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fig. S1. Characterization of B. pertussis 18323 mutant strains. (A, B, and E to G) The 
transcription levels of Bpr4 (A, E, and G) or Bpr4m (E), fhaB (B), and rne encoding RNaseE (F) 
in B. pertussis 18323 WT and mutant strains. Total RNA was extracted from bacteria grown in 
SS broth for 12-14 h. Data represent fold changes in the expression of each transcript (mean + 
SEM) compared to WT (A, B, E, and F) or WT/vector (G) (n = 6). (C) Immunoblotting for FHA 
and FtsZ in bacterial lysates of B. pertussis 18323 mutant strains. FtsZ was used as the internal 
control for each sample of the bacterial lysates. The blot images are representatives of two 
independent experiments. The band intensity of FHA was measured using Fiji software and 
presented as a ratio relative to that of FtsZ. (D) Colonization of B. pertussis 18323 WT and 
ΔfhaB strains in mouse tracheas. Mice were intranasally inoculated with B. pertussis strains, and 
the numbers of bacteria recovered from the tracheas were counted on day 4. Each horizontal bar 
represents the geometric mean and geometric SD (n = 8). Data were obtained from two 
independent experiments and statistically analyzed by one-way ANOVA with Tukey’s multiple-
comparison test (A, B, E, and G), the Mann-Whitney test (D), or the unpaired t test (F). ***P < 
0.001, ****P < 0.0001. 



fig. S2. Screening for B. pertussis mutants deficient of Bpr4 upregulation during cell 
adherence. (A to D) Total RNA was extracted from B. pertussis 18323 WT and mutant strains 
incubated with Calu-3 cells for 1 h (A) or grown in SS broth for 12-14 h (B to D). Data represent 
fold changes in the expression of Bpr4, dgcA and dgcB (mean + SEM) compared to each strain 
grown in SS broth (A) or WT (B to D) (n = 6). (E) GFP reporter assay for Pbpr4 activity. Calu-3 
cells were incubated with B. pertussis 18323 WT, ΔrisA, and 800 transposon-integrated mutants 
harboring Pbpr4-gfp, and GFP expression of the bacteria was measured after a 1 h-incubation. 
Relative fluorescence levels of ΔrisA and the transposon-integrated mutants are represented as 
relative fluorescence units normalized to those of WT. Each data point of transposon mutants 
represents the mean of one mutant (n = 2). GFP reporter assay for the screening was performed 
using 20 microplates (40 mutants in a plate), and ΔrisA was used as the positive control for each 
plate (n = 20). (F) Adhesion of B. pertussis 18323 WT and mutant strains to Calu-3 cells. The 
numbers of bacteria adhered to the cells were counted after 1 h post-infection and are represented 
as the percentage of CFU of the input bacteria (mean + SEM) (n = 6). Data were obtained from 
two independent experiments and statistically analyzed by one-way ANOVA with Tukey’s 
multiple-comparison test. ****P < 0.0001. 



fig. S3. Involvement of host factors in Bpr4 upregulation. (A) Immunoblotting for TLR5 and 
GAPDH in lysates from Calu-3 WT cells and two distinct clones, 2E5 and 2H5, of ΔTLR5 cells. 
GAPDH was used as the internal control for each sample of the cell lysates. The blot images are 
representatives of two independent experiments. (B to E) Bpr4 expression of B. pertussis 
adhering to TLR5-knockout cells or abiotic surfaces. Calu-3 WT and ΔTLR5 cells were 
incubated with B. pertussis 18323 WT for 1 h (B). B. pertussis 18323 WT was added to the wells 
of the culture plates, and the plate-adhering bacteria were treated with 1 µg/ml gangliosides, 
lewis X, heparan sulfate, PA, PC, PE, PI, PS, and cholesterol, or ethanol (vehicle) for 1 h (C). B. 
pertussis 18323 mutant strains were added to wells of plastic plates coated with gangliosides, 
anti-FHA antiserum, and/or anti-flagellin antiserum (D and E). Total RNA was extracted from 
the cell- and plate-adhering bacteria. Data represent fold changes in Bpr4 expression (mean + 
SEM) compared to bacteria grown in SS broth (n = 6). Data were obtained from two independent 
experiments and statistically analyzed by one-way ANOVA with Tukey’s multiple-comparison 
test. ****P < 0.0001. 



