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Introduction: Structural Phylogenetics

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:.

Results: AA+3Di Phylogeny: MotAB and ExbBD/TolQR, ZorAB, GldLM

The FliP5Q4R1 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.

Results: FliG-MgtE
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1. Structural phylogenetics enables us to erect and test phylogenetic 

hypotheses for protein divergences into and beyond the Twilight Zone. 
2. For FliG, the “cog teeth” that allow MotAB to rotate the flagellum both 

clockwise and counterclockwise, we inferred a duplication history of the 3 
ARM domains homologous to MgtE’s ARM domain.

3. MotAB results confirm & extend Puente-Lelievre et al. (poster)
4. FliPQR results show FliR homologous to FliQ+FliQ, suggest FliP-FliQ 

relationship, and thrice confirm nonflagellar T3SS are derived.
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Foldseek 
classifies 
tertiary 
interactions 
into 20 “3Di” 
characters.

These are 
highly 
conserved, 
repeatable for 
any structure 
file.
(Van Kempen 
et al. 2023) 

Statistical model 
selection can be 
used on AA and 
3Di partitions

(IQ-TREE analysis 
on Ferritin-like 
superfamily)
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R2 = 0.794
m = 0.638 ± 0.09
b = 0.0313 ± 0.0115
p = 2.5e−10  (null: slope is 1:1)

branch.score.difference to master tree: AA vs. AA+3di
Ground truth: Kannan 
et al. (2014) phylogeny 
of 56 mitochondrial 
proteins present in the 
Last Eukaryote 
Common Ancestor.
We compared distances 
of single-protein AA 
trees (x-axis) and 
AA+3Di trees (y-axis) to 
the ground truth.

Result: improvement for
shorter (yellow) & less 
conserved (right) proteins.

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 GldL5M2 (gliding motility). AA+3Di phylogenies, under both midpoint rooting 
and rooting against GldLM 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 (AglRS) and many uncharacterized systems. MotB and ZorB share an OmpA domain, apparently lost 
or modified to unrecognizability in ExbD/TolR. Work done with: Masters student Jiahe Zhang, University of Auckland.
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AAP98783.1_YscR_Chlamydia_pneumoniae_TW-183

