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 3 

1. Materials & Methods 4 

Media 5 

Chemically defined sporulation medium (CDSM) was prepared as described previously (Hageman et 6 

al., 1984; Veening et al., 2006) and contained MOPS (40 mM, pH 7), KH2PO4 (4mM), (NH4)2SO4 (9.5 7 

mM), L-lactate (5 mM), L-glutamic acid (8 mM), L-tryptophan (0.1 mM), and 1 x MT mix. 50 x MT mix 8 

contained MgCl2 (200 mM), CaCl2 (70 mM), MnCI2 (5 mM), ZnCl2 (0.1 mM), thiamin-hydrochloride 9 

(0.20 mM), HCl (2 mM) and FeCl3 (0.5 mM) (Vasantha and Freese 1980). 10 

 CDSM was chosen for our evolution experiments because it is chemically defined and supports 11 

high sporulation efficiency of B.subtilis. Up to 20 mM of D-glucose was added as the sole carbon 12 

source when appropriate. LB and LB agar was prepared according to manufacturer’s directions 13 

(Sigma LB Broth/LB Agar tablet). Antibiotics were added, when appropriate, at the following 14 

concentrations: ampicillin (Amp), 100 µg/ml (E.coli); chloramphenicol (Cm), 5 µg/ml; kanamycin 15 

(Km), 10 µg/ml; spectinomycin (Spec), 50 µg/ml (B.subtilis). 16 

 17 

Primers and plasmids 18 

An overview of the primers and plasmids used in this study are listed in Tables S1 and S2. 19 

 20 

Plasmid and strain construction 21 

Strains stJS01, stJS02, and stJS03 are based on B.subtilis 168. Plasmid pJWV012 was previously 22 

described (Table S2)(Veening et al., 2009). Plasmid pGFP-PsspE-2G was constructed from plasmid pGFP-23 

PrrnB (Table S2)(Veening et al. 2009; Webb et al., 1995) and included a strong RBS to ensure 24 

maximum sensitivity (Table S1)(Veening et al., 2008; Vellanoweth and Rabinowitz, 1992). 25 

 For construction of tagE complementation vectors tagE including its native RBS was cloned into 26 

integrative vector pMB002 (Table S1, S2). 27 



 B.subtilis was transformed as described before (Harwood and Cutting, 1990). Transformed cells 28 

were inoculated onto LB agar with appropriate antibiotics. 29 

 30 

Analysis of spore accumulation in CDSM grown B.subtilis cultures 31 

B.subtilis 168 was grown in a shake flask in CDSM supplemented with 20 mM glucose. Fresh CDSM 32 

was inoculated with 0.1% (v/v) of CDSM grown overnight culture. The culture was grown at 37°C 33 

while being agitated. The distribution of live cells, dead cells, and phase-bright spores throughout 34 

the cultivation was determined by (fluorescence) microscopy using a Zeiss Axiophot fluorescence 35 

microscope. To 50 µl of a culture sample 2.5 µl of a 1x Spizizen’s solution supplemented with bovine 36 

serum albumine (BSA; 25%) and ethidium bromide (EtBr; 16.67 µg/ml) was added to stain DNA of 37 

dead cells. Of this mixture 5 µl was applied to an agarose slide prepared according to Glaser et al. 38 

(Glaser et al., 1997). Cells that did not turn brightly fluorescent in the GFP channel (excitation, 450 to 39 

490 nm; emission, >520 nm) were still able to actively export EtBr from the cell, while in dead cells 40 

the interaction between EtBr and the genomic DNA turned the cells brightly fluorescent. Phase-41 

bright spores were marked as such as soon as the center of the developing spore turned bright in a 42 

phase contrast microscopy picture, while still engulfed by the mother cell. Microscopic images were 43 

processed using the ImageJ platform. 44 

 The glucose concentration in samples was determined using a D-Glucose assay (Boehringer 45 

Mannheim). 46 

 47 

Batch fermentations with sequential glucose feeding regimes 48 

Batch-fermentations were performed using a Multifors bioreactor (Infors HT, Switzerland) mounted 49 

with 2x250 ml vessels. 200 ml culturing volume was used. Culturing temperature of the bioreactor 50 

was set at 37°C, the stirrer at 400 rpm and air flow at 0.1 l/min. pH and pO2 were monitored in real 51 

time but not controlled throughout the cultivation in order to mimic shake flask cultivations.  52 