table S1. Primers used in this study. 
Name Sequence (5’ to 3’) Application 
bpr4-U-S CGACTAGTGGATCCGATATGAAGGCAATGTCGGCGATAC

Δbpr4-pABB-CRS2-Gm bpr4-U-AS CGCAGGGCTAGGTATGAACTGTCTCAAGCGGATTGCGCGGCCGATC
bpr4-D-S GATCGGCCGCGCAATCCGCTTGAGACAGTTCATACCTAGCCCTGCG
bpr4-D-AS TGGAATTCCCGGGAGGAGATGCACCGCCTGATCGAAAAC
bpr8-U-S CGACTAGTGGATCCGGTCATCCAGAGCAAGTACAAGG 

Δbpr8-pABB-CRS2-Gm bpr8-U-AS GCATCACGGGCGGGGGAGCCTCCGACGCAGCGCCTCAAAATGTTGG 
bpr8-D-S CCAACATTTTGAGGCGCTGCGTCGGAGGCTCCCCCGCCCGTGATGC
bpr8-D-AS TGGAATTCCCGGGAGTTGTCGTTGTCCATCCAGCGAAAG
bpr9-U-S CGACTAGTGGATCCGTACTTTTTCCCGTAGCAGGAAC

Δbpr9-pABB-CRS2-Gm bpr9-U-AS CCAGGATAGCGATGAGGTTCACGCCCATATACACCAGGACTCGG
bpr9-D-S CCGAGTCCTGGTGTATATGGGCGTGAACCTCATCGCTATCCTGG 
bpr9-D-AS TGGAATTCCCGGGAGCATGACCAGGGGGATCAATACCG 
risA-U-S TTAACCGACTAGTGGATCCGCAGGGAAAGGATTGGACCTG 

ΔrisA-pABB-CRS2-Gm risA-U-AS CTGCCCGGGGCGGGCCATTAGGGGCCGGAAATGTAACAGTGAC 
risA-D-S GTCACTGTTACATTTCCGGCCCCTAATGGCCCGCCCCGGGCAG 
risA-D-AS ATTTGTGGAATTCCCGGGAGCCGGGCGCGCGTATTCCATCAG 
dgcA-U-S TTAACCGACTAGTGGATCCGCCGAACAGCGACGAGAAGAAATC 

ΔdgcA-pABB-CRS2-Gm dgcA-U-AS GATCGCTACAGCGTAGCGCAAGCGGGCTCCGGAGGGTGTTC 
dgcA-D-S GAACACCCTCCGGAGCCCGCTTGCGCTACGCTGTAGCGATC 
dgcA-D-AS ATTTGTGGAATTCCCGGGAGCTCGGACTTCATGCTCAGCAC 
dgcB-U-S TTAACCGACTAGTGGATCCGATGTTGACGTCGGTCTGCATG 

ΔdgcB-pABB-CRS2-Gm dgcB-U-AS CGCTGACGAAGCGCGCCGCGGTTGTATCCAGCAGGGGGGTG 
dgcB-D-S CACCCCCCTGCTGGATACAACCGCGGCGCGCTTCGTCAGCG 
dgcB-D-AS ATTTGTGGAATTCCCGGGAGGGTGCGAAAATTGCCCTGTG 
flaA-U-S TTAACCGACTAGTGGATCCGATCCGACGTCAGGTGTAAGG 

ΔflaA-pABB-CRS2-Gm flaA-U-AS CGCCCGGGGTGTGCCGATGCCTAGCCGTTCCAGCCCCTG 
flaA-D-S CAGGGGCTGGAACGGCTAGGCATCGGCACACCCCGGGCG 
flaA-D-AS ATTTGTGGAATTCCCGGGAGTCATGCTCAAGACCAAGACG 
motA-U-S TTAACCGACTAGTGGATCCGCAGCCGATAGTTCCTTGCTC 

