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1  | INTRODUC TION

For all organisms, faithful replication of the chromosome is essen-
tial to ensure daughter cells receive an accurate and complete copy 
of their genetic material. Over the last decade, it has been shown 
that RNA is often incorporated into genomic DNA, through hybrid-
ization to DNA or via covalent linkage (Williams and Kunkel, 2014; 
Schroeder et al., 2015; Santos-Pereira and Aguilera, 2015). These 
incorporation events can have severe consequences for cell phys-
iology, leading to replication fork stress, genome instability, and 
adverse effects on transcription (Prado and Aguilera, 2005; Nick 
McElhinny et al., 2010a, Nick McElhinny et al., 2010b, Kouzminova 

et al., 2017; Schroeder et al., 2017). RNA-DNA hybrids form through 
a variety of processes throughout each phase of bacterial growth, 
with each type of hybrid impacting genome integrity in a different 
way.

In exponentially growing cells a common type of RNA-DNA hybrid 
occurs in the form of Okazaki fragments (Randall et al., 2019). During 
DNA replication, Okazaki fragments on the lagging strand begin with 
RNA primers generating an RNA-DNA hybrid with a covalent RNA-
DNA junction (Rowen and Kornberg, 1978a; Rowen and Kornberg, 
1978b). These RNA primers are later removed and replaced with 
DNA through the activity of several DNA repair proteins in B. subti-
lis (Randall et al., 2019). The second type of RNA-DNA hybrid occurs 
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Abstract
RNA-DNA hybrids form throughout the chromosome during normal growth and 
under stress conditions. When left unresolved, RNA-DNA hybrids can slow repli-
cation fork progression, cause DNA breaks, and increase mutagenesis. To remove 
hybrids, all organisms use ribonuclease H (RNase H) to specifically degrade the RNA 
portion. Here we show that, in addition to chromosomally encoded RNase HII and 
RNase HIII, Bacillus subtilis NCIB 3610 encodes a previously uncharacterized RNase 
HI protein, RnhP, on the endogenous plasmid pBS32. Like other RNase HI enzymes, 
RnhP incises Okazaki fragments, ribopatches, and a complementary RNA-DNA hy-
brid. We show that while chromosomally encoded RNase HIII is required for pBS32 
hyper-replication, RnhP compensates for the loss of RNase HIII activity on the chro-
mosome. Consequently, loss of RnhP and RNase HIII impairs bacterial growth. We 
show that the decreased growth rate can be explained by laggard replication fork 
progression near the terminus region of the right replichore, resulting in SOS induc-
tion and inhibition of cell division. We conclude that all three functional RNase H 
enzymes are present in B. subtilis NCIB 3610 and that the plasmid-encoded RNase HI 
contributes to chromosome stability, while the chromosomally encoded RNase HIII is 
important for chromosome stability and plasmid hyper-replication.
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during replication by DNA polymerase, where an rNTP is used in place 
of the cognate dNTP, resulting in a sugar error (Nick McElhinny et al., 
2010b; Yao et al., 2013; Schroeder et al., 2017). Sugar errors tend to 
be single replicative DNA polymerase errors and have the potential 
to occur every few thousand base pairs in exponentially growing 
cells (Nick McElhinny et al., 2010b; Yao et al., 2013). In states of slow 
growth, it has been proposed that translesion DNA polymerases can 
use rNTPs in place of scarce dNTPs in a process termed ribopatch re-
pair (Ordonez et al., 2014). Ribopatch repair would generate relatively 
short polymers of RNA nested in double-stranded DNA to provide a 
temporary solution for sites in need of repair (Ordonez et al., 2014). 
RNA polymers covalently joined to DNA can impact genome integrity 
because the 2′OH of the ribose sugar can facilitate a nucleophilic at-
tack on the 3′ PO4

-, resulting in a 2′,3′ cyclic phosphate at the rNMP 
and a 5′ OH at the adjacent nucleotide (Oivanen et al., 1998). The 
resulting nick in the phosphodiester backbone is refractory to ligation 
and unable to function in further DNA synthesis (Das and Shuman, 
2013, Das et al., 2014, Schroeder et al., 2017). Failure to heal the end 
and repair the nick would then result in a double-strand break during 
the next round of DNA replication.

RNA-DNA hybrids in the form of Okazaki fragments and DNA 
polymerase errors are similar in that the RNA is covalently linked to 
DNA through a phosphodiester bond (Randall et al., 2017; Randall 
et al., 2019). Another prevalent RNA-DNA hybrid forms during 
transcription when mRNA transcripts are base-paired with the 
transcribed DNA strand, displacing the coding strand as ssDNA to 
form an R-loop [for review (Schroeder et al., 2015)]. In the case of 
R-loops, RNA hybridized to DNA lacks a covalent RNA-DNA junc-
tion. Persistent R-loops can impair the progression of replication 
forks and DNA synthesis, while also decreasing gene expression 
from the DNA template subsequent to R-loop formation (Lang et al., 
2017). Transcription is required during all growth phases, suggesting 
that R-loop formation could be prevalent during the entire life cycle 
of a bacterium. Therefore, all cells need to resolve each class of RNA-
DNA hybrid that occurs in vivo to maintain genome integrity and 
efficient gene expression throughout bacterial growth.

To reduce the detrimental consequences that RNA-DNA hybrids 
impose on genome integrity and transcription, organisms have en-
zymes dedicated to hybrid resolution (Ohtani et al., 1999b, Cerritelli and 
Crouch, 2009). The RNase H family of endoribonucleases cleaves the 
RNA component of RNA-DNA hybrids, resolving all classes of hybrids 
that occur in vivo (Ohtani et al., 1999b, Cerritelli and Crouch, 2009). 
RNase H enzymes are highly conserved, with family members present in 
bacteria, archaea, eukaryotes, and retroviruses, including HIV-1 (Ohtani 
et al., 2000; Li et al., 2004; Ohtani et al., 2004; Sparks et al., 2012). 
Bacterial RNase H enzymes are grouped into two general types based 
on amino acid sequence similarity: type I, which includes RNase HI, and 
type II, which includes RNase HII and HIII (Kochiwa et al., 2007). RNase 
HI and RNase HIII enzymes act on both ribopatches (four or more em-
bedded rNMPs) and hybrids lacking a covalent RNA-DNA junction, but 
are unable to cleave at a single rNMP embedded in DNA (Nowotny et al., 
2007; Randall et al., 2017; Randall et al., 2019). Unlike RNase HI and HIII, 
RNase HII enzymes are adept for cleavage at single embedded rNMPs 

and ribopatches participating in ribonucleotide excision repair (RER), yet 
show very poor activity on hybrids that lack a covalent RNA-DNA junc-
tion (Sparks et al., 2012; Chon et al., 2013). All three enzymes are active 
on the RNA primer portions of an Okazaki fragment, suggesting that all 
three bacterial enzymes could have overlapping functions during lagging 
strand processing and maturation (Ohtani et al., 1999a; Randall et al., 
2017; Randall et al., 2019). In addition to their important contribution 
to chromosomal replication, evidence suggests that RNase H enzymes 
function in the regulation of endogenous plasmid replication (Itoh and 
Tomizawa, 1980) and in regulatory aspects of transcription (Huertas and 
Aguilera, 2003, Santos-Pereira and Aguilera, 2015).

