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Anchor-Seeded Gotoh Affine-Gap vs. Iterative Local
Multiple Sequence Alignment Across Coding, rRNA & ITS Loci

Head-to-head calibration of 9-mer anchor-segmented Gotoh 3-state affine-gap
progressive alignment against iterative local pairwise refinement (MAFFT
L-INS-i) across 16 vertebrate COX1 mitogenomes, prokaryotic 16S rRNA operons,
and fungal ITS1-5.8S-ITS2 cistrons.

| Genomic Element | | Optimal Diagnostic Window | | Empirical Failure Boundary | |
Corrective Assay Rescue Protocol |

| Mitochondrial COX1 (1,545 bp Coding Frame) | | Intrafamilial to Species-Level
Metazoan Delimitation (0.0% internal gaps; K2P Pearson r = 1.0000 between
Codon-Anchored Native and MAFFT L-INS-i) | | Truncated mini-barcodes (< 200 bp)
collapse sister-species barcoding gaps (-0.014), while linear gap penalties risk
introducing frameshift artifacts in divergent pseudogenes (NUMTs). | | Enforce
triplet reading-frame phase locking ( H pos2 = 0.000 bits, omega < 0.10) across the
full 658-1,545 bp coding span paired with 16S mtDNA (MT-RNR2). |

| Prokaryotic 16S rRNA & Eukaryotic ITS1-5.8S-ITS2 Cistrons | | Genus-to-Phylum
Stem-Loop Phylogenetics (16S) and 5.8S-Anchored Fungal Species Delimitation (K2P
Pearson r = 0.9849-0.9867 between Gotoh Affine-Gap and MAFFT L-INS-i) | | Excising
the invariant 158 bp 5.8S core causes cross-class ITS1 alignments to collapse into
gap saturation (46.6%-47.1% gapped columns, 0% bootstrap) under both progressive
affine-gap and iterative local alignment. | | Seed progressive Gotoh 3-state
affine-gap alignment (GapOpen = -10, GapExtend = -1) on unique colinear 9-mer
anchors inside conserved rRNA stems (16S) or the 5.8S core (ITS) before partitioning
variable loops. |

Multiple sequence alignment algorithms face a fundamental trade-off between
preserving triplet codon reading frames in protein-coding genes and consolidating
variable-length insertion-deletion (indel) loops in structural ribosomal RNAs and
internal transcribed spacers. Benchmarking an anchor-segmented Gotoh 3-state
affine-gap progressive aligner against iterative local pairwise refinement (MAFFT
v7.526 L-INS-i) across 31 NCBI RefSeq sequences demonstrates exact K2P distance
identity ( r = 1.0000, MAD = 0.0000) across 16 Carnivora COX1 mitogenomes and high
evolutionary distance concordance across bacterial 16S rRNA ( r = 0.9867) and fungal
ITS1-5.8S-ITS2 cistrons ( r = 0.9849) at 122-fold to 2,415-fold faster execution
speed.

* Achieves r = 1.0000 K2P distance concordance (MAD = 0.0000) and identical NJ tree
topology across 16 Carnivora COX1 mitogenomes at 2,415x faster runtime (1.51 ms vs.
3,635.51 ms)

* Consolidates prokaryotic 16S rRNA V1-V9 loop indels and fungal ITS1-5.8S-ITS2
spacer indels via Gotoh 3-state affine-gap dynamic programming ( r = 0.9849-0.9867
vs. MAFFT L-INS-i)

* Anchoring alignment segments to unique colinear 9-mers inside the invariant 158 bp
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5.8S subunit prevents spacer indel drift across Eurotiomycetes and Saccharomycetes

* Demonstrates that both progressive affine-gap and iterative local refinement fail
identically when the 5.8S anchor is excised from cross-class ITS1 spacers
(46.6%-47.1% gap fraction)

1. Algorithmic Architecture: Hybrid Codon-Phase & Anchor-Segmented
Gotoh Affine-Gap Dynamic Programming vs. Iterative Local Pairwise
Refinement

In computational molecular systematics, downstream evolutionary metrics -- including
Kimura 2-Parameter (K2P) and Tamura-Nei (TN93) substitution matrices,
Neighbor-Joining (NJ) bootstrap topologies, and Automatic Barcode Gap Discovery
(ABGD) species partitions -- are highly sensitive to how Multiple Sequence Alignment
(MSA) engines place insertion-deletion (indel) gaps. Protein-coding mitochondrial
markers such as Cytochrome c Oxidase Subunit I ( COX1 ) evolve under purifying
selection against frameshifts (omega ~ 0.031), whereas structural ribosomal RNAs (
16S rRNA ) and nuclear Internal Transcribed Spacers ( ITS1-5.8S-ITS2 ) accumulate
multi-nucleotide stem-loop insertions and tandem repeat expansions within unanchored
loop domains [1, 2].

