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Understanding cellular life requires a comprehensive knowledge of the essential cellular functions, the components in-
volved, and their interactions. Minimized genomes are an important tool to gain this knowledge. We have constructed
strains of the model bacterium, Bacillus subtilis, whose genomes have been reduced by ~36%. These strains are fully viable,
and their growth rates in complex medium are comparable to those of wild type strains. An in-depth multi-omics analysis of
the genome reduced strains revealed how the deletions affect the transcription regulatory network of the cell, translation
resource allocation, and metabolism. A comparison of gene counts and resource allocation demonstrates drastic differences
in the two parameters, with 50% of the genes using as little as 10% of translation capacity, whereas the 6% essential genes
require 57% of the translation resources. Taken together, the results are a valuable resource on gene dispensability in B.
subtilis, and they suggest the roads to further genome reduction to approach the final aim of a minimal cell in which all func-

tions are understood.
[Supplemental material is available for this article.]

The understanding of how a living cell operates is a key issue in life
science. To study and fully understand all fundamental processes
of a living cell, it is crucial to reduce its complexity by constructing
genome-minimized organisms. Genome reduction is also pursued
to obtain simplified cell factories for producing value-added com-
pounds (Trinh et al. 2008; Komatsu et al. 2010).

Two strategies are used to generate genome-reduced organ-
isms: the bottom-up and the top-down approaches (Lam et al.
2012; Juhas et al. 2014). Whereas the former approach is used to
synthesize a minimal cell from essential genes, the latter approach
is applied to streamline existing genomes by deleting nonessential
genomic regions. The bottom-up approach has been applied to
synthesize the artificial Mycoplasma mycoides JCVI-syn3.0 with a
minimal genome of only 531 kb (Hutchison et al. 2016). This ge-
nome is smaller than that of any independently replicating bacte-
rium found in nature. The bottom-up approach also includes
attempts to synthesize protocells that are well-suited to study basic
cellular processes such as cell division and replication (Blain and
Szostak 2014; Xavier et al. 2014).
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The top-down approach has been used to streamline the ge-
nomes of several bacteria (Komatsu et al. 2010; Leprice et al.
2012; Juhas et al. 2014; Choe et al. 2016). For Escherichia coli, it
has been shown that up to 35% of the genome is dispensable for
viability (Hirokawa et al. 2013). In a first attempt to streamline
the Bacillus subtilis genome, 7.7% of the genetic information was
removed (Westers et al. 2003). The loss of more than 300 genes
did not cause any growth defect, and the differentiation processes
remained unaffected. The B. subtilis genome has even been re-
duced by ~25%, but growth of the cells was unstable (Ara et al.
2007). Recently, 146 individual B. subtilis deletion mutants have
been generated that could grow on rich medium (Tanaka et al.
2013). For both E. coli and B. subtilis, it remains to be evaluated
how far the genome reduction can go. However, given the differ-
ent cellular organization and biology of E. coli, M. mycoides, and
B. subtilis, genome reduction approaches with these and other bac-
teria are required to get a final glimpse of the very essence of life
(Reuf$ et al. 2016a; Martinez-Garcia and de Lorenzo 2016).

©2017 ReuB etal. This article is distributed exclusively by Cold Spring Harbor
Laboratory Press for the first six months after the full-issue publication date
(see http://genome.cshlp.org/site/misc/terms.xhtml). After six months, it is
available under a Creative Commons License (Attribution-NonCommercial
4.0 International), as described at http://creativecommons.org/licenses/
by-nc/4.0/.

27:289-299 Published by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/17; www.genome.org

Genome Research 289
www.genome.org


mailto:jstuelk@gwdg.de
mailto:jstuelk@gwdg.de
mailto:voelker@uni-greifswald.de
mailto:voelker@uni-greifswald.de
mailto:voelker@uni-greifswald.de
http://www.genome.org/cgi/doi/10.1101/gr.215293.116
http://www.genome.org/cgi/doi/10.1101/gr.215293.116
http://genome.cshlp.org/site/misc/terms.xhtml
http://genome.cshlp.org/site/misc/terms.xhtml
http://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genome.cshlp.org/site/misc/terms.xhtml

ReuB et al.

Essential genes are crucial for the viability of an organism un-
der optimal growth conditions. Thus, the identification and eval-
uation of the essential gene set is important for the construction of
a viable minimal cell. However, the genome of a minimal organ-
ism is much more than an essential gene set because many cellular
processes can be achieved in different ways (Commichau et al.
2013). For instance, paralogous proteins may carry out the same
function and only loss of all of them is lethal. Moreover, essential
building blocks can either be acquired by uptake or by de novo syn-
thesis. Genes can also be essential because of their role in the pro-
tection of the cell against harmful molecules (Commichau et al.
2013). Large-scale studies identified 253 and 295 genes as being in-
dividually essential for growth of B. subtilis and E. coli, respectively,
on rich medium at 37°C (Gerdes et al. 2003; Kobayashi et al. 2003;
Reuf et al. 2016a). Although the E. coli genome contains 13 essen-
tial genes of unknown function, B. subtilis possesses only one es-
sential gene whose function remains to be discovered (Juhas
et al. 2014).

In this study, we have applied the top-down approach to re-
duce the B. subtilis genome in order to obtain minimal strains
with robust growth on complex medium at 37°C.

