
Supplementary Information 

 

Identification and Characterization of New Proteins Crucial for Bacterial Spore Resistance 

and Germination 

 

Benjamin Yu1, Julia Kanaan1, Hannah Shames1, James Wicander1, Makunda Aryal2, Yunfeng 

Li1, George Korza1, Stanley Brul3, Gertjan Kramer4, Yong-qing, Li2, Frank C. Nichols5, Bing 

Hao1 and Peter Setlow*1 

 

1Department of Molecular Biology and Biophysics, and 5Division of Periodontology, UConn 

Health, Farmington, CT 06030-3305, USA; 2Department of Physics, East Carolina University, 

Greenville, NC 27858-4353, USA; 4Molecular Biology & Microbial Food Safety and  

Laboratory for Mass Spectrometry of Biomolecules, Swammerdam Institute for Life Science, 

University of Amsterdam, 1098XH Amsterdam, The Netherlands 

  



Supplementary Information List 

 

1. Supplementary Table S1 

2. Supplementary Table S2 

3. Supplementary Table S3 

4. Supplementary Table S4 

5. Supplementary Figure S1 

6. Supplementary Figure S2 

7. Supplementary Figure S3 

8. Supplementary Figure S4 

9. Supplementary Figure S5 

10. Supplementary Figure S6 

11. Supplementary Figure S7 

 

  



Supplementary Table S1 Average parameters of the germination of multiple individual 

wt and yetF spores 

 

 

Spores 
     PS832     PS4488 

Valine AGFK Valine AGFK 

Tlag 20.3 ± 8.9 36.5 ± 16.6 44.6 ± 23.1 49.0 ± 20.5 

Trelease 24.0 ± 9.4 40.3 ± 16.9 48.2 ± 23.0 53.8 ± 20.9 

Tlys 34.7 ± 9.2 52.0 ± 16.7 63.6 ± 17.6 74.5 ± 11.5 

Trelease 3.7 ± 1.4 3.8 ± 1.1 3.6 ± 1.2 4.8 ± 1.6 

Tlys 10.7 ± 2.8 11.7 ± 4.7 15.4 ± 8.0 20.7 ± 11.5 

Ilag 0.88 ± 0.07 0.83 ± 0.06 0.77 ± 0.07 0.76 ± 0.09 

Irelease 0.21 ± 0.05 0.29 ± 0.07 0.29 ± 0.07 0.23 ± 0.07 

ger/num† 97/139 80/104 44/133 14/40 
 

Spores were germinated and individual germination parameters were measured as described 

in Methods. †Number of spores that germinated/number of spores examined. 

  



Supplementary Table S2 Homologs of B. subtilis yetF or 2Duf in completed genomes of Bacilli.  

 

 

  

Bacilli spore forming species 

 

Number of 

homologs to Asporogenous Bacilli species 

 

Number of 

homologs to 

yetF  2duf yetF 2duf 

Aeribacillus pallidus 1 1 Aerococcaceae bacterium 1 0 

Alicyclobacillus acidocaldaruis 0 1 Auricoccus indicus 1 0 

Amphibacillus xylanus 2 0 Brochothrix thermosphacta 1 0 

Aneurinibacillus soli 0 1 Carnobacterium maltaromaticum 1 0 

Anoxyacillus flavithermus 2 1 Enterococcus faecalis 1 0 

Bacillus amyloliquefaciens 1 0 Gemella haemolysans 1 0 

Bacillus anthracis 3 1 Jeotgalibaca dankookensis 2 0 

Bacillus atrophaeus 1 0 Lactobacillus acidophilus 1 0 

Bacillus cereus 5 1 Lactobacillus plantarum 1 0 

Bacillus firmus 1 0 Lactobacillus reuteri_ 1 0 

Bacillus halodurans 8 2 Lactobacillus rhamnosus 1 0 

Bacillus licheniformis 6 0 Lactococcus lactis 1 0 

Bacillus megaterium 1 0 Leuconostoc kimchii 1 0 

Bacillus pumilus 1 0 Marinilactibacillus 15R 1 0 

Bacillus subtilis 5 0 Melissococcus plutonius 1 0 

Bacillus thuringiensis 5 1 Planococcus antarcticus 1 0 

Bacillus weihenstephanensis 1 0 Salimicrobium jeotgali 1 0 

Brevibacillus brevis 4 1 Salinicoccus halodurans 2 0 

Cohnella candidum 5 1 Streptococcus mutans GS-5 1 0 

Fictibacillus phosphorivorans 6 0 Streptococcus pneumoniae 1 0 

Geobacillus kaustophilus 0 1 Vagococcus penaei 1 0 

Geobacillus stearothermophilus 1 0    

Halobacillus halophilus 6 1    

Kyrpidia tusciae 0 2    

Laceyella sacchari 1 1    

Lentibacillus amyloliquefaciens 3 1    

Lysinibacillus sphaericus 4 0    

Novibacillus thermophilus 3 0    

Oceanobacillus iheyensis 2 1    

Paenibacillus polymyxa 2 1    

Paenisporosarcina cavernae 3 0    

Parageobacillus 

thermoglucosidasius 1 1    

Paraliobacillus zengyii  8 0    

Solibacillus silvestris 4 0    

Sporolactobacillus terrae 5 0    

Sporosarcina psychrophila 3 0    

Terribacillus goriensis 4 0    

Thermobacillus composti 2 0    

Virgibacillus halodenitrificans 3 2    

Average number in ones with ≥ 1 3.2 1 Average number per species 1.1 0 



Supplementary Table S3 Homologs of B. subtilis yetF/2Duf in Clostridia genomes.  
 