 CDSM for batch fermentations lacked glucose and was supplemented with 0.03% antifoam 53 

(Struktol J673) and 20 mM of L-alanine. L-alanine was added to the medium for promoting spore 54 

germination in order to prevent that altered germination becomes the major beneficial property in 55 

evolved mutants. 56 

 20 discrete portions of CDSM containing 40% glucose were fed at intervals of 4 hours, each 57 

resulting in addition of 1 mM glucose (final concentration). The feed pump mounted on the 58 

bioreactor system was used for addition of high glucose CDSM and was externally controlled by the 59 

manufacturer’s software (Iris, Infors; see SI3). The feed pump was programmed to function at speed 60 

9 for 23 seconds resulting in the addition of 144 µl high glucose CDSM, the most reproducible setting 61 

found during pre-experimental testing. The volume of glucose additions was chosen to be as small as 62 

possible in order to limit total culturing volume change caused by the 20 additions to 1.4%. 63 

 For erratic glucose feeding 20 additions in the same total time frame of 80 hours were 64 

programmed, but with randomized feeding intervals. Irregular glucose addition intervals were 65 

generated using a normal distribution with a standard deviation of 0.8. Negative values were not 66 

tolerated. 67 

 The total volume of the inocula used was 15 ml. Competition experiments were inoculated with 68 

mid-exponentially growing CDSM cultures (OD600 0.6-0.8) or dense spore crops, mixed 1:1 based on 69 

OD600. The initial portion of each strain in the bioreactor after inoculation was tested by immediate 70 

sampling and inoculating diluted sample on plates with appropriate antibiotics for CFU counts. The 71 

first sample taken after inoculation was 14 ml to correct for the inoculum volume and compensate 72 

for mid-experiment sampling. End-point samples were taken at 144 hours (64 hours after the final 73 

glucose addition) when only spores remain, except for competitions between stJS01 and the non-74 

sporulating ΔsigF strain, when the last sample was taken before the final glucose addition. For mid-75 

experimental sampling, 1 ml of volume was extracted aseptically from the culture medium. Each 76 

sample taken was used for 1) determining OD600, 2) (fluorescence) microscopy, 3) species colony 77 



count (in case of competition experiments), and 4) spore counts (plate assay)(Fig. S1). Glycerol 78 

stocks of samples were made only during the competition of evolved stJS03 strains and stJS02. 79 

 80 

 A portion of the sample was diluted in a dilution series in fresh LB (dilutions can be found in SI 81 

per experiment). 50 µl of the appropriate dilutions was applied onto LB agar, in duplo and on 82 

different antibiotics to separate species. The remaining volume of the dilutions was transferred to a 83 

Figure S1: An overview of actions performed with each sample taken from a bioreactor cultivation. 

The overview only depicts 1 single sampling event and was repeated for every sampling event, 

except for making glycerol stocks. Only of samples taken during competitions between stJS02 and 

evolved stJS03, glycerol stocks were made. 



fresh Eppendorf tube and exposed to 80°C for 10’ before inoculating on LB agar plates with 84 

appropriate antibiotics. Colonies resulting from this treatment represent heat-resistant spores. The 85 

plates were incubated overnight at 37°C after which colonies were counted. 5 µl of undiluted sample 86 

was applied to agarose microscope slides for recording micrographs. Microscope images were 87 

recorded using a Nikon Ti-E fluorescence microscope. Images were processed using ImageJ. 88 

 89 

Selection and isolation of mutants with favorable mutations 90 

stJS03 (Table S3) was used for evolution experiments because it allows the study of sporulation 91 

initiation via the incorporated fluorescent proteins (PsspE-2G-gfp, PspoIIA-mCherry). spoIIA is one of the 92 

first genes to be expressed (in the mother cell) after initiation of sporulation (Errington, 1993; Hoch, 93 

1993; Fujita et al., 2005; Veening et al. 2005). sspE codes for a spore-located small soluble protein 94 

and a fusion of its promoter to a fluorescent protein-encoding gene can therefore be utilized for the 95 

discrimination of spores in competitions with strains producing GFP-negative spores (Webb et al., 96 

1995). Both constructs are stably integrated in the chromosome. 97 

 Ancestral strain stJS03 was UV mutagenized before the selection experiments (Fig. 1, stage 1; 98 

