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Binning (metagenomics)

Terminology

forward reads reverse reads

DNA

contigs

scaffoldsNNN
reference genome

DNA fragments

Presenter Notes
Presentation Notes
Contigs are sequences that are continuously represented by sequences in the DNA sequencing reads



Assembly strategies

1. Reference-guided assembly
– Mapping reads to a reference

– Infer consensus

Reference genome

Reads

Consensus 
sequence in 
contigs





Assembly strategies

2. De novo assembly
– Construct genome sequence from overlap between reads

Contigs

Reads



Reference-guided assembly

• We need a closely related reference genome:
– Same species

• Reference genome leads to biases in the assembly
– Genome structure

• Insertions, deletions, rearrangements

• If we only have a distantly related reference:
 we need to be more permissive when aligning reads
 this will lead to more possible errors

Presenter Notes
Presentation Notes
Reference-guided assembly is not considered appropriate for assembly of new species. 



Tree of life

• Italic: well-
characterized clades

• Red dot: clades with 
no representatives

Hug et al. Nature Microbiol 2016

Presenter Notes
Presentation Notes
We know from the tree of life that there are many bacterial species that we have not seen before. 
Tree of life: made in 2016



Coverage
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Coverage (ambiguous term!)

Horizontal coverage
De

pt
h

• Coverage:
– Average number of reads that cover each nucleotide in the 

assembly
– Corresponds to the abundance of a sequence in the sample

• Coverage:
– Percentage of the target genome that has been (re)covered 

after the assembly

Horizontal coverage:

Depth (vertical coverage):

Presenter Notes
Presentation Notes
Depth: Number of times that a nucleotide in a target genome has been sequenced or recovered
Horizontal coverage: percentage of the target in a sequence recovered in the assembled contigs for its scaffolds





• Requires sufficient sequencing (coverage x depth)
• Breaks on repeats and low-coverage regions
• Algorithms

– Greedy extension 
– Overlap-layout-consensus
– De Bruijn graph

De novo sequence assembly



Greedy extension

1. Sequences (reads)
2. Pairwise all-vs-all similarities
3. Find best matching pair
4. Collapse/assemble

(reads/contigs)

Source: https://carpentries-lab.github.io/metagenomics-analysis/04-assembly/



Greedy extension
1. Sequences (reads)
2. Pairwise all-vs-all similarities
3. Find best matching pair
4. Collapse/assemble

• Works well for a few long reads (1st generation)

• Does not work for many short reads (2nd gen)
– All-vs-all comparisons are computationally

“expensive” to calculate
– Short sequences may have multiple best matches

(reads/contigs)



C

Repetitive sequences

• Reads A-D are from a region with two long repeats
– Long means longer than the read length

• Greedy approach would first join A-D with the largest overlap and 
then place B-C in a separate contig

• Resolving this requires a global view of all the possibilities before
joining two reads: a graph

repeat repeat

DA
B

CDA B

C
B

D
A

 this is wrong



Assembly with a graph-approach
• A graph contains nodes and edges

• Two types of graphs are often used 
in sequence assembly
– Overlap-layout-consensus
– De Bruijn Graph

node edge (connection)

