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What is a metagenome?
A metagenome is the collection of genomes and genes                                   
from the members of a microbiota. 

This collection is obtained through shotgun sequencing of DNA extracted 
from a sample (metagenomics) followed by mapping to a reference database 
or assembly, followed by annotation.

A microbiota is an assemblage of microorganisms present in a defined 
environment.

A microbiome refers to an entire habitat, including the microorganisms, their 
genomes, and the surrounding environmental conditions.

– Marchesi & Ravel 2015, “The vocabulary of microbiome research”



SPAAM Summer School: Introduction to Ancient Metagenomics | 2022 | Christina Warinner |                       4.0 

What is a metagenome?pre-2015

Terminology Wild West
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Why did we need an article about vocabulary?
Because terminology about microbes is a mess!

Metagenome was originally coined by Jo Handelsman et al. (1988) and 
meant something different

Metagenomics was occasionally used to refer to 16S rRNA amplification, 
something we now call metataxonomics

Microbiome is claimed to have been coined at least twice, each meaning 
something different - either a “microbial biome”, meaning a microbial 
community (1988); or a “microbiota -ome”, meaning a the collective 
genomes of a microbiota (2001). 

…but the term microbiome has actually been in use since at least 1894!
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What is a metagenome?
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What is ancient metagenomics?
Ancient metagenomics is the study of the collection of genes and genomes 
of the microbiota(s) within a given environment or microbiome, plus all the 
other DNA mixed in

Basically, all the DNA in a sample

Key point: in addition to the antemortem genetic material of any microbes 
present during life, ancient metagenomes almost always contain at least 
some postmortem DNA from the necrobiome

Ancient metagenomics is like regular metagenomics, but harder because 
other environmental microbiota of various ages are mixed in and because the 
DNA is ancient and degraded



SPAAM Summer School: Introduction to Ancient Metagenomics | 2022 | Christina Warinner |                       4.0 

a metaphor…

What is ancient metagenomics?
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Worst puzzle ever metaphor of 
ancient DNA
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Microbiome

Human 
genome

Yersinia 
pestis
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another metaphor…

What is ancient metagenomics?
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time

everything in 
the past

aDNA
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ancient 
metagenomic DNA

Parrotfish metaphor of 
ancient metagenomics
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Starting questions

ancient 
metagenomic DNA

Who’s there?

My microbial 
community

How do I clean 
up my dataset?

How preserved is 
my sample?

What does 
it do?

(functions)

Let’s explore its    
    genomes!

(MAGs)

I’m looking for 
something very 

particular
(pathogens)

Thursday

Thursday

Friday
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Who’s there?
At a most basic level, the first question we 
usually ask in metagenomics is “Who’s there?”

What is a microbial species?

Ernst Mayr
Biological Species 
Concept
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usually ask in metagenomics is “Who’s there?”

What is a microbial species?

Taxonomy & 
Phylogeny
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Who’s there?
At a most basic level, the first question we 
usually ask in metagenomics is “Who’s there?”

d__Bacteria;p__Bacteroidota;c__Bacteroidia;o__Flavobacteriales;f__Flavobacteriaceae;g__Capnocytophaga;s__Capnocytophaga gingivalis

Domain Phylum Class Order Family Genus Species

What is a microbial species?
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Who’s there?
But how do you go from raw DNA sequences to taxon tables?

We use a taxonomic profiler

Several available options:

-> Alignment-based
● QIIME: 16S rRNA marker gene
● MetaPhlAn: marker gene set
● MALT: read alignment and binning

-> Alignment-free
● Kraken: K-mer matching
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The Classic
16S rRNA amplicon metataxonomics
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Amplicon metataxonomics of the 16S rRNA gene 

● 16S rRNA gene is ubiquitous among prokaryotes
● Gene is ~1600 bp 
● Contains conserved and hypervariable regions

16S rRNA marker gene
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Amplicon metataxonomics of the 16S rRNA marker gene 

● PCR is used to amplify parts of the 16S rRNA gene
● Gene sequence used as a taxonomic “barcode”
● Also called metabarcoding
●
●
●
●
●
● Profilers: mothur, RDP classifier, QIIME
● HUGE databases, e.g., SILVA
● Efficient and inexpensive - widely used for modern DNA

16S rRNA marker gene



SPAAM Summer School: Introduction to Ancient Metagenomics | 2022 | Christina Warinner |                       4.0 

16S rRNA marker gene
16S rRNA sequences were what led Carl Woese to the 
1990 discovery that Archaea are a new domain of life!
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16S rRNA marker gene
16S rRNA sequences were what led Carl Woese to the 
1990 discovery that Archaea are a new domain of life!

