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ABSTRACT

RNA turnover is essential in all domains of life. The
endonuclease RNase Y (rny) is one of the key com-
ponents involved in RNA metabolism of the model
organism Bacillus subtilis. Essentiality of RNase Y
has been a matter of discussion, since deletion of the
rny gene is possible, but leads to severe phenotypic
effects. In this work, we demonstrate that the rny mu-
tant strain rapidly evolves suppressor mutations to at
least partially alleviate these defects. All suppressor
mutants had acquired a duplication of an about 60
kb long genomic region encompassing genes for all
three core subunits of the RNA polymerase—«, 3, B’.
When the duplication of the RNA polymerase genes
was prevented by relocation of the rpoA gene in the
B. subtilis genome, all suppressor mutants carried
distinct single point mutations in evolutionary con-
served regions of genes coding either for the B or 3’
subunits of the RNA polymerase that were not toler-
ated by wild type bacteria. In vitro transcription as-
says with the mutated polymerase variants showed
a severe decrease in transcription efficiency. Alto-
gether, our results suggest a tight cooperation be-
tween RNase Y and the RNA polymerase to establish
an optimal RNA homeostasis in B. subtilis cells.

INTRODUCTION

Among all organisms, bacteria are the ones multiplying
most rapidly. Under optimal conditions, the model bacteria
Escherichia coli and Bacillus subtilis have generation times

of 20 to 30 min. On the other hand, bacteria are exposed
to a variety of changing environmental conditions, and due
to their small size, the impact of environmental changes is
particularly severe for bacterial cells. To adapt to these po-
tentially rapidly changing conditions, bacteria have evolved
a huge arsenal of systems to sense and respond to the en-
vironment. Especially in the competition between microor-
ganisms, it is crucial that these responses are both rapid and
productive. However, while regulatory events may be very
rapid, there is an element of retardation in the system, and
this is the stability of mRNA and protein molecules. If the
continued activity of a protein may become harmful to the
bacteria, it is important not only to prevent expression of
the corresponding gene but also to take two important mea-
sures: (1) switch off the protein’s activity and (ii) degrade the
mRNA to exclude further production of the protein. The
inactivation or even degradation of proteins is well docu-
mented in the model bacteria. For example, in both E. coli
and B. subtilis the uptake of toxic ammonium is limited by
a regulatory interaction of the ammonium transporter with
GInK, a regulatory protein of the PII family (1,2). Simi-
larly, the uptake of potentially toxic potassium can be pre-
vented by inhibition of potassium transporters at high en-
vironmental potassium concentrations, either by the second
messenger cyclic di-AMP or by interaction with a dedicated
modified signal transduction protein, PtsN (3-5). To pre-
vent the accumulation of potentially harmful mRNAs, bac-
teria rely on a very fast mRNA turnover. Indeed, in E. coli
and B. subtilis >80% of all transcripts have average half-
lives of less than 8 min, as compared to about 30 min and
10 h in yeast or human cells, respectively (6-9). Thus, the
mRNA turnover is much faster than the generation time.
The high mRNA turnover rate in bacteria contributes to
the fast adaptation even in rapidly growing cells. The rapid
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mRNA turnover is therefore a major factor to resolve the
apparent growth speed-adaptation trade-off.

RNases are the key elements to achieve the rapid mRNA
turnover in bacteria. Theses enzymes can degrade bulk
mRNA in a rather unspecific manner, just depending on
the accessibility of the RNA molecules as well as per-
form highly specific cleavages that serve to process an RNA
molecule to its mature form. In all organisms, RNA degra-
dation involves an interplay of endo- and exoribonucleases
as well as other proteins such as RNA helicases that resolve
secondary structures (10-13). Often, these proteins form a
complex called the RNA degradosome. In E. coli, the RNA
degradosome is organized around the essential endoribonu-
clease RNase E (14,15). RNase E consists of two parts,
the N-terminal endoribonuclease domain that harbors the
enzymatic activity and the C-terminal macromolecular in-
teraction domain that serves as the scaffold for the degra-
dosome components and is responsible for the binding of
RNase E to the cell membrane (15,16). As mentioned above,
RNase E is essential for viability of the bacteria. An analysis
of the contributions of the two parts of RNase E to its es-
sentiality revealed that the enzymatically active N-terminal
domain is essential whereas the C-terminal interaction do-
main is dispensable (17). This suggests that the endoribonu-
cleolytic attack on mRNA molecules is the essential func-
tion of RNase E, whereas the interaction with other degra-
dosome components is not required for viability. This con-
clusion is supported by the fact, that the other components
of the E. coli degradosome are also dispensable (14).

RNase E is widespread in proteobacteria, cyanobacte-
ria, and actinobacteria, but absent from many firmicutes,
e-proteobacteria, or from bacteria of the Deinococcus-
Thermus class. However, an efficient RNA-degrading ma-
chinery is important also for these bacteria to allow both
rapid growth and adaptation. Indeed, these bacteria pos-
sess a different endoribonuclease, RNase Y (18,19). A de-
pletion of RNase Y results in a 2-fold increase of the av-
erage mRNA half-life in B. subtilis (19). Similar to RNase
E, RNase Y is a membrane protein, and it is capable of
interacting with several proteins involved in RNA degra-
dation. Among these proteins are the 5'-to-3" exoribonun-
clease RNase J1, polynucleotide phosphorylase, the RNA
helicase CshA, the glycolytic proteins enolase and phospho-
fructokinase, and a protein complex composed of YaaT,
YIbF and YmcA (18-23). Many of these interactions are
likely to be transient as judged from the distinct localization
of RNase Y and its interaction partners in the cell mem-
brane and in the cytoplasm, respectively (24).

We are interested in the identification of the essential cel-
lular components that are required for the viability of B.
subtilis cells with the aim to construct strains that harbor
only the minimal set of genes to fulfill the essential cellu-
lar functions (25-27). For B. subtilis, RNase Y and RNase
J1 were originally described as being essential (18,19,28-
30). Interestingly, these two RNases are also present in the
most genome-reduced independently viable organism, My-
coplasma mycoides JCVI-syn3.0 (31). Both RNase J1 and
RNase Y are involved in the processing and degradation
of a large number of RNA molecules in B. subtilis (32—
36). However, more recent studies demonstrated the pos-
sibility to delete the rnjA4 and rny genes, encoding the two
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RNases (37,38) and the dispensability of RNase Y was
confirmed in a global approach to inactivate all genes of
B. subtilis (39).

Comprehensive knowledge on essential genes and func-
tions is the key to construct viable minimal genomes. By
definition, essential genes cannot be individually deleted in
a wild type genetic background under standard growth con-
ditions (25). In this study, we have addressed the essentiality
of RNase Y in B. subtilis. While the rny gene could indeed
be deleted, this was accompanied by the rapid acquisition of
suppressor mutations that affect the transcription appara-
tus. We demonstrate that a strongly reduced transcription
activity is required to allow stable growth of B. subtilis in
the absence of RNase Y. Our results suggest that the accu-
mulation of mRNA that cannot be degraded is the growth-
limiting factor in strains lacking RNase Y.

MATERIALS AND METHODS
Bacterial strains, plasmids and growth conditions

All B. subtilis strains used in this study are listed in Ta-
ble 1. All strains are derived from the laboratory strain 168
(trpC2). B. subtilis and E. coli cells were grown in Lysogeny
Broth (LB medium) (40). LB plates were prepared by addi-
tion of 17 g Bacto agar/l (Difco) to LB (40). The plasmids
are listed in Table 2. Oligonucleotides are listed in Supple-
mentary Table S1.