Comparative sequence analysis of over 300 genomes found that 
80% of bacterial genomes contain RNase HI and RNase HII (Kochiwa 
et al., 2007). Approximately 17% of bacterial genomes lack RNase 
HI (Kochiwa et al., 2007). The Firmicutes phylum, which includes a 
group of important Gram-positive pathogens, are among the 17% of 
bacterial genomes that lack RNase HI and instead encode RNase HII 
and RNase HIII (Kochiwa et al., 2007). Importantly, Firmicutes were 
the only group with some representatives that appeared to encode 
all three RNase H genes (Kochiwa et al., 2007; Randall et al., 2017). 
One Firmicutes that seemed to encode all three RNase H enzymes 
is the soil bacterium Bacillus subtilis (Kochiwa et al., 2007; Randall 
et al., 2017). The RNase HII and HIII enzymes from the lab strain 
B. subtilis PY79 are active and have been characterized in vitro and 
in vivo (Ohtani et al., 1999a; Randall et al., 2017; Schroeder et al., 
2017; Randall et al., 2019). Functional studies of the putative RNase 
HI-like proteins from B. subtilis were shown to lack the residues in-
volved in substrate-binding and do not possess nuclease activity in 
vitro (Kochiwa et al., 2007; Randall et al., 2017). Furthermore, prior 
work also showed that the simultaneous deletion of genes for both 
RNase HII (rnhB) and RNase HIII (rnhC) is lethal (Fukushima et al., 
2007) or results in a mutator phenotype with the accumulation of 
compensatory mutations (Randall et al., 2019). These studies suggest 
that the putative RNase HI-like genes are unable to compensate for 
the loss of both RNase HII and RNase HIII in vivo. Of the small sub-
set of bacteria that contain putative RNase HI, HII, and HIII there is 
no experimental evidence to support the coexistence of functional 
RNase HI and RNase HIII in the same genome (Kochiwa et al., 2007).

B. subtilis NCIB 3610 (referred herein as 3610) is considered a 
“wild” ancestral strain, which has maintained many of the wild mo-
tility and social behaviors associated with B. subtilis strains isolated 
from the soil (Branda et al., 2001, Kearns and Losick, 2003, Zeigler 
et al., 2008). In addition to the 4.2 Mbp chromosome, 3610 contains 
an endogenous 84 Kbp plasmid, pBS32 (Earl et al., 2007; Nye et al., 
2017). Plasmid pBS32 encodes 102 genes, many of which include 
a large contiguous set of genes that appear to encode for a cryptic 
prophage (Konkol et al., 2013). Other genes on the plasmid encode 
proteins that control host cell physiology, such as the inhibitor of 
biofilm formation RapP, the inhibitor of natural competence for DNA 
uptake ComI, and the cell death promoting sigma factor SigN (Konkol 
et al., 2013, Parashar et al., 2013, Burton et al., 2019, Omer Bendori 
et al., 2015). The remaining genes on pBS32 are of unknown func-
tion, including zpdC (rnhP), which encodes a putative RNase HI. If 
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zpdC is, indeed, a functional RNase HI enzyme this, to the best of our 
knowledge, would suggest that B. subtilis 3610 is the first bacterium 
to encode active RNase HI, HII, and HIII. Moreover, if ZpdC is an 
active RNase H it is unknown whether ZpdC activity is important for 
pBS32 plasmid maintenance, integrity of the B. subtilis chromosome, 
or some other aspect of DNA maintenance.

We show that ZpdC (named herein as RnhP) is capable of cleav-
ing all substrates typical of RNase HI proteins. Deletion of rnhP does 
not affect pBS32 maintenance, although the deletion of rnhC results 
in loss of the pBS32 hyper-replication phenotype. We demonstrate 
that the deletion of rnhP and rnhC results in a 2-fold increase in 
doubling time, which is attributed to cell filamentation and induc-
tion of the SOS response. Together, our data show that both the 
plasmid-encoded RNase HI (RnhP) and the chromosomally encoded 
RNase HIII (RnhC) are important for genome maintenance in the an-
cestral strain of B. subtilis NCIB 3610, demonstrating that bacteria 
can, indeed, maintain all three RNase H proteins with each enzyme 
contributing to genome stability.

2  | RESULTS

2.1 | RnhP is an active RNase HI enzyme

The endogenous 84 Kbp plasmid, pBS32, of the ancestral strain B. sub-
tilis NCIB 3610 contains several uncharacterized genes that encode 
proteins with sequence homology to bacterial DNA replication and 
repair proteins (Earl et al., 2007; Earl et al., 2012; Konkol et al., 2013). 
One such gene, zpdC (rnhP), shares 38.5% primary structure iden-
tity and 50.3% primary structure similarity to the RNase HI protein 
from Escherichia coli (Figure 1a). Importantly, all of the catalytic resi-
dues involved in metal coordination are conserved between the two 
sequences as are the residues within the α-helix 3 basic protrusion 
handle, which is involved in substrate-binding (Katayanagi et al., 1990), 
suggesting that ZpdC might have RNase H activity (Figure 1a). As part 
of our ongoing effort to understand how RNA-DNA hybrids impact 
genome stability and transcription, we began by purifying ZpdC (RnhP) 
and a D73N variant, which has been shown to render E. coli RNase HI 
catalytically inactive (Katayanagi et al., 1990) (Figure 1b).

To assay for RNase H activity, we used an oligonucleotide labeled 
with an IR dye at the 5′ end that contained four embedded rNMPs 
flanked by DNA on either side. This labeled oligonucleotide was an-
nealed to a complementary DNA strand, creating a double-stranded 
RNA-DNA chimeric substrate as previously described (Randall et al., 
2019). We used this approach because prior work showed that bac-
terial RNase HI, HII, and HIII are all active on this substrate (Ohtani 
et al., 1999a; Randall et al., 2017; Randall et al., 2019). We incubated 
ZpdC (RnhP) and the catalytically inactive variant with this substrate 
for 10 minutes at 37°C in buffers that mimic in vivo relevant metal 
concentrations (1  mM Mg2+, 10  μM Mn2+) as described (Randall 
et al., 2019). The substrate was also exposed to alkaline hydrolysis 
in a separate reaction to create a ladder corresponding to the posi-
tions of each embedded rNMP. The products of the reaction were 

separated by electrophoresis on a denaturing urea PAGE to measure 
substrate cleavage. Incubation of the substrate with low (4 nM) and 
high (50 nM) concentrations of protein results in complete cleavage 
of the substrate, whereas the catalytically inactive variant did not 
show any cleavage at either protein concentration (Figure 1c).