ΔmotA-pABB-CRS2-Gm motA-U-AS GTGCTCATGCGGCGGCTCCGATCAGGCCTCTGCCAACGAAG 
motA-D-S CTTCGTTGGCAGAGGCCTGATCGGAGCCGCCGCATGAGCAC 
motA-D-AS ATTTGTGGAATTCCCGGGAGCCTCTCCCTATCGCTACCTG 
motB-U-S TTAACCGACTAGTGGATCCGTCCAAATAGGCCAAAAGCAC 

ΔmotB-pABB-CRS2-Gm motB-U-AS CGTCATGCCTCTCCCTATCGGCGGCGGCTCCGTCAGGCGC 
motB-D-S GCGCCTGACGGAGCCGCCGCCGATAGGGAGAGGCATGACG 
motB-D-AS ATTTGTGGAATTCCCGGGAGGTCCGAGACCTTGCTGAAAC 
Prne-U-S TTAACCGACTAGTGGATCCGCGTTTCTTGGCGAGCATCAGCAG

ΔPrne-pABB-CRS2-Gm 
Prne-U-AS CGCATTAAACAGCATGCGCTTCATTTCAGAGACGCTTGCGGCTTGC 
Prne-D-S CTTGCAAGCCGCAAGCGTCTCTGAAATGAAGCGCATGCTGTTTAATG 
Prne-D-AS ATTTGTGGAATTCCCGGGAGATGAAGTCGATCACGATCAGG 
bvgS-U-S GATCCGAGCTCTCCCATCCAGTGCCATAGTCTGG 

ΔbvgS-pABB-CRS2-Gm bvgS-U-AS TTAGCTTCCTTAGCTAGCCAGGCAGATCAGAC 
bvgS-D-S CGCGCCATTTAAATGCAAGATCAGCCCTGAAGCC 
bvgS-D-AS ATTTGTGGAATTCCCGCGGACATGTGAGTTGTATC 
kdpD-U-S GATCCGAGCTCTCCCCACCACCTTCAGCGTCG 

ΔkdpD-pABB-CRS2-Gm kdpD-U-AS TTAGCTTCCTTAGCTGCCGGGGTCGGCCAT 
kdpD-D-S CGCGCCATTTAAATGGTAAGGCGCCTGCTTCGTCTTC 
kdpD-D-AS ATTTGTGGAATTCCCCCATTTGCGCACAGTCG 
phoR-U-S GATCCGAGCTCTCCCGTTCATGACGTCGTAGCG 

ΔphoR-pABB-CRS2-Gm phoR-U-AS TTAGCTTCCTTAGCTGCGCAGCCAGATCATCG 
phoR-D-S CGCGCCATTTAAATGGAAGATCCGGACCGCTGAG 
phoR-D-AS ATTTGTGGAATTCCCGCAGCACTTCGTCGTCG 
plrS-U-S GATCCGAGCTCTCCCCCCTTCGATGCGGTGC 

ΔplrS-pABB-CRS2-Gm plrS-U-AS TTAGCTTCCTTAGCTGGCAAGGCGTAGAAACATTCTC 
plrS-D-S CGCGCCATTTAAATGATAATGCGGCTACGCAATAGG 
plrS-D-AS ATTTGTGGAATTCCCAAACTCGATCAGGCTGTGC 
risK-U-S GATCCGAGCTCTCCCCCCTGGAGATATCCGGCG 

ΔrisK-pABB-CRS2-Gm 
risK-U-AS TTAGCTTCCTTAGCTCATCAGGGCGAAAACCGG 
risK-D-S CGCGCCATTTAAATGCTGGTGCGCATTACCCTG 
risK-D-AS ATTTGTGGAATTCCCCGATCCCTCGTTCTGGATG 



bp0157-U-S GATCCGAGCTCTCCCGAGGCGCTCTACAGCGTG 

Δbp0157-pABB-CRS2-
Gm 

bp0157-U-AS TTAGCTTCCTTAGCTCCGTTGCATCGACGGC 
bp0157-D-S CGCGCCATTTAAATGCAAACGCGTAATCCGGGC 
bp0157-D-AS ATTTGTGGAATTCCCAGCGGGTGTTGGAGAACG 
bp0992-U-S GATCCGAGCTCTCCCAGACCTTGCGGTTGCTGG 