To evaluate how algorithmic design choices affect phylogenetic distance geometry and
runtime throughput, we conducted a head-to-head empirical calibration comparing two
distinct alignment architectures across 31 NCBI RefSeq/GenBank sequences spanning
three structural regimes (plus an unanchored negative-control boundary test):

* Native Progressive Hybrid Aligner (Codon-Anchored + 9-mer Anchor-Segmented Gotoh
3-State Affine-Gap DP): Operates in two deterministic modes depending on input
sequence geometry. In Mode 1 (Uniform Reading-Frame Coding Mode) , when ungapped
sequences share uniform triplet-divisible coding length (length spread <= 9 bp), the
aligner locks onto the first and second codon positions ( H pos2 = 0.000 bits)
across a +/-15 bp (step 3) reading-frame search window, guaranteeing zero artificial
frameshift gaps. In Mode 2 (Progressive Gotoh Affine-Gap Mode) , for variable-length
rRNA and spacer loci, the engine selects the 6-mer Jaccard medoid sequence as the
guide reference, identifies exact colinear unique 9-mer anchors spaced by >= 24 bp,
and partitions intervening variable segments into bounded dynamic programming
windows. Within each window, it executes exact Gotoh (1982) 3-matrix ( M , I , D )
affine-gap dynamic programming [3] parameterized with a transition-weighted
substitution matrix (Match = +4, Transition = +1, Transversion = -3, GapOpen = -10,
GapExtend = -1), merging pairwise insertion tracts into a consistent multi-sequence
profile.

* External Iterative Local Pairwise Refinement ( MAFFT v7.526 L-INS-i ): Invokes
Katoh & Standley's L-INS-i strategy ( tbfast-pair local Smith-Waterman all-to-all
pairwise consistency scoring with model=DNA200 , UPGMA guide tree construction via
tbfast , and up to 16 cycles of tree-dependent restricted partitioning iterative
refinement via dvtditr ) [1, 2].

| Cohort Regime & Taxonomic Scope | | Specimens (N) | | Native Runtime (ms) | |
MAFFT L-INS-i Runtime (ms) | | Native Speedup (x) | | Native Aligned Len (bp) | |
MAFFT Aligned Len (bp) | | Native Gap Fraction | | MAFFT Gap Fraction | | Native SoP
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Identity | | MAFFT SoP Identity | | K2P Pearson r | | K2P MAD |

| Vertebrate Mitochondrial COX1 Coding Barcode Panel (4 Carnivora Families) | | 16 |
| 1.51 | | 3635.51 | | 2415.30 | | 1545 | | 1545 | | 0.0000 | | 0.0000 | | 0.8355 |
| 0.8355 | | 1.0000 | | 0.0000 |

| Prokaryotic 16S rRNA Multi-Operon & Cross-Phylum Panel ( E. coli , S. enterica ,
B. subtilis ) | | 5 | | 17.12 | | 2096.91 | | 122.50 | | 1868 | | 1803 | | 0.1732 |
| 0.1434 | | 0.6646 | | 0.6312 | | 0.9867 | | 0.2042 |

| Eukaryotic Fungal ITS1-5.8S-ITS2 Cistron Panel ( Aspergillus & Candida ) | | 5 | |
7.66 | | 1697.05 | | 221.67 | | 766 | | 756 | | 0.2321 | | 0.2220 | | 0.6087 | |
0.5931 | | 0.9849 | | 0.0457 |

| Unanchored Cross-Class Fungal ITS1 Negative Control (5.8S Core Excised) | | 5 | |
1.52 | | 1631.64 | | 1076.71 | | 312 | | 309 | | 0.4712 | | 0.4660 | | 0.3176 | |
0.2929 | | 0.9206 | | 0.2757 |

