over 200,000 auto-computed MAGs referred to as “metagenome scaffold bins” can be explored

using the “metagenome bin” search tools under “Find genomes”.  Again,  an advanced search

builder can be employed to constrain the search based on various MAG statistics, taxonomy and

more.  Here,  we  retrieve  9  Deinococcus MAGs  with  >=95%  checkM  completeness  from

primarily  endolithic  communities  (Fig.  8).  An additional  18 MAGs are available with lower

completeness (as low as 54%) recovered from a variety of host-associated, soil and freshwater
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samples. In addition to checkM measures, the quality of individual MAGs can be assessed from

within the scaffold workspace or the scaffold cart using the Kmer frequency analysis plot (Fig. 9

–  result  for  HQ  MAG  from  a  sandstone  endolithic  community  (3300039401_2)  with  67

scaffolds).  Potentially  incorrectly  binned  scaffolds  could  be  assessed  and  removed  from the

metagenome bin as desired. 

Figure 8. High quality Deinococcus metagenome bins (or MAGs). High quality is delineated 

based on bin completeness of >=95% (CheckM).
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Figure  9.  Kmer  frequency  plot  of sandstone  endolithic  community  metagenome  bin

(3300039401_2). Individual scaffolds are colored. Tool is accessed either through the scaffold

cart  or scaffold workspace.  For  isolate  genomes,  tool  is  also accessible  through the genome

details pages. 

The phylogenetic relationship of these MAGs can again be explored by recovering RpoB

sequences from the 9 HQ MAGs and recomputing the RpoB phylogram as before including

isolates (Fig. 10). The near-identical endolithic MAGs may represent a new Deinococcus species

compared to available isolate genomes.  
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Figure 10. RpoB sequences from metagenome bins or MAG are added to isolate reference tree. 

Gene Cassette Search

D. radiodurans is renowned for efficient DNA repair pathways including excision repair,

mismatch repair and recombination repair. It is not mutable by UV radiation due to this very

accurate  DNA repair  and the absence  of  error-prone translesion (TLS) DNA polymerase.  In

contrast, other radiation-resistant species (D. deserti and D. ficus) do possess TLS polymerase

genes, and it is possible to obtain UV-radiation-induced mutants in these strains. The ability to

generate mutants using UV stress is mediated by a mutagenesis cassette described previously

(15).  We will use the IMG Cassette Search tool to survey the presence of colocalized genes
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encoding  this  mutagenesis  cassette  (lexA–imuB–dnaE  –  PLASMID  origin)  across  all

Deinococccus isolate genomes. Using the Pfams and Tigrfam representing these functions (Fig.

11a), we can retrieve 11 instances of colocalized error-prone DNA repair genes (mutagenesis

cassettes) from nine distinct  Deinococcus spp. (including previously known  D. deserti and  D.

ficus) (Fig. 11b) 

Figure 11. a,  cassette search input page b, results of cassette search can be saved as “Cassette

Sets” in Workspace. Gene neighborhoods of cassettes can be view alongside from the cassette

workspace. Genes corresponding to “required hooks” specified in the search input as colored

blue. The boundaries of the requested cassettes as specified are outlined by the red box. Only a

subset of cassette results are shown for ease of display.

Various tools can be employed within the Cassette Workspace to assess the similarity of

the 11 mutagenesis cassettes such as a function heatmap or similarity network plot (Fig. 12).

These 11 cassettes organize roughly into 3 clusters and 2 singletons. 
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Figure  12.  Additional  tools  in  the  Cassette  Workspace.  Similarity  network  graph  (left)  to

summarize  the  data  showing 3  D. ficus cassettes  forming  a distinct  group (dark green)  and

separated  from other  partially  linked  clusters  and  singletons.  Nodes  are  colored  by  species.

Function heatmap (right) can be used to visualize the Pfam content of cassettes. Cells are colored

with hues of green based on the number of copies of the selected Pfam in the cassette (darker

signifies a higher copy number). Rows are individual cassettes while columns are Pfams that

occur in all cassettes and define the core functions of the cassette.

The relative distribution of this  cassette in the context  of species phylogeny suggests

potential acquisition via horizontal acquisition in some clades (Fig. 13). In  D. deserti the gene

cassette is encoded on a plasmid, and plasmid-mediated acquisition in other species is possible.

