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Multiple Sequence Alignment

A AACGTTGTGCA
B AATG-TGAGC-
C -ACGTTGTG--
D AAC-TTGTGA-

L: Length of genome sequence
N: Number of sequences

Multiple Sequence Alignment: N · L
Computation of optimal MSA: NP-Complete,
think: O(2NL)

Example

L = 11 bp, N = 4
NL = 44, 2NL = 1.7 · 1013

Sars-CoV-2

L ≈ 30 000 bp
N = 12
NL = 3.6 · 105
2NL = 6 · 10108370

Ensembl E. coli

L ≈ 5 Mb
N = 2681
NL = 1.3 · 1010
2NL ≡ Inf

2



Multiple Sequence Alignment

A AACGTTGTGCA
B AATG-TGAGC-
C -ACGTTGTG--
D AAC-TTGTGA-

L: Length of genome sequence
N: Number of sequences

Multiple Sequence Alignment: N · L
Computation of optimal MSA: NP-Complete,
think: O(2NL)

Example

L = 11 bp, N = 4
NL = 44, 2NL = 1.7 · 1013

Sars-CoV-2

L ≈ 30 000 bp
N = 12
NL = 3.6 · 105
2NL = 6 · 10108370

Ensembl E. coli

L ≈ 5 Mb
N = 2681
NL = 1.3 · 1010
2NL ≡ Inf

2



Multiple Sequence Alignment

A AACGTTGTGCA
B AATG-TGAGC-
C -ACGTTGTG--
D AAC-TTGTGA-

L: Length of genome sequence
N: Number of sequences

Multiple Sequence Alignment: N · L
Computation of optimal MSA: NP-Complete,
think: O(2NL)

Example

L = 11 bp, N = 4
NL = 44, 2NL = 1.7 · 1013

Sars-CoV-2

L ≈ 30 000 bp
N = 12
NL = 3.6 · 105
2NL = 6 · 10108370

Ensembl E. coli

L ≈ 5 Mb
N = 2681
NL = 1.3 · 1010
2NL ≡ Inf

2



Faster Phylogeny Reconstruction

>A
AACGTTGTGCA
>B
AATGTGAGC
>C
ACGTTGTG
>D
AACTTGTGA

⇒


0 0.1 0.25 0.3
0.1 0 0.3 0.3
0.25 0.3 0 0.05
0.3 0.3 0.05 0

 ⇒
A B C D

O(N · L) ⇒
? O(N2) ⇒

O(N3) O(N)
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Pairwise Comparison

A AACGTTGTGCA
B AATG TGAGC

• Align long exact matches
• Disregard indels
• Don’t focus on every substitution
• Count substitutions, quickly

O(L1 + L2) comparison
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Memory consumption is almost linear in sequence length for the
three programs tested (Supplementary Fig. S1A). However, mash
used only 2.0 GB for a pair of 500Mb sequences, while andi
needed 14.7 GB and phylonium 22.0, that is eleven times more
than mash.

As a function of the number of sequences, the memory require-
ment of mash is almost flat, while that of andi and phylonium
behaves similarly with a steeper slope (Supplementary Fig. S1B).

3.2 Accuracy
Efficiency is only useful if combined with accuracy. In this section, the
accuracy of phylonium is therefore explored with respect to the choice
of reference sequence, the presence of random sequences, and diversity.

Reference Figure 6 shows the error measure, D, defined in
Equation (1) as a function of the number of nucleotides aligned for
each of the 29 possible reference sequences in the E.coli/Shigella
dataset (Fig. 2). There is a significant correlation between D and the
number of aligned nucleotides, r ¼ �0:78, P < 10�6, so the aim
should be to pick the reference that maximizes the number of
aligned nucleotides. Our heuristic for doing this is to choose the gen-
ome with median length. This is strain SE11 with 4.9Mb, which
does indeed induce a high number of aligned nucleotides and the
corresponding D is among the better ones.