Nicolaas Govert (Dick) de Bruijn
1918-2012



TTTGTAATCTTATTGGTTGGCTTAAACCTAAAAGAGTTGAAGTTAA

Overlap layout consensus
1. Identify all overlaps between reads

– Use cutoffs: minimum overlap and percent identity

2. Make graph of overlap connections
– Nodes: reads
– Edges: overlaps

3. Find path that contains all data (= all nodes)
– Hamiltonian path
– No efficient algorithm available

4. Determine consensus at each position

CTAGTATTATTGCTGCTCATAAAGTAGCTCCAGCTCATCTTGATACTAAT

CTCATAAAGTAGCTCCAGCTCATCTTGATACTAATGCTTTTTGTAATCT

GTAGCTCCAGCTCATCTTGATACTAATGCTTTTTGTAATCTTATTGGTT
CTTGATACTAATGCTTTTTGTAATCTTATTGGTTGGCTTAAAC

K N

LJ M

K NLJ M

CTAGTATTATTGCTGCTCATAAAGTAGCTCCAGCTCATCTTGATACTAATGCTTTTTGTAATCTTATTGGTTGGCTTAAACCTAAAAGAGTTGAAGTTAA

Presenter Notes
Presentation Notes
Hamiltonian path; path that passes every node once (concept known from mathematics) – difficult problem for computers (called np-complete), especially with much data forming large graphs
 - makes overlap-layout consensus algorithm less suitable for high throughput sequencing



De Bruijn graph
1. Break up all sequencing reads into shorter words of 

length k (k-mers)
– Number of k-mers ≈ number of nucleotides in genome

TTTGTAATCTTATTGGTTGGCTTAAACCTAAAAGAGTTGAAGTTAA

CTCATAAAGTAGCTCCAGCTCATCTTGATACTAATGCTTTTTGTAATCT

GTAGCTCCAGCTCATCTTGATACTAATGCTTTTTGTAATCTTATTGGTT

CTTGATACTAATGCTTTTTGTAATCTTATTGGTTGGCTTAAAC
CTTGATACTAATGCTTTTTGTAATCTTAT
TTGATACTAATGCTTTTTGTAATCTTATT
TGATACTAATGCTTTTTGTAATCTTATTG
GATACTAATGCTTTTTGTAATCTTATTGG
ATACTAATGCTTTTTGTAATCTTATTGGT
TACTAATGCTTTTTGTAATCTTATTGGTT
ACTAATGCTTTTTGTAATCTTATTGGTTG
CTAATGCTTTTTGTAATCTTATTGGTTGG
TAATGCTTTTTGTAATCTTATTGGTTGGC
AATGCTTTTTGTAATCTTATTGGTTGGCT
ATGCTTTTTGTAATCTTATTGGTTGGCTT
TGCTTTTTGTAATCTTATTGGTTGGCTTA
GCTTTTTGTAATCTTATTGGTTGGCTTAA
CTTTTTGTAATCTTATTGGTTGGCTTAAA
TTTTTGTAATCTTATTGGTTGGCTTAAAC

K N

L
M

CTAGTATTATTGCTGCTCATAAAGTAGCTCCAGCTCATCTTGATACTAAT

J

k = 29



De Bruijn graph
2. Make graph of sequential k-mers in reads

– Nodes: k-mers
– Edges: linked in the data (reads)

TTTGTAATCTTATTGGTTGGCTTAAACCTAAAAGAGTTGAAGTTAA

CTAGTATTATTGCTGCTCATAAAGTAGCTCCAGCTCATCTTGATACTAAT

CTCATAAAGTAGCTCCAGCTCATCTTGATACTAATGCTTTTTGTAATCT

GTAGCTCCAGCTCATCTTGATACTAATGCTTTTTGTAATCTTATTGGTT

CTTGATACTAATGCTTTTTGTAATCTTATTGGTTGGCTTAAAC
CTTGATACTAATGCTTTTTGTAATCTTAT
TTGATACTAATGCTTTTTGTAATCTTATT
TGATACTAATGCTTTTTGTAATCTTATTG
GATACTAATGCTTTTTGTAATCTTATTGG
ATACTAATGCTTTTTGTAATCTTATTGGT
TACTAATGCTTTTTGTAATCTTATTGGTT
ACTAATGCTTTTTGTAATCTTATTGGTTG
CTAATGCTTTTTGTAATCTTATTGGTTGG
TAATGCTTTTTGTAATCTTATTGGTTGGC
AATGCTTTTTGTAATCTTATTGGTTGGCT
ATGCTTTTTGTAATCTTATTGGTTGGCTT
TGCTTTTTGTAATCTTATTGGTTGGCTTA
GCTTTTTGTAATCTTATTGGTTGGCTTAA
CTTTTTGTAATCTTATTGGTTGGCTTAAA
TTTTTGTAATCTTATTGGTTGGCTTAAAC