To determine if ZpdC (RnhP) has strict RNase H activity, such that 
it is only capable of cleaving the RNA portion of RNA-DNA hybrids, 
we tested the ability of ZpdC (RnhP) to cleave double-stranded RNA 
and DNA substrates. We incubated 4 nM and 50 nM ZpdC (RnhP) with 
double-stranded RNA and DNA substrates that were end-labeled with 
IR dyes under the same buffer and incubation conditions described 
above. The DNA substrate was previously shown to be cleaved by the 
exonuclease YpcP (Randall et al., 2019) and the RNA substrate was 
shown to be hydrolyzable by treatment with sodium hydroxide (data 
not shown). Unlike the RNA-DNA chimera substrate, we did not ob-
serve any cleavage of the RNA or DNA substrates when incubated 
with low or high concentrations of ZpdC (Figure  1d,e). From these 
data, we conclude that ZpdC is an active and strict RNase H enzyme. 
Having established that ZpdC is a plasmid-encoded RNase H, we re-
name zpdC to RNase H from pBS32 (rnhP).

2.2 | RnhP is active with various metals and at 
varying temperatures

To determine the parameters of activity for RnhP we assayed for cleav-
age over a range of temperatures and metal concentrations relevant to 
B. subtilis growth (Hardwood and Cutting, 1990). RnhP cleaved the RNA-
DNA chimeric substrate with four embedded rNMPs when incubated 
at 25°C, 30°C, and 37°C for 10 minutes with no appreciable difference 
in activity observed between the three temperatures (Supplementary 
Figure S1a). We also tested the activity of RnhP on the four embed-
ded rNMP substrate with various metals, holding all other reaction 
and buffer conditions the same between samples (see Experimental 
Procedures). RnhP appeared to be most active when incubated with 
10 μM Mn2+ as a metal cofactor (Supplementary Figure S1b). RnhP also 
showed activity when incubated with Mg2+, Zn2+, and Co2+, although 
RnhP was less active when compared with activity in the presence of 
Mn2+. We note a reduction in RnhP activity when incubated with 1 mM 
MgCl2 and 10 μM MnCl2 compared to 10 μM MnCl2 alone, which could 
be explained by the competition of Mn2+ with Mg2+ for binding to the 
RnhP active site (Supplementary Figure S1b). We conclude that RnhP is 
active both under relevant growth temperatures and with several metal 
cofactors. We note that, compared to the other cofactors tested here, 
Mn2+ supports the most activity.

2.3 | RnhP cleaves RNA-DNA covalent chimeras in 
a different location when compared with B. subtilis 
RNase HII and RNase HIII

Most bacteria have a functional RNase HII and either RNase HI or 
RNase HIII (Kochiwa et al., 2007). Further, it has been hypothesized 
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that RNase HI and HIII are mutually exclusive (Kochiwa et al., 2007). 
RNase HII is classically characterized as having unique activity on a 
single embedded rNMP within DNA and polymers of rNMPs that 
are covalently linked to DNA including embedded ribonucleotide 
polymers (i.e., “ribopatches”) and Okazaki fragments (Gupta et al., 
2017). RNase HI and HIII recognize substrates that contain four 
or more embedded rNMPs that are covalently linked to DNA and 
RNA-DNA hybrids that interact through hydrogen bonding, such as 
R-loops (Gupta et al., 2017; Randall et al., 2017; Randall et al., 2019). 
To empirically determine the cleavage patterns of RNase H enzymes, 
we purified RnhP, RnhC (RNase HIII), and RnhB (RNase HII) to exam-
ine their activities and cleavage patterns on a variety of RNA-DNA 
hybrid substrates in vitro. The purification of RnhC and RnhB has 

already been described elsewhere (Randall et al., 2017; Schroeder 
et al., 2017; Randall et al., 2019).

We began by testing the activities of all three enzymes using a 
substrate labeled with an IR dye at the 5′ end that contained one 
rNMP flanked by DNA on both sides annealed to a complemen-
tary DNA strand (oJR209 and oJR145). Consistent with previously 
published results (Schroeder et al., 2017), we found that only RnhB 
(RNase HII) had activity on this substrate under the conditions 
tested here (see Experimental Procedures) (Figure 2a). We next as-
sayed for activity on the four embedded rNMP substrate. While all 
three enzymes were capable of incising the substrate at 4 nM and 
50 nM protein concentrations, we found that the enzymes differed 
in their incision patterns. RnhB cleavage yielded a longer product, 

F I G U R E  1   Plasmid-encoded ZpdC is an active RNase HI protein. (a) Sequence alignment of ZpdC with E. coli RNase HI. Identical and 
similar residues are indicated in black and gray, respectively. Red indicates conserved catalytic residues. (*) denotes catalytic residue mutated 
in catalytically inactive variant (D73N). The α-helix 3 basic protrusion handle is boxed. (b) SDS-PAGE stained with Coomassie Brilliant Blue of 
purified ZpdC and catalytically inactive variant D73N. (c) ZpdC and D73N were incubated with a ribopatch substrate. The 5' end IR-labeled 
oligo containing four embedded rNMPs (squiggly lines) within an otherwise DNA oligo (straight lines) was annealed to a complementary 
DNA oligo (oJR210 and oJR145). A ladder was generated via alkaline hydrolysis of the substrate at the embedded rNMPs (lane one). (d) 
Incubation of ZpdC with an RNA-RNA substrate. A 5' end IR-labeled RNA oligo (squiggly line) was annealed to a complementary RNA oligo 
(oJR227 and oJR166). (e) Incubation of ZpdC with a DNA-DNA substrate. A 3' end IR-labeled DNA oligo (straight line) was annealed to a 
complementary DNA oligo (oJR348 and oJR365). For C-E, the reactions were assembled as described in “Experimental Procedures” and 
products were separated on a 20% denaturing urea-PAGE and subsequently visualized with a LI-COR Odyssey imager [Colour figure can be 
viewed at wileyonlinelibrary.com]

(a)

(b)

(d) (e)

(c)



     |  103NYE et al.

suggesting cleavage between the third and fourth ribonucleotide 
from the 5′ IR-dye end label as expected, whereas RnhC cleavage 
resulted in a shorter product, with cleavage within the middle of the 
embedded RNA. In contrast to functional redundancy with RnhC, 
RnhP appeared to cleave the four embedded rNMP substrate more 
similarly to RnhB (RNase HII), resulting in a longer product than 
RnhC with cleavage between the third/fourth and second/third 
rNMPs from the 5′ IR-dye end label (Figure 2b).