Results

Construction of genome-reduced strains

In order to construct a genome-reduced B. subtilis strain in which
all remaining genes are essential for the survival of the cell and the

genome integrity as well as to identify a minimal gene set required
for life, we used a fast and reliable marker-free deletion system for a
stepwise reduction of the B. subtilis A6 genome (Westers et al. 2003;
Wenzel and Altenbuchner 2015). In order to avoid problems with
loss of growth or genetic competence, we decided at an advanced
stage of the project to continue with two independent strain line-
ages (Fig. 1). So far, ~36% of the genome has been deleted (com-
pared to the B. subtilis 168 genome [NC_000964]). This has been
achieved by introducing 88 and 94 individual deletions in the
two independent strains PG10 and PS38, respectively (Fig. 1;
Table 1). The deletions were designed following the outline of a
minimal cell based on B. subtilis (Reuf$ et al. 2016a). First priority
was given to large dispensable regions and cellular functions,
which are not necessary for the survival of the cell (e.g., sporula-
tion, antibiotic production, motility, metabolism of secondary car-
bon sources, and genes of unknown functions). Among the
selected deletion regions, a few could not be deleted or resulted
in severe fitness defects (Supplemental Table S1). These regions
were either modified or not included in the multideletion lines.
For a detailed overview on the deleted regions, see Supplemental
Table S1.

A major problem encountered with advancing genome reduc-
tion was a gradual decrease of genetic competence. This problem
was solved by integrating a comK/comS cassette under control of
the mannitol-inducible mtIP promoter (Rahmer et al. 2015). The
resulting strain, B. subtilis 11G-Bs27-24 (Fig. 1C), showed a 20-
fold higher transtormation rate compared to the laboratory strain
B. subtilis 168.
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Figure 1. Progress of Bacillus subtilis genome reduction. (A) Schematic overview on the important functions to be conserved in a genome-reduced strain.
The pie chart indicates functional distribution of the remaining 64% of genes in the genome-reduced strain PG10. (B) Localization of the individual dele-
tions in the reference strain B. subtilis A6, the last common ancestor [IG-Bs27-47-24, and the analyzed strains PG10 and PS38. Each bar indicates a deleted
genomic region. The locations of the deletions refer to the B. subtilis 168 genome (NC_000964). (C) Genealogy of the genome-reduced strains. The num-
ber of deletions and the genome sizes of important intermediate strains are depicted.
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Table 1. Overview on the genome reduction progress

Genome Number
Genome reduction Deleted Remaining of

Strain size (Mb) (%) genes® genes® deletions
168 4.22 - - 4253 -
A6 3.88 8.03 376 3877 7
1IG-Bs27- 2.90 30.95 1401 2852 81

47-24

PG10 2.76 34.60 1553 2700 88
PS38 2.68 36.49 1605 2648 94

“The numbers are based on the gene list provided in Supplemental
Table S1. rRNA and tRNA loci are not counted.

To determine the consequences of the combined deletions,
we compared the physiological properties of the deletion strains
PG10 and PS38 to the reference strain A6. Growth of the bacteria
was analyzed in complex medium supplemented with glucose.
The reference strain had a generation time of 21.5+2.3 min,
whereas the deletion strains PG10 and PS38 doubled every 33.0 +
2.2 and 29.3 £ 0.4 min, respectively. Furthermore, the cytoplasmic
volume and the genetic competence of the genome-reduced
strains were analyzed. Strikingly, the individual cells were rod-
shaped and similar to those of the reference strain. However, al-
though the reference strain A6 grew in the form of individual sep-
arated cells, we observed long filaments of nonseparated cells for
both deletion strains. The genetic competence was reduced only
to a minor extent since the comK-comS cassette was introduced
in the intermediate strain 1IG-Bs27-24. For a detailed description
of the phenotypic results, see Supplemental Data S1.

A multi-omics analysis of the minimized strains

In order to obtain deeper insights into the consequences of the de-
letions for the bacteria, we decided to perform a multi-omics anal-
ysis of the reference strain A6 and the two deletion strains PG10
and PS38. The genomes of the two deletion strains and the ge-
nome of their last common ancestor, 11G-Bs27-47-24, were se-
quenced and compared to the progenitor reference strain A6.
Moreover, the bacteria were cultivated in complex medium supple-
mented with glucose, and samples of the same cultures were sub-
jected to metabolome, proteome, and transcriptome analyses.

Mutations in the genome-reduced strains

The genome sequences confirmed the presence and the precise ge-
nomic location of all deletions in the three strains. In addition, we
detected several mutations that were present either in both or in
either one of the individual deletion strains. It is known from other
large-scale genome engineering projects that such mutations may
occur (Gibson et al. 2010; Hutchison et al. 2016), and they may
have impact on the further development of the project. We found
73 mutations in the common ancestral strain, IIG-Bs27-47-24 (for
the details of the mutation analysis, see Supplemental Table S2).
Of these mutations, 12 affected noncoding regions of the genome.
Moreover, 35 mutations affected the trpC gene. Hypervariability of
this gene has been previously observed for different strains of B.
subtilis. In particular, the 3NA strain, which was used to cure the
trpC mutation of the reference strain A6, carries the same trpC allele
as our progenitor strain (Reuf} et al. 2016b), indicating that this
polymorphism is a legacy of strain construction. Moreover, muta-
tions were detected in the mfd, pit, dgcW, gpsB, and yusT genes that

encode the transcription-repair coupling factor, a low affinity
phosphate transporter, putative diguanylate cyclase/phosphodies-
terase, a cell division protein, and a LysR-type transcription factor,
respectively. The PG10 and PS38 strains share two additional mu-
tations in noncoding regions. Among the mutations specific for
PG10 are those affecting thyA and ynzD, encoding thymidylate
synthase A and a phosphatase that targets SpoOA phosphate, the
major regulator for post-exponential lifestyles, respectively. In
PS38, we detected mutations in the mutSB and tagC genes that en-
code a putative mismatch repair protein and a nonessential pro-
tein that may be involved in polyglycerol phosphate teichoic
acid biosynthesis.

