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Phylogeny of marine SAGs 

Supplementary Text 1 

Phylogenetic analysis using publically available near-full length 16S rRNA sequences of 
chlamydiae demonstrated the affiliation of one SAG (AB-751-O23) with a lineage of deeply 
branching and yet uncultivated chlamydiae of marine origin represented so far only by a single 
clone sequence detected in the marine coastal lake Lago di Paola, Italy (FR714417, Pizzetti et 
al., 2012, 90.44% similarity to AB-751-O23) (Figure 1, Supplementary Figure 1). The partial 16S 
rRNA sequence of SAG AG-110-M15 was added to the full-length gene tree and formed a 
divergent potential sister lineage to SAG AB-751-O23 (81% identity over 480 nucleotides). The 
sequence closest related to the SAG AG-110-M15 sequence is again of marine origin and 
belongs to a clone detected in a sample from seafloor lavas in Hawai, USA (EU491150, Santelli 
et al., 2008, 88% similarity to AG-110-M15). The 16S rRNA of SAG AG-110-P3 clusters with 
members of the deeply branching family PCF5 identified earlier (Lagkouvardos et al., 2014) and 
is most similar (90.37%) to a sequence derived from a lucinid bivalve collection site at Dog 
Island Florida, USA (EU488135). 

  



Supplementary Figure 1. 16S rRNA-based phylogeny of SAGs indicating their 
affiliation to deeply branching chlamydial lineages. 
Bayesian inference of near full-length 16S rRNA sequences. Posterior probabilities 
are indicated only if <1. The partial 16S rRNA sequence of AG-110-M15 was added to 
the tree using the Quick-Add Parsimony option in ARB. 



Supplementary Figure 2. Phylogeny of marker genes present in all three SAGs 
confirms their affiliation to the chlamydiae. 
Bayesian inference of seven concatenated single copy marker genes including the 
ribosomal proteins rs7, rs12, rl6, rl18, rs5, rl15, rs10, and rs8. Posterior probabilities 
are indicated only if <1. 



Supplementary Figure 3. The SAGs have a similar taxonomic distribution of first blast hits 
as other chlamydial genomes. 
The relative taxonomic distribution on phylum level of the first blast hit of all proteins encoded in 
the SAGs and for comparison in a complete chlamydial genome (Simkania negevensis) is shown. 
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Presence of chlamydial hallmark genes and new protein families in 
the marine SAGs 

Supplementary Text 2 

Due to their obligate intracellular lifestyle chlamydiae encode many genes for interference with 
and exploitation of their eukaryotic host cells (Elwell et al., 2016). Some of them, including 
chlamydia-specific genes, could also be detected in at least one of the SAGs (Supplementary 
Table 1). Among those are genes encoding proteins involved in host cell manipulation such as 
the tail-specific protease Tsp and HtrA, a protease important in the replicative stage of the 
developmental cycle (Gloeckl et al., 2013; Patel et al., 2014). Structural components of the NF-
T3S apparatus are encoded in the SAGs together with a large number of predicted effector 
proteins containing eukaryotic-domains and potentially involved in protein-protein interactions 
(like ankyrin repeats, TPR repeats, and F-box proteins), carbohydrate-binding (cadherin-like 
domains and RHS repeats) or the interference with the host ubiquitination pathway (ubiquitin 
carboxyl-terminal hydrolase and RING-finger domains)(Domman et al., 2014).  

In addition, a number of very large proteins potentially involved in host interaction are encoded 
in the SAGs. SAG AB-751-O23 for example hosts two protein families with three and four 
members, respectively. Proteins within the first family (BQ_00010, CA_00010, CT_00010) show 
weak homology to the ice-nucleation protein of Caulobacter crescentus or other 
alphaproteobacterial large exoproteins that are potentially involved in adhesion. Members of the 
second protein family (AI_00010, AV_00060, AZ_00040, BM_00010) show homology to self-
associating autotransporters (SAATs)(Klemm et al., 2006). Such SAATs have been described in 
a number of bacterial pathogens, in which they function in adhesion and invasion but also in 
auto-aggregation and even biofilm formation (Charbonneau et al., 2006; Klemm et al., 2006).  