Both the single and quadruple embedded rNMP substrates are 
intended to represent misincorporation events that occur when 
DNA polymerases erroneously add rNTPs during replication or ribo-
patch repair, accounting for as many as 2,000 rNMPs incorporated 
into a bacterial genome per round of replication (Yao et al., 2013). 
Significantly more rNMPs (~23,000) are expected to be incorporated 
into the genome in the form of Okazaki fragments during lagging 
strand synthesis (Schroeder et al., 2015). In B. subtilis, these primers 
are removed and replaced with dNMPs through the combined ac-
tion of RNase HIII, DNA polymerase I, and YpcP with RNase HII also 
contributing to RNA removal (Randall et al., 2019). To test how RnhP 
activity compared to RnhC (RNase HIII) and RnhB (RNase HII) on an 
Okazaki fragment, we constructed an oligo with rNMPs at the 5′ end 
covalently linked to a stretch of DNA with a 3′ IR-dye end label. This 
oligo was hybridized to another oligo that was complementary to 
the 5′ end of the RNA-containing oligo but was significantly longer 
to generate a 3′ overhang (oJR339 and oJR340). We incubated this 

substrate, as previously described (Randall et al., 2019), with RnhB, 
RnhC, and RnhP to measure activity. Consistent with previous work, 
we observe Okazaki fragment substrate cleavage for both RnhB and 
RnhC (Randall et al., 2019). Furthermore, we show that RnhP has ac-
tivity on the model Okazaki fragment substrate, with multiple cleav-
age sites and some incision sites overlapping with RnhC (Figure 2c).

2.4 | RnhP cleaves RNA-DNA hybrids differently 
than RNase HIII

A defining feature of the single rNMP substrate, the polymer of four 
embedded rNMPs, and the Okazaki fragment substrate is that each 
has an RNA-DNA covalent junction. In contrast, an R-loop repre-
sents a different type of RNA-DNA hybrid, which is produced dur-
ing transcription when RNA hybridizes with complementary DNA 
in the template strand, displacing the DNA coding strand (Asai and 
Kogoma, 1994, Santos-Pereira and Aguilera, 2015). This substrate 
differs in that it does not contain a covalent RNA-DNA linkage. To 
determine if RnhP, like other RNase HI enzymes, is capable of cleav-
ing substrates without a covalent RNA-DNA linkage we began by 
testing activity on a substrate labeled at the 5′ end with an IR dye 
that contains an all RNA strand hybridized to a complementary DNA 
strand (oJR227 and oJR145). Consistent with previously published 
results, we observe cleavage when the complementary RNA-DNA 

F I G U R E  2   RnhP cleaves several RNA-DNA hybrid substrates. For each reaction, the indicated substrate was incubated separately with 
RnhP, RnhB (RNase HII), or RnhC (RNase HIII) in reaction buffer for 10 min at 37°C (see Experimental Procedures). For each substrate, a 
ladder was created via alkaline hydrolysis of the substrate at the rNMPs (lane one). The products were separated on a 20% denaturing urea-
PAGE and subsequently visualized with a LI-COR Odyssey imager. (a) Incubation of RnhP, RnhB, and RnhC with a single rNMP substrate. 
A 5' end IR-labeled oligo containing one embedded rNMP (triangle) within an otherwise DNA oligo (straight lines) was annealed to a 
complementary DNA oligo (oJR209 and oJR145). (b) Incubation of RnhP, RnhB, and RnhC with a ribopatch substrate. A 5' end IR-labeled 
oligo containing four embedded rNMPs (squiggly lines) within an otherwise DNA oligo (straight lines) was annealed to a complementary 
DNA oligo (oJR210 and oJR145). (c) Incubation of RnhP, RnhB, and RnhC with an Okazaki fragment-like substrate. A 3' IR-dye end-labeled 
oligo with rNMPs at the 5' end covalently linked to a stretch of DNA was hybridized to an oligo that was complementary at the 5' end of 
the molecule but was significantly longer to generate a 3' overhang (oJR339 and oJR340). (d) Incubation of RnhP, RnhB, and RnhC with 
a complementary RNA-DNA hybrid substrate. A 5' end IR-labeled RNA oligo (squiggly line) was annealed to a complementary DNA oligo 
(straight lines) to create an RNA-DNA hybrid (oJR227 and oJR145) [Colour figure can be viewed at wileyonlinelibrary.com]
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hybridized substrate was incubated with RNase HIII but not RNase 
HII (Randall et al., 2017; Randall et al., 2019). We then tested RnhP 
and demonstrate that RnhP does, indeed, have activity on an RNA-
DNA hybridized substrate lacking an RNA-DNA covalent junction. 
However, the site of incision differs between RnhP and RNase HIII 
(RnhC) (Figure 2d). This result, considered with the results described 
above, shows that RnhP recognizes the same substrates as a canoni-
cal RNase HI (Gupta et al., 2017) and that RnhP often cleaves at a 
different location relative to cleavage observed by RNase HIII.

2.5 | RNase HIII is required for plasmid hyper-
replication

We initially hypothesized that RnhP would be important for the 
replication of pBS32 in 3610 based on the notion that rnhP is plas-
mid-borne. It was previously reported that overexpression of the 
plasmid-specific sigma factor, SigN (ZpdN), causes pBS32 to hyper-
replicate and promoted cell lysis (Burton et al., 2019). Plasmid copy 
number was measured by quantitative PCR during normal growth 
and following hyper-replication by expressing SigN from an IPTG 
inducible promoter (Burton et al., 2019). We found that pBS32 was 
maintained at a low copy number similar to WT in ΔrnhC, ΔrnhP, 
and the double mutant (ΔrnhP rnhC::erm) when the expression of 
SigN was not induced (Figure 3a). Induction of SigN caused the plas-
mid to hyper-replicate in WT and ΔrnhP cells, but not in ΔrnhC cells 
(Figure 3a). Further, cell viability was assessed in all strains induced 
with SigN by measuring optical density and scoring CFUs every 
30  min up to four hours post-induction (Figure  3, Supplementary 
Figure S2a). Induction of SigN in the WT and ΔrnhP strains caused a 
similar loss of cell viability, suggesting that RnhP is not required for 
the pBS32-mediated cell death phenotype (Figure 3b, Supplementary 
Figure S2a). In contrast, the strain with an rnhC deletion showed a 
slight drop and then plateau in OD, while CFUs were reduced less 
drastically than the WT or ΔrnhP mutant but recovered much slower 
(Figure 3b, Supplementary Figure S2a). In the double mutant, OD 
reached a plateau while CFUs dropped and did not recover over 
a four-hour time course experiment (Figure  3b, Supplementary 
Figure S2a). Moreover, we found that the double mutant cells dis-
played a severely filamentous phenotype throughout the course of 
the experiment (Supplementary Figure S2b-e). With these data, we 
conclude that chromosomally encoded RNase HIII is important for 
plasmid hyper-replication and recovery, while the loss of rnhP alone 
has no effect on pBS32 maintenance or hyper-replication.

