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Experimental Evolution of Enhanced Growth by Bacillus subtilis at
Low Atmospheric Pressure: Genomic Changes Revealed by Whole-
Genome Sequencing

Samantha M. Waters,®* Daniel R. Zeigler,® Wayne L. Nicholson?®

Department of Microbiology and Cell Science, University of Florida, Merritt Island, Florida, USA?; Department of Microbiology, Ohio State University, Columbus, Ohio,
USAP

Knowledge of how microorganisms respond and adapt to low-pressure (LP) environments is limited. Previously, Bacillus
subtilis strain WN624 was grown at the near-inhibitory LP of 5 kPa for 1,000 generations and strain WN1106, which exhib-
ited increased relative fitness at 5 kPa, was isolated. Genomic sequence differences between ancestral strain WN624 and
LP-evolved strain WN1106 were identified using whole-genome sequencing. LP-evolved strain WN1106 carried amino ac-
id-altering mutations in the coding sequences of only seven genes (flil, parC, ytol, bacD, resD, walK, and yvID) and a single
9-nucleotide in-frame deletion in the rnjB gene that encodes RNase J2, a component of the RNA degradosome. By using a
collection of frozen stocks of the LP-evolved culture taken at 50-generation intervals, it was determined that (i) the fitness
increase at LP occurred rapidly, while (ii) mutation acquisition exhibited complex kinetics. A knockout mutant of rnjB was

shown to increase the competitive fitness of B. subtilis at both LP and standard atmospheric pressure.

,VI icroorganisms exhibit an ability to survive and even thrive in
a wide range of harsh environments on Earth, which feature
extremes of fundamental physical parameters such as temperature
and pressure (1). Organisms able to grow at extremely high tem-
peratures (i.e., thermopbhiles) or low temperatures (i.e., psychro-
philes) have been studied extensively (1), as well as organisms
capable of growth at high pressure (HP) (i.e., piezophiles) (1, 2).
In sharp contrast, our understanding is extremely limited con-
cerning microbial survival, adaptation, and growth in low-pres-
sure (LP) environments. In part, this reflects a relative scarcity of
LP environments on the Earth’s surface; the atmospheric pressure
at sea level averages ~101.3 kPa, and the lowest average terrestrial
barometric pressure is ~34 kPa, atop Mount Everest. However,
there has been a recent upsurge of interest in studying the response
of microbes to LP exposure. First, Earth’s upper atmosphere is a
global LP environment that poses unique challenges to microbial
survival and growth; for example, 5 kPa of pressure corresponds to
an altitude of ~19 km, in the lower stratosphere (3-5). Second,
man-made LP environments (e.g., hypobaric chambers at pres-
sures of ~2 kPa) have proven useful for the long-term storage of
high-value agricultural commodities, partly due to LP inhibition
of the growth of spoilage microorganisms (6). Third, considerable
effort is currently being devoted to the study of the biology of the
extraterrestrial environment of Mars, which features an LP atmo-
sphere ranging from ~0.1 kPa to ~1 kPa; in this context, LP
microbiology is important both for life detection and for planetary
protection purposes (7).

To understand how microbes respond and adapt to LP, we
previously reported an evolution experiment in which Bacillus
subtilis ancestral strain WN624 was propagated in liquid LB me-
dium for 1,000 generations at an LP of 5 kPa; during this experi-
ment, an enhanced growth capability evolved in the culture at 5
kPa (8). After 1,000 generations of evolution, strain WN1106 was
isolated from the 5-kPa population and was shown to exhibit
higher competitive fitness than the ancestral strain at 5 kPa (8).

In order to elucidate the underlying genomic change(s) leading
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to increased fitness at LP, we describe in this communication the
whole-genome sequencing (WGS) of ancestral strain WN624 and
LP-evolved strain WN1106. We found that LP-evolved strain
WN1106 contained amino acid-changing mutations in only eight
protein-coding genes, which are considered candidates for testing
their potential importance in conferring an LP growth phenotype
on this strain.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and growth conditions. All B. subtilis
strains and plasmids used in this study are listed in Table 1. Strain GP45,
with a complete deletion of the r1jB gene and replacement of it with a
spectinomycin resistance cassette (ArnjB::spc), was a generous gift from
Jorg Stiilke. Preparation of chromosomal DNA and B. subtilis competent
cells and DNA-mediated transformation were performed as described
previously (9, 10). Miller LB liquid or agar medium (11) was used
throughout and supplemented when necessary with the appropriate an-
tibiotic (final concentration), as follows: chloramphenicol (Cm, 5 pg/ml),
neomycin (Neo, 5 pug/ml), or spectinomycin (Spc, 100 pg/ml). Cells were
grown under LP (5 = 0.2 kPa) as described in detail previously (8, 12).
Briefly, liquid cultures were propagated in 125-ml sidearm (Klett) flasks in
10 ml of liquid LB medium containing the appropriate selective antibiotic

Received 20 May 2015 Accepted 14 August 2015
Accepted manuscript posted online 21 August 2015

Citation Waters SM, Zeigler DR, Nicholson WL. 2015. Experimental evolution of
enhanced growth by Bacillus subtilis at low atmospheric pressure: genomic
changes revealed by whole-genome sequencing. Appl Environ Microbiol
81:7525-7532. doi:10.1128/AEM.01690-15.