Δbp0992-pABB-CRS2-
Gm 

bp0992-U-AS TTAGCTTCCTTAGCTGCTGGACATGGACTTCTTG 
bp0992-D-S CGCGCCATTTAAATGACAGAACGACCAGTCCG 
bp0992-D-AS ATTTGTGGAATTCCCGCCGGCATTGCTGATGTG 
bp1092-U-S GATCCGAGCTCTCCCAGGCCGACTGGATGAAGC 

Δbp1092-pABB-CRS2-
Gm 

bp1092-U-AS TTAGCTTCCTTAGCTGGACATGACGAAGGCAGG 
bp1092-D-S CGCGCCATTTAAATGCTTCGTGATGACCTTGCCG 
bp1092-D-AS ATTTGTGGAATTCCCTTGCGCAACCATTTGGCC 
bp2206-U-S GATCCGAGCTCTCCCGGCATGCACATGTTCGCC 

Δbp2206-pABB-CRS2-
Gm 

bp2206-U-AS TTAGCTTCCTTAGCTTCAGGATGCGTCGCTTGAG 
bp2206-D-S CGCGCCATTTAAATGGCGGCTAGCTGTGAAGATTC 
bp2206-D-AS ATTTGTGGAATTCCCTCGTACACCTGTTCAGAGAG 
bp2548-U-S GATCCGAGCTCTCCCGCAGCCGTTGTCTAGCC 

Δbp2548-pABB-CRS2-
Gm 

bp2548-U-AS TTAGCTTCCTTAGCTCCACAGGAGAAACAGCGG 
bp2548-D-S CGCGCCATTTAAATGCTACTCGGACCTGCCCG 
bp2548-D-AS ATTTGTGGAATTCCCGACTGCGTCAGGAAGAAGAG 
bp3137-U-S GATCCGAGCTCTCCCTGGCAATCTGCATTACAACG 

Δbp3137-pABB-CRS2-
Gm 

bp3137-U-AS TTAGCTTCCTTAGCTAACAGGCCGTGCACTCATG 
bp3137-D-S CGCGCCATTTAAATGGGTTCGTGCTGCGCTTTAC 
bp3137-D-AS ATTTGTGGAATTCCCGCAGGATGATCACCAGGTTG 
bp3535-U-S GATCCGAGCTCTCCCGTCAGCATCGACGACCTG 

Δbp3535-pABB-CRS2-
Gm 

bp3535-U-AS TTAGCTTCCTTAGCTGGGAGGAAGGGAATTCATGG 
bp3535-D-S CGCGCCATTTAAATGATCGGTACGCAACTCACC 
bp3535-D-AS ATTTGTGGAATTCCCGAGGTGTGCAGGATCTG 
bp3866-U-S GATCCGAGCTCTCCCGAAACCGTATTTCGGGCC 

Δbp3866-pABB-CRS2-
Gm 

bp3866-U-AS TTAGCTTCCTTAGCTCACCGTCTTCAGCATGCG 
bp3866-D-S CGCGCCATTTAAATGTGCCGCACGAAATTGTGG 
bp3866-D-AS ATTTGTGGAATTCCCATTCGGGCGAAGTCATCG 
fhaB-U-S GATCCGAGCTCTCCCAAGAACGGCACCTGGAC 

ΔfhaB-pABB-CRS2-Gm fhaB-U-AS TTAGCTTCCTTAGCTAAATAGGTAGTCGCGGCC 
fhaB-D-S CGCGCCATTTAAATGATTCCGACCAGCGAAGTG 
fhaB-D-AS ATTTGTGGAATTCCCTCAGCTTCTGCAGCAGG 
CmR-S AGCTAAGGAAGCTAAAATGGAG 