DNA manipulation and genome sequencing

B. subtilis was transformed with plasmids, genomic DNA or
PCR products according to the two-step protocol (40,41).
Transformants were selected on LB plates containing ery-
thromycin (2 pg/ml) plus lincomycin (25 pg/ml), chloram-
phenicol (5 pg/ml), kanamycin (10 pg/ml), or spectino-
mycin (250 pg/ml). Competent cells of E. coli were pre-
pared and transformed following the standard procedure
(40) and selected on LB plates containing kanamycin (50
pg/ml). S7 Fusion DNA polymerase (Mobidiag, Espoo,
Finland) was used as recommended by the manufacturer.
DNA fragments were purified using the QIAquick PCR Pu-
rification Kit (Qiagen, Hilden, Germany). DNA sequences
were determined by the dideoxy chain termination method
(40). Chromosomal DNA from B. subtilis was isolated us-
ing the peqGOLD Bacterial DNA Kit (Peqlab, Erlangen,
Germany). To identify the mutations in the suppressor mu-
tant strains GP2503, GP2518, GP2636, GP2637, GP2912,
GP2913 and GP3211 (see Table 1), the genomic DNA was
subjected to whole-genome sequencing. Concentration and
purity of the isolated DNA was first checked with a Nan-
odrop ND-1000 (PeqLab Erlangen, Germany) and the pre-
cise concentration was determined using the Qubit® ds-
DNA HS Assay Kit as recommended by the manufac-
turer (Life Technologies GmbH, Darmstadt, Germany). Il-
lumina shotgun libraries were prepared using the Nextera
XT DNA Sample Preparation Kit and subsequently se-
quenced on a MiSeq system with the reagent kit v3 with 600
cycles (Illumina, San Diego, CA, USA) as recommended
by the manufacturer. The reads were mapped on the refer-
ence genome of B. subtilis 168 (GenBank accession number:
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Table 1. B. subtilis strains used in this study

Strain Genotype® Source or reference

168 trpC2 Laboratory collection

CCB441 W168 Arny::spc 37

BSBI1 Wild type 92

LK633 MO1099 rpoE::aphA3 amyE::mls 62

LK1098 ArpoE::aphA3 LK633 — BSBI

BP351 trpC2 AgreA::cat F. Commichau

GP2501° trpC2 Arny::spc CCB441 — 168

GP2503P trpC2 Arny::spc greA (C374T — Ser125Leu) (rrnW-rrnl); Evolution of GP2501 at 22°C

GP2504 trpC2 Arny::spc greA (G169T — Glu57Stop) Evolution of GP2501 at 22°C

GP2518P trpC2 AgreA::cat Arny::spc (rrnW-rrnl); Evolution of GP2628 on LB agar at 37°C

GP2524 trpC2 Arny::ermC This work

GP2525 trpC2 greA-3xflag spc pGP2542 — 168

GP2529 trpC2 Arny::ermC greA-3xflag spc GP2524 — GP2525

GP2538 trpC2 Arny::ermC greA (Insertion A406)-3xflag spc Evolution of GP2529 at 22°C

GP2539 trpC2 Arny::ermC greA (Deletion A66)-3xflag spc Evolution of GP2529 at 22°C

GP2542 trpC2 ArecA::spc 44

GP2614 trpC2 AcspD::aphA3 This work

GP2615 trpC2 AcspD::aphA3 Arny::spc GP2501 — GP2614

GP2628P trpC2 AgreA::cat Arny::spc BP351 + GP2501 — 168

GP2636° trpC2 Arny::spc espD (G23A — Trp8Stop) (rrnW-rrnl ), Evolution of GP2501 on LB agar at 37°C

GP2637° trpC2 Arny::spc adeR (T163A — Tyr55Asn) rpoE-A199-208 Askin Evolution of GP2501 on LB agar at 22°C
(rrnW-rrnl )

GP2678 trpC2 Arny::spc RBS of cspD(GGAGGA — GGAAGA) Evolution of GP2501 on LB agar at 37°C

GP2901 trpC2 rael (insertion T33) This work

GP2902 trpC2 dgk-rpoA-cat-yaaH This work

GP2903 trpC2 dgk-rpoA-cat-yaaH ArpoA:.aphA3 This work

GP2904 trpC2 dgk-rpoA-cat-yaaH ArpoA::aphA3 Arny::spc GP2501 — GP2903

GP2907 trpC2 rael Pyyy- gfp-ermC sigH This work

GP2909 trpC2 dgk-rpoA-cat-yaaH ArpoA::aphA3 (rael Pyypy- gfp-ermC sigH) GP2907 — GP2903

GP2910 trpC2 dgk-rpoA-cat-yaaH ArpoA::aphA3 (rael Pyypy- gfp-ermC sigH) GP2501 — 2909
Arny::spc

GP2912b trpC2 dgk-rpoA-cat-yaaH ArpoA::aphA3 Arny::spc rpoC (G263A — Evolution of GP2904 on LB agar at 37°C
Arg88His) Askin trnSL-Vall (bp55T — C)

GP2913b trpC2 dgk-rpoA-cat-yaaH ArpoA::aphA3 (rael Py~ gfp-ermC sigH) Evolution of GP2910 on LB agar at 37°C
Arny.:spe rpoB (G3160T — Gly1054Cys) Askin

GP2915 trpC2 dgk-rpoA-cat-yaaH ArpoA::aphA3 (rael Pyyy- gfp-ermC sigH) Evolution of GP2910 on LB agar at 37°C
Arny.:spe rpoC (G134A — Gly45Asp)

GP3210 trpC2 Arny::spe rpoE (Insertion A88) Evolution of GP2501 on LB agar at 22°C

GP3211° trpC2 Arny::spe (rrmW-rrnl ), Evolution of GP2501 at 37°C

GP3216 trpC2 ArpoE::aphA3 LK1098 — 168

GP3217 trpC2 ArpoE::aphA3 Arny::spc GP2501 — GP3216

GP3220 trpC2 purT-rpoB(partial)-cat-mpr This work

GP3288 trpC2 purT- rpoB-rpoC-spc-mpr This work

GP3289 trpC2 dgk-rpoA-cat::yaaH purT-rpoB-rpoC-spc-mpr GP2903 — GP3288

GP3295 trpC2 dgk-rpoA-cat::yaaH purT-rpoB-rpoC-spc-mpr Arny::ermC GP2524 — GP3289

GP3296 trpC2 dgk-rpoA-cat::yaaH purT-rpoB-rpoC-spc-mpr AcspD::aphA3 GP2524 + GP2614 — GP3289
Arny.:ermC

GP3297 trpC2 dgk-rpoA-cat::yaaH purT-rpoB-rpoC-spc-mpr ArpoE::aphA3 GP2524 + GP3216 — GP3289

Arny::ermC

4For strains with suppressing point mutations the mutations are indicated using the one- and three letter code for nucleotide and amino acid substitutions,

respectively.
PThese strains were analyzed by whole genome sequencing.

NC_000964) (42). Mapping of the reads was performed us-
ing the Geneious software package (Biomatters Ltd., New
Zealand) (43). Frequently occurring hitchhiker mutations
(44) and silent mutations were omitted from the screen. The
resulting genome sequences were compared to that of our
in-house wild type strain. Single nucleotide polymorphisms
were considered as significant when the total coverage depth
exceeded 25 reads with a variant frequency of >90%. All
identified mutations were verified by PCR amplification and
Sanger sequencing. Copy numbers of amplified genomic re-
gions were determined by dividing the mean coverage of the
amplified regions by the mean coverage of the remaining
genome as described previously (44,45).

Construction of deletion mutants

Deletion of the rny, rpoA, and cspD genes was achieved
by transformation with PCR products constructed using
oligonucleotides to amplify DNA fragments flanking the
target genes and intervening antibiotic resistance cassettes
as described previously (46-48). The identity of the modi-
fied genomic regions was verified by DNA sequencing.