General results of the multi-omics analysis

The deletion of about one-third of all protein-coding genes in the
genome-reduced strains suggests that the relative amount of pro-
tein-coding mRNA in comparison to all RNAs has decreased. In
agreement with this hypothesis, we calculated a reduction of the
share of mRNA of total RNA in both deletion strains by ~10% as
compared to the reference strain.

The multi-omics analyses identified significant effects of the
deletions at all levels; indeed, we observed 420 (371), 302 (269),
and 14 (7) significant changes at the transcriptome, proteome,
and metabolite levels for PG10 (PS38), respectively. At least 65%
of all proteins with different amounts between the reference and
genome-reduced strains show a similar change at the transcrip-
tome level (Supplemental Data S2).

One interesting question of the proteome analysis is related
to the contribution of the proteins encoded by genes deleted in
the genome-reduced strains to the proteome of the reference strain
A6. These deleted genes are mainly involved in minor or post-ex-
ponential functions and therefore likely to be underrepresented
in the reference proteome. In addition to ~8% already deleted in
the reference strain, another 28% of the genome has been deleted
in the genome-reduced strains PG10 and PS38. Indeed, the ~28%
difference in genome size between the reference strain and the ge-
nome-reduced strains account for only 1.1% and 2.4% of the pro-
teome of the reference strain as compared to the minimized strains
PG10 and PS38, respectively.

For all strains, we have analyzed the distribution of the genes
among major functional categories. In parallel, all proteome data
have been analyzed with respect to the allocation of the transla-
tion capacity to these different functional classes (Fig. 2A). A sim-
ilar analysis has been performed to take gene essentiality and the
level of knowledge on any given gene into account (Fig. 2B). The
results can be visualized using the MB-proteome browser at http://
www.minibacillus.org. As shown in Figure 24, the share of genes
involved in Metabolism and Information processing has increased
in the genome-reduced strains at the expense of genes involved
in Lifestyle functions (motility and biofilm formation, sporulation,
stress adaptation) and of genes that cannot be grouped to any of
the known functional classes (Other). Interestingly, the representa-
tion of functional classes differs drastically at the proteome level
(Fig. 2A). In the reference strain, proteins involved in Information
processing account for 56% of protein synthesis capacity, whereas
the corresponding genes make up only 20% of the genome.
Similarly, enzymes and proteins involved in Metabolism are over-
represented in the proteome as compared to their share in the cod-
ing capacity. On the other hand, the proteins involved in Lifestyles
and Other functions require as little as 10% of the protein synthesis
capacity in complex medium, although the respective genes sum
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Figure 2. The functional distribution of the genes and their corresponding relative protein
fractions are highly disproportional. (A) Gene distribution and allocation of translation capacity
according to functional categories. The upper panel shows the functional distribution of genes
in the genome-reduced strains. All genes were assigned to one of four major functional catego-
ries (cellular processes, metabolism, information processing, lifestyles). The lower panel shows
the allocation of translation capacity to functional categories. (B) Extreme overrepresentation
and underrepresentation of essential and unknown proteins, respectively, in the proteome.
The upper panel shows the distribution of genes in the genome-reduced strains according to
essentiality and the level of knowledge. All genes were assigned to one of four classes (essential;
nonessential, function known; nonessential, poorly characterized; and nonessential, unknown).
The lower panel shows the allocation of translation capacity according to essentiality and the
level of knowledge. The alpha values (percentage abundance) obtained for the individual pro-
teins in the proteome analyses were pooled for each class. The relative protein fractions indicate
the allocation of translation resources to each class.

Ps38

es and encode protective functions (Commichau
et al. 2013). In contrast, about 300 of the genes of
unknown function have been deleted. Thus, the
essential genes are enriched to 9% in the ge-
nome-reduced strains, whereas the relative num-
ber of unknown genes has declined to 18% (Fig.
2B). Interestingly, even if only a small number
of genes are essential, they account for a signifi-
cant portion of the total proteome. In the refer-
ence strain, the essential proteins represent 57%
of the total proteome, and this share is reduced
in the genome-reduced strains PG10 and PS38
to 50% and 51%, respectively. In contrast, the
proteins of unknown function represent only
2.7% and 2.5% of the proteome in the reference
and the genome-reduced strains, respectively
(Fig. 2A). These observations on one hand under-
line the importance of the essential genes and on
the other hand suggest that unknown genes may
only be expressed under very specific conditions.