2.6 | Cells lacking both RnhP and RnhC activity 
have a reduced growth rate

Our results thus far demonstrate that RnhP has activity on RNA-
DNA hybrids with four or more ribonucleotides in vitro and that 
RnhP does not contribute to pBS32 maintenance or hyper-rep-
lication. Therefore, we asked if RnhP contributes to chromosomal 

maintenance in 3610. If so, it would suggest that 3610 has a fit-
ness advantage when maintaining active RNase HI (RnhP), HII, and 
HIII enzymes for the purpose of resolving the variety of RNA-DNA 
hybrids that form on the chromosome. It has been shown that in 

FIGURE 3 RnhC, not RnhP, is required for plasmid hyper-replication. 
(a) The average plasmid copy number for IPTG inducible sigN strains 
in WT, ΔrnhC, ΔrnhP, and ΔrnhP rnhC::erm backgrounds with (light 
gray bars) and without (dark gray bars) IPTG. The plasmid copy 
number was assessed via qPCR ratio of the plasmid-encoded zpdE 
gene to the chromosomally encoded housekeeping sigma factor 
sigA. Error bars represent the standard deviation or range in the case 
of WT and rnhC. (b) OD600 (y-axis) of sigN inducible strains in WT, 
ΔrnhC, ΔrnhP, and ΔrnhP rnhC::erm backgrounds over time (x-axis). 
Representative curves for uninduced and IPTG induced strains are 
indicated. IPTG was added at time 0 [Colour figure can be viewed at 
wileyonlinelibrary.com]

0

25

50

75

WT ∆rnhC ∆rnhP double
strain

pl
as

m
id

 c
op

y 
nu

m
be

r
(z

pd
E 

re
la

tiv
e 

to
 s

ig
A)

+ IPTG
no
yes

(a)

(b)
WT ∆rnhP

double

0.1

1.0

0.1

1.0

0 2 4 6 0 2 4 6

time (hr)

lo
g 

O
D

60
0

∆rnhC

+IPTG +IPTG

+IPTG

+IPTG



     |  105NYE et al.

the absence of RNase HIII, but not RNase HII, there is a decrease 
in growth rate in B. subtilis PY79 (Randall et al., 2017; Schroeder 
et al., 2017; Randall et al., 2019). To test whether RnhP activity could 
compensate for the decrease in growth observed in the absence 
of RNase HIII, we performed growth curves for 3610 in liquid LB 
media for the WT, ΔrnhC, ΔrnhP, and ΔrnhP rnhC::erm strains. While 
the doubling times for the ΔrnhC and ΔrnhP single deletion strains 
(57.8 and 46.8  min, respectively) appeared to be slower than WT 
(37.7 min), there was no statistically significant difference in growth 
rate between WT, ΔrnhC, or ΔrnhP strains based on the growth 
model used here (Figure 4a, see Experimental Procedures). However, 
upon loss of both rnhP and rnhC the growth rate was significantly 
slower than WT (37.7 min) and slower than either of the single dele-
tion strains, with a doubling time over two times greater than WT at 
94 min (Figure 4a). As described in greater detail later in the results, 
we show that ectopic expression of rnhP in a ΔrnhC background 
of the lab strain PY79 rescues ΔrnhC growth defects to WT levels 
(Figure 7b, described below). With these results, we conclude that 
RnhP can compensate for RNase HIII (rnhC) and that these enzymes 
have overlapping functions in 3610.

2.7 | Cells lacking rnhP and rnhC genes filament 
relative to WT

To test if the differences in growth rate were caused by an inhibition of 
cell division we assayed cell length in exponentially growing cultures of 
WT, ΔrnhC, ΔrnhP, and ΔrnhP rnhC::erm strains. Cell membranes were 
imaged with a lipophilic fluorescent dye and cell length was measured 
as described (Experimental Procedures). Consistent with the slight de-
crease in growth rate observed in both ΔrnhC and ΔrnhP single deletions 
at 30°C, the average cell lengths of ~4.4 μm and ~4.0 μm for each strain, 
respectively, was longer than that of the WT strain measuring at ~3.7 μm 
(Figure 4c‒e). A slight tail on the distribution of cell lengths can be ob-
served for each single deletion strain, representing a subpopulation of 
cells that are slow to complete septation, resulting in a portion of longer 
cells (Figure 4f). The distribution of cell lengths for the ΔrnhP rnhC::erm 
double mutant has a more pronounced tail and an average cell length 
greater than WT or the single deletions alone at  ~5.6  μm (Figure  4f). 
These results support the conclusion that single deletions of rnhC or rnhP 
are well tolerated by the cell. We suggest that one gene can compensate 
for the loss of the other. However, the double deletion results in a severe 

F I G U R E  4   Loss of RnhP and RnhC 
results in decreased cell growth and 
increased cell length during exponential 
growth. (a) Growth curves for WT, 
ΔrnhC, ΔrnhP, and ΔrnhP rnhC::erm in LB 
media with shaking at 30°C. The growth 
curves were fit to a Gompertz growth 
model and the estimated growth rates 
and corresponding doubling times are 
indicated with 95% confidence intervals. 
(b-e) Representative images for cell 
length of WT, ΔrnhC, ΔrnhP, and ΔrnhP 
rnhC::erm, respectively. Cells were grown 
in LB media with shaking at 30°C to mid-
exponential growth and treated with a 
membrane strain for subsequent imaging. 
(f) The distributions of cell lengths 
plotted for each strain. The dashed line 
for each strain indicates the average cell 
length. The number of cells scored is 
indicated [Colour figure can be viewed at 
wileyonlinelibrary.com]
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growth defect that is, at least in part, the product of improper cell division, 
suggesting genome integrity may be compromised in the double mutant 
during normal growth in the absence of exogenous DNA damage.

2.8 | Cells lacking rnhP and rnhC activity are 
induced for the SOS response

During periods of DNA damage, cell division is inhibited by the cell di-
vision inhibitor, YneA, to allow for the chromosome to be properly re-
paired and replicated before cell division resumes (Kawai et al., 2003; 
Mo and Burkholder, 2010; Burby et al., 2018). The YneA-enforced 
DNA damage checkpoint ensures that daughter cells receive a com-
plete copy of the chromosome after replication is complete (Kawai 
et al., 2003; Mo and Burkholder, 2010; Burby et al., 2018). It has been 
shown previously that multiple deletions of RNase H and RNase H-like 
genes in B. subtilis lacking the pBS32 plasmid show SOS induction 
(Fukushima et al., 2007). Further, given the defects in growth and cell 
filamentation of the double deletion strain studied here, we asked if 

cells lacking rnhP and rnhC are SOS induced. We used the SOS reporter 
construct tagC::tagC-gfp, which like yneA is highly upregulated during 
the SOS response, as a single cell proxy for SOS induction (Britton 
et al., 2007; Simmons et al., 2009). In exponentially growing WT cells 
(OD600 = 0.5-0.7) at 30°C in LB media, we found that ~5.0% of cells 
expressed the SOS reporter, while ~88.0% of WT cells expressed the 
reporter when the DNA damage response was induced following the 
addition of mitomycin C (MMC) (Figures 5a,b and S3a,c). In contrast to 
the WT cells, ~71.2% of the double deletion cells expressed the SOS 
reporter under normal growth conditions, which increased to ~ 91.3% 
upon treatment with MMC (Figure 5a,b, Figure S3b,d).

Therefore, we show that cells lacking rnhP and rnhC experience 
a ~14-fold increase in SOS induction during normal growth conditions, 
which may explain the slow growth and cell elongation results de-
scribed above (Figure 4). These results further show that 3610 is able to 
mitigate the deleterious effects of RNA-DNA hybrids when either RnhP 
or RNase HIII (rnhC) is active. When both genes are nonfunctional, the 
consequences to genome integrity cause the majority of cells to induce 
the SOS response delaying cell division and impairing proliferation.