Chromosomal relocation of the rpoA gene

To construct a strain in which the genes for the core subunits
of RNA polymerase are genomically separated, we decided
to place the rpoA4 gene between the dgk and yaaH genes, and
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Plasmid Relevant characteristics Source or reference
pCD2 For overexpression of B. subtilis o4 53
pJOES999 CRISPR-Cas9 vector 49
pBSURNAP P17 1rpoA rpoZ rpoE rpoY rpoB-rpoC-8xHis This work
pGP1331 Allows construction of triple FLAG-tag fusions 93
pGP2181 P17 1rpoA rpoZ rpoE rpoY rpoB-rpoC*-8xHis (RpoC-R88H) This work
pGP2182 P77 rpoA rpoZ rpoE rpoY rpoB*-rpoC-8xHis (RpoB-G1054C) This work
pGP2542 pGP1331/ greA-3xflag spc This work
pGP2825 pJOER999/ rpoC (G263A) This work
pGP2826 pJOE8999/real (insertion T33) This work
pRLG770 promoter vector 94
pRLG7558 pRLG770 with B. subtilis P, (-38/-1, +1G) 73
pRLG7596 pRLG770 with B. subtilis rrnB P1 (-39/+1) 73
pLKS502 pRLG770 with B. subtilis P;,p (-262/-1, +1GG) This work

then to delete the original copy of the gene. First, the rpoA
gene was fused in a PCR reaction with its cognate promoter
and a chloramphenicol resistance gene at the 5" and 3’ ends,
respectively. In addition, the amplified dgk and yaaH genes
were fused to this construct to direct the integration of the
construct to the dgk-yaaH locus. The fusion of PCR prod-
ucts was achieved by overlapping primers. The final product
was then used to transform B. subtilis 168. Correct insertion
was verified by PCR amplification and sequencing. The re-
sulting strain was B. subtilis GP2902. In the second step, the
original rpoA gene was replaced by a kanamycin resistance
gene as described above, leading to strain GP2903.

Chromosomal duplication of the rpoBC operon

To construct a strain carrying a duplication of the rpoBC
operon, we inserted the operon in two steps into the genome
of B. subtilis 168. First, the promoter and 5 part of the rpoB
gene was fused in a PCR reaction with a chloramphenicol
resistance gene at the 3’ end as well as with the amplified
purT and mpr genes to direct the integration of the construct
to the purT-mpr locus. The fusion of the four PCR products
was achieved by overlapping primers. The final product was
then used to transform B. subtilis 168. Correct insertion was
verified by PCR amplification and sequencing. The result-
ing strain was B. subtilis GP3220. In the second step, the
cat gene was replaced by the 3’ part of rpoB and the com-
plete rpoC gene fused to a spectinomycin resistance gene
using the previously introduced 5 part of rpoB and mpr to
guide the homologous recombination. The resulting strain
was GP3288. The correctness of the insert was verified by
DNA sequencing.

Genome editing

Introduction of genetic changes in genes for RNA poly-
merase subunit RpoC or the non-essential RNase Rael
at their native locus was attempted using CRISPR edit-
ing as described (49). Briefly, oligonucleotides encoding a
20 nucleotide gRNA with flanking Bsal sites and a re-
pair fragment carrying mutations of interest with flank-
ing Sfil restriction sites were cloned sequentially into
vector pJOE8999 (49). The resulting plasmids pGP2825
and pGP2826 were used to transform recipient B. subtilis
strain 168 and cells were plated on 10 pwg/ml kanamycin
plates with 0.2% mannose. Transformation was carried

out at 30°C since replication of pJOE8999 derivatives is
temperature-sensitive. The transformants were patched on
LB agar plates and incubated at the non-permissive tem-
perature of 50°C. The loss of the vector was verified by
the inability of the bacteria to grow on kanamycin plates.
The presence of the desired mutation in rael or rpoC was
checked via Sanger sequencing. While the desired mutation
could be introduced into the rael gene, this was not the case
for rpoC.

Construction of the expression vector pPBSURNAP

To facilitate the purification of different variants of B. sub-
tilis RNA polymerase, we expressed and purified the core
subunits of the RNA polymerase and the sigma factor sep-
arately in E. coli. For the expression of the core subunits,
we cloned the corresponding B. subtilis genes into the back-
bone of a pET28a derivative as follows. The pRMS4 vec-
tor (a pET28a derivative, 50) containing Mycobacterium
smegmatis RNA polymerase core subunit genes was used
as a template to create an analogous vector containing the
genes rpoA, rpoZ, rpoE, rpoY and rpoBC. The construct
was designed to allow removal/substitution of each gene via
unique restriction sites (Supplementary Figure S1). DNA
encoding rpoA, rpoZ, rpoE and rpoY genes was cloned as
one single fragment (purchased as Gene Art Strings from
Invitrogen) via Xbal and Notl restriction sites. The rpoB
and rpoC genes were amplified by PCR using genomic
DNA of B. subtilis 168 as a template and inserted into the
plasmid via Notl and Ncol or Ncol and Kpnl restriction
sites, respectively. The rpoC gene was inserted with a se-
quence encoding a 8xHis tag on the 3’ end. The cloned con-
struct was verified by DNA sequencing. The final vector,
pBSURNAP, encodes a polycistronic transcript for expres-
sion of all six RNA polymerase core subunits. Expression
is driven from an IPTG-inducible T7 RNAP-dependent
promoter. Each gene is preceded by a Shine-Dalgarno se-
quence (AGGAG) except for rpoC. RpoB-RpoC are ex-
pressed as one fused protein connected by a short linker
(nine amino acid residues) to decrease the possibility that
E. coli subunits would mix with B. subtilis subunits as done
previously for RNA polymerase from Mycobacterium bovis
(51). The full sequence of pPBSURNAP has been deposited
in GenBank under Accession No. MT459825. The mu-
tant alleles of rpoB and rpoC were amplified from the mu-
tant strains GP2913 and GP2912 and introduced into pB-
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SURNAP by replacing the wild type alleles as Notl/Ncol
and Ncol/Kpnl fragments, respectively. The resulting plas-
mids were pGP2181 (RpoC-R88H) and pGP2182 (RpoB-
G1054C).

Purification of B. subtilis RNA polymerase from E. coli cells

For purification, E. coli BL21 carrying pPBSURNAP or the
plasmids specifying the mutant alleles was cultivated in LB
medium containing kanamycin (50 wg/ml). Expression was
induced by the addition of IPTG (final concentration 0.3
mM) to logarithmically growing cultures (ODgyy between
0.6 and 0.8), and cultivation was continued for 3 h. Cells
were harvested and the pellets from 1 | of culture medium
were washed in 50 ml buffer P (300 mM NaCl, 50 mM
NaHPOy4, 3 mM B-mercaptoethanol, | mM PMSF, 5%
glycerol) and the pellets were resuspended in 30 ml of the
same buffer. Cells were lysed using a HTU DIGI-F Press
(18 000 p.s.i., 138 000 kPa, two passes, G. Heinemann, Ger-
many). After lysis, the crude extracts were centrifuged at
41 000 x g for 30 min at 4°C, and the RNA polymerase
was purified from the supernatant via the His-tagged RpoC
as described (52). The RNA polymerase-containing frac-
tions were pooled and further purified by size exclusion
chromatography. For this purpose, the complex was applied
onto a HiLoad 16/600 Superdex 200 column (GE Health-
care) in buffer P. The buffer was filtered (0.2 pm filters) prior
to protein separation on an Akta Purifier (GE Healthcare).
The fractions containing RNA polymerase were pooled and
dialyzed against RNA polymerase storage buffer (50 mM
Tris—HCI, pH 8.0, 3 mM B-mercaptoethanol, 0.15 M NaCl,
50% glycerol, 1:1000). The purified RNA polymerase was
stored at —20°C.

