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Results: FliG-MgtE

Protein structure is more conserved than amino acid (AA) sequence,
but has been hard to include in model-based statistical phylogenetics.
This changed with Puente-Lelievre et al. (2023), which proposed and
tested the use of Foldseek’s “3Di" (3-dimensional) structural alphabet:.
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Ground truth: Kannan
et al. (2014) phylogeny
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We compared distances
of single-protein AA
trees (x-axis) and
AA+3Di trees (y-axis) to
the ground truth.
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Introduction: Bacterial Flagellum

dist of AA trees

The flagellum is an ion-powered rotating nanomachine. It is made of
~30 core proteins that cooperate to self-assemble and function.
To study its evolution, we first assemble non-flagellar homologs:
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Results: 3 FliG ARM
domains aligned to
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FliG-M, suggesting
duplication history

FIliG C-terminal
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Work done with:
FliG Middle Masters student Arya
ARM domain Kaul, University of
Auckland.
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Phylogeny: MotAB and ExbBD/

3Di proteln structure characters allgnment

ExbBD of
the TonB
system,
TOIQR of the
Tol-Pal
system
AgIRS of
adventitious
gliding
[ motility, etc.

flagellum
| MotAB

; anti-phageﬁ
ZorAB

gliding GIdLM

Results: Adding 3Di characters (right) enabled plausible alignments for not only MotA and relatives, but also MotB (structural homolog of
ExbD/TolR), as well as the distant relatives ZorAB (phage defense) and GldLsM, (gliding motility). AA+3Di phylogenies, under both midpoint rooting
and rooting against GIdLM suggest that MotAB is sister to ExbBD/TolQR (ion-powered nutrient transport and membrane stability/cell division, as
well as the adventitious gliding of Myxococcus (AgIRS) and many uncharacterized systems. MotB and ZorB share an OmpA domain, apparently lost
or modified to unrecognizability in ExbD/ToIR. Work done with: Masters student Jiahe Zhang, University of Auckland.

sults: FliP!

The FliPsQ,R; complex forms a export gate at the base of the axial tube, and cryo-EM structures revealed they are structural homologs (Kuhlen et al.
2020; right). However, AA sequence similarity is in the Midnight Zone. Result: FliR clearly has 2 FliQ regions. Rooting the duplicates against each other,
nonflagellar T3SS homologs SctRST are clearly derived, confirming Abby & Rocha 2012. Work done with: Masters student Changhao Li, U. Auckland.
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to AAs with R script (Matzke et al. 2025)
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Nonflagellar homologs of flagellum proteins are so diverged they are in the Twilight Zone or
Midnight Zone (weak/no AA similarity). To attempt phylogenies, we followed Matzke et al. (2025):

(1) JackHMMER-sampled known homolog families from ~200 genomes sample to represent
major bacterial phyla. Manually filtered out unconvincing hits.

(2) Downloaded Alphafold monomer structures (Varadi et al. 2022) for all proteins.

(3) Converted to 3Di with Foldseek (Van Kempen et al. 2024), aligned with FAMSA3di, checked,
and assembled partitioned alignments using R pipeline (Matzke et al. 2025).

(4)  1Q-TREE with model selection on AA/3Di partitions, as in Puente-Lelievre et al. (2024).

These are the first-ever phylogenies of FIiG+MgtE, of MotAB+multiple outgroups, and of FIiPQR.
They were used to test position of nonflagellar-T3SS, and history of internal duplications.
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Structural phylogenetics enables us to erect and test phylogenetic

hypotheses for protein divergences into and beyond the Twilight Zone. e e
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relationship, and thrice confirm nonflagellar T3SS are derived.
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