Editor: J. L. Schottel
Address correspondence to Wayne L. Nicholson, WLN@ufl.edu.

* Present address: Samantha M. Waters, Department of Environmental Science
and Technology, Georgia Institute of Technology, Atlanta, Georgia, USA.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AEM.01690-15.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

aem.asm.org 7525


http://dx.doi.org/10.1128/AEM.01690-15
http://dx.doi.org/10.1128/AEM.01690-15
http://dx.doi.org/10.1128/AEM.01690-15
http://aem.asm.org

Waters et al.

TABLE 1 B. subtilis strains and plasmids used in this study

Strain or plasmid Genotype, phenotype, or description

Source or reference”

Strains
GP45 trpC2 rnjB::spc Spc* J. Stuilke
WN624 trpC2 amyE::spc Spc', ancestral strain 17
WN628 trpC2 amyE::cat Cm’", ancestral strain 17
WN1106 trpC2 amyE::spc Spc’, evolved to enhanced growth at 5 kPa 8
WN1261 trpC2 amyE::neo, Neo" in WN624 background pECE141—WN624 (tf); this study
WNI1278 trpC2, amyE::neo, Neo" in WN1106 background pECE141—WN1106 (tf); this study
WN1279 trpC2 amyE::cat, Cm' in WN1106 background pPDAG32—WN1106 (tf); this study
WN1518 trpC2 amyE::neo rnjB::spc, Neo' Spc” in WN624 background GP45—WN1261 (tf); this study
WNI1519 trpC2 amyE::neo rnjB::spc, Neo" Spc” in WN1106 background GP45—WN1278 (tf); this study

50-1,000 generations
of the 5-kPa evolution expt

Plasmids
pECE73 pCm::Neo antibiotic switching cassette
pECE141 pSpc::Neo antibiotic switching cassette
pDAG32 pSpc::Cm antibiotic switching cassette

amyE::spc Spc'; 20 frozen stock populations representing generations 50 to 1,000 8

BGSC (16)
BGSC (16)
BGSC (16)

“ Abbreviations: tf, transformation; BGSC, Bacillus Genetic Stock Center.

at 27°C in a temperature-controlled rotary shaker bath with moderate
shaking (~150 rpm). Low pressure was supplied by a programmable
pumping system (KNF Neuberger, Trenton, NJ) fitted with 0.2-pm in-
line air filters. Under these conditions, evaporation within a 24-h period
was negligible. Growth was measured by optical density (OD) using a
Klett-Summerson colorimeter fitted with a no. 66 (red, 660-nm) filter
(note that for purposes of comparison, 100 Klett units = 1 ODgq = ~1 X
108 cells per ml). At daily intervals, the OD of each population was deter-
mined, each culture was diluted 1:100 into fresh selective medium, and
incubation was continued. Under this regimen, each population pro-
gressed through ~6.6 generations per day. At ~50-generation intervals,
an aliquot of each culture was stored in 25% (vol/vol) glycerol at —70°C.

DNA extraction and quality control for WGS. Overnight cultures of
strains WN624 and WN1106 were prepared in LB medium containing the
appropriate antibiotic at 37°C. Cells were harvested by centrifugation, and
RNA-free genomic DNA (gDNA) was purified as previously described
(10). DNA concentrations were measured using a Qubit fluorometer and
the Quant-iT double-stranded DNA (dsDNA) broad-range assay kit (Life
Technologies, Grand Island, NY) according to the manufacturer’s guide-
lines. The 260/280 nm absorbance ratio for DNA purity was determined
by UV spectrophotometry to be >1.8 for all samples.

Oligonucleotide primers. The identities and sequences of all oligonu-
cleotide primers used in this study are presented and explained in Table 2.

WGS and mutation identification. Samples of DNA from each strain
were submitted to Vanderbilt Technologies for Advanced Genomics,
Vanderbilt University, Nashville, TN (http://vantage.vanderbilt.edu/).
WGS was performed using the Illumina HiSeq 2000 system (Illumina Inc.,
San Diego, CA). Details of the processing of the raw data and the identi-
fication of mutations can be found in the Materials and Methods in the
supplemental material. The sequencing reads were mapped to the Bacillus
subtilis strain 168 reference genome (GenBank accession number
AL009126.3). Mapping statistics for each strain are listed in Table S1 in the
supplemental material. Single-nucleotide polymorphisms (SNPs) and in-
sertion/deletions identified by WGS are listed for strains WN624 (see
Table S2 in the supplemental material) and WN1106 (Table 3). Muta-
tional calls were analyzed based on (i) presence in the evolved strain but
not the ancestor, (ii) high mapping quality as determined by the Unified
Genotyper tool, and (iii) visual confirmation from BamView, a mapping
visualization tool.

Mutation verification. SNPs in strain WN624 found to differ from the
published strain 168 sequence (see Table S2 in the supplemental material)
and the seven SNPs and the single insertion/deletion found in WN1106
(Table 3) were all PCR amplified using the primer pairs listed in Table 2
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and verified by Sanger sequencing either at the Plant-Microbe Genomics
Facility at The Ohio State University or at the University of Florida Inter-
disciplinary Center for Biotechnology Research (UF-ICBR).