The housekeeping sigma factor o was overproduced
from plasmid pCD2 (53) and purified as described (54).

In vitro transcription assays

Multiple round transcription assays were performed as de-
scribed previously (55), unless stated otherwise. Initiation
competent RNA polymerase was reconstituted using the
core enzyme and saturating concentration of o in dilu-
tion buffer (50 mM Tris—=HCI, pH 8.0, 0.1 M NaCl, 50%
glycerol) for 10 min at 30°C. Assays were carried out in 10
wl with 64 nM RNA polymerase holoenzyme and 100 ng
plasmid DNA templates in transcription buffer containing
40 mM Tris—HCI (pH 8.0), 10 mM MgCl,, 1 mM dithio-
threitol (DTT), 0.1 mg/ml bovine serum albumin (BSA),
150 mM NacCl, and NTPs (200 .M ATP, 2,000 .M GTP,
200 uM CTP, 10 pM UTP plus 2 uM of radiolabeled [«-
32P]-UTP). The samples were preheated for 10 min at 37°C.
The reaction was started by the addition of RNA poly-
merase and allowed to proceed for 20 min (30 min in the
case of iNTP-sensing experiments) at 37°C. Subsequently,
the reaction was stopped by the addition of 10 wl of for-
mamide stop solution (95% formamide, 20 mM EDTA, pH
8.0). The samples were loaded onto 7 M urea—7% polyacry-
lamide gels. The gels were dried and exposed to Fuji MS
phosphor storage screens, scanned with a Molecular Imager
FX (BIORAD) and analyzed with Quantity One program
(BIORAD).

Transcriptome analysis

Cells were grown in LB medium at 37°C to an ODygq of 0.5
to 0.6. 5 ml samples of the cultures were added to 10 ml
RNA-protect (Qiagen) and allowed to incubate for 5 min at
room temperature, followed by centrifugation at 5000 x g
for 10 min at 4°C. Pellets were quickly frozen in liquid ni-
trogen and stored at —80°C. A total of three independent
biological replicates were included. The harvested pellets
were resuspended in 800 pl RLT buffer (RNeasy Mini Kit,
Qiagen) with B-mercaptoethanol (10 wl/ml) and cell lysis
was performed using a laboratory ball mill. Subsequently
400 .l RLT buffer with B-mercaptoethanol (10 pl/ml) and
1200 wl 96% [v/v] ethanol were added. For RNA isola-
tion, the RNeasy Mini Kit (Qiagen) was used as recom-
mended by the manufacturer, but instead of RW1 buffer
RWT buffer (Qiagen) was used to facilitate the isolation
of RNAs smaller 200 nt. To determine the RNA integrity
number (RIN) the isolated RNA was run on an Agilent
Bioanalyzer 2100 using an Agilent RNA 6000 Nano Kit
as recommended by the manufacturer (Agilent Technolo-
gies, Waldbronn, Germany). Remaining genomic DNA was
removed by digesting with TURBO DNase (Invitrogen,
ThermoFischer Scientific, Paisley, United Kingdom). The
Pan-Prokaryozes riboPOOL kit vl (siTOOLS BIOTECH,
Planegg/Martinsried, Germany) was used to reduce the
amount of rRNA-derived sequences. For sequencing, the
strand-specific cDNA libraries were constructed with a
NEBNext Ultra II directional RNA library preparation kit
for Illumina (New England BioLabs, Frankfurt am Main,
Germany). To assess quality and size of the libraries, sam-
ples were run on an Agilent Bioanalyzer 2100 using an
Agilent High Sensitivity DNA Kit (Agilent Technologies,
Waldbronn, Germany). Concentration of the libraries were
determined using the Qubit®) dsDNA HS Assay Kit as rec-
ommended by the manufacturer (Life Technologies GmbH,
Darmstadt, Germany). Sequencing was performed by us-
ing the HiSeq4000 instrument (Illumina Inc., San Diego,
CA, USA) using the HiSeq 3000/4000 SR Cluster Kit for
cluster generation and the HiSeq 3000/4000 SBS Kit (50
cycles for sequencing in the single-end mode and running
1 x 50 cycles. Between 12.623.708 and 16.865.134 raw reads
were generated for the samples. For quality filtering and
removing of remaining adaptor sequences, Trimmomatic-
0.39 (56) and a cutoff phred-33 score of 15 were used.
The mapping of the remaining sequences was performed
with the Bowtie (version 2) program (57) using the imple-
mented end-to-end mode, which requires that the entire
read aligns from one end to the other. First, surviving reads
were mapped against a database consisting of tRNA and
rRNA sequences of B. subtilis 168 and unaligned reads were
subsequently mapped against the genome of B. subtilis 168.
Differential expression analyses were performed with the
BaySeq program (58). Genes with fold change in expression
of >2.0 or < 2.0, a likelihood value of >0.9, and an ad-
justed P value of <0.05 (the P value was corrected by the
false discovery rate [FDR] on the basis of the Benjamini-
Hochberg procedure) were considered differentially ex-
pressed. The raw reads have been deposited in the National
Center for Biotechnology Information’s (NCBI) Sequence
Read Archive (SRA) under accession no. SRP274247.
Functional and regulation information on the differen-



tially expressed genes was obtained from the SubtiWiki
database (59).

RESULTS

Inactivation of the rny gene leads to evolution of suppressor
mutations affecting transcription

RNase Y had been considered to be essential (18,28); how-
ever, two studies reported that the rny gene could be deleted
from the genome (37,39). The deletion leads to severe
growth defects and morphological changes (37). In an at-
tempt to get a better understanding of the importance of
RNase Y for B. subtilis physiology, we deleted the rny gene
in the genetic background of B. subtilis 168. The colonies of
the resulting strain, GP2501, were small and lysed rapidly.
Moreover, the cells grew very slowly at low temperatures
(below 22°C). However, we observed the appearance of
suppressor mutants after a few days. By analysis of such
mutants we wished to gain a better understanding of the
growth-limiting problem of the rny mutant. For this pur-
pose, we isolated suppressor mutants in different experi-
mental setups. First, the rny mutant GP2501 was adapted to
growth in liquid LB medium at 22°C since the rny mutants
had a severe growth defect at low temperatuRes. After the
adaptation experiment, the culture was plated at 22°C, and
two colonies were isolated for further investigation. In addi-
tion to the adaptation experiment in liquid medium, we also
evolved suppressors on solid LB agar plates both at 22°C
and 37°C. We isolated two mutants under each condition
(see Figure 1A).

Growth of the isolated strains was verified (Figure 1B, see
also Supplementary Figures S2 and S3), and for each se-
lection scheme, one mutant was analysed by whole genome
sequencing. In all cases, this confirmed the deletion of the
rny gene and revealed the presence of additional mutations.
Strikingly, there was one feature common for all the sup-
pressors tested, regardless of the isolation condition, which
was not present in the progenitor strain GP2501: It was an
identical genomic duplication of the approximately 60 kb
long ctsR-pdaB region. This genomic segment is flanked by
clusters of ribosomal RNA operons. Upstream of the du-
plicated region are the rrnJ and rrnW operons, and down-
stream the rrul, rrnH, and rrnG operons (see Figure 2A).
This duplicated region contains 76 genes encoding proteins
of various functions, among them proteolysis (ClpC), sig-
nal transduction (DisA), RNA modification (YacO, TruA),
RNases (MrnC, Rael), translation factors (EF-G, IF-1,
EF-Tu), several ribosomal proteins, and proteins involved
in transcription (NusG, RpoA, RpoB, RpoC, SigH). Strik-
ingly, the genes for all three main subunits of the RNA
polymerase—rpoA, rpoB and rpoC were present in the du-
plicated region. The observation, that this duplication was
observed irrespective of the selective condition used to iso-
late suppressor mutants suggests that the duplication is rel-
evant to overcome the poor growth associated with the loss
of RNase Y. However, in addition, for each selection scheme
we found additional mutations that affect genes involved in
transcription.