Table S3). Genetic variance is a prerequisite for selection (Barrett and Schluter, 2008) and so, instead 99 

of depending on spontaneous mutations occurring throughout the culturing period, preexisting 100 

genomic variance was created by UV mutagenesis. UV-mutagenesis was performed in a UV-light 101 

equipped flow-cabinet. Mid-exponentially growing stJS03 culture was poured from a Falcon tube in 102 

an open petridish before applying UV-radiation. As soon as the UV-light was switched on, the culture 103 

was transferred back into the Falcon tube resulting in a mixture of cells exposed to UV radiation of 104 

up to 1.5 minutes to non-radiated cells (SI4). The resulting culture was left shaking at 37°C until only 105 

spores remained and sporulation deficient mutants were lost (Fig. 1, stage 2). 106 

 Selection for fitter strains was initiated by inoculating the bioreactors with UV mutagenized 107 

stJS03 spores only. After 20 glucose additions glucose influx was stopped and the culture was left at 108 

37˚C whilst being properly aerated. From the resulting dense spore crop an aliquot was extracted of 109 



which 15 ml was used for inoculation for the second round of selection (Fig. 1, stage 3). From the 110 

resulting spore crop of the second selection cycle 100 ml was extracted and stored for future use. 111 

 Fitness of evolved strains was assessed by competing evolved stJS03 against stJS02. The fitness 112 

of stJS02 is comparable to that of stJS03 as determined beforehand by competition (Table 1). stJS03 113 

can be distinguished from stJS02 due to spore located GFP and chloramphenicol resistance.   114 

 In contrast to all other competitions performed in this study in which exponentially growing 115 

culture was used as inoculum, the competition between stJS02 and the mixture of evolved stJS03 116 

was inoculated with spores. The amount of spores per spore crop was determined by CFU count on 117 

LB agar plates. Because the spore crop of evolved stJS03 is a mixture of mutants, spores were 118 

selected as inoculum in this case in order to prevent emergence of strain bias by culturing the 119 

mixture in shake flasks ‘outside’ of the selection regime. From these competitions samples were 120 

taken after 24 hours, 48 hours, and 144 hours (64 hours following the final glucose addition), diluted 121 

and plated on LB plates with appropriate antibiotics. Upon establishing increased fitness, single 122 

colonies of evolved stJS03 of each time point were randomly picked from the appropriate plates. 123 

Evolved strains were labeled EvoR1, 2, or 3 (isolated after 24, 48 and 144 hours respectively) when 124 

isolated from the regularly fluctuating environment, or EvoI1, 2, or 3 when obtained from the 125 

irregularly fluctuating environment (Table S3). Overnight cultures of these evolved isolates in LB 126 

containing chloramphenicol and kanamycin were used for glycerol stocks and for isolation of 127 

genomic DNA for whole genome sequencing. 128 

 129 

Whole genome sequencing 130 

High purity genomic DNA was isolated by phenol/chloroform extraction using Phase Lock Gel Heavy 131 

2 ml tubes (5 PRIME). The full genomes were sequenced using paired-end sequencing with 100 bp 132 

runs on an Illumina HiSeq 2000 using a library of 500 bp fragments. Data from genome sequencing 133 

was analyzed using the CLC-Bio software package. Evolved strains as well as ancestral strain stJS03 134 



were sequenced. Single nucleotide polymorphisms (SNPs) and insertions/deletions (indel) of evolved 135 

siblings were identified by comparison with the parent strain. 136 

 137 

Constructing a tagE deletion strain 138 

Deletion of tagE was established by double homology cross-over after transformation with a 139 

spectinomycin resistance cassette fused to the flanking regions of tagE. This cassette was obtained 140 

by PCR on genomic DNA (Table S1) of a previously constructed tagE::spec strain (Allison et al., 2011) 141 

(gift of prof. Eric Brown). In that strain the last 26 bp of tagE were kept intact to avoid polar effects 142 

on expression of downstream gene tagF. Constructs were verified by PCR (Table S1). 143 

 144 

Germination assays 145 

Conversion rates of phase-bright spores to phase-dark spores of stJS03 and stJS03 tagE::spec spores 146 

was followed by means of time lapse microscopy using a DeltaVision microscope system (Applied 147 

