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Fig. S1. Alignment of the C-terminal 100 amino acids of F. johnsoniae proteins that belong to TIGRFAM family TIGR04183 (type-A CTD). 
Protein sequences were aligned using MUSCLE. Dark shading indicates identical amino acids and light shading indicates similar amino acids. The 
red arrow indicates the conserved lysine that was mutated to alanine in RemA in the experiment shown in Fig. 6B of the main text. F. johnsoniae 
proteins that were examined experimentally in this study were RemA and Fjoh_1208 (AmyB). Proteins from other bacteria that were examined 
experimentally in this study were Celal_2532 (C. algicola AmyA), CHU_1335 (C. hutchinsonii Cel9B), and PGN_1466 (P. gingivalis RgpB).  
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Fig. S2. Alignment of the C-terminal 200 amino acids of F. johnsoniae proteins that belong to TIGRFAM family TIGR04131 (type-B CTD). 
Protein sequences were aligned using MUSCLE. Dark shading indicates identical amino acids and light shading indicates similar amino acids. 
Proteins that were examined experimentally in this study were SprB and Fjoh_3952. 
 



 4 

 
 

 

Fig. S3. Analysis of secreted proteins by SDS-PAGE. Cultures of wild type cells or of cells of 
the T9SS mutant DgldNO were incubated in CYE at 25°C with shaking and harvested in 
stationary phase (22 h). 1 ml samples were centrifuged at 22,000 x g for 15 min. The culture 
supernatant (spent medium) and intact cells were analyzed by SDS-PAGE followed by 
Coomassie blue staining. Cells carried either pCP23 ('Empty Vector'), pSK37 which expresses 
sfGFP with the N-terminal signal peptide from RemA (SP-sfGFP; 'No CTD'), or pSK30, which 
expresses SP-sfGFP fused to the 97-amino acid CTD of RemA (SP-sfGFP-CTDRemA; 'RemACTD 
97 AA'). Cell samples corresponded to 10 µg protein per lane and samples from spent media 
corresponded to the volume of spent medium that contained 10 µg cell protein before the cells 
were removed.  
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 Fig. S4. Analysis of secreted proteins to 
determine if overexpression of CTD 
causes cell lysis or periplasmic leakage. 
Cultures of wild type cells or of the T9SS 
mutant DgldNO expressing SPRemA-sfGFP-
CTDRemA (pSK30), SPRemA-sfGFP (pSK37), 
or SPRemA-sfGFP (pSK96) and SPChiA-
mCherry-CTDChiA (pSSK52) were incubated 
in CYE at 25°C with shaking. 'Empty vector' 
refers to pCP23. 1 ml samples were 
centrifuged at 22,000 x g for 15 min. The 
culture supernatant (spent medium) and 
intact cells were analyzed by SDS-PAGE, 
followed by western blot analysis using (A) 
anti-GFP antibodies and (B) anti-mCherry 
antibodies. Identical samples were used in 
panels A and B. (C) To estimate protein 
expression from the remA and chiA 
promoters, cultures of wild type cells or of 
the T9SS mutant DgldNO expressing 
SPRemA-sfGFP-CTDRemA (pSK30; PrremA), or 
SPChiA-sfGFP-CTDChiA (pCB3; PrchiA) were 
incubated in CYE at 25°C with shaking. The 
culture supernatant (spent medium) and 
intact cells were analyzed by SDS-PAGE, 
followed by western blot analysis with anti-
GFP antibodies. For all panels cell samples 
corresponded to 10 µg protein per lane and 
samples from spent media corresponded to 
the volume of spent medium that contained 
10 µg cell protein before the cells were 
removed.  
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Fig. S5. Components of T9SS required for secretion of SP-sfGFP-CTDRemA. Cultures of wild 
type cells (WT) or of the T9SS mutants were incubated in CYE at 25°C with shaking and 
harvested in stationary phase (22 h). 1 ml samples were centrifuged at 22,000 x g for 15 min. 
The culture supernatant (spent medium) and intact cells were analyzed for sfGFP by western 
blot. Cells carried pSK30, which expresses SP-sfGFP fused to the 97-amino acid CTD of RemA 
(SP-sfGFP-CTDRemA). Whole cell samples corresponded to 10 µg protein per lane and samples 
from spent media corresponded to the volume of spent medium that contained 10 µg cell protein 
before the cells were removed. Samples were separated by SDS-PAGE, and sfGFP was detected 
using anti-serum against GFP. 
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Fig. S6. Overexpression of SprA 
results in increased sfGFP secretion in 
stationary phase. Cultures of wild type 
cells or of cells of the T9SS mutant 
DsprA were incubated in CYE at 25°C 
with shaking and harvested in late 
exponential phase and stationary phase 
as indicated in Panel A. Cells carried 
pSK97 which expresses SP-sfGFP-
CTDRemA (97 AA CTD). Where 
indicated cells also carried pSN48 which 
expresses SprA. Cells were analyzed by 
western blot using anti-SprA antibodies 
(B) or anti-GFP antibodies (C). For 
Panel B, equal amounts (10 µg whole 
cell protein) were loaded per lane. For 
panel C, whole cell samples 
corresponded to 10 µg protein per lane 
and samples from spent media 
corresponded to the volume of spent 
medium that contained 10 µg cell protein 
before the cells were removed. Samples 
were separated by SDS-PAGE, and 
antibodies were used to detect the 
respective proteins. 
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Fig. S7. Detection of cell-surface localized sfGFP. Protein G-coated 0.5-µm polystyrene 
spheres coated with anti-GFP antibodies were added to cells of F. johnsoniae and images were 
recorded using a Photometrics CoolSNAPcf