For the selection in liquid medium at 22°C, the suppres-
sor mutant GP2503 had a point mutation that resulted in an
amino acid substitution (S125L) in the greA gene encoding
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a transcription elongation factor (60). For the other sup-
pressor mutant (GP2504) isolated under the same selective
conditions, we sequenced the gred gene to test whether it
had also acquired a mutation in this gene. Indeed, we found
a different mutation in greA, resulting in the introduction
of a premature stop codon after E56. Moreover, we evolved
two additional suppressor mutants applying this adaptive
scenario, and both contained frameshift mutations in greA4
that resulted in premature stop codons after amino acid 23
and 137 (GP2539 and GP2538, respectively; see Table 1).

The strain isolated on LB plates at 22°C (GP2637) had
a deletion of the skin element, an amino acid substitution
(Y55N) in the AdeR activator protein (61), and a short
internal deletion in the rpoE gene encoding the & subunit
of RNA polymerase, which resulted in a frameshift after
residue G66 (54,62). For the second mutant isolated at 22°C
(GP3210), we re-sequenced the adeR and rpoE genes. While
the adeR gene was identical to the wild type, we found an
insertion of an adenine residue after position 87 of rpoE,
resulting in a frameshift after 29 amino acids and prema-
ture stop codon after 38 amino acids. Therefore, the rpoE
but not the adeR mutation is likely to be required for the
suppressor phenotype.

The suppressor evolved at 37°C on LB plates (GP2636)
contained a mutation resulting in the introduction of a pre-
mature stop at the eighth codon of the ¢spD gene encod-
ing an RNA binding protein which has transcription an-
titermination activity in E. coli (63,64). Sanger sequenc-
ing of the second suppressor isolated under the same con-
dition (GP2678) also identified a mutation affecting cspD,
but this time in its ribosomal binding site (GGAGGA —
GGAAGA).

Taken together, the duplication of the cts R-pdaB genomic
region was accompanied by specific additional suppressor
mutations affecting transcription in every single suppres-
sor mutant analysed. These mutations result in the inacti-
vation of the gre4 gene in liquid medium at 22°C, whereas
the selective pressure on agar plates at 22°C and 37°C was
directed at the inactivation of the RNA polymerase subunit
RpoE or the RNA binding protein CspD, respectively (see
Figure 1A). It is therefore tempting to speculate that the in-
activation of these genes combined with the ctsR-pdaB ge-
nomic duplication is causative for the suppression.

In order to test whether the inactivation of the gred,
rpoE, or ¢spD genes alone is sufficient for the suppression
of the rny mutant strain, we constructed the corresponding
double mutants. As both rny and gre4 mutants are defec-
tive in genetic competence (39), the gre4 rny double mu-
tant was obtained by transforming the wild type strain 168
with DNA molecules specifying both deletions simultane-
ously (see Table 1). For the greA and rpoE deletions, the
double mutants did not phenocopy the original suppressor
mutants, instead the gene deletions conferred only partial
suppression (see Figure 1B for the rny gre4 double mutant
GP2628, and Supplementary Figure S2 for the rny rpoE
double mutant GP3217). In the case of the rny cspD double
mutant GP2615, complete suppression was observed (see
Supplementary Figure S3). However, we cannot exclude
that the mutant had already acquired the duplication of the
ctsR-pdaB genomic region. Thus, we conclude that the sup-
pression depends on both, the duplication of the ctsR-pdaB
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Figure 1. Suppressors of rny show increased growth at 22°C. (A) Schematic depiction of different single nucleotide polymorphisms identified in the initial
suppressor screen and their overlap with the duplication of czsR-pdaB region. (B) Serial drop dilutions comparing growth of the wild type strain 168, the
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Figure 2. Genomic organization of the duplicated genomic region. (A) Schematic representation of the first 180 kb of the B. subtilis chromosome. The
orange box indicates the duplicated region in the suppressors of rny strain GP2501. rRNA operons are depicted as green rectangles, RNA polymerase
genes 1poA, rpoB, rpoC as blue arrows, the ctsR and pdaB genes are shown in yellow and red, respectively. (B) Chromosomal relocation of the rpoA gene.
For the color code, see above; the relocated rpoA is shown as a purple arrow.

region and the concomitant mutations that inactivate genes
involved in transcription.

Transcriptome analysis of the rny mutant and a suppressor
strain

As mentioned above, the deletion of gred allowed only
partial suppression of the growth defect caused by the
loss of RNase Y. However, the rny greA double mutant
GP2628 eventually gave rise to a better suppressing mutant,
GP2518. Whole genome sequencing of this strain revealed
that in addition to the greA4 deletion it had only acquired
the duplication of the ctsR-pdaB genomic region. Again,
this highlights the relevance of the combination of the greA
deletion and the ctsR-pdaB duplication for suppression.
To get insights into the global consequences of the sup-
pressing mutations, we compared the transcriptomes of the
wild type strain 168, the rny mutant GP2501, and the sup-
pressor mutant GP2518 by RNA-Seq analysis. We identi-
fied 1102 genes (corresponding to about 25% of all genes of
B. subtilis) with at least two-fold differential expression in

the Arny strain GP2501 as compared to the wild type 168. It
should be noted that the number of differentially expressed
genes is likely to be underestimated, since about 50% of all
genes are not or only very poorly expressed during vege-
tative growth (27,65). The rny gene is encoded within an
operon with the ymdB gene (66); however, there was no po-
lar effect on the expression of ymdB, suggesting that the ob-
served changes are a direct result of the loss of RNase Y.
From the dataset mentioned above, 587 and 515 genes
were down- and upregulated, respectively, in the rny strain.
The most severe difference (more than 100-fold decrease)
was observed for the yxkC gene. This gene codes for pro-
tein of unknown function and is part of the o regulon (67).
Interestingly, 14 out of the 30 most strongly downregulated
genes are o” dependent (see Supplementary Table S2). This
may be the result of the reduced expression of the sigD gene
itself. Since 0P controls the expression of many genes re-
sponsible for motility as well as peptidoglycan autolysins
(IytA, IytB, IytC, lytD and [ytF) this reduced expression of
target genes might cause the disordered cell wall of the rny
deletion strain (37). Among the most strongly upregulated



genes (see Supplementary Table S2), many are members of
the general stress response factor o ® regulon. Another set of
upregulated genes is controlled by the sporulation specific
sigma factors oF and o, whose genes are also >4-fold up-
regulated. This is especially striking taking into an account
that the rny mutant strain is not able to form spores (37).

Importantly, we wanted to test whether the suppressor
mutant had restored a wild type-like expression of genes
that were affected by the loss of RNase Y. We found 461
genes with differential expression between the suppressor
mutant GP2518 and the rny mutant GP2501. Of these, how-
ever, only some were returned towards the expression levels
of the wild type (176 genes, see Supplementary Table S3),
while for others, the mRNA levels were even more distant
from the wild type. In total 115 genes that were upregulated
in the rny strain showed reduced expression in the suppres-
sor mutant. On the other hand, also 61 genes which were
downregulated in the rny mutant, had increased their ex-
pression again in the suppressor mutant GP2518 (see Sup-
plementary Table S3). Among these genes with restored ex-
pression, four (murAA, tagA, tagB, ywpB) are essential, and
only the expression of ywpB encoding an enzyme of fatty
acid biosynthesis is 2.4-fold reduced in the rny mutant. This
weak regulation suggests that fatty acid biosynthesis is not
the growth-limiting factor for the rny mutant. In contrast,
many of these genes with (partially) restored expression be-
long to prophage PBSX or are required for rather specific
metabolic pathways. In conclusion, the evaluation of the
genes which had their expression restored as a result of the
suppressing mutations did not give a clear clue to the reason
of suppression.

