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Summary

Messenger RNA decay in Bacillus subtilis is accomplished by a combination of exoribonucleases

and endoribonucleases. Intermediates in the decay process have not been readily detectable, and

previous studies on mRNA decay have used a handful of highly expressed transcripts as models.

Here, we use RNA-Seq analysis to probe mRNA turnover globally. A significant fraction of

messages showed differential accumulation of RNA fragments that mapped near the 5’ or 3’ end

of the coding sequence, consistent with initiation of decay from either the 5’ end or from an

internal cleavage site. Patterns of mRNA decay in the wild type were compared with patterns in a

mutant strain lacking polynucleotide phosphorylase (PNPase), which is considered the major 3’

exonuclease activity in mRNA decay and which is one of four known 3’ exonucleases in B.

subtilis. The results showed a striking dependence on PNPase for mRNA turnover in many cases,

suggesting specificity in the ability of 3’ exonucleases to degrade from 3’-hydroxyl termini. RNA-

Seq data demonstrated a sharp decrease in expression of Sigma D in the PNPase-deletion strain.

Reduction in sigD regulon expression explained the chain growth phenotype of the PNPase mutant

and also predicted a defect in swarming motility.
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Introduction

Bacterial messenger RNAs have relatively short half-lives. RNA decay, which is necessary

for recycling of nucleotides and for rapid changes in the gene expression program, is

achieved by the activities of endoribonucleases and exoribonucleases, and this can occur in

several ways. In one mechanism, mRNA decay initiates with an endonuclease cleavage,
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followed by 3’ exonucleolytic degradation of the upstream fragment. The downstream

fragment is either subject to further endonuclease cleavages and 3’-to-5’ decay, or is

degraded, in the organisms that have one, by a 5’-to-3’ exoribonuclease activity (Bechhofer,

2009, Lehnik-Habrink et al., 2012). An alternative mRNA decay mechanism initiates with

conversion of the protective triphosphorylated 5’ end to a susceptible 5’-

monophosphorylated end, by the action of an RNA pyrophosphohydrolase, and the mRNA

is then a substrate for 5’-to-3’ exonucleolytic decay (Celesnik et al., 2007, Richards et al.,

2011). It is likely that individual mRNAs are degraded by a combination of these

mechanisms, as we have shown in Bacillus subtilis for the model mRNA △ermC (Yao et al.,

2011). In some organisms, degradation from the 3’ end of mRNAs occurs by a

polyadenylation-dependent mechanism (Dreyfus & Regnier, 2002); however, it is not

known whether this latter mechanism is a significant one in B. subtilis (Bechhofer, 2009).

Four 3’-to-5’ exoribonucleases are known to exist in B. subtilis: polynucleotide

phosphorylase (PNPase), RNase R, RNase PH, and YhaM (Luttinger et al., 1996, Mitra et

al., 1996, Oussenko & Bechhofer, 2000, Craven et al., 1992, Oussenko et al., 2002).

PNPase, encoded by the pnpA gene, releases nucleotides processively from the 3’ end by

phosphorolysis, as does RNase PH; RNase R and YhaM are hydrolytic enzymes.

Biochemical studies have suggested that PNPase is the major RNA turnover enzyme in B.

subtilis (Deutscher & Reuven, 1991, Wang & Bechhofer, 1996). It has been proposed that

phosphorolytic nuclease activity is important for organisms such as B. subtilis, which dwells

in a nutrient-poor soil environment and needs to conserve phosphate bond energy

(Deutscher & Reuven, 1991). We and others have shown that a pnpA deletion strain grows

at a slightly slower rate than wild type and has several interesting phenotypes: cold

sensitivity, chain growth in culture, competence deficiency, and extreme tetracycline

sensitivity (Luttinger et al., 1996, Wang & Bechhofer, 1996). The basis of the cold

sensitivity is likely to be similar to that found in E. coli, where the exonuclease activity of

PNPase is required for adaptation to low temperature (Awano et al., 2008). The basis of the

other pnpA strain phenotypes has not been clarified.

In accordance with the hypothesis that PNPase is the major mRNA decay enzyme, we have

shown that the absence of PNPase results in an accumulation of decay intermediates for

several small, monocistronic mRNAs (Bechhofer & Wang, 1998, Oussenko et al., 2005). In

addition, dysregulation of the trp operon is observed in a strain lacking PNPase, due to

impeded turnover of the regulatory trp leader RNA (Deikus et al., 2004). In vitro studies of

purified B. subtilis PNPase on trp leader RNA demonstrated that PNPase requires a single-

stranded 3’ extension for binding and is incapable of degrading past strong secondary

structure (Deikus & Bechhofer, 2007). It is therefore expected that PNPase-mediated mRNA

decay does not initiate at the native 3’ end, which abuts the transcription terminator

structure, but from internal 3’ ends generated by endonuclease cleavage. RNase Y is

believed to be the major endonuclease in the initiation of decay in B. subtilis (Shahbabian et

al., 2009, Lehnik-Habrink et al., 2011, Durand et al., 2012).

In addition to PNPase, the three other B. subtilis 3’-to-5’ exoribonucleases may be involved

in mRNA decay (Oussenko et al., 2005), but this has not been investigated in detail. B.

subtilis contains a 5’-to-3’ exonuclease activity, RNase J1 (Even et al., 2005, Britton et al.,
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2007, Li de la Sierra-Gallay et al., 2008), and RNase J1 is involved in decay of full-length

mRNA from the native 5’ end (Daou-Chabo et al., 2009, Richards et al., 2011, Yao et al.,

2011) and in decay of mRNA fragments that are generated by endonuclease cleavage

(Deikus et al., 2008, Yao & Bechhofer, 2010).

It has been thought for some time that bacterial mRNA decay occurs by an “all-or-nothing”

mechanism (Kaberdin et al., 2011), i.e., the decay rate is dependent on an initial enzymatic

reaction, such as endonuclease cleavage or removal of the 5’ pyrophosphate. After the initial

reaction, the mRNA is degraded so rapidly by a combination of endonucleolytic and

exonucleolytic activities that intermediates in the decay process do not accumulate and are

difficult to detect. Indeed, on Northern blot analysis of individual mRNAs, one often

observes full-length mRNA but not mRNA processing intermediates. For the current study,

we anticipated that RNA-Seq analysis might give a more detailed picture of decay

intermediates in the mRNA decay process. An earlier study on bacterial mRNA decay

(Kristoffersen et al., 2012), which employed RNA-Seq methodology to determine mRNA

half-lives in the related Gram-positive organism, B. cereus, motivated the current study.