  



Supplementary Table 1. Presence of chlamydial virulence associated genes in the SAGs. 

AB-751-O23 AG-110-M15 AG-110-P3 

Structural components of 
the NF-T3S apparatus 

sctL (BV_00010),  
sctR (BV_00020),  
sctS (BV_00030),  
sctT (BV_00040),  
sctW (AF_00160),  
sctV (AF_00170),  
sctU (AF_00180) 

sctV(AG_00110), 
sctU (AG_00120) 

sctQ (AN_00020), 
sctN (AN_00100), 
sctG (AN_00120), 
sctF (AN_00130), 
sctE (AN_00140), 
sctD (AN_00150) 

Nucleotide transporter AF_00140,  
AG_00130 

AA_00360,  
AD_00330, 
BA_00030 

AJ_00150,  
AU_00190, 
AU_00200 

Ser/Thr-proteases pknD (AB_00310),  
tsp (AB_00220),  

Do-like (AA_00440) 

pkn5 (AN_00010),  
tsp (AU_00070),  
htrA (AY_00070) 

Transcriptional regulator 
early upstream open 
reading frame (euo) 

euo (AE_00020) 

Chlamydia protease-like 
activity factor (CPAF) 

AM_00080 AQ_00070 

Macrophage infectivity 
potentiator (mip) 

AW_00050 

Chlamydia virulence 
plasmid homologs 

pGP6-D 
(AE_00420) 

pGP8-D (AR_00180) 



 

Metabolic features of SAGs absent in other chlamydiae 

Supplementary Text 3 

We identified a transporter for taurine in SAG AG-110-P3; this organic compound can serve as 
nutrient but is also known as cyroprotectant. Interestingly, a number of large proteins encoded 
on SAG AB-751-O23 and representing potential effector proteins (BQ_00010, CA_00010, 
CT_00010, AI_00010, AV_00060, AZ_00040, BM_00010; also see Supplementary Text 2) have 
also been implicated in cryoprotection in marine microorganisms. Thus, the identification of 
different proteins potentially involved in cryoprotection in different chlamydial SAGs suggests 
that marine chlamydiae have adopted different mechanisms to cope with cold temperatures in 
their natural environment. 

 

Supplementary Text 4 

Only two genes (purKE) are missing to complete the pathway for purine de novo synthesis in 
the SAG AG-110-M15 (Supplementary Figure 4a). Since all other genes of the purine 
biosynthesis pathway are encoded on a single genomic locus in the SAG, these genes might be 
present in the genome and only missing in the assembly, because the contig ends there 
(Supplementary Figure 4b). Most of the genes within the purine biosynthesis pathway show 
homology to genes from members of the Marinimicrobia. With the exception of two genes the 
remaining genes on this contig either are unique to AG-110-M15 (n=9) or are related to those of 
other chlamydiae (n=11). Whether this pathway is present in the SAG due to lateral gene 
transfer or was commonly present in ancient chlamydiae and lost in all other species analyzed 
to date is thus currently unclear. 
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Supplementary Figure 4. A nearly complete purine biosynthesis pathway is present in 
AG-110-M15. 
(a) Representation of the purine biosynthesis pathway (adapted from KEGG). Colored proteins 
are encoded, black proteins are missing in the assembly of AG-110-M15. The same color 
indicates presence at the same genomic locus. PRPP – phosphoribosylpyrophosphate, GAR – 
glycinamide ribonucleotide, FGAR – N-formylglycinamide ribonucleotide, FGAM – N-
formylglycinamidine ribonucleotide, AIR – Aminoimidazole ribonucleotide, CAIR – 
Carboxyaminoimidazole ribonucleotide, SAICAR – N-succinocarboxyamide-5-aminoimidazole 
ribonucleotide, AICAR – aminoimidazole-4-carboxamide ribonucleotide, FAICAR – 5-
formamido-4-imidazolecarboxamide ribonucleotide, IMP – Inosine monophosphate (b) Gene 
organization at the purine locus in the assembly of AG-110-M15. The contig ends after purF. 
Orange genes belong to the purine pathway, grey genes are present in other chlamydial 
genomes, white genes encode hypothetical proteins. 
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Flagellar genes in chlamydiae 