F I G U R E  5   Loss of RnhP and RnhC activates the SOS response under normal growth conditions. (a) Scoring of cells expressing the 
tagC::tagC-gfp reporter in WT and ΔrnhP rnhC::erm with and without mitomycin C treatment. The strain backgrounds and treatment status 
are indicated on the x-axis and the percent of cells expressing the reporter is indicated on the y-axis. The percent of fluorescent cells for 
each strain is indicated above the bar. For WT, WT with MMC treatment, ΔrnhP rnhC::erm, and ΔrnhP rnhC::erm with MMC treatment 
reporters 799, 744, 799, and 767 cells were scored per strain, respectively. (b) Single image GFP intensities for tagC::tagC-gfp reporter strains 
in WT and ΔrnhP rnhC::erm backgrounds plus treatment with mitomycin C. The GFP intensity per pixel was quantified for each strain and 
plotted. The white line used to quantify pixels for GFP intensity is indicated in each image. An enhanced image for each strain is also shown 
for comparison. The GFP intensity per pixel was quantified for each strain and plotted to demonstrate background fluorescence in (WT) 
relative to the fluorescence intensity observed in cells inducing SOS as measured by TagC-GFP fluorescence. The red bar in the upper right 
panel represents 4.5 µm [Colour figure can be viewed at wileyonlinelibrary.com]
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2.9 | Cells lacking rnhP and rnhC exhibit replication 
stress near the terminus region

Having established that loss of rnhP and rnhC results in SOS in-
duction for most cells during normal growth, we investigated 
the genome-wide replication status of the WT and double dele-
tion strains in exponential phase cultures in an effort to under-
stand the underlying cause. We isolated DNA from each strain in 

triplicate for single-end DNA-sequencing to determine chromo-
some and plasmid replication status. The resulting reads were 
aligned to the NCIB 3610 reference chromosome (Nye et al., 2017) 
and plasmid separately and the average coverage was plotted over 
the length of the reference. There was little to no difference in 
sequencing coverage between the WT and double deletion strain 
over the length of pBS32 (Figure  6a). We found a severe drop 
in sequencing coverage around 60 Kbp for pBS32 in the double 

F I G U R E  6   Loss of RnhP and RnhC 
results in laggard replication progression 
near the terminus. (a) Average plasmid 
coverage of exponentially growing WT 
and ΔrnhP rnhC::erm cells. The average 
count of sequencing coverage at each 
base (y-axis) for three independent 
replicates for reads aligned to the pBS32 
reference over 100 bp regions are plotted 
in 10 bp sliding windows over the length 
of the plasmid on the x-axis. The plots for 
the WT and ΔrnhP rnhC::erm strains are 
indicated. (b) Average genome coverage 
of exponentially growing WT and 
ΔrnhP rnhC::erm cells. Average count of 
sequencing coverage at each base (y-axis) 
for three independent replicates for reads 
aligned to the NCIB 3610 reference (Nye 
et al., 2017) chromosome over 10 Kb 
regions is plotted in 1Kb sliding windows 
over the length of the chromosome 
(x-axis). The first origin proximal base 
in the reference genome represents 
position 1. The median value across each 
window was plotted. The plots for the 
WT and ΔrnhP rnhC::erm are indicated. 
The ppsA-E locus (1,960,230–1,997,989) 
is indicated by a black arrow. (c) Shown 
is a graph reporting the percent of cells 
with TagC-GFP expression (SOS) in the 
Δpps (TMN 141) or the ΔrnhPrnhC::erm 
Δpps (TMN142) strains. The number of 
cells scored for the analysis are as follows: 
TMN 141 untreated (n = 806), TMN 
142 untreated (n = 852), TMN141 MMC 
treated (n = 909), and TMN 142 MMC 
treated (n = 850). The percent of cells 
expressing the SOS reporter is indicated 
above each bar [Colour figure can be 
viewed at wileyonlinelibrary.com]
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deletion strain, which corresponds to the location of the deleted 
rnhP gene (62,030–62,497). When visualizing the sequencing cov-
erage map for the chromosome and comparing the WT and double 
deletion strains, we noticed an abrupt drop in sequencing reads in 
the terminus region for the right replichore. This result shows that 
replication fork progression is slowed in this region for the double 
deletion strain (Figure 6b, below arrow).

2.10 | Deletion of the pps operon restores the  
replication defects in the terminus region and  
mitigates the SOS response in cells lacking 
rnhP and rnhC

The abrupt drop in sequencing reads near the terminus of the 
right replichore prompted us to examine the genes in this re-
gion more carefully. We began by identifying genes located im-
mediately before the 2000 Kbp locus (Figure 6b). The dacC gene 
(1,998,372‒1,999,847), which encodes a carboxypeptidase, 
is a non-essential average length (1,476 nt) gene that is tran-
scribed in the head-on direction with replication fork progres-
sion. Immediately upstream of the dacC gene is the pps operon 
(1,960,230-1,997,989) which encodes plipastatin synthase. The 
pps operon consists of five very long genes, ppsA (7,685 nt), ppsB 
(7,682 nt), ppsC (7,667 nt), ppsD (10,811 nt), and ppsE (3,839 nt), 
that are all transcribed in the head-on direction relative to rep-
lication (Nye et al, 2017). Due to the length and the orientation 
of these genes, it seems possible that R-loops could accumulate 
in this region and impair fork movement. We hypothesize that 
R-loops in the pps operon could be resolved in WT but not in the 
double deletion strain due to the lack of RnhP and RnhC activ-
ity. As previously discussed, R-loops in head-on oriented genes 
are well known to impair replication fork progression (Prado and 
Aguilera, 2005; Wang et al., 2007; Kim et al., 2007; Srivatsan et al., 
2010; Lang et al., 2017), which could explain the observed drop 

in sequencing coverage at the terminus region. To test whether 
the pps operon was contributing to the replication defects near 
the terminus region of the right replichore, we created a clean de-
letion of the 37.7 Kbp pps operon (see supporting “Experimental 
Procedures”) in WT and ΔrnhP rnhC::erm backgrounds followed 
by harvesting genomic DNA from WT, ΔrnhP rnhC::erm, and the 
ΔrnhP rnhC::erm ΔppsA-E strains for paired-end sequencing. We 
note that the much higher sequencing coverage causes a less dras-
tic appearance of the observed effects. We do, however, again 
observe replication defects in the terminus region of the right 
replichore (Figure  S4a) that were present in all three biological 
replicates tested (Figure  S4b,c). Further, we found that deletion 
of the pps operon in the ΔrnhP rnhC::erm background ameliorated 
the drop in sequencing coverage in the terminus region of the right 
replichore to WT levels (Figure S4d,e). With these results, we sug-
gest that conflicts at the pps operon result in the replication de-
fects observed in the double deletion strain.