Importantly, RNA-Seq data obtained from B. subtilis wild-type and pnpA knockout strains

could be used to address the role of PNPase in global mRNA decay.

Results

The B. subtilis transcriptome was probed by RNA-Seq analysis performed in triplicate on

steady-state RNA isolated from wild-type and pnpA strains grown to mid-logarithmic phase

in Luria-Bertani broth (see Experimental Procedures for details). The NCBI database

reference genome (http://www.ncbi.nlm.nih.gov/genome/665) was used to map reads to

coding sequences (CDSs), and 93%-98% reads from each RNA-Seq sample were

unambiguously mapped to the B. subtilis genome (Fig. S1). Because of the uncertainty of

transcription start and end sites, and the use of more than one promoter for a CDS in many

cases (Nicolas et al., 2012), we used CDSs rather than transcription units to assign reads.

Reads from antisense genes that could affect interpretation of results were excluded (see

below). To differentiate background transcription from true expression, a cutoff of 1 read

per base in at least one of the strains was used. Pearson coefficients of triplicate samples of

the same strain were >0.95 (Fig. S2).

Of 4,176 genes in the B. subtilis database, 2,276 (~55%) were expressed above the cutoff

level in one or both strains (Table S1). This is similar to earlier studies that found about half

of B. subtilis genes were expressed in cells grown in rich medium (Rasmussen et al., 2009,

Durand et al., 2012). In Table S2, CDSs are grouped into 20 functional categories, as

defined by the SubtiWiki website (Michna et al., 2014). As expected for cells growing in

exponential phase in rich medium, fewer genes involved in transport, metabolism, and

sporulation were significantly expressed (29%-55%) compared to genes involved in cell

division, ATP synthesis, nucleotide metabolism, and protein synthesis (63-81%). The

differential gene expression data for wild-type and pnpA mutant strains shown in Table S2 is

addressed later.
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RNA processing in the wild-type strain

We analyzed RNA-Seq data from the wild-type strain, with an eye toward detecting

distributions of reads that might reflect processing or turnover mechanisms. The level of

reads from the 5’ one-third and the 3’ one-third of each gene was compared, to determine

whether there was significant differential accumulation at either end. The data for all

expressed genes is in Table S3, and the genes were divided into three categories: (1) those

with a relatively equal number of reads in the 5’ one-third vs. the 3’ one-third of the CDS,

i.e., the 5’/3’ ratio being less than 1.5 (referred to as the “5’=3’ category”); (2) those with

≥1.5-fold increased reads in the 3’ one-third relative to the 5’ one-third (referred to as the

“3’-up category”); and (3) those with ≥1.5-fold increased reads in the 5’ one-third relative to

the 3’ one-third (referred to as the “5’-up category”). Examples of RNA-Seq histograms for

a gene in each of these three categories is shown in Fig. 1 (discussed below). Since the

RNA-Seq data was not strand-specific, we took into account reads that might arise from

antisense RNAs. Ten mRNAs whose 5’ or 3’ ends are located in genomic regions that are

also the site of antisense transcription (Nicolas et al., 2012), and that could therefore affect

the grouping into 5’-3’ categories, were not included in the analysis.

Most of the mRNAs (67.5%) expressed in the wild-type strain above the cutoff level were in

the 5’=3’ category, with no significant difference in read numbers from either end of the

CDS. An example of mRNAs in this class is yugK (Fig. 1), which showed a uniform read

distribution and for which the 5’/3’ ratio was 1.1.

We found that 26.9% of mRNAs above the cutoff were in the 3’-up category, with a ≥1.5-

fold greater number of reads in the 3’ region compared to the 5’ region. The example of the

lytE gene is shown in Fig. 1, for which there were increasing reads in the 5’-to-3’ direction,

with a 3’/5’ ratio of 3.1. Other genes in the 3’-up category had a more complex pattern (cf.

wild-type curves for pgcA and yabE in Fig. 2B) that likely reflected endonuclease

cleavage(s) followed by degradation upstream of the cleavage site(s) by 3’ exonucleases and

downstream of the cleavage site(s) by RNase J1.

A gradual increase in reads from the 5’ end toward the 3’ end, as seen for lytE (Fig. 1),

might be expected for mRNAs that are degraded from the 5’ terminus by the processive 5’

exonuclease activity of RNase J1, as 5’-proximal sequences may be degraded earlier than

3’-proximal sequences. If so, we would expect this pattern to be unaffected by the loss of 3’

exonuclease activity. Indeed, the pattern of lytE RNA processing is unchanged in the pnpA

mutant strain, although the read level is 3-fold lower (see below). We further analyzed

mRNAs that might be degraded exclusively from the 5’ end by RNase J1, as we

hypothesized for those with a lytE-like pattern, by comparing our data with the tiling array

data of Durand et al. (2012), which was used to identify those mRNAs that are affected by

depletion of RNase J1. Of 1206 genes reported by Durand et al. to show ≥1.5-fold increased

expression in a strain depleted for RNase J1, 619 had read levels above the cutoff in the

current study. (A similar microarray study of Putzer and colleagues (Mader et al., 2008) had

only 183 CDSs above the cutoff in our studies, so we chose to compare our results with

those of Durand et al.) To limit the number of RNA-Seq patterns that needed to be checked

by eye for a lytE-like pattern, we restricted this analysis to monocistronic genes. Of 471
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monocistronic genes in our RNA-Seq analysis, 144 had ≥1.5-fold increased mRNA in the

RNase J1 depletion strain. 50 of the 471 monocistronic genes showed a lytE-like pattern,

and 27 of these (54%) overlapped with genes that were significantly up when RNase J1 was

depleted. Of the 421 monocistronic genes that did not show a lytE-like pattern in our study,

only 117 (27.7%) overlapped with genes that were up when RNase J1 was depleted. In other

words, genes with a lytE-like pattern correlated to a much higher degree with genes that had

increased signal when RNase J1 was depleted. It should be noted that the Durand et al. study

was done before it was discovered that RNase J1 is not essential and can be knocked out

completely (Figaro et al., 2013), and was therefore done on strains that still contained RNase

J1 but at a lower level than wild type. It is likely that merely depleting RNase J1 will not

have a measurable direct effect on mRNAs that are good substrates for the enzyme activity.