Precision). A portion of spore crop was applied onto a time-lapse microscopy slide (de Jong et al., 148 

2011) prepared with CDSM supplemented with the germinant L-alanine (20 mM). 149 

 Germination of spore crops was also compared spectrophotometrically. 50 µl spore crop was 150 

added to 100 µl CDSM supplemented with 20 mM L-alanine in a 96 well plate. In a Tecan F200 plate 151 

reader the OD600 was measured every 2 minutes. The decrease in OD600 is a measure for phase-bright 152 

to phase-dark conversion because phase-bright spores have a higher optical density at 600 nm than 153 

phase-dark spores. 154 

 155 

Swimming motility assay 156 

Swimming motility was tested by spotting 2.5 µl of a B.subtilis overnight LB culture in the center of a 157 

LB plate (10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl), solidified with 0.3% Bacto agar. Pictures 158 

and colony sizes were recorded after overnight incubation at 30 °C and after 48 hours additional 159 

incubation at room temperature. 160 



 161 

2. Primers, plasmids, strains used in this study 162 

Table S1. Primers used in this study. Restriction sites are underlined. 163 

Primers Sequence (5’���� 3’) Restriction 

site 

Reference 

PsspE-2G-gfp    

PsspE-2G for CGCCCGAATTCTGAAACGTTCGGCAGACTTG EcoRI This study, (Webb 

et al., 1995) 

PsspE-2G rev CGGCGGCTAGCCATTTCCTCTCCTCCTGTCATTAGAATG

TCCAGGTGATC 

NheI This study 

tagE deletion    

tagE::spec for CAGGCTATAGTCGTTTACTC  This study 

tagE::spec rev GCATGTCTGGCTCCTCCTTC  This study 

Control PCR tagE deletion    

spec int for GGAGGATGATTCCACGG  This study 

spec int rev CCGTGGAATCATCCTCC  This study 

tagE::spec upstr for GCTAGCCATCATGAATAGAG  This study 

tagE::spec downstr rev CCCGATCTTTAATAGCTGC  This study 

Inserts complementation vector   

pMB002 tagE for GACGGCTAGCTGAAAGGGAGTAAAAAATTGTCTTTAC NheI This study 

pMB002 tagE rev CTACTAGCATGCTTAACTCTCTTTTATTTCCGTG SphI This study 

 164 

 165 

 166 

 167 

 168 

 169 

Table S2. Plasmids used in this study. 170 

Plasmid Genotype Reference 

pGFP-PrrnB spec, amyE, PrrnB-gfp, cat (Veening et al., 2009) 

pGFP-PsspE-2G spec, amyE, PsspE-2G-gfp, cat This study 

pJWV012 bla, sacA, PspoIIA-mCherry, kan (Veening et al., 2009) 

pMB002 a pMB001 derivative with a MCS instead kinA;  

bla, thrC, Pspank, erm  

(Boonstra et al., 2013) 

pMB002 tagE pMB002 including tagE and its native RBS This study 

 171 

 172 

 173 

 174 

 175 



 176 

Table S3. Strains used in this study. 177 

Strains Genotype Reference or source 

Bacillus subtilis:   

 168 trpC2 Laboratory stock, (Kunst et 

al., 1997) 

 NCIB3610 Wild type Bacillus Genetic Stock Centre, 

(Veening et al., 2006a) 

 ∆sigF trpC2, sigF::spec
 

Gift of W. Overkamp 

 EB2252 hisA1, argC2, metC3, tagE::spec Gift of Prof. dr. E.D. Brown, 

(Allison et al., 2011) 