Impaired replication fork movement in the double deletion strain 
due to replication-transcription conflict at the pps operon would also 
explain the SOS induction we observe with the tagC-gfp reporter. 
If replication-transcription conflicts within the pps operon were 
responsible for the SOS induction observed in the double deletion 
strain, then the deletion of the pps operon in the double RNase H 
mutant background should mitigate the constitutive SOS induction 
observed during normal cell growth in cells lacking rnhC and rnhP. We 
tested this idea by deleting the pps operon in the SOS reporter back-
grounds for WT and the double rnhC and rnhP deletion (Figures 5 
and S3). We note that upon the deletion of the pps operon, we were 
unable to visualize the cell membrane stained by FM4-64 with high 
enough quality to use the membrane stain as a proxy for cell bound-
aries. Therefore, when imaging cells with the pps deletion we used 
DIC images paired with their corresponding GFP images (Figure S5). 
It is possible that per image, the number of cells with the SOS re-
sponse turned on were under-represented because when quantify-
ing DIC images, we cannot visualize all closed septa. However, with 

F I G U R E  7   RnhP contributes to the 
mitigation of cell stress caused by DNA 
damage. (a) Single and pairwise deletion 
strains in NCIB 3610 were serially diluted 
10-fold and spotted onto LB agar media at 
30°C, 25°C, and with 5 mM hydroxyurea 
added to the plates and incubated at 
30°C. Plates were imaged after overnight 
incubation. (b) PY79 and derived strains 
were serially diluted 10-fold and spotted 
onto LB agar media at 30°C, 25°C, and 
at 30°C with 5 mM hydroxyurea added 
to the plates. Plates were imaged after 
overnight incubation
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that unavoidable caveat, when scoring WT and the double RNase 
H mutant bearing the pps deletion, cell scoring remained consistent 
(“Experimental Procedures”) (Figures 6c and Figure S5).

In contrast to the 71.2% of cells that expressed the SOS reporter 
during normal growth (Figure  5a) in the double RNase H deletion 
background, only 3.7% of double deletion cells expressed the SOS 
reporter under normal growth conditions in the absence of the pps 
operon. As a control, we challenged the ΔrnhPrnhC::erm Δpps cells 
with mitomycin C and find that 83.1% of cells were SOS induced 
(Figures 6c and S5). Taken together, we conclude that in the absence 
of rnhP and rnhC replication forks become laggard in the terminus 
after encountering R-loops or the transcription machinery in the 
head-on 37.7 Kbp pps operon that cannot be resolved in the absence 
of RnhC and RnhP.

2.11 | Cells lacking both rnhP and rnhC show 
increased sensitivity to cellular stress

Having established that defects in both plasmid-encoded rnhP and 
chromosomally encoded rnhC genes results in decreased growth 
rate and inhibition of cell division, we asked how cells respond to 
various stressors in the absence of one or both of these RNase H 
enzymes. In B. subtilis PY79, ΔrnhC cells are sensitive to a myriad of 
cellular stresses, including cold shock, osmotic stress, and treatment 
with genotoxic agents (Lang et al., 2017; Randall et al., 2017; Randall 
et al., 2019). To test how the RNase H genes contribute to genotoxic 
stress responses, we tested the susceptibility of the single deletions, 
ΔrnhB, ΔrnhC, and ΔrnhP, as well as pairwise deletion strains, ΔrnhC 
rnhB::erm, ΔrnhP rnhB::erm, and ΔrnhP rnhC::erm, in 3610 to various 
stressors. We began by testing sensitivity to cold stress (growth at 
25°C), which has been hypothesized to contribute to the stability of 
Okazaki fragments, and growth on sublethal concentrations of hy-
droxyurea (HU) (Davies et al., 2009; Randall et al., 2019). In contrast 
to WT B. subtilis PY79, deletion of the rnhC gene in 3610 resulted in 
only a modest sensitivity relative to WT in response to cold shock or 
growth in the presence of HU (compare second row Figure 7a,b). For 
cold shock and HU treatment conditions, the ΔrnhP rnhC::erm dou-
ble mutant displayed ~100 and ~1,000-fold increases in sensitivity 
relative to WT cells, respectively (Figure 7a).

Given that RnhP can compensate for the loss of RnhC activity in 
the ancestral strain NCIB 3610, we asked if the expression of rnhP 
could rescue the cold and HU sensitivities observed in the ΔrnhC 
strain for B. subtilis PY79, which lacks pBS32 and thus a native rnhP 
gene. We created a strain that expresses rnhP from an IPTG induc-
ible promoter from an ectopic chromosomal locus in the ΔrnhC back-
ground for PY79 and tested susceptibility to cold and HU stress. In 
support of our results from 3610, we find that ectopic expression of 
rnhP in a PY79 ΔrnhC background completely restored the cold and 
HU sensitivities to WT survival in the absence of IPTG, with > 100- 
and > 1,000-fold growth relative to the ΔrnhC strain for cold stress 
and HU, respectively (Figure  7b). With these results we conclude 
that uninduced expression of rnhP compensates for loss of RNase 

HIII when challenged with cold stress or HU demonstrating overlap-
ping functions of rnhC and rnhP genes in B. subtilis.

3  | DISCUSSION

RNase H enzymes are biologically universal and required for cleav-
age of the RNA moiety in an RNA-DNA hybrid (Ohtani et al., 1999b; 
Cerritelli and Crouch, 2009). RNase H genes are present in the ge-
nomes of bacteria, archaea, eukaryotes, and retroviruses (Ohtani 
et al., 2000; Li et al., 2004; Ohtani et al., 2004; Sparks et al., 2012). 
Eukaryotes show less diversity in the RNase H genes they encode. 
Almost all eukaryotes contain RNase HI and RNase HII (Ohtani et al., 
1999b, Cerritelli and Crouch, 2009). Plants, including Arabidopsis, 
contain multiple RNase HI homologs because different RNase HIs 
are targeted to the nucleus, mitochondria, and chloroplast (Yang 
et al., 2017; Kucinski et al., 2020).

In the genomes of prokaryotes, RNase H enzymes show strik-
ing diversity between organisms (Ohtani et al., 1999b, Cerritelli and 
Crouch, 2009). Phylogenetic studies have shown that all prokaryotic 
genomes analyzed contain at least one RNase H with most genomes 
containing two RNase H genes (Kochiwa et al., 2007). In general, 
most bacteria contain RNase HI and HII, while a subset contains 
RNase HII and RNase HIII (Kochiwa et al., 2007). As RNase HI and 
HIII are active on the same class of substrates and because a pro-
karyotic genome had not been identified to encode functional RNase 
HI and RNase HIII, it had been proposed that RNase HI and HIII are 
mutually exclusive (Kochiwa et al., 2007). We show that rnhP (RNase 
HI) and rnhC (RNase HIII) contribute to genome maintenance in 3610 
demonstrating that 3610 contains functional RNase HI, RNase HII, 
and RNase HIII enzymes. RNase HIII is chromosomally encoded, 
while rnhP is plasmid-encoded. We suggest that rnhP was acquired 
through horizontal gene transfer and has resided on the nonessen-
tial plasmid pBS32. Our experiments in vivo show that 3610 grows 
well with an ΔrnhC allele; however, 3610 grows poorly and experi-
ences constitutive SOS induction when rnhP and rnhC are deficient, 
indicating that either RNase HI or RNase HIII is important for nor-
mal growth and resolution of RNA-DNA hybrids that form in vivo. 
Therefore, although rnhP is plasmid-borne, RNase HI activity from 
this gene product is important for genome maintenance in 3610 and, 
to our knowledge, this is the first organism described where func-
tional RNase HI and RNase HIII have been shown to coexist.