While  currently  in  beta-testing,  IMG  implemented  a  new  “GeNomad”  pipeline  (DOI:

https://zenodo.org/record/7015982)  that  can  predict  plasmid  scaffolds  in  draft  genomes  and

metagenomes, and at least 7 cassettes are suggested to be plasmid-borne. 
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Figure 13.  Isolate reference RpoB tree showing genomes containing TLS gene cassettes. For

genomes with more than one cassette, both gene clusters are shown alongside. Putative plasmid-

borne prediction is indicated by the “P.”

Statistical Analysis Tool

In order to see whether  the presence of mutagenesis  cassette  is  correlated with other

differences  in  functional  complement  of  Deinococcus  spp.  we  can  perform  further  genome

comparisons  by  delineating  two  “genotype  groups”  –  genomes  with  a  TLS  polymerase

mutagenesis  cassette  and those without.  Functional  differences  between these  two groups of

Deinococcus strains  can  be  explored  using  a  statistical  analysis  tool  accessible  through  the

Genome Workspace. Two workspace genome sets are first created – 9 genomes in the TLS+
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group versus 40 genomes (dereplicated to remove near-identical strains or low-quality genomes)

in the TLS- group. A Mann-Whitney test with multiple testing correction is performed based on

counts  of genes assigned to functions  (e.g.,  Pfam) between the two groups.  Other  statistical

methods and other input choices are also available (Fig. 14). 

Figure 14.  Decision tree for selection of default statistical test method. One of five statistical

methods may be applied depending on size and number of input datasets. (FDR - false discovery

rate).

Comparing  the  presence  versus  absence  using  “Absolute”  gene  counts  of  individual

Pfams, only 45 Pfams are found to be significantly enriched (FDR adjusted P-value <=0.05) in

the TLS+ group. As expected, these include the Pfams corresponding to the 3-gene cassette that

was used to delineate the TLS+ group (Fig. 15). Interestingly, among other Pfams, there is a

domain of unknown function (DUF6504) encoded by a small intervening conserved hypothetical

protein found in many TLS cassettes. Annotation of DUF6504 can be examined more closely

through the gene details page (example). The gene is only about 80 amino acids with no other

available annotations.  Compare this to four Pfam domains and many other annotation details

available for DnaE protein (example). 
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LexA

ImuB

DnaE

DnaE

DnaE

DnaE

Figure 15.  Top 10 Pfam results of Mann-Whitney statistical comparison of genomes in TLS+

versus  TLS- groups. Pfams corresponding to  known TLS genes  are  indicated  with red text.

Location of DUF6504 is highlighted in the context of an example TLS gene cassette. 

Results and a full matrix of all Pfam gene counts per genome can be downloaded and

explored further. This comparative tool can be particularly valuable when discrete groups can be

discerned based on distinct genotype or phenotype traits. A youtube tutorial and documentation

provide more details about this tool. Comparisons can also be extended to combine MAGs with

isolates if desired using the analysis data groups feature. 

It is undeniable that there are many limitations innate to genomic analysis starting with

potential sequencing errors, mis-assembly and annotation inaccuracies arising from underlying

assumptions in the gene finding process. However, the IMG system attempts to mitigate some of

these issues by implementing state-of-the-art data processing and computational analysis tools as

detailed in the accompanying paper by Reddy et. al.  Many genome assembly and annotation

quality  metrics,  and other contextual data are also available to aid the researcher.  Tools like

Kmer frequency plots and precomputed ANI clusters are also valuable for quality assessment.

Isolate  genome  proteins  are  uniformly  annotated  and  updated  allowing  the  user  to  reliably

compare proteomes.  Furthermore,  annotations resulting from multiple  databases (e.g.,   Pfam,
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KEGG, Tigrfam, COG, SuperFam) provide an internal consistency check while maximizing the

opportunity to make biological inferences. 

While  an exhaustive description of all  tools and features  is  beyond the scope of this

article,  a suite of features and tools supporting metagenome analysis is also available.  Video

tutorials and other help documents are offered through the user interface, and in-person or virtual

workshops are offered worldwide upon request. 
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