 stJS01 trpC2,
 
amyE::PsspE-2G-gfp, Cm

r
 This study  

 stJS02 trpC2,
 
sacA::PspoIIA-mCherry, Km

r
 This study 

 stJS02 tagE::spec trpC2,
 
sacA::PspoIIA-mCherry, Km

r
, tagE::spec This study 

 stJS03 trpC2,
 
amyE::PsspE-2G-gfp, sacA::PspoIIA-mCherry, Cm

r
, 

Km
r
 

This study 

 stJS03 tagE::spec trpC2,
 
amyE::PsspE-2G-gfp, sacA::PspoIIA-mCherry, Cm

r
, 

Km
r
, tagE::spec 

This study 

 stJS03 tagE::spec comp stJS03 ∆tagE, thrC::Pspank-tagE with native RBS, Erm
R 

This study 

 EvoR1 Evolved sibling of stJS03 from regularly fluctuating 

environment after 24 hours 

This study 

 EvoR2 Evolved sibling of stJS03 from regularly fluctuating 

environment after 48 hours 

This study 

 EvoR3 Evolved sibling of stJS03 from regularly fluctuating 

environment after 144 hours 

This study 

 EvoI1 Evolved sibling of stJS03 from irregularly fluctuating 

environment after 24 hours 

This study 

 EvoI2 Evolved sibling of stJS03 from irregularly fluctuating 

environment after 48 hours 

This study 

 EvoI3 Evolved sibling of stJS03 from irregularly fluctuating 

environment after 144 hours 

This study 

 178 

 179 

 180 

3. Bioreactor control programs 181 

The Iris software, that can remotely control Infors Multifors bioreactor systems, allow for 182 

running specific programs. The control sequences were programmed in ‘Edit => Control 183 

sequence => edit current’ as follows: 184 

 185 

3 hour regular interval 

#0 

if(seq_time>10800){seq=1}else{seq=0} 

 

#1 

Feed_Pump.sp=9 

if(seq_time>23){seq=2}else{seq=1} 

 

#2 

Feed_Pump.sp=0 

seq=0 

4 hour regular interval 

#0 

if(seq_time>14400){seq=1}else{seq=0} 

 

#1 

Feed_Pump.sp=9 

if(seq_time>23){seq=2}else{seq=1} 

 

#2 

Feed_Pump.sp=0 

seq=0 



 

Irregular glucose additions_______________________________________ 

#0  

Feed_Pump.sp=9  

if(seq_time>23){seq=1}else{seq=0}  

 

#1  

Feed_Pump.sp=0  

if(seq_time>15998){seq=2}else{seq=1}  

 

#2  

Feed_Pump.sp=9  

if(seq_time>23){seq=3}else{seq=2}  

 

#3  

Feed_Pump.sp=0  

if(seq_time>21446){seq=4}else{seq=3}  

 

#4  

Feed_Pump.sp=9  

if(seq_time>23){seq=5}else{seq=4}  

 

#5  

Feed_Pump.sp=0  

if(seq_time>23722){seq=6}else{seq=5}  

#6  

Feed_Pump.sp=9  

if(seq_time>23){seq=7}else{seq=6}  

 

#7  

Feed_Pump.sp=0  

if(seq_time>9279){seq=8}else{seq=7}  

 

#8  

Feed_Pump.sp=9  

if(seq_time>23){seq=9}else{seq=8} 

 

#9  

Feed_Pump.sp=0  

if(seq_time>20664){seq=10}else{seq=9}  

 

#10  

Feed_Pump.sp=9  

if(seq_time>23){seq=11}else{seq=10}  

 

#11  

Feed_Pump.sp=0  

if(seq_time>12888){seq=12}else{seq=11}  

 

#12  

Feed_Pump.sp=9 

if(seq_time>23){seq=13}else{seq=12}  

 

#13  

Feed_Pump.sp=0  

if(seq_time>6527){seq=14}else{seq=13}  

 

#14  

Feed_Pump.sp=9  

if(seq_time>23){seq=15}else{seq=14}  

 

#15  

Feed_Pump.sp=0  

if(seq_time>18668){seq=16}else{seq=15}  

 

#16  

Feed_Pump.sp=9  

if(seq_time>23){seq=17}else{seq=16}  

 

#17  

Feed_Pump.sp=0  

if(seq_time>4440){seq=18}else{seq=17}  

 

#18  

Feed_Pump.sp=9  

if(seq_time>23){seq=19}else{seq=18}  

 

#19  

Feed_Pump.sp=0  

if(seq_time>10368){seq=0}else{seq=19}

 

The interval times for irregular glucose additions were generated using a Python script according to a 

normal distribution with a standard deviation of 0.8. Negative values were not tolerated. The Iris 

software can handle only 60 commando lines. Therefore, 19 additions (57 commando lines) were 

programmed, then looped.  