Kinetics of mutation sweeps during LP evolution. To determine at
which time each mutation occurred during the 5-kPa evolution experi-
ment that resulted in strain WN1106 (8), aliquots of 20 frozen glycerol
stock cultures that had been stored at 50-generation intervals during the
1,000-generation experiment (8) (Table 1) were thawed and grown over-
night in liquid LB medium plus Spc. Genomic DNA was prepared from
each population and PCR amplified with the primer pairs indicated in
Table 2. The sequence chromatographs from the amplified regions were
inspected to identify the location of each SNP, which was present as a
double peak in heterogeneous populations. Each peak height was mea-
sured at this position and converted into a ratio of the mutant nucleotide
fluorescence signal to the total fluorescence signal at that position. The
proportion of the mutant allele peak height to the total peak height versus
the generation was then plotted for each mutation.

In silico analysis of mutations. Secondary-structure predictions were
performed using the online CFSSP tool at www.biogem.org (13, 14). Ter-
tiary-structure predictions were conducted using Swiss Model Workspace
for RnjB, BacD, ResD, ParC, and Flil mutant protein sequences with the
PDB structure available used as a reference, i.e., 32Q4, 3VMM, 1B00,
1ZVU, and 2DPY, respectively. Structural alignments were conducted
using Pymol. ResD was aligned and its structure was determined based on
two transcriptional response regulators whose structures have been deter-
mined, Escherichia coli PhoB and Mycobacterium tuberculosis MtrA.
Alignments were performed using the online Clustal Omega tool (http:
//www.ebi.ac.uk/Tools/msa/clustalo/). Detailed discussion of in silico
analyses is presented in Results in the supplemental material.

Competition assays. Relative fitness gains or losses that occurred dur-
ing the 5-kPa evolution experiment were determined by competition as-
says as described previously (8). From the 20 frozen stocks from
LP-evolved populations taken at 50-generation intervals, individual over-
night cultures were prepared in liquid LB medium plus Spc. Each culture
was competed against either strain WN628 (a congenic Cm" version of
ancestral strain WN624) or WN1279 (a congenic Cm" version of LP-
evolved strain WN1106). Fresh overnight cultures of each strain to be
competed were grown in LB medium containing the appropriate antibi-
otic, and both strains to be competed were diluted 1:200 into the same
flask containing LB medium without antibiotic. The mixed cultures were
propagated as described above for three to four passages of 1:100 dilu-
tions. At daily intervals, aliquots were removed from the culture and the
relative numbers of each strain were determined by serial dilution and
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TABLE 2 Oligonucleotide primers used in this study

Genome Sequence of B. subtilis Evolved at Low Pressure

TABLE 2 (Continued)

Primer type Olignucleotide Sequence (5'—3") Primer type Olignucleotide Sequence (5'—3")

WN624° CITZF230 GGGGAAATCACAGAATGGAA parC-R1936322 TCACGAACCTCTGAGATGCC
CITZR1225 ATGTACGGCTCAGCGTTTTC resD-F2417342 GAAGCTTTTCCCGATCATACACC
COMPF1673 TGAACGAGGCGGTAGTTCTT resD-R2417791 ATGGTGATGAAGCCATTGCC
COMPR2285 GTGCTTGACCGCATTAGACA rnjB+261F AACAAGCTGTCCGTTCCAGT
EPSCF686 TGACGACCAAACGAAGCATA rnjB+771R TTCCGGCTACGGCAATCTTT
EPSCR1311 TGTTTTTGACCGCCTCTTCT walK-F4152887 CAGAGGCTAGCTTTCTGCGT
GERAF855 TCACCATTTCCGCAGATACA walK-R4153352 GTGGCTGGGAAACAAACGAC
GERAR1584 TTGGGAGACGGATAATGGAG yto-F2998178 TCATCCGTGTTAAAGCCCCC
GLTAF2805 ATGTCATTCGGGTCCTTGAG yt0-R2998587 ATCGATTCACTGCCTGTCGG
GLTAR3774 TTGCTTTCCAGTGCTCCTTT yvID-F3606521 GCACAACAGAGGGAGTGCAA
ILVCF106 ACAGGTACAACGGCTTTTGC yvID-R3607016 GCCAGCCTCATTTTATCGATCTT
ILVCF366 GCCCAAGAAGACGGACATAA “ Primers used for PCR amplification and confirmation by Sanger sequencing of the
ILVCR1136 TTGATGTTCGTTCTCGCTTG SNP-containing regions found in strain WN624, which differed from the strain 168
ILVCR1186 TGTTTCACAAACGGCATCAT sequence (see Table S1 in the supplemental material).