  

    Clostridia spore formers 

 

Number of 

homologs to 
Likely Clostridia spore formers 

(have gpr, spoVFA, spoVFB) 

 Number of 

homologs to 

yetF  2duf yetF  2duf 

Alkaliphilus metalliredigens 3 1 Acetohalobium arabaticum 5 0 

Ammonifex degensii 2 0 Anoxybacter fermentans 2 0 

Caldanaerobacter subterraneus 1 0 Caldicellulosiruptor saccharolyticus 1 0 

Candidatus Arthromitus sp. SFB-

mouse 1 0 Carboxydocella thermautotrophica 2 0 

Candidatus Desulforudis 

audaxviator 1 0 Ethanoligenens harbinense 4 0 

Caproiciproducens sp. NJN-50 2 0 Faecalibacterium prausnitzii 1 0 

Cellulosilyticum lentocellum 1 0 Flavonifractor plautii 1 0 

Clostridioides difficile_ 1 0 Halobacteroides halobius 6 0 

Clostridium acetobutylicum 5 0 Halocella sp. SP3-1 5 0 

Clostridium botulinum 2 0 Halothermothrix orenii 6 0 

Clostridium perfringens 1 0 Herbinix luporum 2 0 

Clostridium tetani 2 0 Natranaerobius thermophilus 2 0 

Dehalobacterium formicoaceticum 1 1 Pelotomaculum thermopropionicum 2 0 

Desulfallas gibsoniae 2 1 Ruminococcus albus 1 0 

Desulfitobacterium hafniense 3 0 Syntrophomonas wolfei 3 0 

Desulfofarcimen acetoxidans 3 0 Syntrophothermus lipocalidus 2 0 

Desulfofundulus kuznetsovii 2 0 Thermincola potens 3 0 

Desulfosporosinus orientis 2 1 Average number in ones with ≥1 2.8 0 

Desulfotomaculum ruminis 3 1    

Hungateiclostridium thermocellum 1 0 Asporogenous Clostridia species   

Intestinimonas butyriciproducens 1 0 Aminipila sp. JN-39 1 0 

Lachnoanaerobaculum umeaense 2 0 Carboxydothermus hydrogenoformans 1 0 

Lachnoclostridium phytofermentans 1 0 Dehalobacter sp. CF 1 0 

Mahella australiensis 1 0 Thermosediminibacter oceani 1 0 

Moorella thermoacetica 1 0 Average number per species 1 0 

Paeniclostridium sordellii 2 0    

Pseudoclostridium 
thermosuccinogenes 1 1    

Ruminiclostridium cellulolyticum 3 0    

Symbiobacterium thermophilum 2 0    

Syntrophobotulus glycolicus 1 0    

Tepidanaerobacter acetatoxydans 1 0    

Thermacetogenium phaeum  2 0    

Thermoanaerobacter italicus 1 0    

Thermoclostridium stercorarium 1 0    

Average number in ones with ≥1  1.6 1    



Supplementary Table S4 Sequence identity between 2Duf homologs in Bacilli and Clostridia 

and 2Duf encoded in spoVA2mob.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Groups 1, 2 and 3 have the genomic arrangements around 2duf in B. cereus, A. acidocaldarius 

and D. gibsoniae, respectively, in Figure 11A. 

  

Bacilli NCBI ID Identity to 2Duf (%) 