Genomic separation of the genes encoding the core subunits
of RNA polymerase

As mentioned above, the region duplicated in all suppres-
sor mutants contained genes encoding RNA modification
enzymes, translation factors, ribosomal proteins, RNases,
and proteins involved in transcription. MrnC and Rael are
RNase Mini-III required for the maturation of 23S rRNA
and ribosome-associated A site endoribonuclease, respec-
tively (68,69). As our suppressor screen identified additional
mutations related to transcription, we assumed that the
translation-specific RNases encoded in this region might
not be relevant for the suppression of the rny deletion.
Therefore, we hypothesized that the duplication of the genes
encoding the main three subunits of RNA polymerase made
a major contribution to the selective advantage provided by
the duplication.

To test the idea that simultaneous duplication of all three
genes for the RNA polymerase core subunits is key for the
suppression of the loss of RNase Y, we decided to inter-
fere with this possibility. The duplicated region is located
between two highly conserved rrn gene clusters which may
facilitate the duplication event (see Figure 2A). Therefore,
we attempted to separate the core RNA polymerase genes
by relocating the rpo4 gene out of this genomic region
flanked by the rrn operons. We assumed that if RNA poly-
merase was indeed key to the original suppression, such
a duplication would not be likely in the new background
with relocated rpoA, since simultaneous duplication of all

Nucleic Acids Research, 2021, Vol. 49, No. 12 7095

three RNA polymerase subunit genes would be disabled
there. For this purpose, the rpoA gene kept under the con-
trol of its natural promoter P,,,; was placed between the
dgk and yaaH genes, and the original copy of rpo4 was
deleted (see Figure 2B, Materials and Methods for details).
We then compared the growth of the wild type strain 168
and the strain with the relocated rpo4 GP2903 using a drop-
dilution assay. No differences were observed, thus excluding
a possible negative impact of the rpoA relocation on B. sub-
tilis physiology (see Supplemental Figure S4).

Strain GP2903 was then used to delete the rny gene, and
to isolate suppressor mutants. Indeed, even with the genom-
ically separated RNA polymerase genes, suppressor muta-
tions appeared upon the deletion of the rny gene encoding
RNase Y. There were three possibilities for the outcome of
the experiment. First, the same genomic region as in the
original suppressors might duplicate thus falsifying our hy-
pothesis that the simultaneous duplication of all three genes
encoding the core subunits of RNA polymerase is required
for suppression. Second, both regions containing the rpoA
and rpoBC genes might be duplicated. Third, in the new
genetic background completely new suppressing mutations
might evolve. Two of these suppressor mutants were sub-
jected to whole genome sequencing. None of them had the
duplication of the ctsR-pdaB region as in the original sup-
pressors. Similarly, none of the mutants had the two regions
containing the rpoA4 and the rpoBC genes duplicated. In-
stead, both mutants had point mutations in the RNA poly-
merase subunit genes that resulted in amino acid substi-
tutions (GP2912: RpoC, R88H; GP2913: RpoB, G1054C;
see Table 1). A mutation affecting RNA polymerase was
also evolved in one strain (GP2915) not subjected to whole
genome sequencing. In this case, the mutation resulted in
an amino acid substitution (G45D) in RpoC.

An analysis of the localization of the amino acid sub-
stitutions in RpoB and RpoC revealed that they all af-
fect highly conserved amino acid residues (see Figure 3A).
G1054 of RpoB and G45 of RpoC are universally con-
served in RNA polymerases in all domains of life, and R88
of RpoC is conserved in the bacterial proteins. This high
conservation underlines the importance of these residues
for RNA polymerase function. The mutations G45D and
R88H in RpoC affect the N-terminal B’ zipper and the
zinc-finger like motif of the B’ subunit, respectively, that
are required for the processivity of the elongating RNA
polymerase (70,71). G1054C in RpoB is located in the C-
terminal domain of the B subunit that is involved in tran-
scription termination (72). In the three-dimensional struc-
ture of RNA polymerase, these regions of the § and 8’ sub-
units are located in close vicinity opposite to each other
in the region of the RNA exit channel which guides newly
transcribed RNA out of the enzyme (see Figure 3B, 71), and
they are both in direct contact with DNA (70).

The fact that several independent mutations affecting
RNA polymerase were obtained in the suppressor screen
strongly supports the idea that RNA polymerase is key for
the suppression. As the mutations affect highly conserved
residues, they are likely to compromise the enzyme’s ac-
tivity. Based on the structural information, the mutations
might weaken RNA polymerase-nucleic acid interactions
and therefore, destabilize the transcription elongation com-
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plex which may result in increased premature termination
and reduced RNA polymerase processivity. However, RNA
polymerase is essential, therefore the mutations cannot in-
activate the protein completely.

Establishing the rpoB and rpoC mutations in wild type back-
ground

Based on the essentiality of transcription, we expected that
the mutations in rpoB and rpoC that we have identified in
the suppressor screen with the rny mutant and genomically
separated RNA polymerase genes might adjust some of the
properties of RNA polymerase. To study the consequences
of these mutations for the RNA polymerase and hence also
for the physiology of B. subtilis, we decided to introduce one
of them (RpoC-R88H) into the wild type background of
B. subtilis 168. For this purpose, the CRISPR /Cas9 system
designed for use in B. subtilis was employed (49). As a con-
trol, we used the same procedure to introduce a mutation in
the rael gene, which is located nearby on the chromosome.
Although this system readily allowed the introduction of a
frameshift mutation (introduction of an extra T after 32 bp)
in rael (strain GP2901), we failed to isolate genome-edited
clones expressing the RpoC-R88H variant in multiple at-
tempts. This failure to construct the RpoC-R88H variant
in the wild type background suggests that the properties of
the protein are altered in a way that is incompatible with the
presence of an intact RNA degradation machine.

Mutated RINA polymerases have highly decreased activity in
vitro

Since our attempts to study the effect of the mutations in
vivo failed, we decided to test the properties of the mutant
RNA polymerases using in vitro transcription. B. subtilis
RNA polymerase is usually purified from a strain express-
ing His-tagged RpoC (52). However, the loss of compe-
tence of the rny mutant and the lethality of the rpoC muta-
tion in the wild type background prevented the construction
of a corresponding strain. To solve this problem, we used
an approach to purify B. subtilis RNA polymerase from
E. coli that had been applied successfully before for RNA
polymerase of Mycobacterium smegmatis (50). Briefly, plas-
mid pPBSURNAP containing genes rpoA, rpoB, rpoC, rpoE,
rpoY and rpoZ for the RNA polymerase subunits under
control of an IPTG inducible promoter was constructed in a
way that each individual gene for a subunit could be cleaved
out using unique restriction sites and replaced with its
mutant counterpart, yielding pGP2181 (RpoC-R88H) and
pGP2182 (RpoB-G1054C) (for details of the construction,
see Materials and Methods). The variant RNA polymerases
were expressed in E. coli BL21 and purified via affinity chro-
matography and subsequent size exclusion chromatogra-
phy.

We purified the wild type and two mutant RNA poly-
merases (RpoC-R88H and RpoB-G1054C) and assessed
their activity by in vitro transcription on three different tem-
plates, containing well-studied promoters of the veg and



ilvB genes and the P1 promoter of the rrnB operon (73,74).
In agreement with previous results on wild type RNA poly-
merase (75), this enzyme performed well on all three sub-
strates. In contrast, the mutated variants of RNA poly-
merase exhibited a drastic decrease of transcription activity
on all three promoters; for the RpoB-G1054C variant the
transcripts were only barely detectable (Figure 4A).