We suggest that mRNAs in the 3’-up category with a lytE-like RNA-Seq pattern have a high

likelihood of being degraded in the 5’-to-3’ direction by RNase J1.

Lastly, we found that 5.6% of mRNAs were in the 5’-up category, with a ≥1.5-fold greater

number of reads in the 5’ region compared to the 3’ region. An example of a gene in this

category is cimH (Fig. 1), for which the 5’/3’ ratio was 2.3. The RNA-Seq reads histogram

shows a 5’-proximal peak, followed by a gradual decrease in read coverage to the end of the

CDS. We hypothesized that initiation of cimH mRNA is by a decay-initiating cleavage some

distance from the 5’ end, and decay of 5’-proximal sequences is delayed relative to rapid

decay of 3’-proximal sequences, perhaps due to particular structures or RNA-protein

binding in the region upstream of the endonuclease cleavage site.

RNA processing in the pnpA strain

RNA-Seq analysis of the pnpA mutant strain was able to reveal an effect of the loss of

PNPase on accumulation of decay intermediates, as represented by the three 5’-3’ categories

described above. Whereas 67.5% of mRNAs were in the 5’=3’ category in the wild type,

this number went up to 72.4% in the pnpA mutant (Fig. 2A). The increase in genes in the

5’=3’ category was mostly accounted for by the 228 genes that were in the 3’-up category in

the wild type strain and shifted to the 5’=3’ category in the pnpA strain (Table 1). An

example of this shift is shown for the pgcA gene in Fig. 2B, which had a higher number of

3’-proximal reads in the wild-type strain but a more uniform distribution in the pnpA strain.

In other words, for these genes there is an accumulation in the pnpA strain of 5’-proximal

RNA such that 3’ reads are no longer in greater abundance than 5’ reads. Similarly, the

percent of genes in the 5’-up category almost doubled from 5.6% in the wild type to 10.4%

in the pnpA mutant (Fig. 2A). Most of this increase in the 5’-up category was due to the 103

genes that were in the 5’=3’ category in the wild type and were shifted to the 5’-up category

in the pnpA mutant (Table 1). An example of this is the yocH gene shown in Fig. 2B, for

which there is an even distribution in the wild-type strain but a marked increase in 5’-

proximal reads in the pnpA strain. There were even three genes (yabE, ywmB, rapF) that

shifted from the 3’-up category in the wild type to the 5’-up category in the pnpA mutant

(Table 1). The read distribution pattern for yabE is shown in Fig. 2B, where the high 3’/5’

ratio in the wild type becomes a high 5’/3’ ratio in the pnpA strain. Finally, the percent of

genes in the 3’-up category went from 26.9% in the wild type down to 17.2% in the pnpA

mutant (Fig. 2A). Thus, the absence of PNPase caused a significant increase in the number
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of mRNAs that accumulate 5’-proximal sequence. This is consistent with the hypothesis that

PNPase is required for degradation in the 3’-to-5’ direction from a site of endonucleolytic

cleavage. The loss of PNPase would make upstream products of endonuclease cleavage less

susceptible to rapid turnover, and 5’-proximal decay intermediates would be in greater

abundance than in the wild-type strain. The downstream products, however, would not be

affected by the lack of PNPase, as they are likely degraded by RNase J1.

Interestingly, for a small percentage of genes (~4%), the ratio of 3’/5’ reads increased in the

pnpA strain (Table 1), i.e., 46 genes in the 5’=3’ category in the wild type shifted to the 3’-

up category in the pnpA strain, and 25 genes in the 5’-up category in the wild type shifted to

the 5’=3’ category in the pnpA strain. We cannot rule out complex transcriptional and post-

transcriptional effects in the pnpA strain.

Effect of PNPase deletion on rnjA expression

Before analyzing further the impact of PNPase on global RNA processing, we addressed the

issue of possible effects of deleting PNPase on the expression level of RNase J1, which is

believed to be the other major exoribonuclease in mRNA decay (Condon, 2010). Inefficient

turnover of mRNA due to the lack of PNPase might cause a depletion of the free nucleotide

pool and impede redirection of gene expression programs, which could be compensated by

increased expression of the 5’ exonuclease RNase J1. In fact, preliminary experiments with

a strain in which the RNase J1-encoding rnjA gene was under control of the IPTG-inducible

Pspac promoter showed that there is selective pressure to elevate rnjA expression in the pnpA

background. As seen in Fig. 3A, rnjA mRNA levels were assessed by Northern blot analysis

in strains in which the gene was expressed either from its native promoter (lanes 1 and 3) or

from the Pspac promoter (lanes 2 and 4) in the wild-type background (lanes 1 and 2) and the

pnpA background (lanes 3 and 4). All strains carried the pMAP65 plasmid, which provides a

high level of lac repressor (Petit et al., 1998). In the wild-type background, IPTG-induced

transcription of rnjA from the Pspac promoter was about five-fold lower than expression

from its native promoter, as expected from earlier results of Western blot analysis (Durand

et al., 2012). In the pnpA background, the level of rnjA transcription from its native

promoter was unchanged but the level of transcription from the Pspac promoter increased 17-

fold. Sequencing of the lac operator in this strain identified several point mutations that

likely eliminated lac repressor binding and resulted in elevated rnjA expression, conferring a

growth advantage. Thus, the absence of PNPase selects for cells that have increased RNase

J1 expression. This is consistent with the failure to construct a strain that is deleted for both

pnpA and rnjA genes (Figaro et al., 2013).