 

4. UV radiation treatment 

UV-mutagenesis was performed in a flow-cabinet equipped with a UV-light. Mid-

exponentially growing stJS03 culture was poured from a Falcon tube in an open petridish 

before applying UV-radiation. As soon as the UV-light was switched on, culture was 



transferred back into the Falcon tube resulting in a mixture of non-radiated cells and cells 

that have been exposed to UV radiation for up to 1.5 minutes. After UV radiation of stJS03, 

the culture was left shaking at 37°C until only spores remained, in order to remove 

sporulation deficient mutants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5. Sporulation timing in CDSM shake flask cultivations 

For studying emergence of B. subtilis spores in CDSM shake flask cultivations, fresh CDSM 

medium was inoculated with a low inoculum (0.1% v/v overnight culture). The distribution of 

live and dead cells, and pre- and phase-bright spores throughout a shake flask cultivation in 

CDSM was determined by (fluorescence) microscopy using a Zeiss Axiophot microscope 

equipped with an AxioVision camera. To 50 µl of a culture sample 2.5 µl of a 1x Spizizen’s 

solution supplemented with bovine serum albumine (BSA; 25%) and ethidium bromide (EtBr; 

16.67 µg/ml) was added to stain DNA of dead cells. Then 5 µl of the EtBr treated sample was 

applied to an agarose slide prepared according to Glaser et al. (Glaser et al., 1997). Cells that 

don’t turn brightly fluorescent in the GFP channel (excitation, 450 to 490 nm; emission, >520 

nm) were still able to actively export EtBr from the cell, while in dead cells the interaction 

between EtBr and the genomic DNA turned the cells brightly fluorescent. Phase-bright 

spores were marked as such as soon as the center of the mother cell engulfed spore turned 

radiation 

time 

(min.) 

# colonies survival 

percentage 

0 889 100 

1 379 42,63 

2 134 15,07 

3 22 2,47 

4 5 0,56 

5 8 0,90 

Table S4: Survival rate of B. subtilis 

as a result of UV radiation. 

Figure S2: Survival rate of B. subtilis as a result of UV 

radiation. This is a graphic representation of the data in 

Table S4. 



bright in a phase contrast microscopy picture. Microscopic images were processed using the 

ImageJ platform. 

 The glucose concentration in samples was determined using the D-Glucose assay of 

Boehringer Mannheim. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mortality rate 

Mortality rate of B.subtilis in CDSM was determined by calculating the decline of the 

proportion of live cells in the population after depletion of glucose and before emergence of 

phase bright spores. 

 

 

 

 

 

 

Figure S3: Spore development in a CDSM shake flask culture. 20 mM of glucose is finished in 

approximately 17 hours when inoculated with 1/1000 volume of overnight culture. Approximately 2 

hours after finishing the glucose phase-bright (pre)spores begin to appear. The cultivations were 

performed in duplicate.  

Figure S4: Mortality rate of B.subtilis in CDSM after glucose is fully consumed, before phase 

bright spores emerge. The values on the logarithmic y-axis represent proportions of the total 

amount of cells. The trendline is shown in red, the corresponding R value and equation are 

displayed. 



 

6. Germination of spores in CDSM supplemented with L-alanine 

Time-lapse microscopy was performed as described previously (de Jong et al., 2011) with the 

exception that CDM was replaced with CDSM (Veening et al., 2006b). The Personal 

DeltaVision microscopy system (Applied Precision) was programmed to make a phase 

contrast image every 12 minutes. The first phase in spore germination is conversion from a 

bright core of the spore in phase contrast microscopy (phase-bright) to a dark interior. By 

counting the ratio of phase-bright spores versus phase-dark spores, germination can be 

followed in time. 

 

 

 
 

 

Table S5: numbers of phase-bright and phase-dark spores counted. 

 

 

 

 

 

 

 

 

 

 

  frame # 

time 

(hours) 

phase 

bright 

phase 

dark total % phase dark 

 CDSM 
1 0 515 13 528 2,46 

9 1,8 601 19 620 3,06 

              

supplemented with 

100 mM L-alanine  

1 0 449 185 634 29,18 

7 1,4 55 548 603 90,88 

9 1,8 44 566 610 92,79 

Figure S5: Spores of parent strain stJS03 

were applied onto a agarose slide 

prepared with CDSM without L-alanine 

(A,B) or containing 100 mM of L-alanine 

(C,D). The phase contrast images were 

taken right after sample preparation 

(A,C) or after 108 minutes (B,D). 

Offering germinant L-alanine greatly 

improves conversion of phase-bright 

spores to phase-dark spores, the first 

step in spore germination. 