The transcription units with the strongest
changes at the level of gene expression are shown
in Table 2 (all transcription data are provided in
Supplemental Table S3). Among the most severely
up-regulated transcription units in both strains
were the mhgNOP operon and the mhgA and
azoR2 genes. Strikingly, these three transcription
units are repressed by the transcription factor
MhqR that has been deleted early during genome
reduction. Moreover, we observed a strong in-
crease in transcription of the ydfQ gene coding
for a thioredoxin-like protein. This gene is located
immediately downstream from the mhgNOP oper-
on, suggesting transcriptional read-through. The
highly increased transcription of the MhqR regu-
lon is also the reason for the overrepresentation of
the functional category Lifestyle in protein re-
source allocation (see above). This category in-
cludes the stress proteins and thus also the
proteins involved in resistance against oxidative
and electrophile stress (see http://subtiwiki.uni-
goettingen.de/wiki/index.php/Resistance_against_
oxidative_and_electrophile_stress) (Michna et al.
2016).

The increased expression of the comG oper-
on in the genome-reduced strains is the result of
the overexpression of the ComK competence
transcription factor. As mentioned above, the
pit gene encoding a low-affinity phosphate trans-
porter carries a mutation in the deletion strains.
The cells might perceive the resulting reduced

up to 49% of the genome. In the genome-reduced strains, we ob-
served a reduction of the protein synthesis capacity used for
Information processing, although the relative number of genes for
these functions has increased from 20% to 24%. On the other
hand, proteins involved in Lifestyles became more prominent in
the genome-reduced strains in spite of a reduction of the number
of genes in this functional category (see below).

In the genome of B. subtilis, the essential genes account for
6% of all genes, whereas ~21% of the genes code for proteins of un-
known function. In the genome-reduced strains, only five of the
essential genes have been deleted. These genes are part of prophag-

phosphate uptake as a phosphate limitation, which results in acti-
vation of the PhoPR two-component regulatory system. Indeed,
the pst operon encoding a high-affinity ABC transporter for phos-
phate as well as the pipA gene are strongly expressed in both dele-
tion strains PG10 and PS38, supporting the idea of an activation of
the PhoPR system. In addition, the rocA gene encoding an enzyme
of the arginine utilization pathways and the putBC operon in-
volved in proline utilization were strongly up-regulated in both
deletion strains (for a detailed discussion of amino acid metabo-
lism, see below). Finally, the paiAB operon encoding a spermine/
spermidine-N-acetyltransferase exhibited an increased expression
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Table 2. Genes with the most strongly affected expression in the genome-reduced strains

Gene/Operon Function Regulator(s) Factor®
PG10
Higher expression in PG10 (as compared to A6)
mhgNOP Protection against methyl-hydroquinone MhqgR (deleted) 4781
rocAB Utilization of arginine, ornithine, and citrulline SigL, RocR, AhrC, AbrB, CodY 802
paiAB Control of intracellular polyamine concentrations 420
comG operon Competence proteins required for DNA binding ComK 186
ydfQ Unknown 152
azoR2 Protection against methyl-hydroquinone MhgR (deleted) 152
putBC Utilization of proline PutR, CodY, SpoOA 138
pst operon High-affinity phosphate uptake PhoP 90
rocG Utilization of arginine, control of GItC activity SigL, RocR, AhrC, AbrB, CodY 70
ymaF Unknown 55
Lower expression in PG10 (as compared to A6)
pel Degradation of polygalacturonic acid CcpA, ComA, TnrA 0.01
dha$ Unknown 0.02
rapF Control of ComA activity CcpA, ComA 0.02
gltAB Biosynthesis of glutamate GItC, TnrA, FsrA 0.03
srfA operon Surfactin biosynthesis ComaA, CodY, Abh, PerR, Spx, PhoP 0.04
hemAT Sensing of oxygen, aerotaxis Sigh 0.07
ysbAB Pyruvate transporter LytT 0.11
yfmTS Control of chemotaxis SigD 0.12
glpTQ Utilization of glycerol-3-phosphate uptake GlpP, CcpA 0.12
med Lipoprotein, positive regulator of comK Spo0A 0.12
PS38
Higher expression in PS38 (as compared to A6)
mhgNOP Protection against methyl-hydroquinone MhgR (deleted) 4462
paiAB Control of intracellular polyamine concentrations 354
azoR2 Protection against methyl-hydroquinone MhqgR (deleted) 169
ydfQ Unknown 130
ywbO Unknown SigM, SigW, SigX 83
pst operon High-affinity phosphate uptake PhoP 82
ymaF Unknown 69
rocAB Utilization of arginine, ornithine, and citrulline SigL, RocR, AhrC, AbrB, CodY 56
comG operon Competence proteins required for DNA binding ComK 56
mhgA Protection against methyl-hydroquinone MhgR (deleted) 53
Lower expression in PS38 (as compared to A6)
trmB tRNA modification 0.003
pel Degradation of polygalacturonic acid CcpA, ComA, TnrA 0.01
yitT-ipi Protection against oxidative stress, control SigB 0.02
of intracellular proteolysis
dha$ Unknown 0.02
rapF Control of ComA activity CcpA, ComA 0.02
hemAT Sensing of oxygen, aerotaxis SigD 0.05
yfmTS Control of chemotaxis Sigh 0.06
yjeM Unknown SigD, AbrB 0.06
trePA Utilization of trehalose TreR, CcpA, PhoP 0.08
pbuG Uptake of hypoxanthine and guanine PurR 0.08

“The regulation factor represents the mean regulation for the genes of an operon and was calculated by dividing mean expression in the respective

genome minimized strain by the value recorded for the A6 strain.

in both PG10 and PS38. In strain PS38, we observed an increased
expression of genes of the PerR regulon, which is required for pro-
tection of the cell against peroxide stress. It is tempting to specu-
late that this increase is caused by deletion of the ahpCF operon
in PS38, but not in PG10. The ahpCF operon encodes the highly
expressed alkyl hydroperoxide reductase (Antelmann et al. 1996;
Nicolas et al. 2012), and the loss of this enzyme triggers peroxide
stress (Bsat et al. 1996).