OPPDF446 GCTGTCCGAAAAAGAAATGC b Primers used to verify SNPs identified in strain WN1106 (see Table 3).
OPPDR1409 GATTCACCAACCAGCCCTAA
PGDSF206 CACACTGGCAAACTGGAAGA
PGDSR1164 CAAATCCCGTCTCAGGTGTT viable counts on the respective selective medium. Competition assays
RECAF183 AGCCTGGGCATGTGTTTATC were performed in duplicate at 27°C, 5 kPa (8, 12), and relative fitness
RECARI1106 CCCGAACATAACACCGACTT values were calculated as follows. A selection coefficient, S, was calculated
RLUBF608 GAAAGGAATCCCGCCTAAAG from each competition by the formula S = [InR(#)/R(t — 1)]/t, where R is
RLUBR1198 GCTCGATACGTTTCCCATTC the ratio of the number of bacteria of the test strain to the number of
RLUDF173 AGCGGGAAAAAGAAAAAGGA bacteria of the reference strain, and t is the number of generations (15).
RLUDRI1150 TTCAGCTTCGTTTATTATTTCAGA Relative fitness is defined as 1 + S.
MSWCF372 GGAGAGCATTCCTGTTTTCG Statistical analyses. Basic statistical parameters and analyses of vari-
MSWCR1079 CGCCATTTCCGTATCAGAAT ance (ANOVA) were performed using commercial statistical software
SACAF1339 CGGAGTCTGGCTTTTCAATC (Kaleidagraph, version 4.5.2; Synergy Software, Reading, PA). Differences
SACAR1993 CGGCAGCCTGTTTATTTGAT with a P of =0.05 were considered statistically significant.
SCOCF82 AAAAACCCTTTCGTCGCAAT
SCOCR1037 GAGCAAGGAAGAAGGGGAAG RESULTS AND DISCUSSION
SEPFF133 GCTGAGAGAACTCCGTGACC WGS was used to determine the genomic changes that occurred in
SEPFR940 TCGGAGGGATGATTTTTCTG strain WN1106 after 1,000 generations of experimental evolution
SFTAF480 AGAGAGCGTCCCAGAAATGA .
SFTAR1454 AGACGATTTGGAACCCTGCT from ancestral strain WN624. at 5 kPa. .
SIGIF137 TTCTCCTTIGCGAATCCCTA Genome of ances'tr.al strain WN624. Ancestral stra1n§ WN624
SIGIR1004 TCAGCAACGTGACGAATTTT and WN628 were originally constructed by transformation of an
SSRBE268 GAATCGCACTCGGCTTAGAC amyE::spc or an amyE::cat cassette, respectively (16) into the ver-
SSRBR1008 TGTCCGACAGTTGAAAGCAG sion of laboratory strain B. subtilis 168 housed in W. L. Nichol-
TRMDF262 TTCTTCAAAAAGCCCAGGAA son’s strain collection (17). Comparison of the strain WN624 ge-
TRMDR1147 AAGTGTCACCAGGACGGAAC nome sequence with the published sequence of strain 168 (18)
UVRXF275 GGCTGTAACAATGGGGCTTA resulted in identification of 30 SNPs differing between the two
UVRXR951 GCATCAACGGAGCACCTATT strains, and the presence of these SNPs was verified by Sanger
VEGF160 GCTTTACGCCGTTTATGGAA sequencing (see Table S2 in the supplemental material). Interest-
VEGR804 AAAGGGCAAAACAAAAAGCA . . .
YOJAR937 TGTTGOCATIGCCATAAAGA ingly, 22 of these SNPs were .a.lso fopnd to occur in the publ.ls.hed
YOQAFS1 CGGAGTGACAAGTGAAATGC genome sequence of B. subtilis str.am QB928, one of th.e original
YOZTE187 TTGGATGTCCCGATGAAAAT standard kit strains constructed in the Dedonder lab in France
YOZTRS42 CTTGAGAGCGGGATGGTAAT during the 1970s to facilitate genetic mapping experiments (19).
YPIBF97 ATTTTGCGAATCGAGGATGA The construction of QB928 was somewhat complex, but its ge-
YPIBR806 TCTCCACCTCATCGTTCTCC netic markers were transferred to a strain 168 genetic background
YQEZF354 CGTTCGTTACAAGACGCAAA by transformation. The sequence polymorphisms that were iden-
YQEZR1217 AGCTGAGGCGATCAAGAGAG tified strongly suggest that WN624, WN628, and QB928 share an
YUTEF14 TTGTGGGAGACTGGGGATAC ancestral strain derived from the original strain 168 of Burkholder
YUTER749 ACAAATTCACACGCCTCCTC and Giles (20).
gggf{lﬂ TGACCCCAGAGCAAATCTTC Genome of LP-evolved strain WN1106. The genomic se-
712 TTTCGGGCTTCATCTTTCTG . .
YXIMF412 TCCTGACCGATTICTITTGG quence of LP-evolved strain WN1106 dlffered’ from the ances‘Fral
YXJMR919 TCTGAATCCTCCTIGCTGCT WN624 sequence by only seven SNPs and a single 9-bp deletion

WN1106” bacD-F3871584 AGAGCAGCACGGAAATCTTCA (Table 3). SNPs were located within the coding regions of five
bacD-R3872064  TCATCGCTGATCTTGGAGGC known genes, flil, parC, resD, bacD, and walK, and in two genes of
fI-F1695745 TGCTGATGAAAAAGCTCAAAAAGG  unknown function, ytol and yvID (Table 3); no mutations were
fliI-R1696207 GCGGTTCTCCAAAAGCATCG found in noncoding or intergenic regions. In addition, a 9-bp
parC-F1935866 ACACGGTTGAATTTGTGCCG
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deletion was identified in the rnjB gene, which we designated
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TABLE 3 SNPs and deletion present in LP-evolved strain WN1106 and absent in ancestral strain WN624