2 camera mounted on an Olympus BH-2 phase-
contrast microscope. Cells of wild-type F. johnsoniae expressing full length RemA with sfGFP 
fused after the signal peptide (A) attached to spheres, whereas cells expressing SP-sfGFP-
CTDRemA97AA (B), SP-sfGFP-CTDRemA87AA (C), SP-sfGFP-CTDRemA62AA (D), and SP-sfGFP with 
no CTD (E) did not. Bars indicate 10 µm. 
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Fig. S8. Detection of cell-surface localized SprB. Protein G-coated 0.5-µm polystyrene spheres 
carrying anti-SprB antibodies were added to cells of F. johnsoniae and images were recorded 
using a Photometrics Cool-SNAPcf

2 camera mounted on an Olympus BH-2 phase-contrast 
microscope. Cells of wild-type F. johnsoniae FJ1 attached to the spheres (A), whereas cells of 
the sprB transposon insertion mutant FJ117 which produces SprB lacking the C-terminal 34 
amino acids (B) did not. Bars indicate 10 µm. 
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Table S1. Strains and plasmids used in this study. 
 
Strain  Descriptiona Source or 

reference 
E. coli strains   
  DH5amcr Strain used for general cloning Life 

Technologies 
(Grand Island, 
NY, USA) 

  HB101 Strain used with pRK2013 for triparental conjugation (1, 2) 
F. johnsoniae 
strains 

  

  FJ1 wild type F. johnsoniae ATCC 17061T (3) 
  CJ1827 rpsL2; Smr 'wild-type' F. johnsoniae strain used in 

construction of deletion mutants 
(4) 

  CJ2122 DgldK (5) 
  CJ2157 DgldL (5) 
  CJ2262 DgldM (5) 
  CJ1631A D(gldN-gldO) (6) 
  CJ2302 DsprA (5) 
  FJ149 sprE (7) 
  CJ2518 DsprF (8) 
  KDF002 sprT (9) 
  CJ2116 DporU (10) 
  CJ2130 DporV (10) 
  CJ1922 DsprB (4) 
  CJ1984 DremA (11) 
  FJ117 sprB HimarEm2 mutant (12) 
  FJ156 sprB HimarEm2 mutant (12) 
   
Plasmid  Description Source or 

reference 
   
  pCB3 735-bp sfGFP without stop codon amplified and cloned 

into pSSK52. Encodes SPChiA-sfGFP-CTDChiA(105AA); Apr 
(Tcr) 