A B 

C D 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The germination rate of stJS03 spores was also followed in time spectrophotometrically. 

Phase-dark spores have lower optical density properties at 600 nm than phase-bright spores 

allowing spectrophotometrical analysis of spore germination (Fig. S7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7: Spectrophotometrical analysis of germination using a TECAN F200 

plate reader. At 600 nm phase-bright spores display higher optical density than 

phase-dark spores. Here stJS03 phase bright spore crop was inoculated in CDSM 

containing different concentrations of L-alanine to determine the optimal 

concentration of L-alanine to be supplemented to the batch fermentations. 

Above concentrations of 0.1 mM of L-alanine optimal germination is achieved 

as displayed by the drop in OD600 continuing into outgrowth. Considering the 

possibility that L-alanine could be metabolized, 20 mM was chosen for 
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Figure S6: Graph of the data 

presented in Table S5. In ~1,5 

hours, in the presence of 100 mM 

L-alanine, >90% of spores turned 

phase-dark. 



 

7. Competition experiment of stJS01 vs. ΔsigF 

A competition between the sporulating laboratory strain stJS01 and the non-sporulating B. 

subtilis ΔsigF strain was performed in order to verify fitness advantage of sporulation under 

the repetitive starvation conditions of the selection environment. In order to exclude growth 

advantages of either strain, the growth rates in CDSM were determined. No significant 

difference in growth rate was observed (Fig. S8). 

  

 
 

 

Competition data stJS01 vs. ΔsigF 

Raw data of the colony counts of the competition assays can be found in the supplementary 

Excel-file ‘SI7 stJS01 vs delta sigF’. 

 

Competition data stJS01 vs. ΔsigF 3 hour regular interval 

Raw data of the colony counts of the competition assays can be found in the supplementary 

Excel-file ‘SI7 stJS01 vs delta sigF 3 h Regular’. 

 

Figure S8: Growth curves of B. 

subtilis 168 and B. subtilis ΔsigF 

in CDSM shake flask cultivations. 



 

8. Competition experiment of stJS01 vs NCIB 3610  

In order to investigate whether laboratory strain stJS01 was optimally adapted to the 

fluctuating environment used in this study, a competition experiment between stJS01 and 

NCIB 3610 was performed. Strain stJS01 was chosen for this experiment because it bears an 

antibiotic resistance marker for identification of the strain, and it produces green fluorescent 

spores ensuring easy visual identification of its spores. Furthermore, this strain was chosen 

over stJS03 because it was hypothesized that the addition of plasmids would lower fitness 

due to increased replication costs and increased costs for an extra constitutively expressed 

antibiotic resistance cassette. NCIB 3610, a wild isolate, was chosen because it was 

hypothesized that this strain would outperform laboratory B. subtilis strains as a result of 

adaptation to its fundamentally less stable, natural environment. In CDSM medium, growth 

curves did not reveal significant differences in growth rate (Fig. S9). 

 

 

 

 

Competition data stJS01 vs. NCIB 3610 

Raw data of the colony counts of the competition assays can be found in the supplementary 

Excel-file ‘SI8 stJS01 vs NCIB 3610’. 

 

Figure S9: Growth curves of 

B.subtilis 168 and B. subtilis 

NCIB 3610 in CDSM shake 

flask cultivations. 



 

9. Competition data stJS02 vs stJS03 

Increased fitness of evolved strains should ideally be studied by competing the evolved 

sibling and its parental strain. However, because of identical antibiotic resistances, it would 

not be feasible to distinguish between both strains. Therefore, the fitness of strains stJS03 

(parental strain) and stJS02, that bears 1 less plasmid than stJS03, were compared. If these 

strains are equally fit, stJS02 can replace the parental strain in competitions with evolved 

stJS03, allowing identification of fitter mutant strains. 

 

 

  

 Raw data of the colony counts of the competition assays can be found in the 

supplementary Excel-file ‘SI9 stJS02 vs stJS03’. 

 

10.  Competition data stJS02 vs evolved mutants 

In competition with stJS02, outgrowth of evolved stJS03 demonstrates increased fitness of 

these evolved strains (Fig. S11). Increased fitness merits resequencing of the genomes of 

these fitter strains. 

 Raw data of the colony counts of the competition assays can be found in the 

supplementary Excel-file ‘SI10 stJS02 vs evolved mutants’. 