The RNA-Seq data for transcript levels of rnjA and a number of genes involved in RNA

decay showed that these were not greatly affected by the loss of PNPase (Table 2). There is

a significant increase in the read level for the gene encoding RNase III and a small increase

for the gene encoding RNase PH. (The small increase for RNase R is less than 1.5-fold and

barely reaches significance.) We do not know whether these changes are biologically

relevant. We nevertheless thought it prudent to use Western blot analysis to determine the

relative level of RNase J1 in ribonuclease mutant strains, in order to eliminate the possibility

that the loss of PNPase caused changes at the translational level (Jamalli et al., 2014). The
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results (Fig. 3B) show that no significant difference in RNase J1 protein level was observed

in the pnpA strain or in any of several single or multiple exoribonuclease mutant strains that

were tested.

Differential gene expression in the pnpA strain – direct effects

RNA-Seq results from the pnpA and wild-type strains revealed a surprisingly widespread

effect of the pnpA deletion on levels of gene expression. Of the 2,276 genes included in the

analysis (at least 1 read per base in either strain), ~66% showed significant differential

expression in the wild-type vs. pnpA strains (P-values <0.05; Table S1). Of these, fully three

quarters had differential expression (increase or decrease) of at least 1.5-fold, which we used

as a cut-off for further analysis. No single functional category had a significantly greater

percentage of differentially expressed genes (Table S2). While it might be expected that the

absence of PNPase would mean less efficient degradation of mRNA intermediates and

overall increases in the number of RNA reads, we found that, among genes with a ≥1.5-fold

difference in gene expression, 18.1% (412 genes) had increased expression while 31.6%

(720 genes) had decreased expression (Table S2). Significant increases in read number in

the pnpA strain could be due to a direct effect of lower degradative activity, or could be due

to indirect effects (e.g., increased transcription due to increased expression of a sigma

factor). Significant decreases in read number in the pnpA strain are likely due to indirect

effects: either the absence of PNPase could allow other ribonucleases to degrade an mRNA

more efficiently, or the absence of PNPase could lead to decreased transcription (e.g.,

decreased expression of a sigma factor).

We hypothesized that mRNAs that were directly affected by the absence of PNPase are

those whose initiation of decay begins with an endonuclease cleavage, generating a 3’

hydroxyl that is then acted upon by PNPase. To identify such mRNAs, we calculated the

ratio of reads in the 5’-proximal one-third vs. the 3’-proximal one-third of each CDS in both

pnpA and wild-type strains, to give a “ratio of ratios” or “RR.” This is a sensitive measure of

the direct effect of PNPase on mRNA turnover, as it is independent of relative expression

levels. Genes with an RR of >1.5 would likely be those whose decay from a 3’ end

generated by endonuclease cleavage requires the 3’ exonucleolytic activity of PNPase. A list

of genes with RR >1.5 is in Table S4. The gene with the highest RR value was rapA (RR =

10.5) for which RNA-Seq data and Northern blot analysis are shown in Fig. 4A. The RapA

CDS, which encodes a response regulator aspartate phosphatase, is transcribed together with

that of its inhibitor, PhrA (Diaz et al., 2012), to give a ~1.3 kb transcript. In the wild-type

strain, the 5’ rapA probe detected full-length mRNA and an additional RNA of ~250 nts.

This decay intermediate is seen in the RNA-Seq histogram as a small, 5’-proximal peak. The

5’/3’ ratio of rapA in the wild-type strain is 3.2, placing it in the 5’-up category. In the pnpA

strain, the 5’ probe detected the same amount of full-length transcript but about a 20-fold

higher level of the 250-nt 5’-proximal fragment, as reflected in the RNA-Seq histogram. The

5’ probe also detected additional 600-800-nt decay intermediates, which are represented in

the histogram by an extended shoulder of the 5’-proximal peak that reaches out to ~800 nts.

Using the 3’ probe, only the full-length mRNA was detected, at equal amounts in both

strains.
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Another noteworthy example of an mRNA with an RR>1.5 is cggR mRNA, which is a well-

characterized substrate for RNase Y, the putative major decay-initiating endonuclease in B.

subtilis (Lehnik-Habrink et al., 2012). cggR, which encodes a transcriptional repressor

protein, is the first gene in the hexacistronic gapA operon that contains several glycolytic

genes. The level of CggR protein in the cell is ~100-fold lower than the level of GapA

protein encoded by the second cistron of the gapA operon, and this has been shown to be

due to differential instability of the cggR-encoding mRNA. The mechanism involves RNase

Y cleavage at a site several nucleotides upstream of the cggR stop codon (Ludwig et al.,

2001, Commichau et al., 2009), which is presumably followed by 3’-to-5’ exonucleolytic

decay of cggR mRNA. In Fig. 4B are shown RNA-Seq reads for cggR-gapA in the wild-type

and pnpA mutant strains, and a Northern blot analysis using cggR 5’ and 3’ probes. The

RNA-Seq data indicated a large increase (~6-fold) in cggR 5’-proximal reads in the pnpA

strain, as well as a smaller increase in reads that are closer to the cggR 3’ end. gapA mRNA

reads were the same in both strains. In the Northern blot analysis of the wild-type strain

using the 5’ cggR probe, the 2.2 kb cggR-gapA discistronic transcript and the 1.2 kb cggR

RNA were barely detected. (The cggR-gapA transcript is the result of transcription

termination downstream of the gapA CDS, while the cggR RNA is due to RNase Y

cleavage.) These species were detected also by the cggR 3’ probe. The 5’ probe also

detected a ~360-nt 5’-proximal intermediate, which is reflected in the RNA-Seq pattern by

the small 5’-proximal peak. In the pnpA strain, cggR-gapA RNA was easily detected by

either probe, as well as a large increase in cggR RNA. The 5’ probe also detected a species

of ~500 nts as well as smaller RNAs, which correlate with the 5’-proximal peaks in the

histogram. Accumulation of cggR RNA in the pnpA mutant strain suggests that PNPase is

absolutely required for decay of the upstream fragment generated by RNase Y cleavage.

The overall RR data showed that out of 1831 genes above the cutoff in both strains, 178

gave an RR of >1.5 and a P value of <0.05 (Table S4). In other words, the decay of about

10% of mRNAs is highly dependent on PNPase activity, and none of the other 3’

exonucleases can substitute efficiently in the decay process.