This study 

  pCB4 440-bp region encoding 62 amino acids of CTDChiA 
inserted into pCB3. Encodes SPChiA-sfGFP-CTDChiA(62AA); 
Apr (Tcr) 

This study 

  pCP11 E. coli-F. johnsoniae shuttle plasmid; Apr (Emr) (13) 
  pCP23 E. coli-F. johnsoniae shuttle plasmid; Apr (Tcr) (14) 
  pMM105.A E. coli-Capnocytophaga canimorsus shuttle plasmid; 

Apr (Emr) 
(15) 

  pRK2013 Helper plasmid for triparental conjugation; IncP Tra+ Kmr (2) 
  pRR48 1294-bp fragment spanning sprF inserted into pCP23;  (16) 
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Apr (Tcr) 
  pSK30 339-bp region encoding 97 amino acids of CTDRemA 

inserted into pYT179. Encodes SPRemA-sfGFP-
CTDRemA(97AA); Apr (Tcr) 

This study 

  pSK37 SPRemA-sfGFP with stop codon cloned into pYT40. 
Encodes SP-sfGFP; Apr (Tcr) 

This study 

  pSK56 657-bp region encoding 218 amino acids of CTDSprB 
inserted into pYT179. Encodes SP-sfGFP- CTDSprB(218AA); 
Apr (Tcr) 

This study 

  pSK58 687-bp region encoding 228 amino acids of CTDFjoh_3952 
inserted into pYT179. Encodes SP-sfGFP- 
CTDFjoh_3952(228AA); Apr (Tcr) 

This study 

  pSK62 3549-bp region encoding 1182 amino acids of CTDSprB 
inserted into pYT179. Encodes SP-sfGFP- 
CTDSprB(1182AA); Apr (Tcr) 

This study 

  pSK65 417-bp region encoding 108 amino acids of CTDCelal_2532 
inserted into pYT179. Encodes SP-sfGFP- CTDCelal_2532; 
Apr (Tcr) 

This study 

  pSK71 312-bp region encoding 87 amino acids of CTDRemA 
inserted into pYT179. Encodes SP-sfGFP- CTDRemA(87AA); 
Apr (Tcr) 

This study 

  pSK75 339-bp region encoding 103 amino acids of CTDPGN_1466 
inserted into pYT179. Encodes SP-sfGFP- CTDPGN_1466; 
Apr (Tcr) 

This study 

  pSK76 294-bp region encoding 97 amino acids of CTDCHU_1335 
inserted into pYT179 Encodes SP-sfGFP- CTDCHU_1335; 
Apr (Tcr) 

This study 

  pSK79 258-bp region encoding 85 amino acids near the C-
terminus of RemA but lacking the C-terminal 12 amino 
acids inserted into pYT179. Encodes SP-sfGFP- 
CTDRemA(lacking final 12 AA); Apr (Tcr) 

This study 

  pSK81 234-bp region encoding 62 amino acids of CTDRemA 
inserted into pYT179. Encodes SP-sfGFP- CTDRemA(62AA); 
Apr (Tcr) 

This study 

  pSK82 390-bp region encoding 99 amino acids of CTDAmyB 
inserted into pYT179. Encodes SP-sfGFP- CTDAmyB(99AA); 
Apr (Tcr) 

This study 

  pSK84 396-bp fragment spanning the Fjoh_1634 promoter, start 
codon, and the N-terminal signal peptide-encoding region 
inserted into pSK30. Encodes SPFjoh_1634-sfGFP-CTDRemA; 
Apr (Tcr) 

This study 

  pSK85 312-bp region encoding 73 amino acids of CTDAmyB 
inserted into pYT179. Encodes SP-sfGFP- CTDAmyB(73AA); 
Apr (Tcr) 

This study 

  pSK86 270-bp region encoding 59 amino acids of CTDAmyB 
inserted into pYT179. Encodes SP-sfGFP- CTDAmyB(59AA); 

