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Microbes Matter!

Life on Earth has been microscopic for much of its ~4 billion year history. 

The metabolic activity of these organisms has left its mark.

• Great oxygenation event

• Photosynthesis

• Lignin and cellulose degradation

• Cycling of elements (C, N, S, Fe, …)

• Greenhouse gas sink/emission

• Interact with plants and animals

• …

Bar-On et.al. PNAS, 2018



Life on the planetary timescale

                           

                                   

                   

                         

                   

                       

                          

                        

                             

                       

           
 
             

                           



We knew microbial ecology before knowing microbes

Fermented beverage and food storage in 13,000 year-old stone mortars



The Unseen Majority
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The Unseen Majority: Great plate count anomaly
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The Unseen Majority: metagenomics revolution

Hug et al., Nat microbiol, 2016
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This enormous biomass is 

distributed in microscopic cells

~1.2 x 1030  bacterial/archaeal cells 

exist in the “big five” habitats of 

Earth

if all the 1 × 1031 viruses on earth 

were laid end to end, they would 

stretch for 100 million light years

Astronomical numbers!

(Flemming et.al. 2018. Nat Rev Microbiol)



• oxidized forms

• ozone layer
Why are microbes so
diverse?

• Evolved early

• Initially access to all habitats on Earth

• Survided a large span of conditions

• More habitas, more niches

• Short generation times

• Inter-species gene transfer

The great oxygenation event



Microbes in carbon cycle

Microbes transfer an enormous flow of 

carbon through 

                          Trophic interaction 

                          Metabolism 

Greenhouse gas sink/emission control 

               Methane

               Nitrous Oxide 

              CO2

Climate impact



Using conventional cultivation techniques only 

0.1-1% of prokaryotes are Culturable in 

laboratory conditions.

Challenge: Great plate count anomaly



Microbiome analysis

Desired efficiency anything more that  0.1-1%





Global Ocean Sampling



Tara Ocean Sampling



Tara Ocean Sampling



Malaspina Sampling



Soil metagenomes



Deep groundwater metagenomes



How is Metagenomics done 
and what does it tell us?



How is Metagenomics done 
and what does it tell us?



Capturing the unseen Majority 
or their footprint…

Parks et.al. NatMicrobiol, 2017



Amplicon vs. Metagenomics

• Less complex
• Better coverage

• More samples

• Extensive database

• Same fragment 
• Comparable phylogenetic info

• Qualitative

• PCR and primer bias

• Limited phylogenetic info 

• Limited functional information 

Bacteria

Archaea

Microeukaryotes

viruses

Metagenomics

16S rRNA amplicon 
sequencing

18S rRNA amplicon 
sequencing



Metagenomics Workflow

Samples



What to think of when designing a experiment…

Optimized sample collection, preparation, and DNA extraction

  Scientific question 

  Sample type

  Sample should be representative

  Remember all metagenomics values are RELATIVE

  Process samples fast

  and preserve DNA properly

& Metagenomics



Metagenomics Workflow

Samples



• Choice of DNA extraction method

• Consistent method for all experiments we want to 
compare

• DNA extraction quality
• Gel electrophoresis     

• The integrity and size of genomic DNA

• Spectrophotometry
• Pure DNA has an A260/A280 ratio of 1.7–1.9

• DNA concentration has been determined using nanodrop

• Fluorometry concentration measurements 

DNA recovery method impacts the output



Metagenomics Workflow

Samples



Sequencing

Consider the sequencing quality, read length, and price

Short read

Long read

Deeper sequencing = higher resolution also = computationally intensive



Let’s have a break and come back in 20 min 



Metagenomics Workflow

Samples



Sequence analysis

Assembly



Assembly tools

• MEGAHIT: makes use of succinct de Bruijn graphs (SdBG; 
Bowe et al., 2012), which are compressed representation of 
de Bruijn graphs. 

• metaSPAdes: first constructs the de Bruijn graph of all reads 
using SPAdes, transforms it into the assembly graph using 
various graph simplification procedures, and reconstructs 
paths in the assembly graph that correspond to long genomic 
fragments within a metagenome.



Metagenomics Workflow

Samples



Sequence analysis

Binning

MAG (Metagenome assembled genome)

MAG quality check 



Binning tools

• MetaBAT2: uses the same raw TNF and abundance (ABD) scores

• CONCOCT: does unsupervised binning of metagenomic contigs by 
using nucleotide composition - kmer frequencies - and coverage data 
for multiple samples.

• MaxBin: algorithm utilizes two different genomic features:
tetranucleotide frequencies and scaffold coverage levels to populate
the genomic bins using single-copy maker genes and an expectation-
maximization algorithm.



