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Supplementary Figure S1. 

RNA sequencing result of the Clostridium butyricum S-45-5. The isolated strain was identified by 16S 

rRNA gene analysis. To amplify 16S rDNA from purified isolates, polymerase chain reactions (PCRs) 

were carried out using forward primer 27F (5'-agagtttgatccctcag-3') and a reverse primer 1492R (5'-

ggttaccttgttacgactt-3'). Amplified genes were identified through sequencing analysis by Biofact Co.Ltd. 
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Supplementary Figure S2. 

(A) Phylogenetic consensus tree based on 16S rRNA gene sequence of isolate C. butyricum S-45-5, 

reconstructed with the maximum-likelihood (ML), indicating the taxonomic positions of isolate and its 

close relatives. Bootstrap values (>70 %) calculated for 1000 subsets were shown at branch nodes. 

Clostridioides difficile ATCC 9689T served as an outgroup. Bar, 0.02 substitutions per nucleotide 

position. (B) Phylogenetic consensus tree based on 16S rRNA gene sequence of isolate C. butyricum 

S-45-5, reconstructed with the neighbor-joining (NJ) and the minimum-evolution (ME), indicating the 

taxonomic positions of isolate and its close relatives. Bootstrap values (>70%) calculated for 1000 

subsets were shown at branch nodes. Clostridioides difficile ATCC 9689T served as an outgroup. Bar, 

0.02 substitutions per nucleotide position. (C) Molecular phylogenetic analysis of isolate C. butyricum 

S-45-5 using default parameters (>100 core genes) by auto MLST. Bootstrap values (>70%) calculated 

for 1000 subsets were shown at branch nodes. Facklamia ignava CCUG 37419T was served as an 

outgroup. Bar, 0.02 substitutions per nucleotide position. 
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Supplementary Figure S3. 

RAW264.7 cells or HEK293T cells were seeded in 12 well cell culture plates with the cell number of 

3 x 105 cells/well. Twelve hours later, indicated colony-forming units (CFU) of C. butyricum S-45-5 

were added to the cell medium. (A, B) At 24-hour post treatment images were obtained. (C, D) Cell 

viability was determined by trypan blue exclusion assay at the same time point. (S-45-5-M: C. 

butyricum S-45-5-Mix). Cell viability results are expressed as mean ± standard deviations (SD). Error 

bars indicate the range of values obtained from counting duplicates in three independent experiments 

(* p < 0.05 regarded as a significant difference). 
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Supplementary Figure S4. 

Activation of signal molecules present in Type-I IFN and NF-κB pathways were detected based on 

their phosphorylation status. RAW264.7 cells were treated with PBS, LPS (100 ng/ml) or C. butyricum 

S-45-5-Cell (1 × 106 CFU/ml) or C. butyricum S-45-5-Sup (1 × 106 CFU/ml) and cells were harvested 

at 0, 8, 12 and 16 hpt. Expression of the phosphorylated and non-phosphorylated forms of IRF3, 

STAT1, p65, and IkBα was analyzed time-dependently by immunoblotting. β-actin was used to 

confirm equal loading of proteins. A (C. butyricum S-45-5-Cell), B (C. butyricum S-45-5-Sup) 

(Technical repeat 2 results), C (C. butyricum S-45-5-Cell), D (C. butyricum S-45-5-Sup) (Technical 

repeat 3 results).  
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Supplementary Figure S5. 

Immunoblot band intensities of pIRF3, pSTAT1, pP65, and pIκBα were calculated using imageQuant 

LAS 4000 mini software. The phosphorylated protein band was normalized with its respective normal 

protein band intensity. Band intensity percentage (16 h time point of S-45-5 set as 100%) results are 

expressed as mean ± standard deviations (SD). Error bars indicate the range of values obtained from 

three independent experiments (Figure 2B-C, Supplementary Figure 4A-D) (A-D, C. butyricum S-45-

5-Cell, E-H, C. butyricum S-45-5-Sup) (** p < 0.01, *** p < 0.001 regarded as a significant difference). 

(S-45-5-C: C. butyricum S-45-5-Cell, S-45-5-S C. butyricum S-45-5-Sup). 
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Supplementary Figure S6. 

