
 
 
Supplementary Figure 1. Power spectra of flagellar filaments. The power spectra of raw image stack of L- 
(a) and R-type (b) straight filaments of B. subtilis. The power spectra of raw image stack of L- (c) and R-type 
(d) straight filaments of P. aeruginosa. (e) An image of negatively stained wild-type flagellar filaments of P. 
aeruginosa, and the corresponding averaged power spectrum from these filaments showing that the non-helical 
perturbation observed in mutants also exists in the wild-type.  
 
 



 
Supplementary Figure 2. Resolution of the flagellar filament structures of B. subtilis (a-g) and P. 
aeruginosa (h, i), derived from Fourier Shell Correlation (FSC) calculation. The red and blue lines are FSC 
of the full map and the D0 core, respectively, calculated between the refined atomic model and the map. The 
resolution in these plots is estimated using FSC=0.38, which is sqrt(0.143). A “gold standard” FSC between two 
half maps was also calculated for the A39VN133H dataset (f, green line) yielding a resolution of 4.1 Å at 
FSC=0.143. This suggests that the model:map FSC curves provide a similar estimate of resolution as the more 
conventional map:map FSC, and if anything are more conservative. 
 
  



 
Supplementary Figure 3 The structure of a single flagellin subunit and its corresponding map density in 
B. subtilis and P. aeruginosa. (a) L-type subunit (S285P) of B. subtilis (b) R-type subunit (N226Y) of B. 
subtilis (c) L-type subunit (G420A) of P. aeruginosa (d) R-type subunit (A443V) of P. aeruginosa 
 



 
Supplementary Figure 4 power spectra of P. aeruginosa filaments. (a) The power spectrum of raw filament 
images of P. aeruginosa. (b) The power spectrum of the reconstructed volume projection, considering one 
subunit as the asymmetrical unit (D0 and D1 domains) (c) The power spectrum of the reconstructed volume 
projection, considering 22 subunits as the asymmetrical unit (D2 and D3 domains) 
 
 



 
Supplementary Figure 5. The density maps comparison between Salmonella (EMD-1641) and Bacillus 
(N226Y). Corresponding cryo-EM map of D0 and D1 domains with similar threshold are shown in (a) and (b). 
The atomic models were aligned to the maps. 
 



 
 
Supplementary Figure 6. Alignments of the flagellin amino acid sequence from four Gram-positive 
bacteria and four Gram-negative bacteria. This alignment contains full sequences with D2 and D3 domains. 
Dark blue indicates higher sequence identities among species and light blue indicates intermediate sequence 
identities among species. 
 
  



 

 
Supplementary Figure 7. Predicted mutation sites in B. subtilis. (a-c) Straight filaments S285P and N226Y 
structures were used as the modeling template, and the resulting interfaces are shown in (a) A237V (b) S71L 
and (c) A47CA233C. (d) Fluorescence images of three mutant filaments: F123V and R91S 
 



 
Supplementary Figure 8. Mapping three types of interactions in Salmonella onto seven Bacillus mutants. 
Three types of interactions were described in Salmonella, called “permanent”, “sliding” and “switching” 
interactions (Kitao et al., 2006), and many Salmonella residues are involved in those interactions. The 
corresponding residues in Bacillus can be identified and mapped based on the sequence alignment. Here we are 
showing the Cα distances of the corresponding Bacillus residues that belong to those three types of interactions. 
The orange solid circles are the three L-type straight mutants (E115G, S17P and S285P), and the blue empty 
circles are the four R-type straight mutants (H84R, N226Y, A233V, and A39VN133H).   



 
Supplementary Table 1: Subunit-subunit interfacial area along different helices 
Mutation site(s) 5-start (Å2) 11-start (Å2) 6-start (Å2) 16-start (Å2) 

B. subtilis     

  S285P 1850 1954 552 238 
  E115G 1823 1810 485 237 

  S17P 1893 1833 574 265 

  N226Y 1819 1985 683 278 

  A39VN133H 1673 1874 596 275 
  H84R 1671 1924 516 330 

  A233V 1779 1867 571 271 

P. aeruginosa     

  G420A 1800 1630 495 211 
  A443V 1758 1922 542 286 
 
 
 
  