Cmr gene 
CmR-AS CATTTAAATGGCGCGCCTT 
pABB-inverse-S GGGAATTCCACAAATTGTTATCCG Inverse PCR of pABB-

CRS2-Gm pABB-inverse-AS GGGAGAGCTCGGATCCACTA 
Pbpr4-BamHI-S CGCTCTAGAACTAGTGGATCACAACCGGATGTTCGGCGATC 

pbpr4 Tbpr4-EcoRI-AS GATAAGCTTGATATCGAATTCATCCGGCCGGGCTCCTTG 
bpr4m-S CACCTGGCGCGGTCCTCAGGCGGATCCCCCGCGCAATCCGCTTG

pbpr4m 
bpr4m-AS CAAGCGGATTGCGCGGGGGATCCGCCTGAGGACCGCGCCAGGTG
bpr4-SmaI-S ACACAGGAAACAGAATTCCCGATCGGCCGCGCAATCCGCTTG

Ptac-bpr4 and -bpr4m 
bpr4-EcoRI-AS TAGCTCCTGAAAATCGAATTCCTAGACGGCCAAAGAAGCTCAC
fhaB-SmaI-S ACACAGGAAACAGAATTCCCATGAACACGAACCTGTACAG 

Ptac-fhaB fhaB-EcoRI-AS TAGCTCCTGAAAATCGAATTCTATTTGTTGGTTTCATAGAAG 
dgcA-SmaI-S ACACAGGAAACAGAATTCCCATGCCCACCCCCGCCGACCTG 

Ptac-dgcA 
dgcA-EcoRI-AS TAGCTCCTGAAAATCGAATTTCAGGCCGGGGCATCGCCGGAC 
dgcB-SmaI-S ACACAGGAAACAGAATTCCCATGAAGCCTTCGCCTGAAATC 

Ptac-dgcB 
dgcB-EcoRI-AS TAGCTCCTGAAAATCGAATTCTAGTGCTGGCCGGACTGCGCCAC 
Pbpr4-AS GTTCTTCTCCTTTACTCATCGCCTGAGGACCGCGCCAGG 

Pbpr4-gfp gfp-S CCTGGCGCGGTCCTCAGGCGATGAGTAAAGGAGAAGAAC 

gfp-AS TAGCTCCTGAAAATCGAATTC 

motA-U-AS2 CGTTCTCGGAGGAGGCCATATCAGGCCTCTGCCAACGAAG 

dsRed-motA-pABB-
CRS2-Gm 

motA-5’-S GATCCACCGGATCTAGATAAGTGTTGATTGTTATCGGTTATG 

motA-5’-AS ATTTGTGGAATTCCCGGGAGTCTTGGCCTGGCGCACATGC 

dsRed-S CTTCGTTGGCAGAGGCCTGATATGGCCTCCTCCGAGAACG 

dsRed-AS CATAACCGATAACAATCAACACTTATCTAGATCCGGTGGATC 

hfq-XhoI-S CCACAACAAGCTCGAAATGAGCAATAAAGGGCAAAC
pColdII-HAT-hfq 

hfq-EcoRI-AS CGACAAGCTTGAATTATTATTCAGCGGGAACTTCCAC



flaA-XhoI-S CATGCCCACAACAAGCTCGAGGCTGCAGTCATCAATACC
pColdII-HAT-flaA flaA-EcoRI-AS CAGGTCGACAAGCTTGAATTCTTAGCGCAGCAGCGACAGG

bpr4-EcoRI-S AGGGAGACCGGAATTGATCGGCCGCGCAATCCGCTTG 
pSPT18-bpr4 and-bpr4m bpr4-BamHI-AS CGACTCTAGAGGATCCCTAGACGGCCAAAGAAGCTC 

bpr4m-EcoRI-S AGGGAGACCGGAATTGATCCCCCGCGCAATCCGCTTG 
fhaB-5’UTR-EcoRI-S AGGGAGACCGGAATTGATTTCAAAACCTAAAACG

pSPT18-fhaB-5’UTR fhaB-5’UTR-BamHI-AS CGACTCTAGAGGATCTCGTGTTCATATTCCGACC
pBBR1-TcR-S ACCAATTAACCAATTCTGAAAATAGGCGTATCACGA 