2. Regime 1 -- Protein-Coding Mitochondrial COX1 Barcodes: Exact
Reading-Frame & K2P Identity ( r = 1.0000)

Across the 16-specimen Carnivora mitochondrial COX1 reference panel (spanning
Ursidae, Felidae, Canidae, and Mustelidae across full 1,545 bp RefSeq CDS
coordinates), both the native Codon-Anchored aligner and MAFFT v7.526 L-INS-i
converge on the exact same 1,545 bp ungapped alignment matrix (0 gap columns,
Sum-of-Pairs identity = 0.8355, 970 invariant sites, and 514 parsimony-informative
sites). Pairwise Kimura 2-Parameter (K2P) distances across all 120 specimen pairs
exhibit a Pearson correlation of r = 1.0000 with a Mean Absolute Deviation (MAD) of
0.0000, yielding identical Neighbor-Joining phylogenetic trees and identical 100%
bootstrap support across family and species nodes.

Whereas MAFFT L-INS-i requires 3,635.51 ms to initialize its Windows POSIX runtime
environment, compute all 120 local pairwise alignments ( tbfast-pair ), build a
UPGMA guide tree ( tbfast ), and verify convergence across 32 iterative refinement
steps ( dvtditr reporting STEP 001-001-0 identical ... Converged ), the native
multi-threaded Rust aligner completes the same alignment in 1.51 ms -- a
2,415.3-fold speedup that eliminates external process overhead during
high-throughput barcode screening.

3. Regime 2 -- Prokaryotic 16S rRNA Stem-Loop Indels & Eukaryotic
Fungal ITS1-5.8S-ITS2 Cistrons

When aligning non-coding structural RNAs and spacer cistrons that differ in sequence
length by 12 bp to 72 bp, simple offset-shifting aligners fail because insertions
and deletions occur at multiple independent loop coordinates. Evaluating the
upgraded 9-mer Anchor-Segmented Gotoh 3-State Affine-Gap engine against MAFFT v7.526
L-INS-i across prokaryotic 16S rRNA and fungal ITS1-5.8S-ITS2 cistrons reveals two
key structural findings:

* Prokaryotic 16S rRNA (Intragenomic E. coli rrsA / rrsB / rrsH vs. Salmonella
enterica & Bacillus subtilis ): Across the 1,542-1,554 bp bacterial 16S panel, the
native Gotoh affine-gap aligner (17.12 ms; 1,868 bp aligned span, 17.32% gap
fraction, 0.6646 Sum-of-Pairs identity) and MAFFT L-INS-i (2,096.91 ms; 1,803 bp
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aligned span, 14.34% gap fraction, 0.6312 Sum-of-Pairs identity) achieve a pairwise
K2P distance correlation of r = 0.9867 (122.5-fold speedup). Notably, both aligners
preserve a higher number of invariant decoding-core columns when anchored to
conserved 16S stems (1,164 conserved sites in Native Gotoh vs. 887 in MAFFT L-INS-i
) and independently reproduce the well-documented enteric sister-species boundary
where intragenomic E. coli K-12 rrsA - rrsH paralog divergence overlaps inter-genus
divergence against Salmonella enterica .

* Eukaryotic Fungal ITS1-5.8S-ITS2 Cistron ( Aspergillus fumigatus , A. niger , A.
flavus , Candida albicans , C. tropicalis ): Across the 524-596 bp fungal nuclear
ribosomal cistron (72 bp length spread between Candida and Aspergillus ), the native
Gotoh aligner locks onto colinear 9-mer anchors inside the invariant 158 bp 5.8S
subunit ( H = 0.34 bits) and partitions the flanking indels cleanly into ITS1 and
ITS2 . Native Gotoh (7.66 ms; 766 bp aligned span, 23.21% gap fraction, 0.6087 SoP
identity, 518 conserved sites) and MAFFT L-INS-i (1,697.05 ms; 756 bp aligned span,
22.20% gap fraction, 0.5931 SoP identity, 485 conserved sites) achieve a pairwise
K2P Pearson correlation of r = 0.9849 with a mean absolute K2P deviation of just
0.0457 substitutions/site (221.7-fold speedup).

4. Shared Homology Saturation Boundary: Excising the 5.8S Anchor
Collapses Cross-Class ITS1 Alignments Under Both Engines

A critical question in molecular systematics is whether computationally intensive
iterative refinement ( MAFFT L-INS-i ) can rescue phylogenetic signal when a
hypervariable spacer is sequenced without its flanking conserved ribosomal subunit
anchor. To test this boundary empirically, we excised the invariant 158 bp 5.8S core
and ITS2 region from the Eurotiomycetes ( Aspergillus ) and Saccharomycetes (
Candida ) records, restricting both aligners to the unanchored 165 bp ITS1 spacer
alone.

