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BIOS 477/877  
Bioinformatics and Molecular Evolution

Instructor: Etsuko Moriyama  
(School of Biological Sciences)

Spring 2026  Lecture 16 
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Today's topics
Ø Multiple Sequence Alignment

§ ClustalW, MUSCLE, Mafft
§ Phylogeny-aware gap placement 

methods (PRANK, etc.)
§ and more …

Ø Alignment Trimming/filtering
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How to solve progressive-alignment problems

Ø Incorporate more information to reduce early errors
§ Structural alignment (e.g., Expresso, PROMALS3D, TM-Coffee, PRALINE, 

MAFFT-DASH, MUSCLE-3D)
§ Profile/profile-HMM alignment (e.g., PRALINE, PSI-Coffee, 

PROMALS3D, ProbCons/CONTRAlign, ClustalW, MUSCLE5)

ØAvoid the greedy-algorithm problem
§ Iterative refinement to search the global maxima
➜ A good objective function is required (e.g., MUSCLE/MUSCLE5, 

MAFFT, ProbCons/CONTRAlign)

ØGlobal (or local) only alignment problem
§ Combine both methods (e.g., T-Coffee)

ØMore accurate insertion/deletion placement
§ Phylogeny aware gap-placement (e.g., PRANK, ProPIP, Bali-Phy, SATé)
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Edgar (2004)

MUSCLE v3

1. Draft progressive alignment:
§ Approximated distance based 

on frequencies of shared k-mers 
(k-tuples) & UPGMA

2. Improved progressive alignment:
§ Kimura protein distance (more 

accurate)
§ Alignment is done for subtrees 

where the branching patterns are 
changed between TREE1 and TREE2

3. Iterative refinement
§ The tree is partitioned
§ Profile is obtained from each 

subtree
§ Profile alignment
§ Iteration using Sum-of-Pairs 

(SP) score

Available at MUSCLE website (in v3 legacy page) and EBI Tools

①

②

③
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Equidistance Family-orphan < 25% identity
N/C-term
extension Internal insertion

(Mafft)

(Mafft)

BAliBASE Q scores (Sum-of-pairs: percentage of correctly aligned residue pairs)

(w/o refinement)

BAliBASE: Benchmark alignment database (includes many 
subsets representing various alignment problems)

MUSCLE v3 performance
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MAFFT

1. First progressive alignment: NS-1
§ 6-tuple distance from pairwise alignment & modified UPGMA for guide tree
§ Alignment strategy:
o FFT: Fast Fourier Transform approximation 

is used to detect highly similar segments 
➜ Segment to segment alignment

o NW: full dynamic programming (global)
2. Improved progressive alignment: NS-2

§ Better distance calculation from NS-1 alignment
3. Iterative refinement: NS-i

§ The tree-dependent restricted partitioning
§ Group-to-group (profile) alignment
§ Iteration based on the weighted SP score

4. COFFEE-like consistency score from pairwise alignment information is used in 
G-INS-i (global), L-INS-i (local), and E-INS-i (local & more difficult alignment)

Available at MAFFT website or EBI Tools

Katoh et al. (2005, 2019)

Alignment Consistency 
score

Global G-INS-i
Local (SW) L-INS-i

E-INS-i

Alignment FFT NW

1st progressive FFT-NS-1 NW-NS-1

2nd progressive FFT-NS-2 NW-NS-2

Iterative 
refinement (i) FFT-NS-i NW-NS-i
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http://www.drive5.com/muscle
https://www.ebi.ac.uk/jdispatcher/msa/muscle
https://mafft.cbrc.jp/alignment/software/index.html
https://www.ebi.ac.uk/jdispatcher/msa/mafft
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MAFFT performance

Scores: SP/TC • SP (sum-of-pairs) score: proportion of correctly aligned residue pairs
• TC (total column) score: proportion of fully correctly aligned columns

BAliBASE
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MAFFT website
MAFFT @ cbrc.jp

Scroll down to find Mafft-homologs
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Mafft-homologs

Accuracy of an alignment of 
distantly related sequences can 
be improved when aligned with 
their close homologs

➜ Similar approach is used in 
PSI-Coffee, PRALINE, etc. 