Six-week-old female BALB/c mice were orally administrated with C. butyricum S-45-5-Mix (5 × 107 

CFU) (n=6), or C. butyricum S-45-5-Cell (5 × 107 CFU) (n=6) or C. butyricum S-45-5-Sup (5 × 107 

CFU) (n=6) in a total volume of 100 µl and control mice (PBS, Virus only, IFN-β) with 100 µl of PBS 

daily for 21 days as separate groups. Twelve hours before infection, mice in the positive control group 

were intranasally inoculated with 1000 units of rmIFN-β. Except for the PBS group, all mice were 

intranasally infected with 2MLD50 of H1N1, H3N2, and H9N2 influenza A subtypes. Except for the 

PBS group, all mice were intranasally infected with 2MLD50 of H1N1 or, H3N2, or H9N2 influenza A 

subtypes. Average body weight percentages and standard deviation are shown in the table. * p < 0.05 

regarded as a significant difference (two-tailed student’s t-test).  
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Supplementary Table S1. Genomic characteristics of C. butyricum S-45-5 

 

 

Supplementary Table S2. Average Nucleotide Identity (ANI), and digital DNA-DNA hybridization 

(dDDH) values for C. butyricum S-45-5 and related strains in the species C. butyricum 

No
. 

GenBank 
Accession 

Strain dDDH ANI Size 
(Mp) 

WGS 
Accession 

Assembly Level Release 
Date (%) (%) 