UBQ04393.1_FliR_Tepidimonas_taiwanensis

QKY95794.1_FliP_Shigella_sonnei

AJJ29688.1_YscR_HrcR_plasmid_Yersinia_pestis

AJJ33845.1_SpaR_YscT_HrcT_Yersinia_pestis

ATX78596.1_FliR_Mariprofundus_aestuarium

WP_066581080.1_FliR_spingomonas_koreensis

QEO42645.1_FliQ_Vibrio_cholerae

WP_142701535.1_FliP_Bdellovibrio

AOO65163.1_FliP_Sulfurosprillum_haloresprans_DSM_13726

ATU68234.1_EscT_YscT_HrcT_Piscinibacter_gummiphilus

AJJ53600.1_FliQ_Yersinia_pseudotuberculosis_IP_32953

AAC68165.1_YopS_Chlamydia_trachomatis_D-UW-3-CX

ADE83822.1_FliR_Rhodobacter_capsulatus_SB_1003

SCA63769.1_FliR_Chlamydiales_bacterium_SCGC_AG-110-M15

ALA58613.1_FliR_Nitrospra_moscoviensis

ADY60073.1_FliP_Rubinispaera_brasiliensis_DSM_5305

AJJ55627.1_YscR_HrcR_Yersinia_pseudotuberculosis_IP_32953

AJJ56036.1_FliQ_Yersinia_pseudotuberculosis_IP_32953

AAC75015.1_FliP_Escherichia_coli_str_K-12_substr_MG1655

WP_142701534.1_FliQ_Bdellovibrio

AJJ55932.1_FliR_Yersinia_pseudotuberculosis_IP_32953

AIQ90403.1_FliQ_Methylobacterium_oryzae_CBMB20

WP_009563969.1_FliR_Cereibacter_spaeroides

ATU66734.1_FliP_Piscinibacter_gummiphilus

AAG04835.1_FliP_Pseudomonas_aeruginosa_PAO1

ADN09319.1_FliP_Sulfurimonas_autotrophica_DSM_16294

AWG41580.1_IIISP_Treponema_pallidum_subsp_pertenue

BAS27513.1_FliP_Limnochorda_pilosa

ALJ56895.1_FliQ_Xiphinematobacter_sp_Idaho_Grape

ACO34562.1_FliP_Acidobacterium_capsulatum_ATCC_51196

SCA64033.1_FliQ_Chlamydiales_bacterium_SCGC_AG-110-P3

ADB19004.1_T3SS-R_Pirellula_staleyi_DSM_6068

AHE96681.1_FliP_Thermocrinis_ruber

CAD72042.1_FliQ_Rhodopirellula_baltica_SH_1

BAH37361.1_FliP_Gemmatimonas_aurantiaca_T-27

WP_011338882.1_FliQ_Cereibacter

ATU65933.1_FliQ_Piscinibacter_gummiphilus

AJH77645.1_FliP_Heyndrickxia_coagulans_DSM_1_EQ_ATCC_7050

CAD72043.1_FliR_Rhodopirellula_baltica_SH_1

ATU66732.1_FliR_Piscinibacter_gummiphilus

AJJ30275.1_FliQ_Yersinia_pestis

QTD52430.1_FliR_Sulfidibacter_corallicola

ALA58615.1_flag_Nitrospra_moscoviensis

QAR32391.1_FliQ_Geovibrio_thiophilus

ATU68235.1_EscR_YscR_HrcR_Piscinibacter_gummiphilus

ACL94467.1_FliP_Caulobacter_vibrioides_NA1000

BAC62678.1_protein_Vibrio_parahaemolyticus_RIMD_2210633

ATU68785.1_EscS_YscS_HrcS_Piscinibacter_gummiphilus

ACI20273.1_flag_Thermodesulfovibrio_yellowstonii_DSM_11347

WP_015348417.1_FliR_Myxococcus_stipitatus

USF23670.1_HYP_N508_000736_Mucisprillum_schaedleri_ASF457

QNQ09309.1_FliQ_spingomonas_alpina

ADV62897.1_T3SS-P_Isospaera_pallida_ATCC_43644

AFE08797.1_T3SS_Corallococcus_coralloides_DSM_2259

AAC68164.1_YopR_Chlamydia_trachomatis_D-UW-3-CX

BAC62685.1_Spa24_Vibrio_parahaemolyticus_RIMD_2210633

ATU65932.1_T3SS_Piscinibacter_gummiphilus

AEM21951.1_FliQ_Brachyspra_intermedia_PWS-A

CAG37401.1_FliQ_Desulfotalea_psychrophila_LSv54

ACL64093.1_HrpO_Anaeromyxobacter_dehalogenans_2CP-1

SCA58999.1_FliQ_Chlamydiales_bacterium_SCGC_AB-751-O23

ABC77215.1_flag_Syntrophus_aciditrophicus_SB

BAH37358.1_FliR_Gemmatimonas_aurantiaca_T-27

AHE96679.1_FliR_Thermocrinis_ruber

CCG56694.1_FliO_FliZ_Brachyspra_pilosicoli_WesB

UBQ04391.1_FliP_Tepidimonas_taiwanensis

ADD67095.1_FliP_Denitrovibrio_acetiphilus_DSM_12809

WP_102244742.1_FliR_Bacteriovorax_stolpii

CDL00198.1_FliQ_Magnetosprillum_gryphiswaldense_MSR-1_v2

ADC89763.1_FliQ_Thermocrinis_albus_DSM_14484

CCB85097.1_T3SS_Parachlamydia_acanthamoebae_UV-7

ADV62895.1_FliR_Isospaera_pallida_ATCC_43644
CCG56695.1_FliR_Brachyspra_pilosicoli_WesB