PSI-BLAST is used to collect similar sequences
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MAFFT-DASH

Ø Integrated protein sequence and structural alignment
Rozewicki et al. (2019)

DASH (Database of Aligned Structural 
Homologs) is used to incorporate the 
structural information to improve the
alignment

➜ Similar approach is used in 
EXPRESSO, PROMALS3D, etc. 
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MAFFT-DASH performance
Rozewicki et al. (2019)

[SP (sum-of-pairs) score: proportion of correctly aligned residue pairs]

BAliBASE

[TC (total column) score: proportion of fully correctly aligned columns]
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MAFFT: 'add' and 'merge'
MAFFT @ cbrc.jp
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https://mafft.cbrc.jp/alignment/software/
https://mafft.cbrc.jp/alignment/software/
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MAFFT: add/merge alignment

There are also --seed and --addprofile options. Read the "tips" 
section on the MAFFT website.
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Refining alignment with MAFFT website

Open the guide tree

Refine the dataset based on 
sequence length, % identity, 
phylogenetic clustering, etc.
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Refining alignment with MAFFT website
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How to solve progressive-alignment problems

Ø Incorporate more information to reduce early errors
§ Structural alignment (e.g., Expresso, PROMALS3D, TM-Coffee, PRALINE, 

MAFFT-DASH, MUSCLE-3D)
§ Profile/profile-HMM alignment (e.g., PRALINE, PSI-Coffee, 

PROMALS3D, ProbCons/CONTRAlign, ClustalW, MUSCLE5)

ØAvoid the greedy-algorithm problem
§ Iterative refinement to search the global maxima
➜ A good objective function is required (e.g., MUSCLE/MUSCLE5, 

MAFFT, ProbCons/CONTRAlign)

ØGlobal (or local) only alignment problem
§ Combine both methods (e.g., T-Coffee)

ØMore accurate insertion/deletion placement
§ Phylogeny aware gap-placement (e.g., PRANK, ProPIP, Bali-Phy, SATé)
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PRALINE
PRALINE website Simossis, Kleinjung & Heringa (2005)
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• From 624 HOMSTRAD pairwise alignments
• Q score = SP (sum-of-pairs) score: % correctly aligned residue pairs
• DQ: Q score difference from PRALINE without PSI-BLAST

PRALINE performance
Simossis, Kleinjung & Heringa (2005)

PSI-BLAST enhanced 
PRALINE performs better 
especially for alignment of 
highly divergent sequences
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https://mafft.cbrc.jp/alignment/software/tips0.html
http://www.ibi.vu.nl/programs/pralinewww/
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Available at EBI Tools
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Clustal Ω

Ø Progressive alignment following the guide tree
§ Features a fast method for making the “initial guide 

tree” (mBed)
➜ Calculates distances to only a small number (n=log2N) of seed 

sequences: if N = 1000, n = log21000 ≈ 10 
➜ Sequences are represented as an n element vector, and 

clustered using Euclidean distances (UPGMA for subtrees)
➜ Scalable for very large datasets

§ Alignment is done using HHalign 
(a profile hidden Markov model alignment)
➜ Probabilistic, highly accurate alignment

§ Simple iterative refinement
➜ Alignment is converted to profile hidden Markov model (HMM)
➜ realigns input sequences against the profile HMM

Sievers et al. (2011, 2018)
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Clustal Ω
Sievers et al. (2011)

Top-rated methods use HMM or consistency function or both
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Clustal Ω
Sievers et al. (2011)

§Consistency-based
§Progressive
§Other

BAliBASE (Average)
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Edgar (2022)

ØImproved re-implementation of 
ProbCons (slow but highly accurate 
MSA method based on hidden 
Markov model)
§ Parallelization for rapid alignment
§ Can be used for large datasets
§ For both protein and DNA alignments

§ More accurate than Clustal 
W, MAFFT, or ProbCons

§ Ensemble MSAs can be 
generated for reference-free 
estimate of MSA accuracy 

Available at MUSCLE website or EBI Tools
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NJ

Progressive

Iterative

Local Global

UPGMA

TM/2D/3D-
structure

Profile

iterAlign
DIALIGN 2

ClustalW
ClustalX

MUSCLE*

DCA

COBALT

Expresso

PROMALS
PROMALS3D

PRALINE

T-coffee*, R-coffee
M-coffee PnpProbs

GLProbs
Clustal Ω*
MSAProbs

FSA
ProbCons/CONTRAlign

MUSCLE5*
ProbAlign
cmalign

HMMs

TM-coffee

DIALIGN-T
DIALIGN-TX MAFFT*

Kalign*

PSI-coffee

*Available in EBI Tools website

Multiple sequence alignment methods
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PRANK
WebPRANK*

SATé
Bali-Phy
ProPIP

POY
AliFritz

Alignment 
+ tree

NJ

UPGMA

FAMSA/FAMSA2

learnMSA2
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PRANK, WebPRANK

(2005 PNAS commentary)

"CLUSTALW attempts to compensate by using an elaborate scoring scheme to encourage 
gaps to end up on top of each other. ... results in alignments that are very ‘‘block-like’’…"

"… there may be a price for this prettiness and detachment from phylogenetic reality. 
CLUSTALW (and other programs) may be guilty of ’’overalignment’’, that is where sequences 
that should not go together are forced into neat-looking blocks.  These overaligned regions 
may be neat looking but misleading."