pMariT pBBR1-TcR-AS GTAATACAAGGGGTGTTTCAGGTCGAGGTGG 
pMariK-S TCAGAATTGGTTAATTGGTTG 
pMariK-AS AACACCCCTTGTATTACTG 
TcR-AS TGAGCGCATTGTTAGATTTC Determination of 

transposon insertion sites Mari5 GACTCTAGACCATGGTTGTGTC 
T18-S TAAGAAGGAGATATACCATGGCCGCCAGCGAGGCCAC 

pET21d-T18-dgcA and -
dgcB 

T18(dgcA)-AS CAGGTCGGCGGGGGTGGGGCGTTCCACTGCGCCCAGCGAC 
T18(dgcB)-AS GATTTCAGGCGAAGGCTTGCGTTCCACTGCGCCCAGCGAC 
dgcA-S GTCGCTGGGCGCAGTGGAACGCCCCACCCCCGCCGACCTG 
dgcA-HindIII-AS CTCGAGTGCGGCCGCAAGCTTCAGGCCGGGGCATCGCCGGAC 
dgcB-S GTCGCTGGGCGCAGTGGAACGCAAGCCTTCGCCTGAAATC 
dgcB-HindIII-AS CTCGAGTGCGGCCGCAAGCTCTAGTGCTGGCCGGACTGCGCCAC 
T25-S TAAGAAGGAGATATACCATGCAGCAATCGCATCAGGC 

pET28b-T25-motA and -
motB 

T25(motA)-AS CATAACCGATAACAATCAACACCCGCCGCGTGCGCGCCAGGTAATC 
T25(motB)-AS CGGTGATTGTTGACCGTGCTCCGCCGCGTGCGCGCCAGGTAATC 
motA-S GATTACCTGGCGCGCACGCGGCGGGTGTTGATTGTTATCGGTTATG 
motA-HindIII-AS CTCGAGTGCGGCCGCAAGCTTCAGGCGCGGCCGGTGGCCG 
motB-S GATTACCTGGCGCGCACGCGGCGGAGCACGGTCAACAATCACCG 
motB-HindIII-AS CTCGAGTGCGGCCGCAAGCTCTACCTGGCGCCCCCGTCCGAG 
TLR5-check-S TAACCTTGGCCTTGGTATGC 

Check for TLR5 gene 
deletion TLR5-check-S2 AACATGGGATGGTGCTTCTC 

TLR5-check-AS ATAGCGATGGTCACCCAAAC 
qbpr4-S ATCGGCCGCGCAATCCGCTTG 

qRT-PCR for Bpr4 qbpr4-AS CCGGGCCCGCTATTTATTCAC 
qfhaB-S CGTTGAACTGCTGGAACTTGTT 

qRT-PCR for fhaB 
qfhaB-AS AAGGTTCCCGTTGTCAATATCG 
qrne-S CCTTCCTGCTGAACGAAAAG 

qRT-PCR for rne qrne-AS AGGTGCTTGTTGGGAATCAG 
qgfp-S TTCCATGGCCAACACTTGTCAC 

qRT-PCR for gfp qgfp-AS GGGCATGGCACTCTTGAAAAAG 
qdgcA-S GGCCTGGTCCTGCACTTCTTC 

qRT-PCR for dgcA qdgcA-AS CTTGCGACAGCAGGGTGGTG 
qdgcB-S TCTTCCTGTCCGACCAGTTG 

qRT-PCR for dgcB qdgcB-AS TACACCGATTCCAGCCAATC 
qflaA-S TGGCTGCAGTCATCAATACC 

qRT-PCR for flaA 
qflaA-AS GCCGATTGGGACTTGTTC 
qmotA-S TGATCATGATGCGCAGGTAG 

qRT-PCR for motA qmotA-AS TGAAGAATTTCCGGCCACAG 
qrecA-S CCAATGTGGTCGACAAGTCC 

qRT-PCR for recA qrecA-AS ATGGCCATTTCCTTGTGCTC 
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