Group 1   

Aeribacillus pallidus WP_066246610.1 55.2 

Aneurinibacillus soli WP_096463052.1 50.9 

Anoxyacillus flavithermus WP_012575624. 55.1 

Bacillus anthracis WP_000018934 59.1 

Bacillus cereus WP_000018922.1 60.5 

Bacillus halodurans WP_010897735.1 30.5 

Bacillus thuringiensis WP_000018924.1 60.8 

Brevibacillus brevis WP_015892354.1 52.4 

Cohnella candidum WP_123042938.1 53.1 

Geobacillus kaustophilus WP_011230358 54.5 

Halobacillus halophilus WP_014642772.1 57.3 

Lentibacillus amyloliquefaciens WP_068440573.1 55.1 

Oceanobacillus iheyensis WP_011065783.1 50.9 

Parageobacillus thermoglucosidasius WP_003252282.1 55.6 

Virgibacillus halodenitrificans WP_019376107.1 59.6 

Group 2   

Alicyclobacillus acidocaldaruis WP_041694969 48.6 

Kyrpidia tusciae WP_013075904.1 38.1 

Laceyella sacchari WP_102991708.1 47.9 

Group 3   

Paenibacillus polymyxa WP_013370894.1 39.9 

Clostridia   

Alkaliphilus metalliredigens WP_012065254.1 42.0 

Dehalobacterium formicoaceticum WP_089611718.1 54.0 

Desulfallas gibsoniae WP_006522674.1 46.5 

Desulfosporosinus orientis WP_014185970.1 38.6 

Desulfotomaculum ruminis WP_013842559.1 44.8 

Pseudoclostridium thermosuccinogenes WP_103081847.1 39.9 



 

 

Supplementary Figure S1  

 

Germination, outgrowth, and vegetative growth from dormant spores of various strains inoculated 

at ~108/ml in LB medium, incubated at 37°C and the culture’s OD600 measured. The symbols used 

are:  – PS832;  – PS4487; and  – PS4488. A duplicate experiment found that all three strains 

again gave similar results.     
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Supplementary Figure S2  

 

14C-Methylamine uptake by (A) intact and (B) decoated spores of PS832 (wt), PS4487 (ydfS) and 

PS4488 (yetF) spores. 14C-Methylamine uptake by spores of various strains, either intact or 

decoated, was as described in Methods. Symbols used are:  – PS832;  – PS4487; and – 

PS4488. These results were from single measurements in one experiment. 
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Supplementary Figure S3  

 

Germination of multiple individual (A,B) PS832 (wt) and (C,D) PS4488 (yetF) spores germinating 

with (A,C) L-valine or (B,D) AGFK. Spores were heat-activated and germinated with L-valine or 

AGFK and the germination of 16 individual spores of each strain and with each germinant were 

followed as described in Methods. Arrows on one trace in panels (A) and (C) denote the times of 

Tlag, Trelease and Tlys and Ilag and Ilys were measured at Tlag and Tlys, respectively. 

 
                                   

  



 

 

 

sspA 

                                        -35                    G-10 
CAATTTTCAGCTCCTGTATACAATTACCAAAGTTTTTCTGAATGAAGCCATGTGTTTTGACACATTCTATACTC  

 

     RBS         TSC 

ACAAGGAGGTGAGACACATGGCTAACA  

 

                                  ykjA 

                                     -35               F   -10 
TGTTCAGGCGATATGCACGTTCGCCTAGACACTGATGCATAGAGGGCCTGCCACGGGGCACAATAGGCTC  

 

                 RBS          TSC 

AATATGACCAGCGGATGGAGGTAAAGATCGGTGTTATGGA 

 

 
                                  yrbG 

                 -35                   G-10 
GACGTAAAAGCTTTGTGAAATGCAATCGGTTTTTCTTACATAAATTGATCATTTTGTTGCAACCTATAAT  

 

      RBS       TSC 

GAGTTGGAGGTGCATAATGGAAGAGC 

 

 

Supplementary Figure S4  

 

Likely promoter sequences for the ykjA and yrbG genes and comparison with the very strong G-

dependent promoter sequence of sspA. The sspA, ykjA and yrbG upstream sequences include: -35 

and -10 promoter sequences; a GG sequence just upstream of the putative -10 promoter sequence 

for ykjA indicative of a F promoter; the ribosome binding sites (RBS) that were identified based 

on the optimal B. subtilis RBS sequence (AAGGAGGTG) and the translation start codon (TSC). 

The sspA promoter sequences were experimentally determined, and the promoter sequences for 

ykjA and yrbG were chosen to give the best matches to consensus F and G promoter sequences, 

respectively (Wang et al., 2006).  

 

  



 

  



  



Supplementary Figure S5  

 

Sequence alignment of B. subtilis YetF with the best YetF match in other Bacilli. Sequence 

conservation is shown as a bar graph, with red bars indicating identity among YetF homologs. 

Secondary-structure assignments of YetF from the crystal structure (PDB ID: 3C6F) are shown as 

blue cylinders (helices) and orange arrows ( strands). Predicted secondary-structure elements by 

AlphaFold for the N-terminal TM region are shown as gray cylinders ( helices). 

  



 

  



 

  



Supplementary Figure S6  

 

Sequence alignment of B. subtilis YetF with the best YetF match in Clostridia species. Sequence 

conservation is shown as a bar graph, with red bars indicating identity among YetF homologs. 

Secondary-structure assignments of YetF from the crystal structure (PDB ID: 3C6F) are shown as 

blue cylinders (helices) and orange arrows ( strands). Predicted secondary-structure elements by 

AlphaFold for the N-terminal TM region are shown as gray cylinders ( helices). 

  



 

 

Supplementary Figure S7  

 

Surface representation of a tetrameric YetF, showing conservation among best matched YetF 

homologs identified in Clostridia species. 
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