Location of genes affected by loss of PNPase

We hypothesized that the location of a gene relative to the transcription start site (TSS)

would have an effect on its decay pattern. Genes located closer to the TSS would be more

likely to house the 5’-most endonuclease cleavage target site, and so would be most affected

by the absence of the 3’ exonuclease (PNPase) that is required for subsequent turnover.

Genes that are located more distally from the TSS would likely have an endonuclease target

site located upstream and would be subject to RNase J1 turnover and less affected by the

absence of PNPase. The operonic context of 123 of the 178 genes with an RR >1.5 for

which the operon location is known was analyzed (Table 3). Genes were annotated as being

either monocistronic, the first cistron in a polycistronic operon, the second cistron in a

polycistronic operon, or the third cistron and later. Of genes with an RR >1.5 and known

operonic location, 51.1% were either monocistronic or the first gene in an operon, compared

to 33.1% of all genes with >1 reads/base whose location is known. Thus, genes that show a

5’ accumulation that is directly due to the loss of PNPase show a position bias near a TSS.
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This is consistent with initiation of decay by endonuclease cleavage, followed by PNPase 3’

exonuclease activity.

Differential gene expression in the pnpA strain – indirect effects

To address at least some of the indirect effects of loss of PNPase on gene expression,

changes in sigma factor mRNA levels were analyzed. For nine sigma factor RNAs, the read

level was greater than the cutoff of 1 read/base in at least one of the strains (Table 4), and

for five of these the difference in read number did not reach significance (P >0.05).

Expression of Sigma A, the major vegetative sigma factor was only slightly affected by loss

of PNPase (30% decrease). Sigma B gene expression was 2-fold higher in the pnpA strain.

Of the 128 genes in the sigB regulon with a read abundance above the cutoff, 33 genes

(25.8%) had >1.5-fold increase in expression (Table 4, lower portion). Thus, the 2-fold

increase in sigB expression could account for some but not most of the changes in sigma B-

controlled genes. It is likely that the small increase in Sigma B levels is only sensed by high-

affinity promoters in the sigB regulon. Sigma Y gene expression was decreased by 60%,

perhaps explaining why six of the seven genes in the sigY regulon showed a decrease of

>1.5-fold. Sigma D expression was reduced more than 3-fold. Correspondingly, of the 72

sigD regulon genes with a read abundance above the cutoff, 62 had decreased RNA levels of

at least 1.5-fold in the pnpA strain. The one gene that showed a significant increase, gdpP, is

actually controlled by an anti-sense transcript that is expressed from a sigma D promoter

(Luo & Helmann, 2012). Thus, a large percentage (87.5%) of differentially expressed sigD

regulon genes in the pnpA strain could be explained by an indirect effect of the loss of

PNPase on sigD expression.

Analysis of fla/che operon RNA

The sharp decrease in sigD expression led us to examine the transcription pattern of the

fla/che operon, a 32-gene operon of which sigD is the penultimate gene (Fig. 5A).

Transcription of the fla/che operon is controlled for the most part by the sigma A-dependent

fla/che promoter. There is an additional promoter located in the fliJ gene (the 8th gene of the

operon), which is designated the PylxF3 promoter (the ylxF gene follows fliJ in the operon).

An earlier study of fla/che transcription by qRT-PCR noted that transcript levels increase

from the promoter-proximal region to about the first third of the operon, and then decrease

with distance from the fla/che promoter such that sigD transcription is relatively low (Cozy

& Kearns, 2010). As shown in the RNA-Seq analysis in Fig. 5A, in the wild-type strain

fla/che read levels rose gradually until reaching a maximum in the cheY-fliZ region, and then

dropped off abruptly and remained at a relatively constant level until the end of the operon.

In the pnpA mutant strain there was no rise in read levels moving downstream in the operon,

and the levels throughout the operon remained 2-4-fold lower than the wild type (Table 5).

This explains the 3-fold decrease in sigD expression (Table 4). The differential pattern of

fla/che read levels in the two strains suggests some form of post-transcriptional processing

that likely involves PNPase.
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Chain growth and swarming phenotypes of pnpA mutant strains

The effect of PNPase loss on sigD expression led us to examine the basis for the chaining

phenotype of the pnpA strain, which is shown in Fig. 5B. Separation of dividing cells is

controlled by the major autolysis genes (lytABC, lytD, and lytF), and these are under control

of sigma D promoters (Marquez et al., 1990). Indeed, there was a significant reduction of

expression of these genes in the pnpA strain (Table 5), especially for lytF, which encodes the

major enzyme for cell separation (Chen et al., 2009) (Fig. 5C). These data immediately

explain why the pnpA strain grows as chains.

Another sigD regulon gene that was affected in the pnpA strain was the flagellin-encoding

hag gene, which showed a 17-fold decrease in RNA reads (Table 5). Since B. subtilis

swarming motility is dependent on a high level of flagellar synthesis (Kearns, 2010), we

hypothesized that disruption of pnpA might also affect swarming motility. The B. subtilis

168 derivatives that were used to analyze mRNA decay are domesticated strains that do not

show swarming motility on agar plates (Patrick & Kearns, 2009). Thus, to determine

whether the loss of PNPase affected swarming, the pnpA mutation was transferred via SPP1

phage transduction into the undomesticated and swarming-competent B. subtilis 3610 strain.

Qualitative and quantitative assays of swarming shown in Fig. 6 demonstrated that loss of

PNPase indeed resulted in a severe swarming defect.

The swarming defect in the 3610 pnpA strain could be a result of the decrease in fla/che

operon expression (notably sigD), or could be due to an effect of the loss of PNPase on a

different locus. To probe this, a derivative of the 3610 pnpA strain was made that had

increased fla/che transcription. SwrA acts positively to increase fla/che transcription (Kearns

& Losick, 2005), likely in partnership with DegU at the major fla/che promoter (Mordini et

al., 2013), and IPTG-induced overexpression of swrA has been shown to complement

motility defects (Kearns & Losick, 2005). As shown in Fig. 6, transduction of the 3610 pnpA

strain to swrA++ resulted in restoration of the swarming phenotype. This result suggests that

the severe swarming defect caused by the pnpA deletion is due to effects on fla/che operon

expression.