1 GCA_00331
5755 

S-45-5 100 100 4.6 - Complete 
Genome 

Jul, 2018 

2 GCA_00514
5085 

4-1 96.3 99.6 4.6 - Complete 
Genome 

May, 2019 

3 GCA_01311
2415 

16-3 96.3 99.6 4.6 - Complete 
Genome 

May, 2020 

4 GCA_01314
9585 

DJ064 96.3 99.6 4.6 JABFUG01 Contig May, 2020 

5 GCA_01413
7675 

DJ046 96.3 99.6 4.7 JACJHS01 Contig Aug, 2020 

6 GCA_01413
7745 

DJ075 96.3 99.6 4.6 JACGZE01 Contig Aug, 2020 

7 GCA_02665
1935 

QXYZ514 96.3 99.6 4.6 - Complete 
Genome 

Dec, 2022 

8 GCA_02762
7495 

LV1 96.3 99.6 4.6 - Complete 
Genome 

Jan, 2023 

9 GCA_03038
9005 

DKU-11 96.3 99.6 4.6 - Complete 
Genome 

Jul, 2023 

10 GCA_00087
8275 

HM-68 96.2 99.6 4.6 JXBT01 Contig Feb, 2015 

11 GCA_00799
2855 

NBRC 3315 96.2 99.5 4.5 BKBB01 Contig Jul, 2019 

12 GCA_01423
0505 

DJ013 96.2 99.6 4.5 JAAZWP0
1 

Contig Aug, 2020 

13 GCA_02596
2965 

NPLps03.gc 96.2 99.6 4.5 JAOZWJ01 Contig Nov, 2022 

14 GCA_00345
9015 

AF25-25 96.1 99.6 4.5 QRUG01 Scaffold Sep, 2018 

15 GCA_01735
2175 

DS501 95.7 99.5 3.9 - Chromosome Mar, 2021 

16 GCA_03029
1175 

SJ1 95.7 99.5 3.9 - Complete 
Genome 

Jun, 2023 

17 GCA_02767
0425 

AM32-13 95.3 99.6 4.5 JAQEBU01 Scaffold Jan, 2023 

18 GCA_02767
1605 

AM21-3LB 95.3 99.3 4.5 JAQDZY01 Scaffold Jan, 2023 

19 GCA_01566
7735 

1001311H_170123_
H1 

95.0 99.4 4.5 JADPEK01 Scaffold Nov, 2020 

20 GCA_01566
7245 

D52t1_170925_F3 94.4 99.4 4.6 JADPLV01 Scaffold Nov, 2020 

21 GCA_02821
0695 

D52st1_A4_D52t1_
170925 

94.3 99.4 4.6 JAQLDD01 Scaffold Jan, 2023 

22 GCA_01756
5995 

GGCC_0151 94.2 99.3 3.8 JABFCF01 Contig Mar, 2021 

23 GCA_03003
5785 

MALS002 94.1 99.4 4.6 JALGRX01 Contig May, 2023 

24 GCA_02821
0725 

BSD3178071175st2
_D3_BSD31780711

75_160912 

93.9 99.3 4.7 JAQLDE01 Scaffold Jan, 2023 

25 GCA_00965
0315 

CFSA3987 93.8 99.3 4.7 - Complete 
Genome 

Nov, 2019 

26 GCA_00965
0335 

CFSA3989 93.8 99.3 4.7 - Complete 
Genome 

Nov, 2019 

27 GCA_93275
1065 

DSM 107392 93.8 99.3 4.6 CAKODI01 Contig Mar, 2022 

28 GCA_90236
2255 

MGYG-HGUT-00014 93.6 99.3 4.6 CABIVR01 Scaffold Aug, 2019 

29 GCA_01567
0975 

D33t1_170424_B3 93.5 99.2 4.6 JADPCQ01 Scaffold Nov, 2020 
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30 GCA_90520
1725 