M. oralis

M. smithii
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But… there are problems for aDNA

16S rRNA marker gene
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But… there are problems for aDNA

V3 region is the shortest variable 
region with good taxonomic 
discrimination, but it is:

16S rRNA marker gene
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16S rRNA marker gene
But… there are problems for aDNA

V3 region is the shortest variable 
region with good taxonomic 
discrimination, but it is:

● Length polymorphic
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But… there are problems for aDNA

V3 region is the shortest variable 
region with good taxonomic 
discrimination, but it is

● Length polymorphic
● ~180 bp long (too long!)

aDNA

PCR target

16S rRNA marker gene
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16S rRNA marker gene
16S rRNA amplicon metataxonomics cannot be used 
for ancient microbial DNA (Ziesemer 2015)

It is possible to analyze 16S rRNA sequences within 
metagenomic data, but… 

● 16S rRNA sequences represent <0.05% of 
sequences, so it is inefficient 

● classifying very short 16S rRNA sequences is 
error prone

So we now recommend alternative approaches using 
metagenomics

16S rRNA
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The Workhorses
MetaPhlAn, MALT, Kraken
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MetaPhlAn is a taxonomic profiler that uses 
short read DNA sequence data and a 
database of marker genes that are highly 
specific to certain clades 

The current marker database contains 1.1 
million markers from bacteria, archaea, and 
microeukaryotes

MetaPhlAn (Segata et al. 2012) and MetaPhlAn2 (Truong et al. 2015) are 
retired; MetaPhlAn3 (Beghini et al. 2021) is in current use; MetaPhlAn4 is in 
development and will include MAGs

       Available in the bioBakery: https://github.com/biobakery 

MetaPhlAn: marker gene set

https://github.com/biobakery
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Pros:
● Uses metagenomic data, and works well with aDNA
● Computationally efficient
● Marker database is good for pathogens and human microbiome

Cons:
● Because it uses a defined marker database, it has low customizability
● Marker database is missing taxa that are relevant for other animal 

microbiomes or environmental DNA
● Only profiles microbes

Overall, a good option for human-associated ancient microbes and 
microbiomes

MetaPhlAn: marker gene set
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Developed by Curtis Huttenhower and Nicola Segata, 
whose team has innovated many microbiome 
software tools

MetaPhlAn: marker gene set

Other great tools from the same team include:

● PhyloPhlAn - for phylogenetic profiling of genomes and MAGs
● PanPhlAn - for pangenome strain-level analysis
● HUMAnN - for functional profiling (more about this on Friday!)

The team is also vastly expanding available microbial reference genomes 
through large-scale metagenomic assembly projects (more on Thursday)!

● >150,000 MAGs (Pasolli et al. 2020)
● >200,000 MAGs (Almeida et al. 2021)
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Developed by Daniel Huson and Alexander Herbig 

Short read DNA sequence aligner for 
metagenomic data (Vågene et al. 2016) integrated 
into the MEGAN (the MEtaGenome ANalyzer) 
software suite (Huson et al. 2007)

MALT: Read alignment and binning

Acronym for MEGAN Alignment Tool (MALT)

Works similar to BLAST but much faster

Developed as a DNA alternative to the protein 
sequence aligner DIAMOND (2015) for use in 
MEGAN
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MALT uses all of the DNA in a dataset to perform 
taxonomic assignment by aligning to a reference 
database, such as NCBI nr or RefSeq

This makes it slow and memory-intensive, but it 
maximizes the data available

Database is customizable, can be used for all taxa, 
not just microbes

Uses an LCA (lowest common ancestor) algorithm 
to assign each sequence to a node in the 
taxonomy 