Among the genes with reduced expression in both genome-
reduced strains, several transcription units (including the pel and
rapF genes and the srfA operon) depend on activation by the
two-component system ComPA, which has been deleted already
in the common progenitor of both deletion strains. In addition,
both strains showed a strongly reduced expression of the dha$
gene encoding an aldehyde dehydrogenase. This might be the re-

sult of a deletion that extends into the immediate upstream region
of dha$ and that may affect the expression signals. Similarly, the
regions upstream of the trmB gene and the yitT-ipi operon have
been deleted in PS38, and these deletions are accompanied by a
strongly reduced expression of these genes in PS38. The gltAB op-
eron was strongly repressed in the strain PG10. This might result
from the significant overexpression of the glutamate dehydroge-
nase RocG in this strain (Fig. 6, see below). Taken together, most
of the strongest changes at the level of gene expression can be ex-
plained by the introduced genome alterations or as a secondary
consequence of primary changes in gene expression. For those
alterations that cannot be explained, it is possible that the un-
derlying regulatory mechanisms have not yet been identified.
Alternatively, the significant reduction of genome size might cause
topological alterations in the chromosome, which are then
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reflected by changes in gene expression (Hatfield and Benham
2002; Durand-Dubief et al. 2010; Vos et al. 2011; Ferrandiz et al.
2016).

Another consequence of the genome deletions for the tran-
scriptional landscape is the generation of novel transcription
units. This may result in the appearance of new operons or even
of antisense transcripts if two transcription units from opposing
strands are joined without a terminator between them. Indeed, a
new operon consisting of recX and mutY was generated by the dele-
tion of the region between yfhH and yfhP. The latter is the case for
the expression of the ndh and pit genes encoding NAD dehydroge-
nase and the low-affinity phosphate transporter, respectively. In
both genome-reduced strains, strong antisense transcription of
both genes is observed due to read-through transcription.

The gene expression/translation machinery

The analysis of protein resource allocation revealed that in the ref-
erence strain A6, ~56% of the resources are used for information
processing (Fig. 2A). This observation is in excellent agreement
with results obtained for resource allocation in other bacteria
(Bremer and Dennis 1996; Hui et al. 2015). In contrast, the ge-
nome-reduced strains PG10 and PS38 use 49.8% and 50.3%, re-
spectively, of their resources for information processing. This
difference can be attributed to the fractions of ribosomal proteins,
which were reduced by 25.3% and 22.3% in the two strains, respec-
tively (Fig. 3A). The use of resources for the synthesis of ribosomal
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Figure 3. The growth rate of the genome-reduced strains correlates to
the synthesis of ribosomal proteins. (A) Relative proteome fractions of
the four major groups of genes involved in translation (ribosomal proteins,
aminoacyl-tRNA synthetases, translation factors, and other proteins in-
volved in translation) of the three genome-reduced strains A6, PG10,
and PS38. (B) Fraction of ribosomal proteins as function of the growth
rate (doubling times/hour). The proteome fraction and the doubling
time show a linear correlation (black line).

proteins typically reflects the growth rate of the bacteria (Bremer
and Dennis 1996; Borkowski et al. 2016). Indeed, we observe a pre-
cise linear correlation between the growth rate of the strains and
the fraction of ribosomal proteins (Fig. 3B). In E. coli, synthesis
of the RNA polymerase is also affected by the growth rate
(Bremer and Dennis 1996; Klumpp and Hwa 2008). This does
not seem to be the case in B. subtilis, as the fraction of RNA poly-
merase subunits has remained unaffected in the genome-reduced
strains as compared to the reference strain (Fig. 4).

For the transcription apparatus, we have also investigated the
relative amounts of the individual proteins. As stated above, we ob-
served no changes of the amounts of the highly expressed core
subunits and housekeeping sigma factor of the RNA polymerase
(Fig. 4). Among the seven alternative sigma factors identified in
the proteome, the membrane stress sigma factor " showed re-
duced amounts in the genome-reduced strains, whereas the
amounts of ¢* and o' were slightly increased. Interestingly, the
amount of the alternative sigma factor " was strongly increased
in the genome-reduced strains, reflecting the increased sigL tran-
script levels in both minimized strains. However, RNA polymerase
containing this sigma factor alone is not sufficient to initiate tran-
scription, as this particular holoenzyme depends on one of a set of
five operon-specific transcription factors (Joly et al. 2012). The ex-
pression of several SigL-controlled genes involved in arginine uti-
lization (rocA, rocG) was strongly up-regulated in the genome-
reduced strains, suggesting that the increased amount of SigL
might be of physiological relevance (Fig. 6, see below).

Effect of genome reduction on metabolism and its regulation

The results of the determination of the intra-cellular and extracel-
lular metabolites are summarized in Supplemental Table S4. The
analysis of the metabolite profiles for the central metabolic path-
ways revealed several important changes in the genome-reduced
strains that imply a rerouting of metabolism (for strain PG10, see
Fig. 5; for strain PS38, see Supplemental Fig. S1). Importantly,
the intracellular concentrations of several glycolytic intermediates
were reduced in the genome-reduced strains. This was mirrored by
the strongly reduced secretion of pyruvate, the end product of gly-
colysis, in the genome-reduced strains as compared to the refer-
ence strain A6 (Supplemental Table S4). Thus, flux through
glycolysis is likely to be reduced in the deletion strains. This might
be a result of the slightly reduced expression of the ptsGHI and
gapA operons and of the pgi gene (Fig. 5).