Genome/MAG quality check

• CheckM provides robust estimates of genome completeness and contamination 
by using collocated sets of genes that are ubiquitous and single-copy within a 
phylogenetic lineage. 

• Assessment of genome quality using plots depicting key genomic characteristics 
(e.g., GC, coding density) which highlight sequences outside the expected 
distributions of a typical genome. 

• CheckM also identifies genome bins that are likely candidates for merging based 
on marker set compatibility, similarity in genomic characteristics, and proximity 
within a reference genome tree.

• https://ecogenomics.github.io/CheckM/
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Genome completeness standards



Genome taxonomy

• Taxonomy and nomenclature 

• https://gtdb.ecogenomic.org/

• https://ncbiinsights.ncbi.nlm.nih.gov/2021/12/10/ncbi-taxonomy-
prokaryote-phyla-added/
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Sequence analysis

Annotation

Gene prediction => ORF finding

 Prodigal 

Function assignment

 BLAST

 HMM models 



Lists of IDs lists of names

• BioCyc

•  KEGG

•  Ensembl Bacteria

•  Kbase

•  IMG

•  PATRIC



KEGG

• The Kyoto Encyclopedia of Genes and Genomes is a resource for 
understanding high-level functions of a biological system from 
molecular-level information.

•  

• Tools for analysis of large-scale molecular datasets generated by high-
throughput experimental technologies.

• Home page: https://www.kegg.jp/

https://www.kegg.jp/


From Protein to metabolism …



The chase takes time …
The case of SAR202

1996

Mehrshad et. al. ISME J, 

2018

Lim et. al. Nat. Commun, 

2023



Tree of Life has evolved

1837 Charles Darwin’s 

ideas on evolution, 

species descend from 

common ancestors and 

evolve over time.

1990 Carl Woese tree 

with LUCA and three 

domains. Based on rRNA 

gene. Later elaborated by 

Norman Pace.

(Hug et al., 2016. Nature Microbiology)

2016 Jillian Banfield 

and Laura Hug included 

genomes derived from  

metagenomes and based 

on 16 ribosomal proteins 

for the ”Hug tree”. 



smallest genomes with epi-symbiotic lifestyle
CPR & DPANN

Schwank et. al. ISMEJ,2019Burstein et. al. Nat Commun,2019



Remarkable aspect of the 
tree of life

• Candidate phyla radiation (CPR) 

• DPANN (an acronym of the names of the first 
included phyla, ‘Candidatus Diapherotrites’, 
‘Candidatus Parvarchaeota’, ‘Candidatus 
Aenigmarchaeota’, Nanoarchaeota and ‘Candidatus 
Nanohaloarchaeota’)

• Small genomes

• Small cell sizes

• Notable gaps in core metabolic potential

• Mostly symbiotic lifestyle

• Their ecological role is not yet well understood



Asgard archaea illuminate the 
origin of eukaryotic cellular complexity

Spang et. al. Nature,2015

López-García et. al. NatMicrobiol,2019
https://www.nature.com/articles/s41564-020-0710-4

Imachi & Nobu et. al. nature,2020
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‘CandidatusPrometheoarchaeum syntrophicum’

• Pure co-culture of the target archaeon MK-D1 and Methanogenium after a 12-year study

• From bioreactor-based pre-enrichment of deep-sea sediments to a final 7 years of in vitro 
enrichment. 

• Extremely slow growth rate and low cell yield. 

• The culture consistently had a 30–60-day lag phase and required more than 3 months to reach full 
growth: around 105 16S rRNA gene copies ml−1 

• The doubling time was estimated to be approximately 14–25 days.

• Imachi, H., et al. Nature, 2020 



L-asparaginase

Sobat et. al. iScience, 2021



Methioninase involved in
Metabolic Syntrophy 



Petabase-scale sequence alignment catalyses viral 
discovery

Edgar. et al. Nature 2022. 





“multi-omics” approach to answer 
eco-evolutionary questions 

Metatranscriptome
Metagenomics 

Single-cell 
amplified genomes 



The transfer of information



Metatranscriptome

What to consider?
• Sampling

• Sample processing

• RNA extraction 

• Replicates

• Library preparation (rRNA depletion)



Metatranscriptome

What to consider?
• Sampling

• Sample processing

• RNA extraction 

• Replicates

• Library preparation (rRNA depletion)

How to analyze?
• Remove rRNA or not? 

• Assemble or not? 

• Gene-resolved metatranscriptomics

• How to normalize?



Some normalization methods



The transfer of information



The transfer of information



“multi-omics” approach to answer 
eco-evolutionary questions 

Metatranscriptome
Metagenomics 

Single-cell 
amplified genomes 



Compartmentalized metagenomics



Semi permeable capsules



Semi permeable capsules



Removed unpublished results
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