SRR7721873-bin.10 93.4 99.2 4.6 CAJKPI01 Contig Feb, 2021 

31 GCA_01566
9495 

1001287H_170206_
H10 

93.0 99.2 4.5 JADPAI01 Scaffold Nov, 2020 

32 GCA_02768
5445 

AF13-51 93.0 99.2 4.7 JAQCUK01 Scaffold Jan, 2023 

33 GCA_02768
5535 

AF13-166.0 93.0 99.2 4.6 JAQCUF01 Scaffold Jan, 2023 

34 GCA_90216
5875 

4928STDY7387863 93.0 99.2 4.6 CABHIF01 Scaffold Jul, 2019 

35 GCA_00141
1625 

SU1 92.9 99.2 4.9 LIDW01 Contig Oct, 2015 

36 GCA_02439
7055 

LCL-063 92.9 99.2 4.5 JAJDMU0
1 

Scaffold Jul, 2022 

37 GCA_00037
1625 

60E.3 92.8 99.2 4.6 AGYK01 Scaffold Apr, 2013 

38 GCA_00145
8815 

NEC8 92.7 99.2 4.8 CBYK01 Contig Feb, 2014 

39 GCA_02768
5605 

AF13-10-6.0-r 92.6 99.2 4.6 JAQCUC0
1 

Scaffold Jan, 2023 

40 GCA_00094
9905 

CWBI1009 92.4 99.1 4.5 ASPQ01 Contig Mar, 2015 

41 GCA_00987
6455 

BIOML-A2 92.4 99.2 4.7 WWTZ01 Contig Jan, 2020 

42 GCA_02439
7005 

LCL-155 92.1 99.2 4.6 JAJDMT01 Scaffold Jul, 2022 

43 GCA_01814
0655 

CBUT 91.9 99.1 4.5 - Complete 
Genome 

Apr, 2021 

44 GCA_93797
4065 

SRR3546782_bin.56
_CONCOCT_v1.1_M

AG 

91.9 99.1 4.5 CALJIR01 Contig Jan, 2023 

45 GCA_00040
9755 

DSM 10702 91.8 99.1 4.6 AQQF01 Contig Jun, 2013 

46 GCA_00674
2065 

NBRC 13949 91.8 99.0 4.7 - Complete 
Genome 

Jun, 2019 

47 GCA_00799
2895 

NBRC 13949 91.8 99.1 4.6 BKBD01 Contig Jul, 2019 

48 GCA_01413
1795 

DSM 10702 91.8 99.1 4.7 - Complete 
Genome 

Aug, 2020 

49 GCA_02439
6995 

KZ-1890 91.8 99.1 4.6 JAJDMV01 Scaffold Jul, 2022 

50 GCA_02439
9875 

CFSA-TJ-E 91.8 99.1 4.7 - Complete 
Genome 

Jul, 2022 

51 GCA_01101
0795 

H102020561 91.7 99.1 4.7 SGLE01 Contig Feb, 2020 

52 GCA_01101
0845 

H102020560 91.7 99.1 4.7 SGLF01 Contig Feb, 2020 

53 GCA_02007
5635 

LY33 91.7 99.0 4.6 JAIQXW01 Scaffold Sep, 2021 

54 GCA_02439
6935 

KZ-1886 91.7 99.1 4.6 JAJDMW0
1 

Scaffold Jul, 2022 

55 GCA_00035
5785 

DKU-01 91.4 99.0 4.5 APKZ01 Contig Apr, 2013 

56 GCA_00145
6065 

KNU-L09 91.4 99.0 4.6 - Complete 
Genome 

Dec, 2015 

57 GCA_00146
5175 

JKY6D1 91.4 99.0 4.6 - Complete 
Genome 

Dec, 2015 

58 GCA_00164
6605 

TOA 91.4 99.0 4.6 - Complete 
Genome 

May, 2016 

59 GCA_00514
5065 

29-1 91.3 99.0 4.6 JALAYW01 Contig Mar, 2022 

60 GCA_01337
7675 

HYCB 91.3 99.0 4.5 JABXWN0
1 

Contig Jun, 2020 

61 GCA_03037
1725 

ET61 91.2 99.0 4.4 JAUDBX01 Contig Jun, 2023 

62 GCA_03037
2205 

Avi11 91.1 99.0 4.5 JAUDDA0
1 

Contig Jun, 2023 

63 GCA_00076
5285 

INCQS635 90.3 99.0 4.4 JRMA01 Contig Oct, 2014 

64 GCA_00017
1115 

5521 85.7 98.4 4.5 ABDT01 Contig Apr, 2008 

65 GCA_00018
2605 

BoNT E BL5262 85.7 98.4 4.8 ACOM01 Scaffold May, 2009 

66 GCA_01101
7415 

ATCC 43755 85.6 98.4 4.5 SWXL01 Contig Feb, 2020 

67 GCA_01101
9995 

BL-5262-9RE 85.5 98.4 4.7 SWZQ01 Contig Feb, 2020 

68 GCA_00188
6875 

CDC_51208 85.3 98.4 4.6 - Complete 
Genome 

Nov, 2016 

69 GCA_00384
9835 

JKT37 84.2 98.3 4.2 RQKF01 Scaffold Nov, 2018 

70 GCA_00973
5365 

S3 83.4 98.2 4.4 WOFV02 Scaffold Jan, 2020 

71 GCA_01991
3025 

GD1_1 82.9 98.0 4.5 JAIOKK01 Scaffold Sep, 2021 

72 GCA_00050
8465 

DORA_1 82.6 98.1 4.0 AZLX01 Scaffold Dec, 2013 

73 GCA_01314
9575 

DJ065 82.6 98.1 4.7 JABFUH01 Contig May, 2020 

74 GCA_00799
2875 

NBRC 3858 82.4 98.1 4.5 BKBC01 Contig Jul, 2019 

75 GCA_01555
7845 

1001713B170214_1
70313_A7 

81.3 97.8 4.6 JADNPC01 Scaffold Nov, 2020 

76 GCA_02821
0195 

1001713st1_G1_10
01713B170214_170

313 

81.3 97.8 4.6 JAQLDF01 Scaffold Jan, 2023 

77 GCA_94738
1465 

B111 80.9 97.8 4.4 CANCWB0
1 

Contig Apr, 2023 

78 GCA_94738
1565 

B067 80.2 97.8 3.7 CANCWA0
1 

Contig Apr, 2023 

79 GCA_00294
0805 

300064 79.9 97.7 4.7 LRDH01 Contig Feb, 2018 

80 GCA_01837
2835 

L3_063_040G1_das
L3_063_040G1_con

coct_8 

79.8 97.8 4.5 JAHAII01 Contig May, 2021 

81 GCA_00042
4245 

AGR2140 79.3 97.7 4.6 AUJN01 Scaffold Jul, 2013 

82 GCA_00078
5185 

NOR 33234 78.8 97.6 4.9 JSEG01 Contig Nov, 2014 
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Supplementary Table S3. Mouse primer sets used to confirm mRNA expression 
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Supplementary Table S4. In vivo (mouse) experiment summary 