In the tricarboxylic acid (TCA) cycle, we observed distinct
changes in the mutants. Although the citrate concentration was
reduced in both deletion strains, reflecting the reduced pyruvate
concentrations, the levels of succinate and malate were increased.
In addition to the synthesis of citrate, there are several other en-
tries into the TCA cycle. The organic acids can be taken up directly
or they can be produced by the utilization of amino acids such as
arginine, glutamate, or aspartate. Indeed, most of the amino acids
present in the medium were utilized by the bacteria as indicated by
reduced concentrations in the medium after cultivation. The entry
of nutrients via the TCA cycle was reflected by the higher expres-
sion of two central transcription units that encode the enzymes
for the core of the cycle (Meyer et al. 2011). The citZ-icd-mdh oper-
on encoding citrate synthase, isocitrate dehydrogenase and malate
dehydrogenase, and the citB gene encoding aconitase as well as the
corresponding enzymes showed a strong accumulation in the ge-
nome-reduced strains, thus allowing efficient utilization of organ-
ic and amino acids via the TCA cycle.
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Figure 4. Proteome fractions of genes involved in transcription. Relative
proteome fractions of the core RNA polymerase subunits o (RpoA), B
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The most striking effect on metabolism was observed for the
arginine degradation pathway to glutamate and for glutamate bio-
synthesis. The genes and enzymes involved in arginine utilization
as well as the corresponding metabolites were increased in the ge-
nome-reduced strains; in contrast, the genes and enzymes for glu-
tamate biosynthesis were strongly reduced. However, the extent of
these alterations was very different for the two analyzed strains. In
both genome-reduced strains, the intracellular concentrations of
arginine were similar; whereas the concentration of ornithine,
an intermediate in arginine degradation was increased 16- and
twofold in PG10 and PS38, respectively (Fig. 6). Similarly, the ex-
tracellular concentration of urea, which is generated during the
conversion of arginine to ornithine, had increased very strongly
in PG10, but only mildly in the strain PS38 (Supplemental Table
S4). Moreover, we observed a strong increase of the intracellular
glutamate level in PG10, but even a slight decrease in PS38.

An analysis of these metabolic patterns and of the underlying
changes in gene expression suggests a complex picture. First, the
amounts of both the RNA polymerase sigma factor, ¢", and the
transcription factor RocR, that are together responsible for the ex-
pression of arginine degradation genes, are increased in the ge-
nome-reduced strains (SigL: 7.1- and 5.1-fold; RocR: 3.9- and 1.6-
fold for PG10 and PS38, respectively) (Fig. 4). This may be the rea-
son for the increased expression of the genes encoding the argi-

nine degradative pathway. Expression of the promoter-proximal
genes of the transcription units in this pathway is increased
1400-fold, 49-fold, and 70-fold for rocA, rocD, and rocG, respective-
ly, in PG10. The weaker increase of SigL. and RocR in the genome-
reduced strain PS38 is reflected by a concomitant weaker increase
of expression of the arginine utilization genes (100-fold for rocA,
smaller increase for rocD and rocG), and thus weaker accumulation
of ornithine and glutamate. Second, the acquisition of arginine
seems to be increased in both strains, but to a different extent.
The concentrations of arginine and ornithine in the medium are
very low (0.16 mM and 0.03 mM, respectively, compared to the
glutamate concentration of 0.94 mM). The significant accumula-
tion of arginine degradation products suggests a different source.
Indeed, B. subtilis uses peptides as a source of nitrogen and amino
acids, and expression of the major peptide uptake system
OppABCDF is enhanced in both deletion strains (threefold and
twofold in PG10 and PS38, respectively). Finally, the strong accu-
mulation of the glutamate dehydrogenase RocG in the genome-re-
duced strain PG10 and the presence of glutamate in the medium
result in the severe (more than 30-fold) repression of the glutamate
biosynthetic gltAB operon in this strain. This repression results
from the regulatory interaction of RocG with the transcription ac-
tivator GItC, which leads to inactivation of GItC (Commichau
et al. 2007; Stannek et al. 2015), and thus the inability to express
the gltAB operon. Therefore, increased levels of a sigma factor, a
transcription factor, and the effector molecule ornithine lead to in-
creased expression of the arginine utilization pathway operons
and reduced expression of glutamate biosynthetic genes, and in-
creased uptake of oligopeptides may be responsible for the differ-
ential regulation of this metabolic pathway in the two genome-
reduced strains. The impact of SigL and RocR on the expression
of the arginine degradation genes is supported by an extended
quasi-equilibrium model (Bintu et al. 2005) for the regulation of
the roc genes, which shows that the combined slight changes in
SigL, RocR, and ornithine amounts are sufficient to explain the
strong up-regulation of rocA and rocG (Supplemental Data S3).
The strong changes in arginine and glutamate metabolism in
the genome-reduced strains raise the possibility that these changes
are relevant for the growth and physiology of the bacteria. To test
this hypothesis, we deleted the rocR gene encoding the transcrip-
tion factor required for the expression of the arginine utilization
genes from the genome of PG10, which exhibited the strongest ef-
fect on arginine metabolism. The analysis of growth of PG10 and
its isogenic rocR mutant GP2303 revealed that the growth rates
were not affected by the rocR deletion (Supplemental Fig. S2).
Therefore, we conclude that the strong activity of the arginine deg-
radation pathway is not required for the genome-reduced bacteria.