MALT: Read alignment and binning
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Pros:
● Maximizes use of data
● Good database customizability 
● Can profile ALL taxa in a sample, not just microbes
● MEGAN interface for quick data inspection
● Integrated into EAGER (Fellows Yates et al. 2021) and compatible 

with HOPS (Hübler et al. 2019) for pathogen screening
● Because it produces alignments, you can easily create DNA damage 

profiles

Cons:
● Very computationally intensive with large databases
● Newest release has a bug in the LCA algorithm that is not yet fixed 

MALT: Read alignment and binning
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Kraken is a taxonomic profilers that works by 
k-mer matching rather than alignment

K-mer matching: Kraken

This makes Kraken MUCH faster and LESS 
computationally intensive that alignment-based 
profilers

Database is customizable, can be used for all 
taxa, not just microbes
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Developed by Derrick Wood and 
Stephen Salzberg (2014)

Correction developed to account for 
genome size differences when 
calculating species abundance with 
Bracken (Lu et al. 2017)

False positives reduced with KrakenUniq 
(Breitwieser et al. 2018)

Made even faster with Kraken 2 (Wood 
et al. 2019)

K-mer matching: Kraken



SPAAM Summer School: Introduction to Ancient Metagenomics | 2022 | Christina Warinner |                       4.0 

Pros:
● Fast!
● Can be used for any set of taxa, not just microbes
● Great for quickly seeing what’s in your data
● Accuracy good enough for most ancient microbiome studies, but 

ancient pathogens require more validation

Cons:
● Can be prone to false positives
● Doesn’t provide alignment data, so damage analysis must be performed 

separately

K-mer matching: Kraken
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No taxonomic profilers are perfect

False positives tend to be low abundance taxa

Removing singletons and low abundance taxa 
helps reduce false positives

Taxonomic profilers generally return broadly 
similar results, but with some predictable biases

Database selection impacts the precision and 
accuracy of taxonomic assignment

Comparing taxonomic classifiers

Select the profiler(s) that will be best for your study
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Databases! Databases! Databases!
Databases matter…a lot

Many databases are incomplete, and you won’t find what you can’t “see”, so 
always check to make sure your database has your taxon of interest

● Example: The first MetaPhlAn database lacked Tannerella forsythia, so this 
common oral microbe would “disappear” if you analyzed it with MetaPhlAn. The 
new MetaPhlAn2 and 3 databases fixed this!

If your taxon is missing a reference genome in the database, your DNA 
might align to the next best thing, causing a false positive

● Example: Taxonomic profiling of dental calculus prior to 2012 indicated the skin 
pathogen Propionibacterium acnes was prevalent and abundant. After the 
genome of the related oral species Pseudopropionibacterium propionicum was 
published in 2012, P. acnes “disappeared” from these datasets
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Databases! Databases! Databases!
Databases matter…a lot

Many databases are incomplete, and you won’t find what you can’t “see”, so 
always check to make sure your database has your taxon of interest

● Example: The first MetaPhlAn database lacked Tannerella forsythia, so this 
common oral microbe would “disappear” if you analyzed it with MetaPhlAn. The 
new MetaPhlAn2 and 3 databases fixed this!

If your taxon is missing a reference genome in the database, your DNA 
might align to the next best thing, causing a false positive

● Example: Taxonomic profiling of dental calculus prior to 2012 indicated the skin 
pathogen Propionibacterium acnes was prevalent and abundant. After the 
genome of the related oral species Pseudopropionibacterium propionicum was 
published in 2012, P. acnes “disappeared” from these datasets

And then, just to make 
things more confusing

 P. acnes was renamed 
Cutibacterium acnes 

in 2016

…someone (not a teenager) thought 
they were being very “cute” and funny
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Databases! Databases! Databases!
Databases also contain junk data

RefSeq genome of the common soil 
bacterium Achromobacter denitrificans 
contains the entire chicken ovalbumin gene!

Tibetan antelope (Pantholops hodgsonii) turns 
up in every metagenomic dataset

Common carp (Cyprinus carpio) genome - full of 
sequencing adapters!