Gene  Position on genome  Annotated function(s) Mutation Amino acid change
flil 1695979 Flagellum-specific ATP synthase; motility and chemotaxis C—A P35T

rnjB 1749958 RNase J2; RNA processing and degradation AAGATCGCCA A183-AKI-185
parC 1936060 Subunit of DNA topoisomerase IV; chromosome segregation and compaction G—C D205H

resD 2417575 Two-component response regulator; regulation of anaerobic respiration G—A P110Q

ytol 2998392 Unknown C—A V77F

yviD 3606764 Unknown A—T Stop120K

bacD 3871798 Alanine-anticapsin ligase; bacilysin biosynthesis C—>T E97N

walK 4153105 Two-component sensor kinase; control of cell wall metabolism G—A T195M

rnjB* 1749949 RNase J2 C—A C177Stop

“ Point mutation found in rnjB, generations 600 to 950.

rnjB(A9). This deletion was predicted to cause an in-frame,
3-amino-acid deletion in the rnjB gene product, RNase J2 (Table
3). Inspection of the DNA sequence surrounding the rnjB(A9)
mutation revealed that this deletion was likely caused by a recom-
bination event occurring between a pair of 6-bp direct repeats
separated by 3 bp (Fig. 1).

Kinetics of mutational sweeps during LP evolution. To deter-
mine when each of the mutations occurring in strain WN1106
arose during the 5-kPa evolution experiment, the DNA sequence
surrounding each mutation was PCR amplified from each of the
20 frozen stock cultures preserved at ~50-generation intervals
(Table 1), using the PCR primer pairs described in Table 2. The
proportion of mutant alleles in each population, estimated from
the sequencing chromatographs as described in Materials and
Methods, was plotted against the generation of the experiment
(Fig. 2A). From inspection of the data, it could be seen that the
mutations appeared and swept the culture with distinct kinetic
patterns. The patterns could roughly be grouped into (i) muta-
tions occurring early (generations 200 to 400) during the evolu-
tion experiment [e.g., the SNPs in flil, parC, ytol, and the rnjB(A9)
deletion] and (ii) mutations detected toward the end (generations
800 to 1000) of the evolution experiment (e.g., the SNPs in walK,
yvID, resD, and bacD) (Fig. 2A).

Details of the dynamics of mutations detected during LP evo-
lution. (i) SNP in flil. The most straightforward example of an
early mutation was the SNP in fli] that was first detected at gener-
ation 300 and then swept through and apparently became fixed in
the population by generation 650 (Fig. 2A). In support of previous
reports that flil mutants are deficient in flagella and hence non-
motile, we confirmed by phase-contrast microscopy that over-
night cultures of LP-evolved strain WN1106 were not motile,

RNaseJ2: G E I A K I G N
rnjB: GGCCAAT Ancestor (WN624)
rnjBA9: GGCGAGATCGGCAAT LP-evolved (WN1106)
RNaseJ2A3: G E_ I G N
A K I

FIG 1 DNA sequence of the rnjB gene and deduced amino acid sequence of
RNase J2 in ancestral strain WN624 (top) and the DNA sequence of the
rnjB(A9) mutant and deduced amino acid sequence of the resulting RNase
J2A3 in LP-evolved strain WN1106 (bottom). Direct repeats (boxed, boldface
type) are indicated. A triangle indicates deletion of 3 amino acids (AKI) from
the deduced RNase ]2 sequence in strain WN1106.
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whereas overnight cultures of ancestral strain WN624 were highly
motile (data not shown).

(ii) Deletion and SNP in rnjB. Inspection of the sequence sur-
rounding rnjB revealed that the rnjB(A9) deletion was first de-
tected at generation 250 and had apparently swept the population
by generation 450. However, the deletion did not become fixed in
the population, but rather its frequency declined from generations
550 to 800. The decline of r1jB(A9) was soon followed at genera-
tion 600 by the appearance of a new subpopulation carrying an
SNP in rnjB that resulted in the replacement of codon C177 with a
premature stop codon in the deduced RNase J2 amino acid se-
quence (Table 3). By generation 800, this new SNP in rnjB had
come to dominate the population; however, from generations 800
to 1000, it was again replaced by the original rnjB(A9) deletion
(Fig. 2A).

(iii) SNPs in parC and ytol. The appearance of the SNPs de-
tected in parC and ytol followed a general pattern similar to that
seen with the rnjB(A9) deletion: both SNPs appeared early at gen-
erations 200 to 300, rose in frequency to a maximum at generation
500, decreased in frequency until generation 800, and then rapidly
swept the population by generation 1000 (Fig. 2A).

(iv) SNPs in bacD, resD, walK, and yvID. In all cases, the SNPs
identified in bacD, resD, walK, and yvID did not appear until gen-
erations 850 to 900 and thereafter rapidly increased in the popu-
lation (Fig. 2A).