Discussion

Genome minimization is an important approach to uncover the
functions required for cellular life and to develop our understand-
ing of the interactions between those essential components. The
recent construction of M. mycoides JCVI-syn3.0 with a genome of
only 531 kb was a major breakthrough in the field (Hutchison
et al. 2016). However, the functions of ~30% of the genes of this
minimal genome are so far unknown (Danchin and Fang 2016).
Moreover, the biology of Mycoplasma species with their lack of a
cell wall, altered genetic code, and complex metabolic require-
ments is rather specific. Therefore, to get a more comprehensive
view of minimal bacterial cells, it is of key importance to construct
minimal genomes based on a selection of bacteria that represent
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genes for the quantitatively most impor-
tant processes in the cell, especially for
information processing. Indeed, DNA
replication, transcription, and transla-
tion require together 47.5% of the re-
sources of the translation apparatus.
The unknown genes define the other
side of the coin, because although they
are large in number, their contribution
to global protein synthesis is negligible
in complex medium. This observation
supports the idea that the unknown
genes are poorly expressed since they
are involved in highly specific functions
and probably not required under stan-
dard conditions, thus making only a mi-
nor contribution to a final minimal
genome, if any. Therefore, a minimal B.
subtilis genome may be better compre-
hensible than a minimal organism based
on a Mycoplasma genome. Similar to the
unknown genes, those involved in life-
style selection (e.g., motility, biofilm for-
mation, and genetic competence) and
stress adaptation (24% of the genome of
the reference strain) contribute little
(6%) to global protein synthesis. In the
genome-reduced strains, most genes in-
volved in biofilm formation and motility
have been deleted as these functions are
dispensable for the cell. The conclusion
on the rather minor contributions of un-
known genes and of genes involved in
lifestyle selection and stress adaptation is
underlined by the fact that the 28% of
the genome of the reference strain that

Figure 5.

the different biological concepts with respect to metabolism and
cell biology as well as to their ecological niches.

In this study, we present the construction and functional
characterization of two B. subtilis strains from which ~36% of
the original genome have been deleted. To the best of our knowl-
edge, this represents the most extensive combined genome dele-
tion for any complex bacterium. However, both strains are
viable, and their growth rates are only slightly reduced compared
with the reference strain.

The integrated “omics” study performed with these strains
provides several important insights with respect to general princi-
ples of gene expression and previously unidentified regulatory
mechanisms. Moreover, the results set the framework for further
steps in genome reduction.

Our study demonstrates how differently each gene contrib-
utes to the proteome of the cell, in that the essential genes, which
account for only 6% of all genes in the reference strain give rise to
57% of the translational activity. In contrast, the 25% unknown
and poorly characterized genes use only 3% of the translation ma-
chinery. These results underline the relevance of the essential

Integrated view of relative transcript, protein, and metabolite concentrations in central car-
bon metabolism. Data obtained for the genome-reduced strain PG10 were compared to those for the
reference strain A6. (Inset) Explanation of the color scheme and the presentation of the different entities.

has been deleted in the genome-reduced
strains (among them many unknown
and lifestyle genes) account for <2.5% of
the proteome in the reference strain.

The analysis of changes in the prote-
ome and transcriptome revealed a signif-
icant increase concerning proteins involved in the biosynthesis
and assembly of iron-sulfur clusters in PS38 as compared to the ref-
erence strain and the sister strain PG10. Whereas these proteins re-
quire <0.9% of the translational capacity in the two latter strains,
this proportion has doubled to 1.82% in PS38. In agreement
with this, we also observed increased mRNA levels for the
sufCDSUB operon in PS38; however, this increase is rather minor.
So far, no regulatory mechanisms have been identified for the
sufCDSUB operon. Our findings suggest that such a regulator
that acts mainly at the posttranscriptional level has been deleted
in PS38, but not in PG10. Further analyses are required to unravel
these novel regulatory mechanisms.

The results of this characterization of two divergent, but sim-
ilar genome-reduced strains provide valuable clues for further steps
in the reduction of the B. subtilis genome. First, it seems reasonable
to delete those genes with high priority that are strongly overex-
pressed in the present strains without causing obvious benefits.
In particular, this is the case for all members of the MhqR regulon
(mhgA, mhgNOP, azoR2) and the paiAB operon. In the genome-re-
duced strains, the encoded proteins account for >4% of the total
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Figure 6. A detailed view at arginine and ornithine metabolism reveals drastic changes in PG10. Data obtained for the genome-reduced strains were
compared to those for the reference strain A6. (Inset) Explanation of the color scheme and the presentation of the different entities.

protein resource allocation, suggesting that they impose a signifi-
cant burden on the cell. Moreover, deletion of the sigL gene would
result in loss of expression of the arginine/ornithine biosynthetic
pathway. Although this pathway is highly expressed and very ac-
tive in the genome-reduced strains, switching it off by removing
the RocR transcription activator does not affect growth of the ge-
nome-reduced bacteria.

Another category of genes that can be deleted are those 225
genes that are not expressed in any of the three strains studied
here. Such genes (mostly sporulation or stress response genes)
are not likely to be required for the growth of the bacteria under
the conditions set in this study for the construction of a minimal
genome (complex medium with glucose, 37°C).

