
FIGURE S1. Characteristics of the Rickettsiales vir homolog (rvh) type IV 1 

secretion system (T4SS). (A) Schema depicting genome-based Rickettsiales 2 

phylogeny estimation, after Schön et al. (28). Host dependency evolved after the 3 

divergence of basal families Mitibacteraceae and Athabascaceae (orange). The rvh 4 

T4SS was present in the Rickettsiales ancestor (yellow). (B) Description of the general 5 

rvh T4SS characteristics, summarized from prior studies (38, 42, 45, 89). (C) rvh genes 6 

are arrayed in clustered islets or single transcriptional units throughout Rickettsia 7 

genomes (e.g., R. typhi str. Wilmington). Asterisks denote genes for RvhB9-II, RvhB8-II 8 

and RvhB4-II. Similar rvh gene arrangements are found in other Rickettsiales genomes 9 

(38). (D) Proposed model for conserved rvh gene duplication (rvhB9, rvhB8 and rvhB4) 10 

based on divergent characteristics of RvhB9-II, RvhB8-II and RvhB4-II (44, 45). 11 
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FIGURE S2. RvhB4-based phylogeny estimation. Phylogeny estimated from 15 

concatenated alignments of RvhB4-I and RvhB4-II proteins from 153 rickettsial genome 16 

assemblies. Agrobacterium tumefaciens str. F4 VirB4 was used as an outgroup. See 17 

Table S1 for sequence information. RvhB4-I and RvhB4-II proteins were separately 18 

aligned using MUSCLE (default parameters) with both alignments concatenated (1974 19 

positions). TRIMAL (184) was used to create a second dataset with less conserved 20 

positions masked (1613 positions). For both unmasked and masked alignments, a 21 

maximum likelihood-based phylogeny was estimated with PhyML (185), using the Smart 22 

Model Selection (186) tool to determine the best substitution matrix and model for rates 23 

across aa sites (LG (G+I+F) for both alignments). Branch support was assessed with 24 

1,000 pseudo-replications. (A) Statistics for the phylogeny estimated on the unmasked 25 

alignment, which is shown as a phylogram in panels C and D, and as a cladogram in 26 

FIG. 1 and FIG. 2. (B) Statistics for the phylogeny estimated on the masked alignment. 27 

This tree is congruent in topology and branch support to the tree generated on the 28 

unmasked alignment. (C) Non-Rickettsiaceae lineages (taxa not previously described at 29 

the family level are in black text). (D) Rickettsiaceae lineages. “Candidatus Sneabacter 30 

namystus” (arrow), which lacks rvh genes but carries a type VI secretion system (see 31 

FIG. S3) is shown on the phylogram per prior phylogeny estimation (187, 188). Black 32 

boxes provide short names for 29 MAGs from Davison et al. (73) (NOTE: the green 33 

colored clade comprises genus Tisiphia though “Rickettsia” reflects NCBI taxonomy as 34 

of Feb. 26th, 2023). Asterisks, multiple genome assemblies for a species. STG, Scrub 35 

Typhus Group; BG, Bellii Group; TRG, Transitional Group; TG, Typhus Group; TIG, 36 

Tamurae-Ixodes Group; SFG, Spotted Fever Group.  37 
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FIGURE S3. Non-orthologous replacement of secretion machines in Rickettsiales. 40 

(A) Predicted proteins encoded on the “Candidatus Sneabacter namystus” unnamed 41 

plasmid, which mostly encodes type VI secretion system (T6SS) components. Protein 42 

colors depict their position in panel B. Plasmid map created with Proksee 43 

(https://proksee.ca/). (B) Model of a typical T6SS. The assignment of QEK39893 as a 44 

TssD protein is putative (see panel D). (C) HaloBlast analysis of 12 “Candidatus S. 45 

namystus” T6SS proteins. BlastP searches were performed against specified NCBI 46 

taxon databases (see TABLE S3 for retrieved sequences). Highlighting: Sm score (= b * 47 

I * Q, where b is the bitscore of the match, I is the percent identity, and Q is the percent 48 

length of the query that aligned) (26, 81, 204). (D) Alignment of the putative TssD protein 49 

of “Candidatus S. namystus” with annotated TssD proteins from Gemmata palustris 50 

(Planctomycetia, WP_210656154) and Denitrobaculum tricleocarpae (Rhodospirillales, 51 

WP_142896164). Alignment done with MUSCLE (189) using default parameters. Amino 52 

acid coloring is described in the FIG. 3 legend. (E) Detection of a second complete 53 

T6SS in the MAG Rickettsiales endosymbiont NP11 (NCBI BioSample 54 

SAMN07620291) (205). Another MAG, Rickettsiales endosymbiont EAC13 55 

(SAMN07620031) (205), contained fewer T6SS genes.  Neither MAG harbors rvh genes 56 