This study 
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Apr (Tcr) 
  pSK89 491-bp region encoding 79 amino acids of CTDChiA 

inserted into pCB3. Encodes SPChiA-sfGFP- 
CTDChiA(79AA); Apr (Tcr) 

This study 

  pSK91 300-bp region encoding CTDRemA with K1432A mutation 
inserted into pYT179. Encodes SP-sfGFP- 
CTDRemA(K1432A); Apr (Tcr) 

This study 

  pSK93 300-bp region encoding 99 amino acids of CTDSprB 
inserted into pYT179. Encodes SP-sfGFP- CTDSprB(99AA); 
Apr (Tcr) 

This study 

  pSK96 SPRemA-sfGFP from pSK37 cloned into pCP11. Encodes 
SPRemA-sfGFP; Apr (Emr) 

This study 

  pSK97 SPRemA-sfGFP-CTDRemA from pSK30 inserted into 
pMM105.A. Encodes SPRemA-sfGFP-CTDRemA(97AA); Apr 
(Emr) 

This study 

  pSN48 pCP23 carrying sprA; Apr (Tcr) (17) 
  pSSK30 pCP23 carrying mcherry; Apr (Tcr) (18) 
  pSSK51 484-bp fragment spanning the chiA promoter, start codon, 

and N-terminal signal peptide-encoding region inserted 
into pSSK30. Encodes SPChiA-mCherry; Apr (Tcr) 

(18) 

  pSSK52 566-bp region encoding 105 amino acids of CTDChiA 
inserted into pSSK51. Encodes SPChiA-mCherry-CTDChiA; 
Apr (Tcr) 

(18) 

  pTB263 Plasmid expressing fluorescent protein sfGFP; Apr (19) 
  pYT40 511-bp fragment spanning the remA promoter, start  

codon, and the N-terminal signal peptide-encoding  
region inserted into pCP23; Apr (Tcr) 

This study 

  pYT179 735-bp sfGFP amplified without stop codon and cloned 
into pYT40. Encodes SPRemA-sfGFP; Apr (Tcr) 

This study 

  pYT180 4383-bp fragment encoding 1386 amino acids of the C-
terminus of RemA inserted in pYT179. Encodes SPRemA-
sfGFP-CTDRemA(1386AA); Apr (Tcr) 

This study 

   
aAntibiotic resistance phenotypes are as follows:  ampicillin, Apr; erythromycin, Emr; 
streptomycin, Smr; tetracycline, Tcr.  The antibiotic resistance phenotypes given in parentheses 
are those expressed in F. johnsoniae but not in E. coli. The antibiotic resistance phenotypes 
without parentheses are those expressed in E. coli but not in F. johnsoniae. 
  



 13 

Table S2. Primers used in this study 
 
   

1269            5' GCTAGGGTACCACGTTCCTGATAGGCACAAAAATGC 3'; forward 
primer used in construction of pYT40; KpnI site underlined 

1270            5' GCTAGGGATCCGCCATTAGTTGGCATTCCAGGAAAA 3'; reverse primer 
used in construction of pYT40; BamHI site underlined 

1389 5' GCTAGGGATCCTCTAAAGGTGAAGAACTGTTCACCG 3'; forward 
primer used in construction of pSK37 and pYT179; BamHI site underlined 

1390 5' GCTAGGCATGCTTATTTGTAGAGCTCATCCATGCCG 3'; reverse primer 
used in construction of pSK37; SphI site underlined 

1399 5’ GCTAGTCTAGAACAGATACGAAAGATTATTACATCGAG 3'; forward 
primer used in construction of pSK93; XbaI site underlined 

1400 5' GCTAGGCATGCTTATCTGTATAAAGTGAAATGTCCAAC 3'; reverse 
primer used in construction of pSK56; SphI site underlined 

1404 5' GCTAGGCATGCTCACCTAATACAATAACTAACCTC 3'; reverse primer 
used in construction of pSSK52; SphI site underlined 

1427            5’ GCTAGTCTAGAGCAACGATAGCTTATTTTAAAAACAAT 3’; forward 
 primer used in construction of pSK89; XbaI site is underlined 