Taken together, the data presented in Fig. 2A illustrate the
complex dynamics that the population experienced during its
evolution to enhanced growth at 5 kPa. It is particularly inter-
esting to note that the population carrying the particular set of
mutations identified in strain WN1106 did not actually arise
until that last 150 to 200 generations of the experiment, sug-
gesting that a strong selective sweep occurred of a strain which
had acquired this particular collection of mutations. At pres-
ent, it is not possible to distinguish which mutation(s) was
responsible for the sweep from generations 850 to 1000 and
which were genetic “hitchhikers” (21). Of course, the approach
leading to the results illustrated in Fig. 2A yields information
about the history of only the eight mutations identified in
strain WN1106 (Table 3); a more comprehensive picture of the
dynamics of this LP evolution experiment would require WGS
of each of the frozen stock populations.

Gains in competitive fitness during LP evolution. To deter-
mine the fitness gains that occurred during evolution at 5 kPa,
each frozen stock population stored at 50-generation intervals
(Spc’) was competed at 5 kPa in duplicate against congenic
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FIG 2 (A) Kinetics of mutational sweeps during LP evolution experiment.
Data are depicted as the proportion of the mutant allele divided by the total
(mutant + ancestral) allele (filled circles). For rnjB, a second allele was discov-
ered during this experiment, i.e., an SNP resulting in a nonsense mutation at
codon 177 (Table 3), which is depicted by white circles. (B) Results from
competition experiments in which each frozen stock of the LP-evolving pop-
ulations (Spc”), taken at 50-generation intervals, was competed at 5 kPa against
either ancestral strain WN628 (Cm'; open circles) or LP-evolved strain
WN1279 (Cm'; filled circles). Competition at the zero-generation mark used
ancestor strain WN624. Data are shown as averages * standard deviations of
results of duplicate experiments. See the text for details.
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ancestral strain WN628 (Cm") or LP-evolved strain WN1279
(Cm"; congenic to LP-evolved strain WN1106) (Fig. 2B). Inter-
estingly, this competition experiment revealed that the LP-
evolved population gained a significant increase in relative fit-
ness over ancestral strain WN628 after only 100 generations of
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exposure to 5 kPa, and fitness rapidly increased until at 200
generations its value was 1.43 £ 0.05 (Fig. 2B). Thereafter, the
relative fitness of the LP-evolving population rose slowly to a
maximum value of 1.67 = 0.1 at generation 650 and then fell to
a final value of 1.36 * 0.06 by generation 1000 (Fig. 2B). This
final relative fitness value compares well with that of strain
WN1106 (1.26 * 0.2), which had been originally isolated from
the 1,000-generation culture (8, 12).

Examination of the data from the competition experiments of
the frozen cultures versus LP-evolved strain WN1279 indicated
that at generation 0, the population exhibited a lower relative fit-
ness of 0.77 * 0.09 (Fig. 2B). Because the population at generation
0 is a clonal population of ancestral strain WN624, this value was
expected and corresponds well with the previously determined
relative fitness of ancestral strain WN624 versus LP-evolved strain
WNI1106 (0.79 = 0.2) (8, 12). A steady rise in relative fitness of the
LP-evolving population was noted until generation 350, by which
time the relative fitness of the LP-evolving population versus
strain WN1279 had stabilized at essentially ~1 for the remainder
of the 1,000-generation experiment (Fig. 2B).

Examination of the data (Fig. 2B) indicated that increased fit-
ness at 5 kPa occurred very early during the LP evolution experi-
ment, reaching a level commensurate with LP-evolved strain
WNI1106 by the first 150 generations. Interestingly, none of the
SNPs identified by WGS of strain WN1106 were found at signifi-
cant levels by 150 generations (Fig. 2A). Furthermore, it was ob-
served that LP fitness of the evolving population actually was high-
est between generations 400 to 700 and even declined by
generation 1000 (Fig. 2B). Taken together, the data strongly sug-
gest that the mutation(s) which increased LP fitness arose early in
the population but was subsequently lost. Such a putative muta-
tion(s) could be identified by WGS of the evolving populations
from earlier time points in the experiment and recovered for fur-
ther testing.

Knockout mutation ArnjB::spc results in increased fitness.
Examination of the data in Fig. 2 indicated that the earliest-ap-
pearing and most persistent mutation(s) in a gene of global regu-
latory significance during LP evolution appeared to reside within
the rnjB gene—in both the rnjB(A9) deletion and the rnjB nonsense
mutation, respectively. We thus reasoned that the r1jB gene prod-
uct may be involved in LP growth and that further testing of rnjB
mutations was warranted. We were curious to determine how the
rnjB mutations in strain WN1106 affected the activity of RNase]J2,
if at all. We therefore obtained from the Stiilke laboratory strain
GP45 carrying a deletion-insertion mutation which removed the
entire rnjB gene and replaced it with a Spc' cassette (ArnjB::spc).
Strains WN1518 (ArnjB::spc amyE::neo in a WN624 background)
and WN1519 (ArnjB::spc amyE:neo in a WN1106 background)
were constructed (Table 1) in order to directly test the effect of the
ArnjB::spc knockout mutation in competition experiments versus
their congenic counterparts, ancestral strain WN628 (amyE::cat)
and LP-evolved strain WN1106 (rnjBA9 amyE::spc). (Note that
strains WN1519 and WN1106 also both contain the full contin-
gent of SNPs at the seven other loci described in Table 3.) Com-
petition experiments were performed in liquid LB medium at
27°C and at either ~101 kPa or 5 kPa.