Taken together, the present study reports the most extensive
genome reduction obtained in any complex bacterium so far. Our
results emphasize the key relevance of essential genes for the biol-
ogy of the cell, and they provide important clues for further steps
in genome reduction and molecular analysis of B. subtilis.

Methods

Strains, media, and growth conditions

Escherichia coli JM109 (Yanisch-Perron et al. 1985) was used for
cloning in plasmid pJOE6743.1 and propagation of the derivatives
and DHSa for cloning into pJOE8739.1. E. coli NMS538 (Frischauf
et al. 1983) was used for plasmid multimerization to enhance B.
subtilis transformation efficiency. The genome reduced B. subtilis
1IG-Bs20 (Wenzel and Altenbuchner 2015) derived from A6
(Westers et al. 2003) formed the starting point of all further chro-
mosomal deletions. The genotypes of the deletion strains B. subtilis
11G-Bs27-47-24, PG10, and PS38 (1IG-Bs27-47-38) are shown in
Supplemental Table S1. The rocR mutant strain GP2303 was con-
structed by transferring a ArocR::aphA3 deletion from B. subtilis
QBS5533 (Calogero et al. 1994) to PG10. All strains were grown in

LB liquid or plated on LB agar plates and incubated at 37°C. The
media were supplemented with ampicillin (100 pg/mL) or specti-
nomycin (100 pg/mL), depending on the plasmid marker.

Molecular biology techniques

Standard recombinant DNA techniques were used. E. coli was
transformed by the heat-shock method (Chung et al. 1989) and
B. subtilis usually by the two-step method (Rahmer et al. 2015).
Prior to the introduction of the inducible competence system,
Spizizen’s minimal medium (Spizizen 1958) was used for transfor-
mation. In strains carrying the genes comK and comS under the B.
subtilis mannitol promoter P,p in addition to the natural comK
and comS in the chromosome, competence was induced in LB me-
dium by adding 0.5% mannitol to exponential growing cells for
1.5 h (Rahmer et al. 2015). Oligonucleotides were purchased
from Eurofins MWG Operon. Polymerase chain reactions were
done with High Fidelity PCR Enzyme Mix with DNA from B.
subtilis 168 as template and colony PCRs with DreamTaq DNA po-
lymerase (Thermo Fisher Scientific). DNA sequencing was per-
formed by GATC Biotech.

Deletion formation in B. subtilis Aé

Deletions in B. subtilis A6 were done in a markerless way using a se-
lection/counter-selection strategy as described previously (Wenzel
and Altenbuchner 2015). Briefly, two fragments of ~700 bp are
amplified from the upstream and downstream regions of the target
sequence, fused to each other, and inserted into the nonreplicative
suicide vectors pJOE6743.1 (Wenzel and Altenbuchner 2015) or
pJOE8739.1. The latter vector contains the ccdB gene under
the E. coli thamnose promoter. For details of construction of
pJOE8739.1, see Supplemental Methods. The sequence has been
deposited in GenBank, KY200664. The PCR fragments were insert-
ed into pJOE8739.1 linearized by Smal using the Gibson assembly
protocol as described by the manufacturer (New England Biolabs).
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Transformants of B. subtilis were selected on LB agar plates with
spectinomycin. After integration of the vector into the chromo-
some via homologous recombination, counter-selection was
performed by growing the cells first in LB liquid medium supple-
mented with 0.5% mannose and then on LB agar plates with man-
nose. Colonies with the desired deletions were identified by PCR
(Wenzel and Altenbuchner 2015).

Characterization of genome-reduced strains

For phenotypic characterization, B. subtilis strains were grown in LB
medium supplemented with 0.5% glucose. Membranes were
stained with the dye Nile Red, and the samples were observed using
an Axio Imager.M2 microscope (Carl Zeiss Microscopy GmbH).
Based on the fluorescence signal of stained membranes, the lengths
and widths of 200 individual cells per replicate were determined.
For details of microscopic analysis, see Supplemental Methods.

For the multi-omics analysis, the bacteria were grown over-
night in LB medium supplemented with 0.5% glucose at 37°C.
Next day, the cultures were used to inoculate a preculture in LB-
Glc. When the precultures had reached an ODggo of 0.5-0.8, they
were used to inoculate the main cultures in the same medium
(150 mL) to an initial ODggo of 0.05. The cultures were grown
at37°Cuntilan ODggp 0f 0.5 had been reached. Sample preparation
and analytic techniques for metabolite quantification, proteome,
and transcriptome analysis are described in Supplemental
Methods.

Data access

The mass spectrometry proteomics data from this study have been
submitted to the ProteomeXchange Consortium via the PRIDE
partner repository (https://www.ebi.ac.uk/pride/archive/) (Viz-
caino et al. 2016) under accession number PXD004565. The tran-
scriptome data from this study have been submitted to the NCBI
Gene Expression Omnibus (GEO; http:/www.ncbi.nlm.nih.gov/
geo/) under accession number GSE82249. The genome sequences
from this study have been submitted to GenBank (https://www.
ncbi.nlm.nih.gov/genbank/) under accession numbers CP016787,
CP016788, and CP016789 for the strains IIG-Bs27-47-24,
PG10, and PS38, respectively. The DNA sequence of plasmid
pJOE8739.1 has been submitted to GenBank (https://www.ncbi.
nlm.nih.gov/genbank/) under accession number KY200664.
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