 

Figure S10: Pictures of spores sampled after 144 hours from competitions between 

stJS02 and stJS03. Phase contrast pictures were overlayed with GFP images. The phase 

contrast channel was false colored blue for enhancing contrast. Green fluorescent 

spores and non-fluorescent spores are present in roughly equal amounts demonstrating 

equal fitness of stJS02 (GFP
-
) and stJS03 (GFP

+
) under regular glucose influx (A) and 

irregular glucose feeds (B). 
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11.  CLC bio list of SNPs/indels 

The data of the genome resequencing analyses are listed in Excel file ‘SI11 CLC data’. 

 

12.  Competition data stJS02 vs stJS03 tagE::spec 

In order to identify whether loss of tagE is fitness-increasing a deletion strain of tagE in the 

stJS03 background was constructed. The competition between the tagE deletion strain and 

stJS02 can also dismiss the option of unidentified genomic reorganizations (e.g. inversions) 

being fitness-increasing, rather than mutations in tagE. 

 Raw data of the colony counts of the competition assays can be found in the 

supplementary Excel-file ‘SI12 stJS02 vs stJS03 delta tagE’. 

 

13.  Competition data stJS02 tagE::spec vs stJS03  

As an extra control for cementing the conclusion that tagE is fitness-increasing, tagE was 

also deleted from the strain used as a reference for fitness, stJS02, which was then 

competed against parental strain stJS03. 

Figure S11: Microscopic images recorded of samples taken from a 4 hour regular fluctuating 

environment (A) and irregular fluctuating environment (B) 24 hours after inoculation (~6 glucose 

additions). The images on the left are phase contrast images, on the right the corresponding GFP images, 

showing a surplus of green fluorescent spores 

A 

B 



 Raw data of the colony counts of the competition assays can be found in the 

supplementary Excel-file ‘SI13 stJS02 delta tagE vs stJS03’. 

 

14.  stJS02 vs. stJS03 tagE::spec competition in shake flask cultures 

In order to identify whether fitness advantage of tagE loss is environment-specific, a 

competition was performed between stJS02 and stJS03 tagE::spec in CDSM shake flask 

cultures. This situation approaches the batch fermentations, but in contrast all 20 mM 

glucose is made available from the start of the cultivation. In other words, the starvation 

bottle necks are absent from this cultivation. The final spore crop, obtained after 72 hours of 

incubation at 37°C, contains only 35.90% green fluorescent spores produced by stJS03 

tagE::spec. In the fluctuating environments this proportion is over 82% of stJS03 tagE::spec. 

 

 

 
 

 

 

 

 

Figure S12: Phase contrast 

and GFP microscopy 

image of the spore crop of 

a shake flask cultivation of 

stJS02 and stJS03 

tagE::spec. GFP
+
 spores 

are produced by stJS03 

tagE::spec , GFP
-
 spores by 

stJS02. 



 

15.  Swimming motility of evolved mutant strains 

stJS03 tagE::spec displays reduced swimming motility on LB agar supplemented with 0.3% 

agar. Additionally, microcolonies are formed at the edge of the big colony when grown 

overnight at 30°C, and an additional incubation at room temperature for 48 hours. 

 

 

Figure S13: Pictures of 0.3% LB agar plates, inoculated with stJS03 and its evolved 

siblings. All strains display reduced motility and extra colonial microcolonies. 
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Figure S14: A graph representing colony diameters relative to the diameter of colonies of parental 

strain stJS03, measured after 24 hours of incubation at 30°C. Strains marked with an asterisk contain 

disrupted tagE genes either by deletion, frame shift mutation, or introduction of a novel stop codon. 

This experiment was performed in duplo. 

 

 

16.  Complementation ∆tagE of phenotype 

 

 

 

 

 

 

 

 

 

 

  

 

stJS03 ΔtagE* EvoR1 EvoR2* EvoR3 EvoI1* EvoI2 EvoI3* 

Figure S15: Pictures of 0.3% LB agar plates supplemented with 1 mM IPTG, inoculated with 

stJS03 (A), stJS03 tagE::spec pMB002 (empty vector)(B), or stJS03 tagE::spec, thrC::Pspank-

tagE with its native RBS (C). Pictures taken after 1 night at 30°C. 

A C B wt empty vector Pspank-tagE 
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