(data not shown), indicating that other Rickettsiales species may utilize a T6SS in place 57 

of a T4SS. 58 
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FIGURE S4. Phylogenomics and bioinformatics analyses of RalF proteins. Amino 62 

acid coloring is described in the FIG. 3 legend. Black boxes provide short names for 63 

MAGs from Davison et al. (73). These and additional newly discovered RalF-like 64 

proteins (highlighted yellow) substantially expand the prior RalF diversity. (A, B) 65 

Sequence logos (190) illustrating conservation within two novel domains present in 66 

some Legionella and Rickettsia proteins. Sequence information is provided in Table S2. 67 

Sequences were aligned with MUSCLE (189) using default parameters. These two 68 

domains are carried in a single protein (MCC8377991) from Rickettsia endosymbiont of 69 

Graphium doson (Gdoso1). (A) Sequence conservation (n = 18) within the Gdoso1 70 

MCC8377991 central domain. (B) Sequence conservation (n = 56) within the Gdoso1 71 

MCC8377991 C-terminal domain. (C) Structural characteristics of the RalF S7D-SCD 72 

architecture. Left: L. pneumophila RalF structure (PDB 4C7P) (86). The delineation of 73 

the Sec7 domain (S7D, red) and Sec7-capping domain (SCD, green) is shown, with an 74 

approximation of the active site Glu (asterisk). Right: regions of variability within the 75 

predicted structures of R. typhi str. Wilmington (RT0362) and R. bellii str. RML369-C 76 

(RBE_0868) RalF proteins. Modeling done with Phyre2 (195). Rickettsia full length RalF 77 

proteins contain an extended C-terminal domain relative to L. pneumophila RalF (56). 78 

(D-F) Gallery of predicted structures for diverse RalF and RalF-like proteins. All protein 79 

domains are described in the gray inset. (G) Sequence comparison of diverse RalF and 80 

RalF-like proteins (S7D and SCD only). An initial alignment with MUSCLE (default 81 

parameters) was manually adjusted with reference to the Phyre2 structure models to L. 82 

pneumophila RalF (PDB 4C7P). The secondary structure of L. pneumophila RalF is 83 

superimposed over the alignment. Conserved residues are highlighted yellow. S7D: two 84 
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highly conserved regions (motif 1 and motif 2) that together form the Sec7 active site 85 

are boxed in red (206); the active site Glu of Motif 1, which is essential for Arf1 86 

recruitment to the LCV (85) and Arf6 recruitment to the plasma membrane during 87 

Rickettsia invasion (148), is noted with an asterisk; divergent residues within motif 2 of 88 

R. bellii RalF are colored black. SCD: aromatic clusters comprising the membrane 89 

sensor region are enclosed in purple boxes; following previous mutagenesis analysis of 90 

the SCD (87), # denotes residues in L. pneumophila RalF permuted to the 91 

corresponding residues in R. prowazekii RalF (and vice versa) and ^ denotes residues 92 

in L. pneumophila RalF permuted to the corresponding residues in R. prowazekii RalF 93 

but not reciprocated. The conserved KATY motif, which contacts the S7D remote from 94 

the active site and is thought to function as a hinge for the conformational change that 95 

activates RalF (87), is colored black. 96 
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FIGURE S5. The N-terminal domain of Rickettsia Sca4 proteins is recurrent and 109 

widespread in other rickettsial proteins. Amino acid coloring is described in the FIG. 110 

3 legend. Black boxes provide short names for MAGs from Davison et al. (73). (A) 111 

Alignment of the Schuenke Walker Antigen (SWA) domains of select Rickettsia Sca4 112 

proteins with analogous domains in SWA-Risk2 chimeras (SWA-PIK) and SWA modular 113 

proteins (SWAMPs). Domains were retrieved from BlastP searches against the NCBI nr 114 

protein database using the R. typhi SWA domain as a query. Sequences were aligned 115 

with MUSCLE (189) using default parameters. Structural assignment above alignment 116 

corresponds to the modeling of Rickettsia Sca4 N-terminal domains to the R. rickettsii 117 

SWA domain (PDB ID: 4LQ8) (112). (B) Illustration of the SWA domain of R. typhi Sca4 118 

and the two Vinculin Binding Sites (VBS); VBS-C of R. rickettsii interacts with the head 119 

domain of human vinculin (76). (C) Gallery of diverse architectures for select SWAMPs 120 

and predicted structures of SWA domains. Phyre2 (195) was used to model all SWA 121 

structures to the R. rickettsii SWA domain, as well as the PIK domain of Rickettsiales 122 

bacterium str. UWPOB_RICK1 to a portion of the LepB protein of L. pneumophila (PDB 123 

ID: 4JW1) (201). Domains on schemas were predicted with SMART (191). (D) Sequence 124 

logos (190) depict a consensus from an alignment of all 385 SWA domains retrieved 125 

from a BlastP searches against the NCBI nr protein database using the R. typhi SWA 126 

domain as a query (sequence information in Table S2). 127 
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