AVM88575.1_EscT_YscT_HrcT_Chlamydia_muridarum_str_Nigg

AFL88130.1_FliP_Terriglobus_roseus_DSM_18391

BAD41973.1_flag_Symbiobacterium_thermophilum_IAM_14863

QDU29150.1_FliP_precursor_Anatilimnocola_aggregata

APW41634.1_FliP_Rhodoferax_saidenbachensis

ACL22146.1_FliP_Desulfitobacterium_hafniense_DCB-2

CAB13510.2_flag_Bacillus_subtilis_subsp_subtilis_str_168

BAC59936.1_T3SS_Vibrio_parahaemolyticus_RIMD_2210633

AOO66689.1_FliQ_Sulfurosprillum_haloresprans_DSM_13726

QQS03555.1_FliQ_Fibrobacterota_bacterium

WP_102244743.1_FliQ_Bacteriovorax_stolpii

BAB12804.1_FliR_Buchnera_aphidicola_str_APS_Acyrthosiphon_pisum

AJJ32087.1_HrpO_Yersinia_pestis

AJJ55743.1_FliP_Yersinia_pseudotuberculosis_IP_32953
QEO40738.1_FliP_Vibrio_cholerae

QFG04306.1_FliP_Tepidiforma_bonchosmolovskayae

AJJ53113.1_HrpO_plasmid_Yersinia_pseudotuberculosis_IP_32953

ADV62896.1_FliQ-3_Isospaera_pallida_ATCC_43644

AFE08800.1_FliR_MopE_SpaR_Corallococcus_coralloides_DSM_2259

UOY13869.1_FliP_Treponema_pallidum_subsp_pallidum

UOY13867.1_FliR_Treponema_pallidum_subsp_pallidum

ALU37470.1_FliQ_Clostridium_autoethanogenum_DSM_10061

BAC62885.1_putative_flag_Vibrio_parahaemolyticus_RIMD_2210633

ATO47941.1_FliR_Brevibacillus_laterosprus_DSM_25

AHZ83694.1_FliQ_Bdellovibrio_bacteriovorus

ALF47867.1_FliP_Campylobacter_concisus

BAC60501.1_polar_FliQ_Vibrio_parahaemolyticus_RIMD_2210633

AIK97187.1_FliP_Odyssella_acanthamoebae

BAC60502.1_polar_FliP_Vibrio_parahaemolyticus_RIMD_2210633

AMW03980.1_HYP_GEMMAAP_02300_Gemmatimonas_phototrophica

QTD52431.1_FliQ_Sulfidibacter_corallicola

ABA04392.1_FliP_Nitrobacter_winogradskyi_Nb-255
AEI88748.1_FliP_Midichloria_mitochondrii_IricVA