Unrelated regions When comparing two 9 kb sequences, S1 and
S2, separated by 0.01 substitutions per site, mash, andi and phy-
lonium accurately estimate that distance (Supplementary Fig. S2).
However, when S2 is augmented by 1 kb, or 10%, of random
nucleotides, the mash distance grows from 0.01 to 0.012. At the
same time, the mash P-value remains maximally significant, that is,
zero. We repeated the addition of random 1kb fragments until 50%
of the sequence were random. The mash distance climbed continu-
ously, eventually tripling to 0.03 (Supplementary Fig. S2).
Phylonium and andi ignore non-homologous regions and the dis-
tances computed by them thus stayed at 0.01.

Diversity A set of eight 200 kb sequences was simulated along
the Yersinia tree in Figure 1A. The distances computed from these
sequences were converted to a neighbor-joining tree and compared
to the true tree. The original scale of 0.0005 corresponds to the left-
most point in Figure 7A and shows that the RF-distance of the mash
tree is 6, that of andi 2, and of phylonium 0.

The Yersinia tree in Figure 1A can be ‘stretched’ by setting the
scale bar to larger values, and the RF-distance recomputed.
Figure 7A shows RF-distances as a function of the scale bar length.
With default sketch size of 1000 (1k), the mash results fluctuate
quite strongly. This is dampened with 10-fold larger sketches (10k).
The topologies returned by phylonium and andi are closer to the
true tree and fluctuate less. The simulations were carried out for a
scale of up to 0.023, as for greater scales phylonium issued a warn-
ings that distances were computed based on less than 20% aligned
nucleotides. A scale of 0.023 roughly corresponds to a maximum
distance of 0.35 substitutions per site.

Instead of comparing tree topologies, which may be misleading
as demonstrated in Figure 3, distance matrices can also be com-
pared directly using the maximum difference between correspond-
ing entries, D, as defined in Equation (1). To first gain an intuition
about the behavior of D, we simulated pairs of 200 kb sequences
along the Yersinia tree in Figure 1A under three scenarios: simulate
both datasets along the original tree, simulate one dataset along
the original tree, the other along a tree where two taxa were
switched, and simulate along two trees with the same branching
pattern and lengths as the original tree but with shuffled taxon des-
ignations. As shown in Supplementary Figure S3A, these three
simulation scenarios result in distinct D distributions. Similar
results were obtained for the E.coli/Shigella tree (Supplementary
Fig. S3B). This reassured us that D is useful for quantifying topo-
logical differences between phylogenies by directly comparing dis-
tance matrices.
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Fig. 6. The difference between the true distances and those computed using phylo-

nium, D, as a function of the number of aligned nucleotides for each of the 29 pos-
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three programs tested (Supplementary Fig. S1A). However, mash
used only 2.0 GB for a pair of 500Mb sequences, while andi
needed 14.7 GB and phylonium 22.0, that is eleven times more
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the Yersinia tree in Figure 1A. The distances computed from these
sequences were converted to a neighbor-joining tree and compared
to the true tree. The original scale of 0.0005 corresponds to the left-
most point in Figure 7A and shows that the RF-distance of the mash
tree is 6, that of andi 2, and of phylonium 0.

The Yersinia tree in Figure 1A can be ‘stretched’ by setting the
scale bar to larger values, and the RF-distance recomputed.
Figure 7A shows RF-distances as a function of the scale bar length.
With default sketch size of 1000 (1k), the mash results fluctuate
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A simplified MSA

A AACGTTGTGCA
B AATG TGAGC
C ACGTTGTG
D AAC TTGTGA

• Align long exact matches against a single reference
• Disregard indels
• Don’t focus on every substitution
• Count substitutions, quickly

O(N2L) comparison
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Ensembl E. coli
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L ≈ 5 Mb N = 2681
13 min 14 GB
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Phylonium

Art: Christian Rothmaler

Paper:

• doi.org/10.1093/bioinformatics/btz903
Get it:

• apt install phylonium
• brew install science/phylonium
• aura -A phylonium
• github.com/evolbioinf/phylonium
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