    1488 5' GCTAGTCTAGAGATCGTTTTGCACTTCGTTACACT 3'; forward primer 
used in construction of pSK30; XbaI site underlined 

1489 5' GCTAGGCATGCCTTACTTGGCAAATGGATTTTTTA 3'; reverse primer 
used in construction of pSK30; SphI site underlined 

1599 5' GCTAGTCTAGAGCAACGATAGCTTATTTTAAAAACAAT 3'; forward 
primer used in construction of pSK89; XbaI site underlined 

1600 5' GCTAGTCTAGAGCTTATGCAGCTTATTTCGCATCACAA 3'; forward 
primer used in construction of pSSK52; XbaI site underlined 

1771            5' GCTAGGGATCCCTAACCCGACTATCATAGAACCGAC 3'; forward 
primer used in construction of pYT314; BamHI site underlined 

1772            5' GCTAGGTCGACTGTTGTTACAGCCATGAGTACTAAGG 3'; reverse 
primer used in construction of pYT314; SalI site underlined 

1773            5' GCTAGGTCGACTCGATTAGTAACTGTCCTTGTACGC 3'; forward primer 
used in construction of pYT316; SalI site underlined 

1774            5' GCTAGGCATGCTAAAAGTTCAGTTGGCAGTTCTTCG 3'; reverse primer 
used in construction of pYT316; SphI site underlined 

1880 5’ GCTAGGCATGCTGGCGAGGAATTACCTTCTGGTGA 3'; forward primer 
used in construction of pSK62; XbaI site underlined 

1843 5’ GCTAGTCTAGAGTGGTGATTACAATTGATCCAAGC 3'; forward primer 
used in construction of pSK56; XbaI site underlined 

1868 5’ GCTAGTCTAGAGTCGAAGTGCCATCGATTACAGTA 3'; forward primer 
used in construction of pSK58; XbaI site underlined 

1885 5' GCTAGTCTAGAGCTTTAGAGGCTTTTGAAAATGTG 3'; forward primer 
used in construction of pSK65; XbaI site underlined 

1886 5' GCTAGGCATGCTTGTGGGCGTTTCTGAACTATCTC 3'; reverse primer 
used in construction of pSK65; SphI site underlined 
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1870 5' GCTAGGCATGCGCTAAGCCATTTTATTGATTTGGA 3'; reverse primer 
used in construction of pSK58; SphI site underlined 

1899 5' GCTAGTCTAGAACATTAGGAACTGGTGATTTTGAG 3'; forward primer 
used in construction of pSK71; XbaI site underlined 

1923 5' GCTAGTCTAGAGAGAGTATCGCTGATGAAACGAAC 3'; forward primer 
used in construction of pSK75; XbaI site underlined 

1924 5' GCTAG GCATGC GCCCTTATTAGAGAATTGCAGTGT 3'; reverse primer 
used in construction of pSK75; SphI site underlined 

1925 5’ GCTAGTCTAGAGTATCGGTAAGTGTGGGAACTCCT 3'; forward primer 
used in construction of pSK76; XbaI site underlined 

1926 5' GCTAGGCATGCCTGTATAGGCTATTCTTTTATAAGGCG 3'; reverse 
primer used in construction of pSK76; SphI site underlined 

1930 5' GCTAGTCTAGAACTTCTGCAAAAGAAAATATTAAAGAA 3'; forward 
primer used in construction of pSK81; XbaI site underlined 

1932 5' GCTAGGCATGCCTATTCAAGATTAACTTTTACAAGCAGCAC 3'; 
reverse primer used in construction of pSK79; SphI site underlined 

1933 5' GCTAGTCTAGAGAACCAACAACTGTTGGAACAGGA 3'; forward primer 
used in construction of pSK82; XbaI site underlined 

1934 5' GCTAGGCATGCCGAATCGAACAATAGCGAACAAGC 3'; reverse primer 
used in construction of pSK82; SphI site underlined 

1940 5' GCTAGTCTAGAGAAGACATTGCTCAGGTTGATGTA 3'; forward primer 
used in construction of pCB4; XbaI site underlined 