Genomes in NCBI (even RefSeq genomes!) 
contain errors…sometimes BIG errors
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?
Your brain and critical 
thinking skills are your 
best defense against bad 
databases, bad data, and 
wrong conclusions

When in doubt, check 
and double check!
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Starting questions

ancient 
metagenomic DNA

Who’s there?

That was a lot of work!
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Starting questions

ancient 
metagenomic DNA

Who’s there? How preserved is 
my sample?



SPAAM Summer School: Introduction to Ancient Metagenomics | 2022 | Christina Warinner |                       4.0 

Metagenome composition and quality
Causes of degradation and sources of contamination

● Burial environment (necrobiome)
● Postmortem microbial overgrowth
● Post-excavation handling and storage

Helpful to identify and remove contaminant sequences from your dataset 
before proceeding to downstream analyses

Software tools can help you characterize your dataset’s preservation 
state and potential contamination

● Source tracking: SourceTracker, Source Predict
● Cleanup: cuperdec, decontam
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Metagenome composition and quality
Microbial source tracking can be performed using Bayesian or machine 
learning methods to estimate to what degree your data derives from a 
particular microbial source

Two main methods:

● SourceTracker2 (Knights et al. 2011)
● Source Predict (Borry 2020)

User provides reference metagenomes (e.g., dental plaque, feces, soil) as 
sources and the tool estimates the proportion of your dataset that derives 
from one or more of these sources 
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Metagenome composition and quality
SourceTracker2

Fellows Yates et al 2021
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Metagenome composition and quality
SourceTracker2

Fellows Yates et al 2021

Gradient of preservation
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Metagenome composition and quality

SourceTracker2

19th century Europe Medieval Europe

All have excellent preservation!
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Metagenome composition and quality

Source Predict

Beyond preservation, you 
might also what to know, 
What is my sample?

● Human paleofeces 
● Dog poop?
● Something else?
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Metagenome composition and quality

SourceTracker Pro Tips:

Choose your sources wisely!

● You need at least 10 datasets per source
● Plaque and calculus have similar but distinct profiles
● Archaeological bone is a better proxy for the necrobiome than soil

Important! The category “unknown” includes both:

● the proportion of your dataset that cannot be assigned to any source 
● the proportion that can be assigned to more than one source
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Starting questions

ancient 
metagenomic DNA

Who’s there?

How do I clean 
up my dataset?

How preserved is 
my sample?
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Cleaning up your dataset
Now that you have a sense of your sample’s preservation, you can clean it up 
for downstream analyses

Two step process:

● Identify and remove the very degraded samples altogether using 
cuperdec (Fellows Yates et al. 2021)

● Identify and remove low-level laboratory and soil contaminant taxa from 
your datasets using decontam (Davis et al. 2018)
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cuperdec - remove the samples beyond hope
References and controls

Samples
Some samples are so degraded 
and altered postmortem that 
they aren’t worth analyzing

cuperdec can help you identify 
these so you can remove them 
from your analyses

cuperdec removes samples 
from your study
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decontam - surgical removal of contaminants

Some samples are okay, but they have some stubborn 
contaminant taxa you want to remove

If you leave them in, these contaminant taxa could bias 
or skew your diversity patterns, leading to spurious 
results and false conclusions

decontam can help you identify the obvious 
contaminants and remove them

You provide decontam with contaminant sources (e.g., 
datasets from laboratory blanks, archaeological bone)

decontam removes contaminating taxa from your 
datasets
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What’s next?

ancient 
metagenomic DNA

Who’s there?

My microbial 
community

How do I clean 
up my dataset?

How preserved is 
my sample?
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Diversity
Within ecology there are many ways to 
examine the microbial communities in 
your samples in order to better 
understand them

The two most common ways are to 
examine and compare their:

● alpha diversity 
● beta diversity 

My microbial 
community
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Alpha diversity 

Alpha diversity measures the variation 
within a single sample        

My microbial 
community

Species richness (e.g., Chao1 index)

● How many different species are in my 
microbial community?