On many promoters, including the P1 promoter of the
rrmB operon, B. subtilis RNA polymerase is sensitive to
the concentration of the first transcribed nucleotide both in
vitro and in vivo (73). This prompted us to compare the re-
sponse of the wild type and the RpoC-R88H variant RNA
polymerases to different concentrations of GTP, the initia-
tion NTP for the rrnB P1 transcript. As described before,
transcription with the wild type enzyme increased gradu-
ally in response to the GTP concentration (73). In con-
trast, the mutated variant was saturated with a relatively low
GTP concentration, suggesting that this important regula-
tory mechanism is not functional here (see Figure 4B).

Taken together, our results suggest that a reprogramming
of the properties of RNA polymerase as indicated by a sub-
stantial reduction in RNA polymerase activity and its al-
tered ability to be regulated by iNTPs allows the suppressor
mutants to overcome the loss of RNase Y.

A pre-existing duplication of the genomic region containing
rpoA and rpoBC is fixed in response to the deletion of rny

The screen for suppressor mutations that facilitate growth
of strains lacking RNase Y yielded two classes of mutants:
the first set harboured mutations in genes involved in tran-
scription (greA, rpoE or cspD) in addition to a duplication
of the chromosomal region encoding the core subunits of
RNA polymerase. The second class had point mutations
affecting the B or B’ subunits of RNA polymerase that re-
sult in strongly decreased transcription activity. At a first
glance, these results seem to be conflicting. Considering
RNA degradation as the function of RNase Y, it seemed
plausible that the selective pressure caused by deletion of
rny would result in alleviating the stress from mRNA ac-
cumulation. This seems to be the case in the second class
of suppressors (see above), whereas the reason for the du-
plication seems to be less obvious. Importantly, this dupli-
cation was always accompanied by one of the other afore-
mentioned mutations reducing transcription efficiency. In
an attempt to determine the order of the evolutionary events
in these suppressors we established a method to detect the
presence of the duplication without whole genome sequenc-
ing. For this, we made use of a pair of oligonucleotides that
binds to the pdaB and ctsR genes giving a product of about
10 kb, if the region is duplicated or amplified but no product
in the absence of duplication or amplification (see Figure
5A). This PCR product was very prominent for the strain
GP2636 that is known to carry the duplication. However, a
band was also observed in the wild type strain 168, indicat-
ing that the duplication is present in a part of the population
independent from the selective pressure exerted by the rny
deletion (Figure 5B).

It is well-established that genomic duplications or am-
plifications occur frequently in bacterial populations, even
in the absence of selective pressure (76). In Salmonella ty-
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phimurium, rrn operons have been shown to be a hotspot
of gene duplications or amplifications (77). Since evolu-
tion of such a genomic duplication is dependent on ho-
mologous recombination, we performed the PCR also on
the recA mutant GP2542, which is defective in homolo-
gous recombination and thus unable to amplify chromo-
somal regions (44,45). Indeed, in this case we did not ob-
tain even a faint band. Interestingly, the genomic duplica-
tion can also be observed in cells having the core subunits of
RNA polymerase at distinct genomic regions (GP2903). For
the derived suppressor mutant GP2912 that carries a point
mutation in rpoC, the band indicating the presence of the
duplication was also detectable by PCR analysis although
the duplication could not be detected by whole genome
sequencing. This apparent discrepancy is most easily re-
solved by assuming that the duplication was present only in
a small subpopulation (as observed for the wild type strain)
and therefore only detectable by the very sensitive PCR
assay.

Obviously, the different genomic and genetic back-
grounds of the rny mutants generate distinct selective forces:
While the duplication is not fixed in strains with separated
rpo genes, it seems to become fixed in the suppressor mu-
tants that have the rpo genes in one genomic region. To in-
vestigate the order of evolutionary events, we cultivated the
rny mutant strain GP2501 for 75 h and monitored the status
of the rpoA-rpoBC chromosomal region by PCR (see Figure
5B). The initial sample for the rny mutant GP2501 that was
used for the experiment, already revealed the presence of
the duplication in a small sub-population similar to the wild
type strain. This supports the finding that the duplication is
present irrespective of any selection. The band correspond-
ing to the duplicated pdaB-ctsR region became more and
more prominent in the course of the experiment, after 75 h it
was comparable to the signal obtained with strain GP2636
that carries the duplication. As a control, we also amplified
the genomic region of the rny gene. In the wild type strain,
this PCR product has a size of 2.5 kb, whereas the replace-
ment of rny by a spectinomycin resistance gene resulted in
a product of 2 kb. Importantly, the intensity of this PCR
product did not change during the course of the evolution
experiment, thus confirming that the increased intensity of
the product for the pdaB-ctsR region represents the spread
of the duplication in the bacterial population. To verify the
duplication and to check for the presence of accompany-
ing mutations, we subjected genomic DNA of the strain ob-
tained in this evolution experiment after 75 h (GP3211) to
whole genome sequencing. The sequencing confirmed pres-
ence of the duplication, but did not reveal any additional
suppressor mutation. Based on this result, we can assume
that upon deletion of rny the bacteria first fixed the dupli-
cation of the pdaB-ctsR region and then, later, may acquire
the point mutations affecting greA, rpoE, or cspD.

The duplication of genes encoding the subunits of RNNA poly-
merase is not sufficient for suppression

In the investigation of suppressor mutants, we have found
suppressor mutants that exhibited severely reduced RNA
polymerase activity as well as suppressor mutants with in-
creased copy number of core RNA polymerase subunit



7098 Nucleic Acids Research, 2021, Vol. 49, No. 12

A . B
™
H
S
& F
A (o) (o)
S &K
I:)veg E
rrnB P1 |e®
I:)iIvB -

1.2
c
210 o ___0
=3 - o *
go&1y o 7 ©
goe | °
Lo4 / '/‘
B ;7/ o  Wildtype
2027 o RpoC-R88H

0.0

0 500 1000 1500 2000

GTP (M)
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intensity of the transcripts generated by RNA polymerase containing RpoC-R88H was adjusted for better visibility. The relative activity of this mutant
RNA polymerase was 2.5% of the wild type RNA polymerase at 2,000 M GTP. Representative primary data are shown. The graph shows the averages
of two replicates normalized for maximal transcription of each polymerase (set as 1).
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Figure 5. Duplication of the ctsR-pdaB region in suppressors of the Arny mutant GP2501. (A) Schematic representation of the ctsR-pdaB region and its
duplication in suppressors of GP2501. In the suppressors, a chimeric 77z operon (shown as rrn*) is located between the pdaB and ctsR genes. The binding
sites of the oligonucleotides used for the PCR detection of the duplication is indicated by red arrows. (B) Upper panel: The PCR product obtained by
PCR using primers binding to pdaB and ctsR genes indicating presence of the duplication. Lower panel: The PCR product for the amplification of the rny
region. Note the 5 ! of the PCR product were loaded in the upper panel, and 1 pl in the lower panel.

genes. In the latter mutants, one might expect that the in-
creased copy number of RNA polymerase core subunit
genes would result even in increased transcription, which
seems to be in contradiction to the other set of suppressors.
To address this obvious discrepancy, we decided to con-
struct a strain carrying two copies of the genes encoding the
RNA polymerase core subunits and compared the effect of
rny deletion in strains with one or two copies of the rpoA,
rpoB, and rpoC genes. For the duplication of the core sub-
unit genes, we first assembled a second chromosomal copy
of the rpoBC operon adjacent to the purT gene (see Ma-
terial and Methods). Into the resulting strain GP3288, we
inserted the second copy of the rpoA4 gene and then deleted

the rny gene (see Table 1). Growth of the resulting strains
was compared on LB plates. As shown in Figure 6, the du-
plication of the RNA polymerase core subunit genes did not
overcome the severe growth defect of the rny deletion mu-
tant. Even the additional deletion of cspD or rpoE, which
were found to be inactivated in the original suppressor mu-
tants that carry the duplication of the pdaB-ctsR region, did
not restore growth (see Figure 6). This observation shows
that the duplication of the genes for the RNA polymerase
a, B, and B’ subunits is not sufficient for suppression of the
rny deletion, and suggests that one or more additional genes
that are encoded in the pdaB-ctsR region are involved in the
suppression as well.
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Figure 6. The duplication of the genes for core RNA polymerase is not sufficient to compensate for the loss of RNase Y. Serial drop dilutions comparing
growth of the wild type strain 168, the rny mutant GP2501, and of the strains carrying the duplication of the rpoA4, rpoB and rpoC genes on LB-agar plate

at 37°C. The picture was taken after 2 days of incubation.