ABA04397.1_FliQ_Nitrobacter_winogradskyi_Nb-255

BAB12802.1_FliP_Buchnera_aphidicola_str_APS_Acyrthosiphon_pisum

WP_015921619.1_FliR_Cereibacter_spaeroides

AAP98782.1_S_Chlamydia_pneumoniae_TW-183

AJJ29725.1_SpaR_YscT_HrcT_plasmid_Yersinia_pestis

ATU63988.1_FliQ_Piscinibacter_gummiphilus

ADL43204.1_FliQ_Caldicellulosiruptor_obsidiansis_OB47

ACB73697.1_T3SS-R_Opitutus_terrae_PB90-1

QTD51120.1_SctT_Sulfidibacter_corallicola

AEO49365.1_FliP_Rhodosprillum_rubrum_F11

ADC89764.1_FliR_Thermocrinis_albus_DSM_14484

WP_015348416.1_FliQ_Myxococcus

CAL34948.1_flag_Campylobacter_jejuni_subsp_jejuni_NCTC_11168_EQ_ATCC_700819

BCB96459.1_flag_Dissulfurispra_thermophila

APW41636.1_FliR_Rhodoferax_saidenbachensis

CAG37402.1_FliR_Desulfotalea_psychrophila_LSv54

WP_174893317.1_FliP_Cereibacter_spaeroides

AJH78796.1_FliQ_Heyndrickxia_coagulans_DSM_1_EQ_ATCC_7050

APC07908.1_FliR_Neomoorella_thermoacetica

ACB73698.1_FliQ-3_Opitutus_terrae_PB90-1

BCB96460.1_FliQ_Dissulfurispra_thermophila

ADL43203.1_FliR_Caldicellulosiruptor_obsidiansis_OB47

BAC62886.1_flag_Vibrio_parahaemolyticus_RIMD_2210633

ABD81430.1_FliR_Saccharophagus_degradans_2-40

WP_009563344.1_FliP_Cereibacter_spaeroides

QOY87590.1_FliQ_Paludibaculum_fermentans

WP_243540791.1_FliP_Bdellovibrio_reynosensis

AHE96680.1_FliQ_Thermocrinis_ruber

PKPEBJJI.00943_HYP_Verrucomicrobium_spPRJEB38680_CAIZXV01

QXB12564.1_FliP_Klebsiella_aerogenes

AAC75016.1_FliQ_Escherichia_coli_str_K-12_substr_MG1655

AJJ53956.1_FliP_Yersinia_pseudotuberculosis_IP_32953

AJJ30310.1_FliR_Yersinia_pestis

ALA58614.1_flag_Nitrospra_moscoviensis

AIQ89852.1_FliQ_Methylobacterium_oryzae_CBMB20

AAG05081.1_T3SS_Pseudomonas_aeruginosa_PAO1

WP_011383061.1_FliR_Paramagnetosprillum_magneticum

ATC63660.1_T3SS_Nibricoccus_aquaticus

ADB19002.1_FliP_Pirellula_staleyi_DSM_6068

QJR36468.1_FliR_Gemmatimonas_groenlandica

APC07907.1_FliQ_Neomoorella_thermoacetica

QJR36467.1_FliQ_Gemmatimonas_groenlandica

ACI20465.1_FliP_Thermodesulfovibrio_yellowstonii_DSM_11347

BAC60500.1_polar_FliR_Vibrio_parahaemolyticus_RIMD_2210633

ACL65928.1_FliP_Anaeromyxobacter_dehalogenans_2CP-1

QKY95792.1_FliR_Shigella_sonnei

ADL02325.1_FliR_Brevundimonas_subvibrioides_ATCC_15264

WP_142409005.1_FliP_Bacteriovorax_stolpii

QDU29149.1_FliQ_Anatilimnocola_aggregata

BAD41974.1_flag_Symbiobacterium_thermophilum_IAM_14863

AFE08798.1_FliQ_MopD_SpaQ_Corallococcus_coralloides_DSM_2259
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Yellow: FliQ
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AliView majority-rule coloring of columns (50%+ conserved)
Amino acid (AA) alignment      Structural character (3Di) alignment

Results: FliPQR

FliP

FliQ

FliR

SctR
(NF-T3SS)

SctS
(NF-T3SS)

SctT
(NF-T3SS)

Famsa3di alignment of 3Di characters, transferred to AAs with R script (Matzke et al. 2025)

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:

Introduction: Bacterial Flagellum

O uter m em brane

Cell wall

Inner
m em brane

H+ / Na+

FliC (flagellin) and other axial 
components are exported via 
T3SS, through the growing tube, 
and assemble at the tip

FliP5Q4R1

0.4

FliG C-terminal 
ARM domain

FliG N-terminal 
ARM domain

FliG Middle 
ARM domain

Magnesium 
transporter 

MgtE

Results: 3 FliG ARM 
domains aligned to 
ARM domain of MgtE. 
FliG-N/C are sister to 
FliG-M, suggesting 
duplication history 

Work done with: 
Masters student Arya 
Kaul, University of 
Auckland.
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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) IQ-TREE with model selection on AA/3Di partitions, as in Puente-Lelievre et al. (2024).

These are the first-ever phylogenies of FliG+MgtE, of MotAB+multiple outgroups, and of FliPQR. 
They were used to test position of nonflagellar-T3SS, and history of internal duplications.

Future work: combine all core flagellum proteins for best-ever estimate of 
flagellum root & early divergences; use to map assembly of features. 

https://osf.io/eh2cu/