Several interesting observations came from this experiment
(Fig. 3). First, the ArnjB::spc knockout strain WN1518 demon-
strated a higher relative fitness (1.42 % 0.09) than the congenic
ancestral strain WN628 at 5 kPa (Fig. 3), indeed even greater than
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FIG 3 Competition experiments to test the effect of the rnjB::spc knockout
mutation on relative fitness. (Left) Strain WN1518 (ArnjB::spc amyE::neo in
WN624 background) was competed against congenic ancestral strain WN628
(amyE::cat). (Right) Strain WN1519 (ArnjB::spc amyE::neo in WN1106 back-
ground) was competed against congenic strain WN1106 [rnjB(A9) amyE::spc].
Competitions were performed in liquid LB medium at 27°C and either ~101
kPa (black bars) or 5 kPa (gray bars). Data are averages = standard deviations
of results of duplicate experiments.

that previously measured for strain WN1106 at 5 kPa (1.26 = 0.2)
(8, 12). Thus, the ArnjB::spc knockout strain appeared to confer
higher relative fitness at LP than did the rnjB(A9) in-frame dele-
tion.

Second, surprising to us was the observation that the ArnjB::
spc knockout strain WN1518 also exhibited a dramatically
higher relative fitness than the congenic ancestral strain
WN628 (1.83 = 0.12) at Earth’s normal atmospheric pressure
of ~101 kPa (Fig. 3). This result is in stark contrast to the
previous observation that ancestral strains WN628 and LP-
evolved strain WN1106 showed no difference in relative fitness
when competed at ~101 kPa (8). The observation suggests that
deletion of rnjB somehow allows B. subtilis to grow more effi-
ciently in LB medium at 27°C, an observation we are at present
investigating in further detail.

Third, strain WN1519 carrying the ArnjB::spc knockout muta-
tion exhibited no relative fitness advantage compared to congenic
strain WN1106 carrying the rnjB(A9) mutation, when the two
strains were competed at either ~101 kPa or 5 kPa (Fig. 3). This
observation indicated that the effect of the rnjB(A9) in-frame de-
letion in WN1106 is essentially the same as that of the complete
loss of the rnjB gene in strain WN1519, suggesting that the
3-codon in-frame deletion in WN1106 might render RNase J2
inactive. While this third observation apparently stands at odds
with the first two, it is possible that the relative fitnesses measured
in the competitions of strain WN1519 against WN1106 are altered
somehow by the presence of the additional seven SNPs in these
two strains. A more definitive answer to this discrepancy can be
obtained by construction of a strain carrying only the rnjB(A9)
mutation in a clean genetic background; this work is currently in
progress.

In summary, this communication describes the use of WGS to
investigate the experimental evolution of B. subtilis to enhanced
growth at the near-inhibitory LP of 5 kPa. Genome sequencing of
LP-evolved strain WN1106 revealed mutations in only eight pro-
tein-coding genes after 1,000 generations of evolution at LP (Table
3). Each gene will be discussed below in order of appearance in the
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evolving culture. In addition, a detailed in silico analysis of each
gene product can be found in Results in the supplemental mate-
rial.

rnjB. Two separate mutations in the rnjB gene, rnjB(A9) and
rnjB nonsense, were detected as early as generation 250, and their
relative proportions fluctuated until rnjB(A9) swept the popula-
tion at generations 850 to 1000 (Fig. 2A). The rnjB gene encodes
RNase J2 (also known as RnjB), which together with RNase J1
(also known as RnjA) form an RNase J1/J2 complex comprising
part of the RNA degradosome, one of the major mRNA global
processing systems in Bacillus subtilis, reviewed previously (22,
23). The known primary function of RnjB is that of an endoribo-
nuclease (24, 25), whereas RnjA, the essential component of the
complex, exerts the main exoribonuclease function as well as act-
ing as an endoribonuclease (22, 25, 26). (It should be noted here
that the actual function and activity of RNase J2 are currently
unclear and a subject of debate.) To date, no phenotype has ever
been ascribed to an rnjB mutant; however, our results reported
here have uncovered a role for rnjB in regulating the growth of B.
subtilis at both LP and standard atmospheric pressure and 27°C
(Fig. 3).