Species evenness (e.g., Shannon index)

● How balanced are the species abundances in my community? Do a few 
taxa dominate the sample or not?

Pro tip: alpha diversity is easily skewed in ancient samples by preservation and 
trace contaminants, so be careful when interpreting ancient alpha diversity!
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Alpha diversity 

Alpha diversity measures the variation 
within a single sample

        

HMP 2012

Species richness (e.g., Chao1 index)

● How many different species are in my 
microbial community?

Species evenness (e.g., Shannon index)

● How balanced are the species abundances in my community? Do a few 
taxa dominate the sample or not?

Pro tip: alpha diversity is easily skewed in ancient samples by preservation and 
trace contaminants, so be careful when interpreting ancient alpha diversity!
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Beta diversity 
My microbial 
communityBeta diversity measures the variation 

between samples

        Bray-Curtis dissimilarity
● To what degree are taxa shared between my samples at same 

abundances? 0=exactly the same; 1=completely different

Jaccard distance 
● To what degree are taxa shared between my samples (ignoring 

abundance)? 0=exact same taxa; 1= completely different taxa

UniFrac 
● How phylogentetically similar are the taxa in my samples, taking into 

account abundance (weighted) or not (unweighted)
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Beta diversity 

You can visualize the beta 
diversity of a given set of samples 
using Principal Coordinates 
Analysis (PCoA)

Here is an example of a PCoA 
based on Bray-Curtis distances of 
the microbial communities 
present in the human microbiome

HMP 2012
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Beta diversity 

Here is an example of a PCoA based on 
Bray-Curtis distances of the microbial 
communities present in the archaeological 
samples, including paleofeces and dental 
calculus

Orlando et al. 2021

Here you can see compositional differences 
between modern dental calculus and plaque, 
and that ancient calculus overlaps modern 
calculus

You can also see that feces from modern 
industrialized and non-industrialized 
populations are distinct, and that paleofeces 
resembles modern non-industrialized feces
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PCoA vs PCA
I’ve never heard of PCoA - what’s that?

PCoA (principle coordinate analysis) is applied to your distance matrix 
(Bray-Curtis, Jaccard, UniFrac) in order to visualize your beta diversity in a plot

Alternatively, you can also take an entirely different compositional approach 
by transforming the data in your taxon table using a centered log-ratio 
transformation (CLR), building a euclidean distance matrix*, and performing a 
PCA (principal components analysis) to visualize your samples in a plot 

*a euclidean distance matrix built from CLR transformed data is also called an 
Aitchison distance matrix; PCAs can only be performed on a euclidean 
distance matrix
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Which approach is better? It’s a bit of a philosophical 
debate - with strong feelings on both sides. Both are 
valid for metagenomics (with different caveats) and 
represent your data in slightly different ways. Try both!

Bottom line: the two approaches deal with 0 count 
data and discrepancies in sampling effort differently 

Read more about the growing 
importance of compositional 
approaches to microbiome 
analysis in Gloor et al. 2017

Standard Model vs Compositional Approach
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Intrigued, want to learn more?
Pat Schloss, who created mothur, has a series of 
YouTube videos about ecological analyses and 
distances, and he explains in detail how to use the R 
package vegan for microbiome analysis. Check them 
out!

● Ecological distances in R, 
https://www.youtube.com/watch?v=xyufizOpc5I

● How to calculating the Aitchison distance in R, 
https://www.youtube.com/watch?v=ulo7WatBEAo

https://www.youtube.com/watch?v=xyufizOpc5I
https://www.youtube.com/watch?v=ulo7WatBEAo
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What’s next?

ancient 
metagenomic DNA

Who’s there?

My microbial 
community

How do I clean 
up my dataset?

How preserved is 
my sample?

What does 
it do?

(functions)

Let’s explore its    
    genomes!

(MAGs)

I’m looking for 
something very 

particular
(pathogens)

Thursday

Thursday

Friday
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Want to read more?
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microbial isolates and genomes from metagenomes using PhyloPhlAn 3.0. Nature communications, 11(1), 1-10.
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counts. Genome biology, 19(1), 1-10.
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