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due to prevalent genetic strain variation11, which would increase
noise. First, we benchmarked PTR using a closed reference
genome, and then the same genome fragmented into 100kb
fragments and reshuffled to mimic a draft genome for GRiD and
iRep measurements. Reads mapping to S. epidermidis were
subsampled to 0.4× and 0.2× coverage and subsequently used for
GRiD and iRep estimates. iRep performed similarly to the PTR
benchmark, but GRiD had a much lower percentage of error in
comparison to iRep at both 0.4× and 0.2× coverage (Fig. 1c). To
highlight the importance of accounting for ambiguous reads
during growth estimation, reads mapping to S. epidermidis were

re-mapped to S. capitis, S. aureus, and Propionibacterium acnes
genomes to determine the proportion of multiple-mapping reads.
Samples with increasing numbers of multi-mapped, ambiguous
reads were significantly correlated with our metric of increasing
species heterogeneity (Fig. 1d), which can increase uncertainty in
growth rate estimation. For quality control, we found that a
combination of dnaA coverage, dif coverage, and species
heterogeneity can be used to ascertain the accuracy of growth
predictions. Our findings suggest that growth rates are most
accurate when dnaA/ori and ter/dif coverage ratios approach one,
and species heterogeneity is low (<0.3, Supplementary Fig. 2A).
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Fig. 1 In situ growth estimate from ultra-low coverage bacteria. a The GRiD approach. Contigs are re-ordered to produce a pattern whereby low coverage
contigs potentially containing ter are located near the mid-region of the genome, while high-coverage contigs potentially harboring ori are located at either
extremes of the genome. GRiD values correspond to the ratio of coverage at the peak (ori) and trough (ter) regions. b Growth rate reproducibility between
GRiD and iRep using reads obtained from pure cultures of Staphylococcus epidermidis and Corynebacterium simulans. The boxplot shows the difference (delta)
in growth estimates before and after reads were subsampled to lower coverage. To avoid bias, only unrefined GRiD values (see methods) were used for
comparison with iRep. c Error rate comparison between GRiD and iRep from a skin metagenomic dataset using S. epidermidis reference genome. PTR was
calculated using a closed circular reference genome while GRiD and iRep were calculated using the same reference genome, but fragmented into 100kb
fragments and reshuffled. For samples with genome coverage > 0.2 (n= 588), mapped reads were subsampled to ultra-low coverage prior to GRiD and
iRep estimations. Here, Percent error ¼ ðmaxðpredicted;realÞÞ$ðminðpredicted;realÞÞ

ðmaxðpredicted;realÞÞ ´ 100, where “predicted” represent GRiD or iRep scores, and “real” is the PTR score.
Unrefined GRiD values were used for comparison with iRep. The figure on the right shows Pearson correlation plots of GRiD and iRep with PTR. ***= p <
0.001. d Reads from a skin metagenomic dataset mapping to S. epidermidis were remapped to the respective genomes. Re-mapped reads are considered as
ambiguous reads. The scatter plot shows the correlation (Spearman) between ambiguous reads and species heterogeneity (1−r/u), where r= refined
GRiD and u= unrefined GRiD (see Methods). ***= p < 0.001. e iRep and GRiD measurement for CPR genomes. The scatter plots below show Pearson
correlation plots of GRiD and iRep estimates before and after subsampling to ultra-low coverage. ***= p < 0.001. Center lines in boxplots represent the
median and the edges represent the first and third quartiles. Source data are provided as a Source Data file
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Overview

4

• considerations: aims and requirements
• taxonomy

• methods:
• reminder read mapping
• non alignment based profilers

• benchmarking



Considerations
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What do we want from taxonomy?
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• accurate list of the taxa that are present
• accurate quantification of the present taxa
• robust semi-quantitative representation of present taxa

• accurate annotation of as many reads as possible
• accurate annotation of as many contigs as possible



What kind of taxa are we interested in?
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• specific target taxa
• known organisms
• unknown organisms

• bacteria
• archaea
• eukaryotes – unicellular or multicellular
• viruses



What resolution do we need?
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• strains, sub-species
• species-like
• genera
• dynamic (can be a mix of species – phyla per sample)



What kind of microbiome do we have?
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• (mostly) known organisms
• likely many unknowns
• unusual taxonomies
• many non-prokaryotic sequences



What kind of data do we have?