DISCUSSION

RNases E and Y are the main players in RNA degrada-
tion in E. coli and B. subtilis, respectively. Recently, it has
been estimated that about 86% of all bacteria contain ei-
ther RNase E or RNase Y (or, sometimes, both) support-
ing the broad relevance of these two enzymes (13). While
RNase E of E. coli is essential (78), conflicting results con-
cerning the essentiality of RNase Y have been published
(18,28,29,37,39). In this study, we have examined the prop-
erties of B. subtilis mutants lacking RNase Y due to dele-
tion of the corresponding rny gene. We observed that the rny
mutant grew poorly, and rapidly acquired secondary muta-
tions that suppressed, at least partially, the growth defect
caused by the deletion of the rny gene. Thus, we conclude
that RNase Y is in fact quasi-essential (31) for B. subtilis,
since the mutant cannot be stably propagated on complex
medium without acquiring suppressor mutations.

A lot of effort has been devoted to the understanding of
the reason(s) of the (quasi)-essentiality of RNases E and Y
for E. coli and B. subtilis, respectively. Initially, it was as-
sumed that the essentiality is caused by the involvement
of these RNases in one or more key essential processing
event(s) that may affect the mRNAs of essential genes as
has been found for B. subtilis RNase 1l and E. coli RNase P
(33-35,79,80). However, such a target was never identified.
Instead, different conclusions were drawn from suppressor
studies with E. coli rne mutants lacking RNase E: some
studies reported suppression by the inactivation or overex-
pression of distinct genes, such as deaD encoding a DEAD-
box RNA helicase and ppsA encoding phosphoenolpyru-
vate synthetase, respectively (81,82). In addition, the pro-
cessing and degradation of the essential stable RNAs, such
as tRNAs and rRNAs was shown to be an essential function
of RNase E (83). Yet another study suggested that mRINA
turnover is the growth-limiting factor of the E. coli rne mu-
tant (78). The results presented here lend strong support
to the idea that the main task of RNase Y in B. subtilis
is the control of intracellular mRINA concentration via the
initiation of mRNA degradation. The transcriptome anal-
ysis with the rny mutant and a suppressor mutant revealed
that only a limited number of genes shows restored expres-
sion in the suppressor mutant. Moreover, most of these
genes are part of the prophage PBSX or encode very specific

metabolic functions. In addition, irrespective of the con-
ditions used in the different suppressor screens, we identi-
fied a coherent set of mutations that resulted in improved
growth of the B. subtilis rny mutant. The initial mutants
carry a duplication of the chromosomal region that con-
tains the genes for the core subunits of RNA polymerase
(RpoA, RpoB, RpoC) and point mutations in gred, rpoE,
and csp D that all affect transcription. If this duplication was
prevented by genomically separating the RNA polymerase
genes, we found suppressor mutants affecting the core sub-
units of RNA polymerase which result in strongly compro-
mised transcription activity. Taken together, these findings
suggest that the (quasi)-essentiality of RNases E and Y is re-
lated to their general function in initiating mRNA turnover
rather than to the processing of specific RNA species. This
idea is further supported by three lines of evidence: First,
mutations that mimic a stringent response and therefore re-
duce RNA polymerase activity suppressed the growth de-
fect of a rne mutant. Second, artificial expression of RNase
Y or of the ribonucleases RNase J1 or J2 from B. subtilis
partially suppressed the E. coli strain lacking RNase E, but
only under specific growth conditions (84,85), and third,
RNase E can functionally replace RNase Y (86).

With the initiation of global mRNA degradation as the
(quasi)-essential function of RNases E and Y in E. coli and
B. subtilis, respectively, one might expect that the overex-
pression of other RNases might compensate for their loss.
By analogy, such a compensation has been observed for the
essential DNA topoisomerase I of B. subtilis, which could
be replaced by overexpression of topoisomerase 1V (44).
However, in all the seven suppressor mutants analysed by
whole genome sequencing (Table 1), we never observed a
mutation affecting any of the known RNases of B. subtilis.
Similarly, no such compensatory mutations resulting from
overexpression of other cognate RNases have been found
in suppressor screens for E. coli RNase E. While RNase Y
does not have a paralog in B. subtilis, E. coli possesses the
two related RNases E and G. However, not even the over-
expression of RNase G allowed growth of an E. coli rne
mutant (87,88) suggesting that RNase G has a much more
narrow function than RNase E and that none of the other
RNases in either bacterium is capable of initiating global
mRNA degradation.
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An interesting result of this study was the apparent con-
tradiction between the isolation of suppressor mutants with
increased copy number of core RNA polymerase subunit
genes in one setup, intuitively suggesting increased tran-
scription activity, and the isolation of mutants that exhib-
ited severely reduced RNA polymerase activity in the other
setup. We therefore tested with a theoretical model whether
duplication of the core subunits leads to abortive incom-
plete complexes, as the composition of the RNA poly-
merase complex might be perturbed by the duplication of
the core. The model confirmed that perturbing the stoi-
chiometry of the transcription machinery may result in a
strong reduction of the fraction of core RNA polymerases
that assemble a functional complex. However, our experi-
mental data demonstrate that duplication of the RNA poly-
merase core genes is not sufficient for suppression indicating
that other factors encoded in the pdaB-ctsR chromosomal
region are required to compensate for the loss of RNase Y.

In each organism, an optimal trade-off between RNA
synthesis and degradation must be adjusted to allow opti-
mal growth. Obviously, the loss of the major RNA decay-
initiating enzyme will bring this adjustment out of equilib-
rium. This idea is supported by the observation that reduced
RNA degradation in B. subtilis is accompanied by the ac-
quisition of mutations that strongly reduce transcription ac-
tivity of the RNA polymerase. In fact, the reduction of ac-
tivity was so strong that it was not tolerated in a wild type
strain with normal RNA degradation. This indicates that
the suppressor mutants have reached a new stable equilib-
rium between RNA synthesis and degradation, which, how-
ever, is not optimal as judged from the reduced growth rates
of the suppressor mutants as compared to the wild type
strain. It has already been noticed that generation times and
RNA stability are directly related (9,89). This implies that a
stable genetic system requires a balance between transcrip-
tion and RNA degradation to achieve a specific growth rate.
In bacteria, rapid growth requires high transcription rates
accompanied by rapid RNA degradation. The association
between RNA polymerase and components of the RNA de-
grading machinery, as shown for B. subtilis and Mycobac-
terium tuberculosis might be a factor to achieve this coupling
between RNA synthesis and degradation (90,91).

In conclusion, our study suggests that the initiation of
mRNA degradation to keep the equilibrium between RNA
synthesis and degradation is the function of RNase Y that
makes it quasi-essential for B. subtilis. In addition to RNase
Y, RNase J1 is also quasi-essential for this bacterium. In
the future, it will be interesting to understand the reasons
behind the critical role of this enzyme as well in order to get
a more comprehensive picture of the physiology of RNA
metabolism.
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