"There is an understandable tendency for users of multiple alignment software to want their 
residues neatly aligned in blocks and columns. This is fine when such blocks are biologically 
accurate as will happen in parts of protein alignments. In cases where insertions or deletions
have happened in a less organized manner, as will happen in many noncoding DNA sequences 
and in less organized parts of protein sequences, such block-like alignments may be 
biologically meaningless. Perhaps we need to reeducate our eyes to see beauty in what
actually happened rather than what looks nice on paper."
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https://www.ebi.ac.uk/jdispatcher/msa/clustalo
http://www.drive5.com/muscle/
https://www.ebi.ac.uk/jdispatcher/msa/muscle5
https://www.ebi.ac.uk/jdispatcher/msa
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PRANK, WebPRANK

Insertions are more penalized than deletions in 
progressive sequence alignment.

Löytynoja & Goldman (2008)
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PRANK, WebPRANK
Löytynoja & Goldman (2005, 2008, 2010)
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Ø PRANK: Probabilistic Alignment Kit
§ A probabilistic multiple alignment program for 

DNA, codon, and amino-acid sequences. 
§ Treats insertions correctly.
§ Avoids over-estimation of the number of deletion 

events.
§ Not meant for the alignment of very diverged 

protein sequences.  

Available at EBI website
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PRANK, WebPRANK

Different sequence alignment approaches can give contradicting pictures of 
evolutionary mechanisms behind functional sequence changes.

ClustalW PRANK

MSAs generated by traditional methods show excess substitutions
➜ Can be erroneously thought to be under positive selection

Löytynoja & Goldman (2008)
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PRANK

ProPIP

MAFFT
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ProPIP: 
Progressive MSA with Poisson Indel Process

§ Rigorous 
mathematical indel 
model is incorporated

§ Gaps can be inferred 
in a phylogenetically 
consistent way

§ Over-alignment can 
be avoided
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Maiolo et al. (2018, 2021)
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BAli-Phy: Statistical coestimation method

§ Co-estimates MSA and phylogeny 
iteratively

§ Bali-Phy v3/v4 is much faster for 
large datasets
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Modeler score (precision)

S
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SP score (recall)
 = How much of correct 

alignment is recovered
Modeler score (precision) 

= How much of the 
reconstructed alignment is 
correct

[1,192 datasets]

Nute et al. (2019), Redelings (2021), Gupta et al. (2021)

Bali-Phy website
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Large-scale MSA

Santus et al. (2023)

(large-scale MSA methods)

• MAFFT DPPartTree
• ClustalW
• FAMSA/FAMSA2
• Kalign3 ...

• PASTA
• UPP/UPP2
• MAGUS
• MAFFT/Sparsecore
• Regressive/T-Coffee
• MUSCLE5 ...

• MMseq2
• learnMSA/learnMSA2

Using pHMM, deep 
learning protein language 
modeling, etc.
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https://www.ebi.ac.uk/goldman-srv/webprank/
https://www.bali-phy.org/index.php
https://www.bali-phy.org/index.php
https://www.bali-phy.org/index.php
https://www.bali-phy.org/index.php


6

BIOS477/877 L16 - 31

Large-scale MSA

[Data set size (N)]
•25,000 ≈ 415,519
•Ultra-large Pfam family
(N: 1.8M ≈ 3.5M)

Santus et al. (2023)
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learnMSA2

Ø Deep learning with profile HMM and language model
➜ No guide tree is needed!

Becker and Stanke (2024)
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FAMSA2
Ø Progressive alignment at 

protein-universe scale
Gudyś et al. (2025)
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Protocol for reconstructing MSA and phylogeny

X

Jacques et al. (2023)

M ultiple sequence alignm ent

Alignm ent trim m ing     
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Alignment trimming

§ Gblocks: selection of conserved blocks from multiple 
alignments (included in Phylogeny.fr)

§ trimAl: a tool for automated alignment trimming in large-
scale phylogenetic analysis (included in Phylemon2)

Tan et al. (2015); See also TCS paper by Chang et al. (2014)
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Alignment trimming: Gblocks
Simulated (true) alignment

ClustalW

Mafft

ProbCons

Used by Gblocks (relaxed) Used by Gblocks (stringent)

Talavera and Castresana (2007)
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http://phylogeny.lirmm.fr/phylo_cgi/one_task.cgi?task_type=gblocks
http://phylemon2.bioinfo.cipf.es/
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ClustalW

Mafft

Alignment lengthClustalW/Mafft
Gblocks (relaxed)
Gblocks (stringent)
Gblocks complementary

(complementary: blocks excluded by Gblocks)

Gblocks performance
Talavera and Castresana (2007)

Effectiveness of Gblocks varies depending on 
alignment lengths and divergence
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Alignment trimming: ClipKIT
Gblocks, trimAl: remove phylogenetically uninformative 

(gap-rich or highly variable) sites
ClipKIT: identifies and retain phylogenetically 

informative (parsimony-informative) sites

Steenwyk et al. (2020) Desirability score (phylogeny-based accuracy): 
combines tree accuracy and average bootstrap support 
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