K N

L

J

M

k = 29

Nodes: k-mers

Edges: adjacency in reads



De Bruijn graph

Source: https://carpentries-lab.github.io/metagenomics-analysis/04-assembly/



De Bruijn graph
3. Find path that contains all data (= all edges)

– Eulerian path
– Efficient algorithm available

• In an optimal sequencing run of a repeat-less genome, 
there is one path connecting all nodes

• In practice (especially in metagenomes) there are many 
possible structures in the graph

• Edge width represents the number of linking reads 
(depth)



Possible structures in De Bruijn graphs
• Cycle: path converges on itself

– Repeated region on the same contig

• Frayed rope: converge then diverge
– Repeated region on different contigs

• Bubble: paths diverge then converge
– Sequencing error in the middle of a read
– Polymorphisms

• Spur: short dead-ends
– Sequencing error at the end of a read
– Zero coverage shortly after end of repeat



Short-read assembly tool: SPAdes



How to assess assembly quality?

• General assembly performance metrics
– Length of longest contig
– N50, N80
– Percentage of matched paired-end reads

- Length distribution of open reading frames (ORFs)

Presenter Notes
Presentation Notes
ORFs: 3 in every 64 codons should be a stop codon. If you find ORFs with the length of a real protein; indication that assembly represents real biological sequence. Wrong sequence: much shorter ORFs. 



Assembly length statistics: N50 and N80

• Sort all contigs from long to short
• N50 = length of contig at 50% of cumulative length

Contig_1 Contig_N



Assembly length statistics: N50 and N80

• Sort all contigs from long to short
• N50 = length of contig at 50% of cumulative length
• N80 = length of contig at 80% of cumulative length
• This measure is less meaningful for metagenomes from 

highly diverse communities

Contig_1 Contig_N



Repeats have multiple sinks/sources

16s

Helm et al., Genetics 2003

Presenter Notes
Presentation Notes
16S present multiple times in single genome.
Not only bioinformatic problem, but also biological, example salmonella who is recombining^RNA operon



Long-read sequencing
short reads: contig breaks

long reads span repeats

resulting in complete assemblies

Recognizing what is plasmid
and what is chromosomal DNA

short read assembly long read assembly



Hybrid assembly

Repeat region

Long read

Short reads

- Long-read assembly is used as scaffold

- Short-reads are used to polish the long-read assembly
(SNPs, homopolymer tracts etc)



Hybrid assembly tool: UniCycler

Use of Unicycler:
- De novo assembly with only long-reads (miniasm

assembly)
- Other assemblers: Flye, Canu

- De novo assembly with both long- and short-reads
- Most powerful as hybrid assembler:

- Use long-read assembly as scaffold, and 
correct sequence with Illumina short-reads

- Racon polishing
- Polishing always necessary



Metagenomics
Metagenomics is the study of genetic material recovered directly from environmental or 

clinical samples by a method called sequencing 
The study examines the genomic composition of an entire organism, including each of the 

microbes that exist within it

Presenter Notes
Presentation Notes
Much more present in metagenomics sequencing; makes metagenomics more complex than single genome sequencing/assembly




Metagenomics data from many biomes

Soil Marine Forest Non-human host

Freshwater Grassland Human gut

AirEngineered Wastewater

Human biome

Other

Presenter Notes
Presentation Notes
All microbiomes are available in public resources, such as Magnify and MG_RAST. We want to sequence/assemble the microbres present in these biomes



Ghurye J S, Cepeda-Es pinoza V, Pop M. Metagenomic As s embly: Overview, Challenges and Applications . 
Yale J  Biol Med. 2016 Sep 30;89(3):353-362.