It should be noted that short deletions at repeat regions which
alter enzyme activity and cell fitness under stressful conditions are
not unprecedented. A well-studied example in B. subtilis is the
activation of a second glutamate dehydrogenase (GDH) encoded
by the cryptic gudB gene via an in-frame 9-bp deletion event; this
deletion occurs at high frequency in response to glutamate starva-
tion stress in mutants lacking the major GDH (27-29). A second
example concerns in vivo development of daptomycin resistance
in a clinical isolate of Enterococcus faecalis, which was shown to
result from in-frame deletions in three genes involved in the re-
sponse to antibiotics causing cell envelope stress (30).

flil. A mutation in fli], the gene encoding an ATPase needed for
export of flagellar proteins (31), was detected at generation 300
and swept the population by generation 650. Mutations that result
in a decrease in or lack of motility have been reported previously in
laboratory evolution experiments in Myxococcus xanthus (32),
Campylobacter jejuni (33), Escherichia coli (34), and B. subtilis (35,
36). It is thought that during long-term growth in shake flasks,
where nutrient gradients cannot form, motility and chemotaxis
functions serve no selective advantage and are energetically ex-
pensive; thus, nonmotile mutants enjoy a growth advantage (37).
It may be that for long-duration growth in flask cultures, motility
loss is an early step toward fitness increase regardless of any exter-
nally imposed selective pressure.

ytol. Although the SNP in yrol appeared at generation 300
during LP evolution, it failed to sweep the population until gen-
erations 850 to 1000 and may be a genetic hitchhiker. Although
widely conserved among the genus Bacillus, the function of the
ytol gene product is currently unknown. It has been predicted to
be a transcription factor belonging to the GntR family (38), a
prediction supported by its localization to the nucleoid region
(39). Protein BLAST at NCBI revealed that the putative 48-kDa
ytol gene product contains a number of highly conserved protein
domains (winged helix-turn-helix, DRTGG, CBS pair, and hot-
dog superfamily) and is classified to COG (Clusters of Ortholo-
gous Groups) 4109, “Predicted transcriptional regulator contain-
ing CBS domains.”

parC. The parC gene encodes ParC, topoisomerase IV subunit
A, which is an essential protein involved in chromosome decat-
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enation and replication fork movement (40, 41). It was noted that
the SNPs in both ytoI and parCboth arose at generation 300, soon
after the appearance of the rnjB(A9) mutation, and all three mu-
tations followed essentially similar trajectories (Fig. 2A), suggest-
ing that these three mutations may share a lineage. Because ParC s
an essential gene product, it might be predicted that the SNP iden-
tified would alter, rather than abolish, its activity.

bacD. The SNP detected in bacD arose late in the LP evolu-
tion experiment at around generation 850 and rapidly swept
through the population. The bacD gene encodes BacD, an L-
amino acid ligase which in vivo is responsible for the ATP-
dependent ligation of L-alanine and L-anticapsin and the pro-
duction of the extracellular dipeptide antibiotic bacilysin (42).
It is difficult to envision how a bacD mutation would confer a
selective advantage in liquid culture, and thus it seems rational
to presume that the SNP in bacD may be a genetic hitchhiker.

resD. The SNP detected in resD also appeared late in the LP
evolution experiment at generation 800. The resDE operon en-
codes the ResD and ResE proteins, which comprise a well-
characterized two-component system in B. subtilis that regu-
lates anaerobic gene expression; ResE serves as the sensor
kinase, and ResD is the response regulator (43). Whether the
SNP in ResD is a genetic hitchhiker or might actually exert an
effect on LP growth is unclear at present. Previous experiments
showed that LP-evolved strain WN1106 actually exhibited de-
creased fitness compared to ancestral strain WN624 when
competed at low-oxygen (1% O,) and standard pressure (~101
kPa) (12). However, this observation does not rule out the
possibility that the SNP in resD might be beneficial under low-
oxygen conditions coupled with LP.

walK. The SNP identified in walK also appeared late in LP
evolution at generation 900. The walK gene is located downstream
from walR, and their gene products form an essential two-com-
ponent system which controls cell wall metabolism, WalK being
the sensor kinase of this system. First discovered in B. subtilis, the
WalK-WalR two-component system has since been found to be
widespread among the low-G+C Gram-positive bacteria (44, 45).
The activity of WalK has been reported to respond to fluctuations
in membrane fluidity, and depletion of WalK in the cell activates
the two-component system DesK-DesR, resulting in increased des
transcription (44). It was reported previously that WN1106 had
increased transcription of des at 5 kPa, but it was unclear what the
underlying reason for this increase was, as localized sequencing of
the des and desKR genes did not reveal any mutations (12). It may
be that the underlying genomic explanation for upregulation of
des at 5 kPa in WN1106 is due to the mutation in walK. Because
WalK is an essential gene product, it might be predicted that the
SNP identified would alter, rather than abolish, its activity.

yvID. The SNP in yvID appeared late in LP evolution (genera-
tions 850 to 1000) and may be a genetic “hitchhiker.” The yvID
gene is known to be part of the SigW regulon and is induced by cell
wall stress (46,47). This gene is highly conserved among the family
Bacillaceae, and protein BLAST at NCBI revealed that the putative
12-kDa ytol gene product is likely an integral membrane protein
of unknown function. It is classified under COG1950 “Predicted
membrane protein” and belongs to the domain of unknown func-
tion (DUF) 360 superfamily.

Aside from mutations in r1jB, at present the putative roles,
if any, of the additional seven SNPs identified in LP-evolved
strain WN1106 are unclear. However, it is interesting to note
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that both the walK and yvID gene products are related to main-
tenance of cell wall integrity. Experiments are currently in
progress to further elucidate the role(s) played by the gene
products identified here in their putative enhancement of LP
growth in B. subtilis.
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