Under both Native Gotoh Affine-Gap and MAFFT v7.526 L-INS-i , the unanchored
cross-class ITS1 alignment collapses into severe indel saturation: gap fraction
surges from 22.2%-23.2% to 46.60% (MAFFT) and 47.12% (Native) , Sum-of-Pairs
identity drops to 0.2929 (MAFFT) and 0.3176 (Native) , and Neighbor-Joining
bootstrap support falls to 0.0% across deep inter-class branches. This shared
failure boundary is consistent with the hypothesis that once primary sequence
divergence exceeds the random k -mer homology horizon and indels overlap across >45%
of columns, neither progressive affine-gap dynamic programming nor local pairwise
consistency refinement ( L-INS-i ) can reconstruct true positional homology without
an invariant flanking anchor (such as 5.8S or 28S D1/D2 ) [4, 5].

Discussion & Key Takeaways

These comparative benchmarks indicate that upgrading progressive sequence alignment
from fixed-offset shifting to 9-mer anchor-seeded Gotoh 3-state affine-gap dynamic
programming bridges the accuracy gap with iterative local pairwise refinement (
MAFFT L-INS-i ) across standard barcoding and phylogenetic regimes while operating
two to three orders of magnitude faster. For ungapped protein-coding loci such as
vertebrate mitochondrial COX1 , locking alignment shifts to triplet codon boundaries
reproduces MAFFT L-INS-i distance matrices identically ( r = 1.0000, MAD = 0.0000)
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in 1.51 ms.

For variable-length structural rRNAs ( 16S rRNA ) and nuclear ribosomal spacers (
ITS1-5.8S-ITS2 ), affine gap penalties (GapOpen = -10, GapExtend = -1) paired with
colinear 9-mer anchor segmentation consolidate loop insertions into biologically
coherent blocks ( r = 0.9849-0.9867 vs. MAFFT L-INS-i ). Crucially, the unanchored
ITS1 negative control demonstrates that alignment failure boundaries are governed
primarily by sequence-level thermodynamic conservation rather than aligner
heuristics: when primary homology decays across unanchored spacers, assay design
must incorporate conserved flanking anchors ( 5.8S or 28S ) rather than relying on
post-hoc gap refinement.

NCBI RefSeq / GenBank Accession & Coordinate Provenance

All sequence alignments, Kimura 2-Parameter distance matrices, and timing benchmarks
in this discovery are anchored to empirical NCBI RefSeq and GenBank records cached
locally and archived in the CRV Science Labs dataset repository:

| Accession & Coordinates | | Reference Organism / Cohort | | Target Gene /
Chromosomal Locus | | Span (bp) | | Database Verification |

| NC_003427.1:6484-8028 | | Ursus arctos ( plus 15 Carnivora Mitogenomes) | |
Mitochondrial Cytochrome c Oxidase Subunit I ( COX1 ) | | 1545 | | NCBI RefSeq
Verified |

| NC_000913.3:4035531-4037072 | | Escherichia coli str. K-12 substr. MG1655 | | 16S
Ribosomal RNA Operons ( rrsA , rrsB , rrsH ) | | 1542 | | NCBI RefSeq Verified |

| NC_003197.2:4199911-4201452 | | Salmonella enterica subsp. enterica serovar
Typhimurium str. LT2 | | 16S Ribosomal RNA ( rrsA ) | | 1542 | | NCBI RefSeq
Verified |

| NC_000964.3:9809-11362 | | Bacillus subtilis subsp. subtilis str. 168 | | 16S
Ribosomal RNA ( rrnO-16S ) | | 1554 | | NCBI RefSeq Verified |

| NR_121481.1 / NR_111041.1 / NR_130658.1 | | Aspergillus fumigatus , A. niger , A.
flavus | | Nuclear Ribosomal ITS1-5.8S-ITS2 Cistron | | 596 | | NCBI RefSeq Verified
|

| NR_138295.1 / NR_132055.1 | | Candida albicans , Candida tropicalis | | Nuclear
Ribosomal ITS1-5.8S-ITS2 Cistron | | 524 | | NCBI RefSeq Verified |
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