Discussion

We found that RNA-Seq analysis of B. subtilis mRNA is useful in revealing patterns of

mRNA decay/processing that show an accumulation of mRNA fragments at steady state. In

cases where Northern blot analysis was used to confirm RNA-Seq results, we found

excellent correspondence between RNA-Seq data and the pattern detected by Northern

blotting using probes from different ends of the gene (cf. Fig. 4 for examples). This validates

the use of RNA-Seq to probe RNA processing. A previous study done on wild-type B.

cereus strains gave similar results, and was able to show differential decay patterns for

different segments of the same transcript (Kristoffersen et al., 2012).

In accordance with the “all-or-nothing” mechanism of mRNA decay (Kaberdin et al., 2011),

two-thirds of mRNAs showed equal amounts of RNA reads across the CDS (the 5’=3’

category). For such genes, only full-length mRNA would be detected by probes that could

be complementary to any part of the CDS. For genes in the 5’-up or 3’-up categories,
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characterization of mRNA decay by Northern blotting will very much depend on probe

design. For example, the data for rapA mRNA in Fig. 4A show that use of a 3’ probe would

indicate no difference between wild-type and pnpA mutant strains, with only full-length

mRNA being detected, while the use of a 5’ probe revealed a remarkable difference in RNA

accumulation between the two strains.

In the wild-type strain, one third of mRNAs showed a skewed distribution of reads, with

accumulation of either 5’-proximal or 3’-proximal RNA fragments (Fig. 1). The RNA-Seq

pattern for genes in the 3’-up category, where there is a gradient of read levels from the 5’ to

the 3’ end (e.g., lytE; Fig. 1), is consistent with decay from a monophosphorylated 5’ end by

RNase J1 5’ exonuclease activity. Such a pattern could reflect a differential rate of RNase J1

processivity that might be affected by translating ribosomes, RNA secondary structure, or

bound proteins. We found a significant overlap of mRNAs that had a lytE-like pattern with

mRNAs shown to be increased by RNase J1 depletion in earlier study (Durand et al., 2012),

suggesting that many mRNAs with a lytE-like pattern are candidates for decay by RNase J1

from the 5’ end. The lytE-like pattern could also be due multiple endonuclease cleavages

that occur in a 5’-to-3’ direction. In fact, this latter mechanism is needed to explain the

observation (not shown) that a third of the lytE-like genes shift from the 3’-up category in

the wild-type strain to the 5’=3’ category in the pnpA strain. Degradation of mRNAs strictly

by processive RNase J1 activity in the 5’-to-3’ direction would likely not be affected by loss

of PNPase.

On the other hand, the pattern for genes in the 5’-up category is consistent with

endonuclease cleavage, followed by degradation of the upstream fragment by a 3’

exonuclease and of the downstream fragment by RNase J1 or by additional endonuclease

cleavages. Various 3’ exonucleases differ in their ability to degrade past secondary structure.

We have shown using purified enzymes that PNPase processivity in the 3’-to-5’ direction is

sensitive to mRNA secondary structure (Deikus & Bechhofer, 2007), while the mechanism

of RNase R 3’ exonucleolytic activity allows it degrade structured RNA efficiently (Vincent

& Deutscher, 2009). Thus, the pattern observed for genes in the 5’-up category, where 5’-

proximal sequences accumulate relative to downstream sequences, may result from

structured RNA regions and their effect on processivity, depending on which 3’ exonuclease

accessed the 3’ end generated by endonuclease cleavage.

Accumulation of 5’-proximal fragments at steady state was even more apparent when

PNPase was absent (Figs. 2 and 4; Table 1). An important conclusion from these data is that

the loss of PNPase is not compensated for by the activity of RNase R, RNase PH or YhaM.

In other words, there appears to be specificity in the exonuclease activity that degrades

upstream cleavage fragments, such that only PNPase can do so efficiently in some cases.

Based on the ratio of ratios measure used to identify mRNAs that are directly affected by the

loss of PNPase, we estimate that ~10% of mRNAs are dependent specifically on PNPase for

degradation. Since biochemical studies of phosphate-dependent 3’ exonuclease activity

indicated that PNPase was the major such enzyme in B. subtilis (Deutscher & Reuven, 1991,

Wang & Bechhofer, 1996), it is likely that, when present, PNPase is indeed responsible for

the bulk of mRNA turnover. When PNPase is not present, other 3’ exonucleases, such as

RNase R, can efficiently substitute for PNPase in many cases but not in the 10% of cases
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that appear to depend on PNPase for rapid turnover. The basis of this specificity will require

further investigation of individual mRNAs that we have shown here are most affected by the

absence of PNPase, e.g., rapA and cggR mRNA (Fig. 4).

RNA-Seq data identified a significant decrease in sigD expression, which could explain the

chain growth phenotype of the pnpA mutant, an observation that was made when the pnpA

mutant was first constructed (Wang & Bechhofer, 1996). The effect on sigD expression also

predicted a pnpA-related swarming motility defect, which was confirmed in the

undomesticated 3610 strain (Fig 6). The pnpA-mediated swarming defect was

complemented by swrA overexpression, which is likely to be occurring at the level of

increased fla/che operon expression. Further experiments are needed to determine whether

RNA processing mechanisms dictate the complex fla/che read pattern (Fig. 5A), and

whether the lack of PNPase has a direct effect on processing of the fla/che transcript. For

example, although swrA is a pseudogene and non-functional in the 168 strain, and therefore

does not appear in the list of read data in Table S1, the RNA-Seq data for the swrA locus in

the pnpA strain showed a 4-5-fold decrease in read levels from wild type. This is not

surprising, since swrA transcription is itself controlled by sigD in an autoregulatory loop

with the fla/che operon (Kearns & Losick, 2005, Calvio et al., 2008, Mordini et al., 2013).

The severe swarming defect of the 3610 pnpA strain (Fig. 6) provides a convenient platform

to screen for genetic alterations that restore swarming, which should be useful in

determining the role that post-transcriptional processing by PNPase plays in complex

regulatory pathways such as swarming motility and biofilm production.