Supplementary Text 5 

Non-flagellar T3SSs are present in all chlamydiae. This secretion system originally evolved from 
the flagellar system, and both systems still share many homologous proteins (Figure 3a)(Abby 
and Rocha, 2012). In addition to the NF-T3SS, members of the Chlamydiaceae also encode few 
homologs of flagellar genes (fliA, F, H, I, flhA), whose functions are not well understood (Peters 
et al., 2007; Ferrell and Fields, 2016). Because in members of the Chlamydiaceae the flagellar 
genes are transcribed early in the developmental cycle, and because interactions between 
flagellar proteins and NF-T3SS components could be detected (Stone et al., 2010), the current 
hypothesis is, that Chlamydiaceae use their flagellar genes to assemble a second slightly 
different NF-T3S apparatus, in which some NF-T3SS proteins are replaced by their respective 
flagellar homologs. This alternative T3SS might be fully assembled at the middle of the 
developmental cycle and might be employed for interaction with the host cell during this 
developmental stage (Peters et al., 2007; Ferrell and Fields, 2016). 
Another flagellar component found in all chlamydial genomes including the SAGs, but lacking in 
C. trachomatis, is the gene for the flagellar cytoplasmic transmembrane component FliO. FliO is 
the least conserved protein among the membrane-bound components of the flagellar export 
apparatus (Tsang and Hoover, 2014) and has no homolog in NF-T3SSs. Indeed it is not 
annotated in many genomes, because of its weak homology to recognized FliO proteins. FliO 
has been shown to regulate FliP, and to be necessary for full motility of the flagellum (Barker et 
al., 2010). What FliO would contribute in chlamydial genomes without flagella is unclear, but it 
could be involved in regulation of the NF-T3SS. 
  



 

Flagellar genes in marine SAGs 

Supplementary Text 6 
 
The flagellar gene set found in SAG AB-751-O23 is the most complete flagellar machinery ever 
detected in chlamydiae. Only genes for the formation of the inner rod (flgB, C, F, G), the P- and 
L-ring components (flgH, I), fliE and flhE are absent in AB-751-O23 (Figure 3a)(Chevance and 
Hughes, 2008). With the exception of flhE these genes can be found in the related SAG AG-
110-M15. In this SAG the flgBC and fliE genes are located at one genomic region, whereas 
flgFGAHIJN form a cluster with flgKL and fliWC. The latter part of this gene cluster containing 
flgKL and fliWC is also present in SAG AB-751-O23, but the contig ends after flgK (Figure 3b). 
The synteny between the two SAGs at this locus indicates that the missing membrane 
anchoring parts of the flagellar basal body are indeed encoded in SAG AB-751-O23, but just 
missed due to contig break point at this location. 
The flagellar genes are dispersed at various loci in each of the three SAGs. In AB-751-O23 six 
contigs harboring flagellar genes were detected. The arrangement of the genes at the different 
loci resembles that of Thermotoga maritima (Nelson et al., 2001) and is not unusual in bacterial 
genomes. Flagellar genes detected in the assemblies of AG-110-M15 and AG-110-P3 can be 
found at four and two loci, respectively. The presence and patchy distribution of flagellar and 
chemotaxis components in chlamydial genomes is somewhat puzzling and might be best 
explained via differential gene loss.  
  