Genome versus metagenome sequencing
• Depending on diversity

– Expect many sequences 
– Fragmented sequences
– Varying read depth

• Sequencing errors or 
natural diversity?
– Natural microdiversity

• Repeats also include 
closely related strains, 
horizontal transfer, etc.

• Depending on coverage
– Expect single sequence 
– Contiguous sequence
– Even read depth

• Identify sequencing errors 
by low coverage
- Clonal sequence

• Repeats consist of 
duplicated genes and 
conserved domains



Assembly problem: Chimera

In overlap-layout-consensus
Li BFG 

2012
De Bruijn graph

Presenter Notes
Presentation Notes
Low sequence depth: chimeria from green – red - orange



How big is the chimerization problem?
• Assembly algorithms include “chimera protection”

– Break contigs at ambiguities

contig1

contig2

contig4

contig5

contig3

• Chimerization is more frequent between closely 
related strains
– Similar sequences

• Investigate the effect of chimerization:
– Use different assembly parameters and assess your 

final conclusion
• High stringency → few chimeras
• Low stringency → many chimeras

– Depth profiles

Venus

http://merenlab.org/2019/11/25/visualizing-coverages/

http://merenlab.org/2019/11/25/visualizing-coverages/


How to assess assembly quality for metagenomics?
• General assembly performance metrics

– Longest contig length, N50
– Matched paired-end reads
– Length distribution of open reading frames (ORFs)



How to assess assembly quality for metagenomics?
• General assembly performance metrics

– Longest contig length, N50
– Matched paired-end reads
– Length distribution of open reading frames (ORFs)

• Assembly performance metrics for metagenomes:
– Percentage of data included in the assembly

• Align all the reads back to the assembled contigs
• The best assembly is the one that aligns the most reads
• This means that the assembly “explains” original data well

– Evenness in depth along contig



Metagenomics: Binning of contigs

Contig_1

Contig_2

Contig_3

Contig_4

Contig_5

Contig_6
Contig_7



Binning

Contig_1 Contig_2

Contig_3

Contig_4

Contig_5

Contig_6
Contig_7



Binning

- Scaffolding 
- using forward and reverse read-pairs to 

make scaffolds from contigs

- GC content

- K-mer profiles

- Depth and abundance



Linked contigs have similar GC content

Iverson et al. Science 2012



GATATTTTGTGAGATATTTTC

k-mer profile

• Sequences can be divided into shorter 
subsequences or k-mers
– k-mers consist of k nucleotides or amino 

acids
– For example 3-mers:

• A k-mer profile lists the abundances of 
all k-mers in a sequence
– This is characteristic of a genome
– Tetramers (k=4) are often used for binning 

genomes from metagenomes

GATTGATTC

ATT

TTG

TGA
GAT

TTC

2

1

1
2

1



McHardy et al. Nature Methods 2007

k-mer binning

Ghai et al. Scientific Reports 2011



Depth and abundance
• The “depth of coverage” of a contig quantitatively 

reflects its abundance in a sample
– But there is some noise, depending on the sample prep



Sample 1
Sample 2
Sample 3

19 contigs binned by similar depth profiles

Presenter Notes
Presentation Notes
How do you get different sample sets, with same bacteria but different abundances



Kraken: taxonomic sequence classification system



How do we know if the genome is complete?

Contig_1

Contig_2

Contig_3

Contig_4

Contig_5

Contig_6

Contig_7



Speth et al. Nature Comm. 2016

Single-copy 
marker genes
• Completeness

– Marker genes 
are expected 
to be present 
in all bacteria

• Redundancy
– Single-copy 

genes are 
expected to 
be present 
only once



Checkm; tool for assessing the quality of genomes



Summary

- Assembly of reads into contigs

- Reference-based

- De novo assembly

- Coverage and depth

- Assembly algorithms

- Assembly quality (N50, ORF length)

- Problems with repeats and chimeras

- Metagenomics assembly, binning

- Tools: SPAdes, UniCycler, Kraken, Checkm
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