Experimental Procedures

Bacterial Strains

The wild-type strain, BG1, is a trpC2 thr-5 derivative of B. subtilis strain 168. Construction

of a disruption of the pnpA gene with a neomycin-resistance cassette was described

previously (Wang & Bechhofer, 1996). The pnpA strain used in the current study was

BG546, which is a neomycin-resistant transformant of BG1 using the original BG119 pnpA

chromosomal DNA. BG119 had one or more additional mutations that affected nitrogen

metabolism (unpublished results). The NCIB3610 strain (“3610”) was generously provided

by Dr. Roberto Kolter. The neomycin-resistant pnpA deletion derivative of the 3610 strain

was constructed by transduction with SPP1 phage carrying chromosomal DNA from

BG546. Note that the pnpA gene is located at 1740 kb on the B. subtilis chromosome, far

from the two genes that are mutated and cause lack of swarming in the domesticated 168

strain (sfp at 407.6 kb and swrA at 3622 kb). Since SPP1 phage packages around 40 kb of

DNA, there was no concern that these mutant genes would be transduced into the 3610

strain along with the pnpA locus.

The strain with rnjA transcription under control of the Pspac promoter was described

previously (Britton et al., 2007). The Pspac-rnjA strain was grown in the presence of 1 mM

IPTG, which results in a level of rnjA expression that is approximately five-fold lower than

in the wild-type strain (Durand et al., 2012).
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RNA preparation and sequencing

For RNA extraction, 1 ml of an overnight culture of wild-type (BG1) or pnpA (BG546)

strains was inoculated into 50 ml of LB media. Cells from three independent cultures were

harvested at mid-logarithmic stage (OD600 0.4), and total RNA was extracted by the hot

phenol method. RNA concentrations were determined using a Qubit Fluorometer

(Invitrogen) and RNA integrity was checked on a 1% agarose formaldehyde-MOPS gel.

Ribosomal RNA was depleted with the Ribo-Zero rRNA removal kit (Epicentre). The

quality of rRNA-depleted RNA samples was checked on a Bioanalyzer (Agilent

Technologies). RNA-seq libraries for single-end 100-nucleotide sequencing were

constructed using TruSeq RNA Sample Prep Kit v2 (Illumina) following the manufacturer's

instructions exactly. Sequencing of the libraries was performed on a HiSeq 2000 sequencing

system (Illumina).

Data analysis

Reads from sequencing were mapped to the B. subtilis strain 168 reference genome (NCBI

database; NC_000964.3) using Bowtie2 (2.1.0) (Langmead & Salzberg, 2012) with “local”

alignment (“--local”). Coding sequence information obtained from the NCBI database (ftp://

ftp.ncbi.nlm.nih.gov/genomes/Bacteria/Bacillus_subtilis_168_uid57675/) was used in

BEDtools to map reads to specific coding sequences. Custom Python scripts were developed

to perform data normalization, data analysis and to generate histograms. We adopted the

normalization method in the DESeq Bioconductor package (Anders & Huber, 2010).

Briefly, for each RNA sample a ratio was calculated for each gene as read counts/geometric

mean of read counts across all RNA samples. The median of this ratio was set as the

normalization factor for each sample. Raw read counts were normalized by dividing the

normalization factor of each sample. To quantify gene expression with RNA-seq data, the

levels of gene expression were set as the normalized number of reads mapped to the CDS

divided by the length of the CDS (read/base). The mean of triplicate samples was calculated.

Northern blotting

RNA isolated from Bacillus subtilis strains grown to mid-logarithmic phase in LB medium

was fractionated either on a 1% denaturing agarose MOPS gel and blotted by wicking. 5’

end-labeled oligonucleotides were used as probes. The rapA 5’ and 3’ probes were

complementary to nts 5-37 and 943-976 of the rapA CDS, respectively. The cggR 5’ and 3’

probes were complementary to nts 37-66 and 681-711 of the cggR CDS, respectively. To

control for RNA loading in Northern blot analyses, membranes were stripped and probed for

5S rRNA as described (Sharp & Bechhofer, 2003).

Western blotting

Western blot analysis of RNase J1 was performed essentially as described (Durand et al.,

2012) except that the secondary antibody was linked to horseradish peroxidase and revealed

by chemiluminesce (GE; ECL Select). Quantification was done using a Chemidoc apparatus

(Biorad).
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Growth and motility phenotypes

Photos of wild-type and pnpA overnight cultures were taken on a Zeiss Axioplan2 camera

after staining with 0.5% crystal violet. Qualitative and quantitative swarming motility assays

were performed as described (Patrick & Kearns, 2009). SwrA expression in the 3610 pnpA

swrA++ strain was induced with 1 mM IPTG.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(A) RNA-Seq analysis of genes in three 5’-3’ ratio categories in the wild-type strain.

Genome coordinates on the X-axis; normalized reads on the Y-axis. Extent of CDSs

indicated by the rightward facing arrows.
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Fig. 2.
(A) Percent of genes in three 5’-3’ ratio categories in the wild-type and pnpA mutant strains.

The categories are indicated outside the segments, with number of genes and percent of total

inside each segment. (B) Change in 5’/3’ ratios upon loss of PNPase. Read data from wild-

type (blue) and pnpA mutant (green) strains are shown, with the shift in category from wild

type to mutant indicated above each graph.
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Fig. 3.
Analysis of RNase J1 expression in response to loss of PNPase. (A) Northern blot analysis

of rnjA mRNA using a 5’-end-labeled oligonucleotide probe complementary to an internal

sequence in the RNase J1 CDS. Arrows on left indicate migration of rnjA mRNA

transcribed from its native promoter (PrnjA) or from an IPTG-inducible promoter (Pspac).

Migration of 16S rRNA is also indicated. Quantitative data on right are average of three

experiments, with rnjA mRNA level in the wild-type strain set to 1. (B) Western blot

analysis of RNase J1 in ribonuclease mutant strains. Numbers below the blot are relative to

RNase J1 detected in the wild-type strain. 50 ng of purified RNase J1 was loaded in the

control lane on the right. Numbers on the left indicate migration of protein molecular weight

markers (kilodaltons).
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Fig. 4.
Analysis of mRNAs with high ratio of ratios (RR). (A) RNA-Seq and Northern blot analysis

of rapA mRNA. RNA-Seq data from wild type in blue and from pnpA mutant in green. 5’-

and 3’-directed oligonucleotide probes were used in Northern blots, as indicated below the

blots. FL = full-length rapA-phrA mRNA. Migration of RNA molecular weight markers

indicated on the left of the blot. (B) RNA-Seq and Northern blot analysis of cggR-gapA

mRNA. Location of RNase Y cleavage near the end of the cggR CDS is indicated below the

CDS schematic.
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Fig. 5.
(A) Read data from RNA-Seq analysis of the fla/che operon in wild-type and pnpA mutant

strains. Gene names are indicated below the graph, with the penultimate sigD gene in bold.