Supplementary Table 2 Strains and mutations  
 
Strain Genotype 

3610 Wild type 
DS1677 Δhag                                                                                                        (Kearns and Losick, 2005) 
DS1919 Δhag amyE::Phag-hagT209C spec                                                                           (Blair et al., 2008) 
DK29 Pfla/cheΩPhyspank fla/che operon kan                                                         (Guttenplan et al., 2013) 
DK620 [PY79] Δhag  sfp0  swrAfs 
DK1343 Δhag amyE::Phag-hagS17PT209C spec 
DK1362 Δhag amyE::Phag-hagH84RT209C spec 
DK2750 Δhag amyE::Phag-hagT209CN226Y spec 
DK2751 Δhag amyE::Phag-hagA39VN133HT209C spec 
DK2790 comIQ12L Δhag 
DK2956 Δhag amyE::Phag-hagS285PT209C spec 
DK2977 Δhag amyE::Phag-hagE115GT209C spec 
DK3400 Δhag amyE::Phag-hagA233VT209C spec 
DK3965 Δhag amyE::Phag-hagH84RT209C spec Pfla/cheΩPhyspank fla/che operon kan 
DK4152 Δhag amyE::Phag-hagS17PT209C spec Pfla/cheΩPhyspank fla/che operon kan 
DK4153 Δhag amyE::Phag-hagE115GT209C spec Pfla/cheΩPhyspank fla/che operon kan 
DK4229 Δhag amyE::Phag-hagT209CN226Y spec Pfla/cheΩPhyspank fla/che operon kan 
DK4230 Δhag amyE::Phag-hagA39VN133HT209C spec Pfla/cheΩPhyspank fla/che operon kan 
DK4324 Δhag amyE::Phag-hagA233VT209C spec Pfla/cheΩPhyspank fla/che operon kan 
DK4399 Δhag amyE::Phag-hagS285PT209C spec Pfla/cheΩPhyspank fla/che operon kan 
DK4859 comIQ12L Δhag aprE::Phag-hagS31PT209C kan 
DK4860 comIQ12L Δhag aprE::Phag-hagS71LT209C kan 
DK4864 comIQ12L Δhag aprE::Phag-hagT209CA237V kan 
DK4879 comIQ12L Δhag aprE::Phag-hagT209CF123V kan 
DK4884 comIQ12L Δhag aprE::Phag-hagR91ST209C kan 
DK4894 comIQ12L Δhag aprE::Phag-hagA47CT209CA233C kan 
PY79 sfp0  swrAfs 
 

 
  



Supplementary Table 3 List of used primers  
 
Primers Genotype 
953 GGAGTGTCAAGAATGTTTGCAAAAC 
1008 TGCAGCCGCTGAAGAATATGGCA 
1009 TGCCGTATTGATAGAGAXAGAGGA 
1115 AGGAGGAATTCTTTAGAATCGCACCTTAGCTGGTG 
1116 CTCCTCTCGAGGCCAGAACCAGCAGCGGAGCCAGCGGAACCTGATCCCGAAGCGACTG

CTTCG 
1117 AGGAGGAATTCCCTTACCTGATTGATATGCTGTAATG 
1118 CTCCTCTCGAGGCCAGAACCAGCAGCGGAGCCAGCGGAACCATCCTTTTCTTTAAGCTG

ACGCTCC 
3251 CTCACTAAAGGGAACAAAAGCTGG 
3459 GCTAATACGACTCACTATAGGGTAATGATGTAGCCGGGAGGA 
4439 CGTTTAGAAAGCACTGCAACA 
4440 CGCCATCGTAAAGATTAACGT 
4893 TACCACGATGGCTGCCACTA 
4894 GTACTTGCCACCACATCATAA 
4895 TGTTGCAGTGCTTTCTAAACGGCGTTATCCAGCGATGTGAT 
4897 ACGTTAATCTTTACGATGGCGACGACTCACTATAGGGCGAATTG 
4932 CTTTTGTTCCCTTTAGTGAGCTGGCAACGCCAAGGTCTTTTTTAAAA 
5518 GAAACTTCCTTCAGGTCTTCGCATCAAC 
5519 GAAGGAAGTTTCTCCATGTTCTTTTG 
5520 GAATCCTTCTTATCCAAACAGCTGAG 
5521 GATAAGAAGGATTCCGTCTTGAGAG 
5522 GTTAGTGAGCTAGTTGTTCAAGCTGG 
5523 CTCACTAACACGTTGAAGGATCGCATG 
5524 GAAGTCAATGGTAAGAAATTGCTCG 
5525 CATTGACTTCTGTACGATTTGAATAC 
5526 GGTGTGGTACAAAATCGTCTAGAGCAC 
5527 GTACCACACCAAGCTTAGCACGTTGAG 
5528 CTTTGCATCTCTGAAAAAATGAGAGG 
5529 GATGCAAAGACCTGCTGCGTCATCTC 
5530 CGTTGCAAGCTTGGTGCGGTACAAAATC 
5531 GCTTGCAACGTTGAGAAGAAACTTGG 
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