 

Phylogeny of flagellar proteins encoded in the SAGs 

Supplementary Text 7 

Flagellar proteins encoded at different genomic loci in the SAGs were used for single protein 
phylogenies in order to further confirm that the respective genes indeed do not represent 
contaminations in the assemblies (i.e. are not closely related with known flagellar genes from 
other taxonomic groups), and to investigate whether the flagellar genes of the different SAGs 
are related with each other. 
Single protein phylogenies were conducted for FlgL, FliS, FliQ/SctS, and FlhA/SctV with RAxML 
and Bayesian Inference. In addition, a concatenated dataset including FliPQR and FlhA was 
used (Figure 4, Supplementary Table 2). Where possible also homologous proteins present in 
NF-T3SSs were included in the datasets. As expected, none of the proteins analyzed showed a 
close relationship with known flagellar proteins from other taxonomic groups. With the exception 
of the phylogeny of FlhA, which is present only in AB-751-O23, and FlgL all trees demonstrated 
the monophyly for the SAG sequences (Figure 4, Supplementary Data). For FlgL, the flagellar 
hook-associated protein type 3, AB-751-O23 and AG-110-M15 were closest related without a 
sister lineage (Figure 4d), whereas the AG-110-P3 sequence grouped together with members of 
the Verrucomicrobia. FlgL is located extracellularly in the flagellum and therefore more prone to 
higher rates of evolution (Nogueira et al., 2012), which might be the reason for the lack of 
monophyly for chlamydial proteins and the generally observed inconsistency of the branching 
pattern with 16S rRNA-based organismal phylogeny. 
In the phylogenetic trees for FliQ/SctS (Figure 4c) and FlhA/SctV (Figure 4b) the SAGs formed 
individual deep branches, whereas in the cases of FliS (Figure 4e) and FliPQR-FlhA (Figure 4a) 
they formed sister clades to the Verrucomicrobia and the Acidobacteria, respectively. The 
monophyly of the SAGs was always highly supported independent of the treeing method 
applied, whereas the affiliation to the sister lineages showed only weak support due to the 
ancient origin of flagella and the lack of resolution close to the root of the tree (Figure 4, 
Supplementary Table 2, Supplementary Data). 
  



Supplementary Table 2. Summary of phylogenetic analyses of selected flagellar 
proteins encoded in the SAGs. 

Protein Dataset Presence in 
SAGs 

Method Monophyly of 
SAGs* 

Closest related phyla 
in dataset* 

FliQ/SctS Flagellar and NF-
T3SS proteins 

All MrBayes Yes (1) None 

   RAxML Yes (99) Unclear 
FlhA/SctV Flagellar and NF-

T3SS proteins 
AB-751-O23 MrBayes Single branch Firmicutes and 

Spirochaetes (0.5) 
   RAxML Single branch Firmicutes (22) 
FliS Flagellar proteins AB-751-O23, 

AG-110-M15 
MrBayes Yes (1) Verrucomicrobia (0.72) 

   RAxML Yes (85) Verrucomicrobia (15) 
FlgL Flagellar proteins All MrBayes AB-751-O23 and 

AG-110-M15: Yes 
(1); AG-110-P3: 
No 

AB-751-O23 and AG-
110-M15: none; AG-
110-P3: 
Verrucomicrobia (0.97) 

   RAxML AB-751-O23 and 
AG-110-M15: Yes 
(100); AG-110-
P3: No 

AB-751-O23 and AG-
110-M15: 
Thermotogae (26); 
AG-110-P3: 
Verrucomicrobia (51) 

FliPQR, 
FlhA/ 
SctRST, 
SctV 

Concatenated 
flagellar and 
chlamydial NF-
T3SS proteins 

All MrBayes Yes (1) Acidobacteria (0.99) 

   RAxML Yes (100) Acidobacteria (29) 
 
*Numbers in brackets indicate posterior probability values (MrBayes) or bootstrap support values 
[%](RAxML). 
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Supplementary Figure 5. Presence and synteny of chemotaxis genes in chlamydial 
genomes.  
a) Schematic overview of the arrangement of proteins involved in chemotaxis. Mcp – Methyl-
accepting chemotaxis protein, CheW – coupling protein, CheA – histidine kinase, CheY – 
response regulator, CheR – methyltransferase, CheB methylesterase, CheZ –phosphatase. 
b) Synteny of chemotaxis genes in chlamydial genomes. Color coding as in a). 
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