10

• reads 
• metagenomics
• metatranscriptomics

• assembled contigs
• genome reconstructions



How much computational resources can 
we use?
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• quick or slow?
• scaling how with the number of reads?

• large memory or not?

• much space for our databases or less?



What kind of taxonomy do we want?
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• anything, as long it’s got the names

• a community standard
• a custom taxonomy

• we need to link it to other databases



What’s a taxonomy, anyway?

13Cain, A.J.. "taxonomy". Encyclopedia Britannica

“taxonomy, in a broad sense the science of classification, but more strictly the classification of 
living and extinct organisms—i.e., biological classification. The term is derived from the Greek 
taxis (“arrangement”) and nomos (“law”). Taxonomy is, therefore, the methodology and 
principles of systematic botany and zoology and sets up arrangements of the kinds of plants 
and animals in hierarchies of superior and subordinate groups. Among biologists the Linnaean 
system of binomial nomenclature, created by Swedish naturalist Carolus Linnaeus in the 1750s, 
is internationally accepted.”

“taxonomy, in a broad sense the science of classification, but more strictly the classification of 
living and extinct organisms—i.e., biological classification. The term is derived from the Greek 
taxis (“arrangement”) and nomos (“law”). Taxonomy is, therefore, the methodology and 
principles of systematic botany and zoology and sets up arrangements of the kinds of plants 
and animals in hierarchies of superior and subordinate groups. Among biologists the Linnaean 
system of binomial nomenclature, created by Swedish naturalist Carolus Linnaeus in the 1750s, 
is internationally accepted.”



Who makes the taxonomy?
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Who makes the taxonomy?
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Why are there several taxonomies?
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Why are there several taxonomies?
• need to include un-cultured taxa / taxa without specimen cultures

• drive to use more phylogenetic information 
• phylogenies based on 16S rRNA or whole genomes

• split taxa based on phylogenetic information or based on literature 
weight?

17



Taxonomy, phylogeny, and un-cultured 
organisms
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Taxonomy, phylogeny, and un-cultured 
organisms

19Parks et al. A standardized bacterial taxonomy based on genome phylogeny 
substantially revises the tree of life. Nat Biotechnol 36, 996–1004 (2018)



Taxonomy, phylogeny, and un-cultured 
organisms
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Methods
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General profiling approaches
• align reads to taxonomically recognized genomes
• align reads to taxonomically annotated genes
• align reads to phylogenetic/specific marker regions
• match reads to taxonomically recognized genomes

22



Taxonomic profilers – 1
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Taxonomic profilers – 2
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Taxonomic profilers – 3
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Taxonomic profilers – 3: 
marker gene/region approach
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mOTUs:

Milanese, A., Mende, D.R., Paoli, L. et al. Microbial abundance, activity and 
population genomic profiling with mOTUs2. Nat Commun 10, 1014 (2019).



Taxonomic profilers – 3: 
marker gene/region approach
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MetaPhlan:

Truong DT, .., Huttenhower C & Segata N. Microbial strain-level population structure 
and genetic diversity from metagenomes. Genome Research 27:626-638 (2017)



Mapping reads = aligning reads

28Houtgast et al. 2016. ARCS 2016 



Taxonomic profilers – 4
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Taxonomic profilers – 4
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Mapping-based taxonomic profilers: 
quatification & specificity filtering
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kmer-based taxonomic profilers : 
quatification & specificity filtering
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How to choose a profiler? Benchmarks
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How to choose a profiler? Benchmarks
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How to choose a profiler? Benchmarks
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How to choose a profiler? Benchmarks
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Thanks for your attention!

a.u.s.heintzbuschart@uva.nl github.com/a-h-b                                           twitter.com/_a_h_b_

SP C2.205