1946 5' GCTAGGGTACCGCTTTGAGCATGAATATTGTATCC 3'; forward primer 
used in construction of pSK84; KpnI site underlined 

1947 5' GCTAGGGATCCATCTTGAGCAAATGAAGTTAGGGA 3'; reverse primer 
used in construction of pSK84; BamHI site underlined 

1948 5' GCTAGTCTAGATATCCAAACCCATCTGTAAACAATGAA 3'; forward 
primer used in construction of pSK85; XbaI site underlined 

1949 5' GCTAGTCTAGACCAGAATTGGAAAGCGGAGAC 3'; forward primer used 
in construction of pSK86; XbaI site underlined 

1962 5' GCTAGGCATGCCTATTTAAAGATCACTGCTCTGGTTATCTG 3'; reverse 
primer used in construction of pSK91; SphI site underlined 
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Table S3. Prevalence of T9SS genes and CTD-encoding genes in 104 members of the phylum 
Bacteroidetesa. 
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aOnly members of the Bacteroidetes with completed genome sequences were examined and only one member 
of each species was used. Occurrence of genes encoding T9SS components or of genes encoding proteins with 
T9SS-associated CTDs are shown. Red indicates the presence of a gene and the number indicates the number of 
such genes in the genome. Genes were identified using the Integrated Microbial Genomes (IMG version 4.0.1) 
Function Profile Tool and using the TIGRFAM terms listed. The trusted cutoffs set by The Institute for 
Genomic Research were used in each case as indicated in the Methods section of the main text. These may 
underrepresent the actual number of proteins secreted by T9SSs. For example, more than 30 proteins are 
thought to be secreted by the P. gingivalis T9SS (20), but only 18 were identified above. 
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Table S4. Prevalence of T9SS genes and CTD-encoding genes in organisms outside of the phylum 
Bacteroidetesa. 
 

 
 
 
a3777 completed genomes were examined. Only completed genome sequences were examined and only one 
member of each species was used. Since the vast majority of species had no genes encoding T9SS proteins or 
T9SS-associated CTDs, only species with genes encoding T9SS components or genes encoding proteins with 
T9SS-associated CTDs are shown. Red indicates the presence of a gene and the number indicates the number of 
such genes in the genome. Genes were identified using the Integrated Microbial Genomes (IMG version 4.0.1) 
Function Profile Tool and using the TIGRFAM terms listed. The trusted cutoffs set by The Institute for 
Genomic Research were used in each case as indicated in the Methods section of the main text. The phyla to 
which the species belong are indicated in parentheses. Note that the CTDs from A. platensis, Leptolyngbya sp., 
and T. erythraeum were not found at the C-terminus and thus may be false positives. 
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Table S5. Amino acid sequence identities of F. johnsoniae T9SS components with orthologs 
from other members of the phylum Bacteroidetesa.  
 
F. johnsoniae  C. algicola 

 
C. hutchinsonii P. gingivalis 

GldK 67% over 467 AA 33% over 477 AA 34% over 502 AA 
GldL 58% over 219 AA 27% over 273 AA 19% over 313 AA 
GldM 41% over 526 AA 20% over 546 AA 24% over 539 AA 
GldN 52% over 334 AA 14% over 353 AA 16% over 409 AA 
SprA 52% over 2460 AA 32% over 2537 AA 32% over 2622 AA 
SprE 40% over 887 AA 21% over 902 AA 15% over 1191 AA 
SprT 48% over 240 AA 25% over 244 AA 22% over 254 AA 
PorU No ortholog 33% over 1332 AA 23% over 1335 AA 
PorV 57% over 404 AA 34% over 417 AA 42% over 413 AA 
 
aF. johnsoniae T9SS components were aligned with orthologs from Cellulophaga algicola (Class 
Flavobacteriia), Cytophaga hutchinsonii (Class Cytophagia) and Porphyromonas gingivalis 
(Class Bacteroidia) using MUSCLE. In each case percent amino acid (AA) identity over the 
region of similarity is listed. Note that C. algicola, which has a functional T9SS, lacks a PorU 
ortholog. 
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