(B) Photomicrographs of overnight wild-type and pnpA mutant cultures. (C) RNA-Seq

analysis of lytF in wild-type and pnpA mutant strains; wild type in blue, pnpA mutant in

green.

Liu et al. Page 21

Mol Microbiol. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 6.
Swarming motility assay. (A) Wild-type swarming phenotype of 3610 strain compared with

swarming-deficient 3610 pnpA strain and complementation in strain overexpressing swrA.

(B) Quantitative swarming assay of three strains: 3610, open squares; 3610 pnpA, open

circles; 3610 pnpA swrA++, closed circles.
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Table 1

Altered distribution of genes in three 5′-3′ categories in wild-type and pnpA mutant strains.

Wild-type pnpA Number

5′=3′ 5′=3′ 1079

5′=3′ 5′-up 103

5′=3′ 3′-up 46

3′-up 3′-up 267

3′-up 5′=3′ 228

3′-up 5′-up 3

5′-up 5′-up 80

5′-up 5′=3′ 25

5′-up 3′-up 0
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Table 2

Read levels of genes involved in mRNA decay in wild-type and pnpA strains.

Gene Name Enzyme name (activity) wild type pnpA pnpA/wt Ratio P-value

rnr RNase R (3′ exo) 6.15 8.78 1.43 0.04

rph RNase PH (3′ exo) 3.33 5.34 1.60 0.01

yhaM YhaM (3′ exo) 6.02 3.81 0.63 0.00

rnjA RNase J1 (5′ exo/endo) 16.05 18.60 1.16 0.04

rnjB RNase J2 (5′ exo/endo) 13.54 17.30 1.28 0.00

rny RNase Y (endo) 38.36 37.59 0.98 0.85

rnc RNase III (endo) 9.92 22.42 2.26 0.01

nrnA nanoRNase 4.50 2.85 0.63 0.00

rppH RNA pyrophosphohydrolase 2.34 1.49 0.64 0.01
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Table 3

Operon position of genes with RR > 1.5.

All CDSs Above cutoff in both strains RR>1.5

Number of genes Percent Number of genes Percent Number of genes Percent

Total 4176 1831 178

unknown operon position 1645 39.4 685 37.4 55 30.9

Monocistronic genes 965 23.1 397 21.7 62 34.8

First gene in operon 457 10.9 208 11.4 29 16.3

Second gene in operon 459 11.0 230 12.6 20 11.2

Third or later gene in operon 650 15.6 311 17.0 12 6.7

Mol Microbiol. Author manuscript; available in PMC 2015 October 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Liu et al. Page 26

Table 4

Read abundance for sigma factors in wild-type and pnpA mutant strains

Gene Name wild type pnpA mutant pnpA/WT P-value

sigA 18.66 12.84 0.69 0.00

sigB 35.74 72.67 2.03 0.00

sigD 4.69 1.28 0.27 0.00

sigH 6.54 7.87 1.20 0.28

sigL 4.27 4.24 0.99 0.90

sigM 1.77 1.39 0.79 0.06

sigW 35.17 33.48 0.95 0.66

sigX 3.44 4.47 1.30 0.10

sigY 1.03 0.44 0.43 0.00

Number of genes Above cutoff Increase >1.5 Decrease >1.5

sigB regulon 164 128 33 21

sigY regulon 7 7 0 6

sigD regulon 82 72 1 62
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Table 5

Read abundance of genes involved in motility and cell separation

Wild-type pnpA mutant pnpA/WT P-value

fla-che operon

        flgB 2.07 1.39 0.67 0.04

        flgc 2.61 2.10 0.80 0.02

        fliE 3.39 1.61 0.47 0.00

        fliF 3.51 1.58 0.45 0.00

        fliG 4.75 1.98 0.42 0.00

        fliH 5.52 2.24 0.40 0.00

        flil 4.26 1.85 0.43 0.00

        fliJ 4.43 1.23 0.28 0.00

        ylxF 4.44 1.35 0.31 0.00

        fliK 4.74 1.25 0.26 0.00

        flgD 5.65 1.39 0.25 0.00

        flgG 6.94 1.64 0.24 0.00

        ylzI 6.15 1.57 0.26 0.00

        fliL 5.83 1.41 0.24 0.00

        fliM 6.81 1.61 0.24 0.00

        fliY 7.55 1.78 0.24 0.00

        cheY 11.73 2.13 0.18 0.00

        fliZ 7.02 1.61 0.23 0.00

        fliP 4.15 1.33 0.32 0.00

        fliQ 4.53 1.37 0.30 0.00

        fliR 3.71 1.07 0.29 0.00

        flhB 3.80 1.05 0.28 0.00

        flhA 3.44 1.05 0.30 0.00

        flhF 3.27 0.84 0.26 0.00

        ylxH 3.09 0.93 0.30 0.00

        cheB 3.16 0.86 0.27 0.00

        cheA 4.33 1.16 0.27 0.00

        cheW 5.25 1.39 0.27 0.00

        cheC 4.56 1.13 0.25 0.00

        cheD 4.39 1.18 0.27 0.00

        sigD 4.69 1.28 0.27 0.00

        ylxL 5.19 1.37 0.27 0.00

Autolysis genes

        lytA 2.92 1.59 0.54 0.02

        lytB 1.79 0.86 0.48 0.00
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Wild-type pnpA mutant pnpA/WT P-value

        lytC 3.56 0.89 0.25 0.00

        lytD 1.35 0.32 0.23 0.00

        lytE 3.12 0.98 0.32 0.00

        lytF 3.42 0.38 0.11 0.00

Flagellin

        hag 205.50 11.63 0.06 0.00
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