As discussed above, we initially hypothesized that RnhP would 
be required for pBS32 maintenance or hyper-replication. In contrast, 
we find that RNase HIII (rnhC) was required for plasmid hyper-repli-
cation, while neither rnhP nor rnhC was important for normal plasmid 
maintenance. We find that while the rnhP deletion alone does not 
confer a phenotype, the ΔrnhC does confer slight growth interfer-
ence to DNA damage from cold stress and hydroxyurea (HU), sug-
gesting that RNase HIII is the more important enzyme in vivo. The 
double deletion of ΔrnhP rnhC::erm shows  ~100-fold and  ~1,000-
fold growth interference from cold stress and HU treatment, respec-
tively. If we compare the results of ΔrnhP rnhC::erm on HU for 3610 
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to the phenotype for ΔrnhC from B. subtilis strain PY79 we find the 
same extent of growth interference. Therefore, the comparison of 
phenotypes between 3610 and PY79 shows that ΔrnhP rnhC::erm in 
3610 largely phenocopies the single ΔrnhC deletion for PY79 in the 
presence of HU and for cold sensitivity. Finally, we show that the 
PY79 ΔrnhC phenotype is rescued with ectopic expression of rnhP, 
further demonstrating functional overlap between RnhP and RNase 
HIII (rnhC) in B. subtilis.

Biochemical characterization shows that RnhP is an RNase H 
with specificity for substrates with four or more embedded ribo-
nucleotides. RnhP is not active on a dsDNA or dsRNA substrate. 
Further, RnhP does not cleave a substrate with a single ribonucle-
otide nested in duplex DNA. Therefore, the biochemical character-
ization of RnhP shows that it is a strict RNase H with a preference 
for Mn2+. Our prior work characterizing RNase HIII showed that this 
enzyme was most active with Mg2+ on the canonical substrates for 
RNase HIII (Randall et al., 2017). One explanation for the coexis-
tence of RNase HIII and RnhP is that metals could be scarce for wild 
Bacillus during growth in the soil. We speculate that RNase HIII is 
most active when magnesium concentrations are sufficient to sup-
port activity. During conditions when magnesium concentrations are 
lower and manganese concentrations are sufficient, RnhP could be 
more active providing RNase H activity and a fitness advantage for 
cells carrying both rnhC and rnhP. Given our studies with the double 
RNase H mutant, all experiments point to a model where the growth 
of 3610 is well supported with either RNase HIII or RnhP. It is the 
double deletion that grows poorly and is constitutively induced for 
the DNA damage response. We suggest that RNase HIII activity pre-
dominates and RnhP activity can be used to supplement RNase HIII 
during specific growth conditions or when the burden of RNA-DNA 
hybrid resolution overwhelms the capacity of RNase HIII.

Another important finding from this work is that the 37.7 Kbp 
plipastatin synthase operon (pps) transcribed head-on with the 
direction of DNA replication causes laggard replication fork pro-
gression in ΔrnhP rnhC::erm cells. We show that the laggard fork 
movement coincides with SOS induction in 3610 cells lacking RnhC 
(RNase HIII) and RnhP (RNase HI). Further, we show that deletion 
of the pps operon rescues the high percentage of SOS induction 
observed during normal growth in cells deficient for RnhC and 
RnhP. It is well established that head-on transcription can impair 
replication fork progression (Wang et al., 2007; Kim et al., 2007; 
Srivatsan et al., 2010; Lang et al., 2017). We speculate that R-loops 
are prevalent in the pps operon during normal growth and that it 
is an R-loop-mediated conflict with the replisome that results in 
SOS induction in the majority of cells lacking RnhC and RnhP. This 
result provides a native locus in B. subtilis that is a strong candi-
date for persistent R-loop formation that requires resolution by 
RNase HI or RNase HIII during normal growth conditions. It will be 
interesting to determine if there are other regions in the B. subtilis 
chromosome that are prone to R-loop formation causing impaired 
replication fork progression.

Prior phylogenetic work shows that only a small subset of bac-
teria in the phylum Firmicutes, including B. subtilis and Lactobacillus, 

contains genes for all three RNase H proteins (Kochiwa et al., 2007). 
Sequence comparisons showed that the predicted RNase HI genes 
in organisms with RNase HIII lack the catalytic residues and the 
substrate-binding α-helix 3 basic protrusion handle found in active 
RNase HI enzymes (Kochiwa et al., 2007). Moreover, prior func-
tional studies of the chromosomally encoded and predicted RNase 
HI genes from B. subtilis, including YpdQ and YpeP, failed to detect 
RNase H activity, further supporting the argument that RNase HI 
and RNase HIII activities do not coexist (Randall et al., 2017). One 
possible limitation of prior phylogenetic studies would be if this work 
only interrogated core genomes. Our finding that RnhP has a differ-
ent metal preference and cleavage site selection relative to RNase 
HIII could also provide a biochemical difference that allows for these 
genes to coexist as both contribute to RNA-DNA hybrid resolution. 
We speculate that functional RNase HI and RNase HIII are unlikely 
to coexist as chromosomally encoded genes. We wish to speculate 
that other bacteria will be identified to have RNase HI and RNase 
HIII with one gene encoded as part of the accessory genome and the 
other as part of the core genome. This would allow for acquisition, 
transfer, and loss of one RNase H gene and maintenance of both 
when a fitness advantage is conferred. As more genome sequences 
become available, it will be interesting to learn if other bacteria en-
code functional RNase HI and RNase HIII and how these genes con-
tribute to growth and genome integrity.

4  | E XPERIMENTAL PROCEDURES

4.1 | General bacteriology

Unless otherwise specified, the antibiotic concentrations used in this 
study are as follows: 0.5 μg/ml of erythromycin, 100 μg/ml of spec-
tinomycin, 5 mM hydroxyurea, and 20 ng/μl of mitomycin C. Strains 
were grown in Lysogeny Broth (LB) at 30°C. All strains, plasmids, 
and oligonucleotides used are listed in Tables S1, S2, and S3 of the 
Supplemental Material.

4.2 | RNase H alignments

Global alignments were performed on the GenBank protein se-
quences for ZpdC (AGQ21310.1) from Bacillus subtilis NCIB 3610 
and RnhA (NP_414750) from Escherichia coli MG1655 using the pair-
wise sequence alignment tool from Clustal Omega (https://www.
ebi.ac.uk/Tools/​psa/).

4.3 | Spot plates

Designated strains were streaked from frozen stocks and grown 
overnight at 30°C on LB agar plates. Plates were washed in LB liquid 
media and used to inoculate 2 ml of cultures to an OD600 of 0.05. 
Cultures were grown in a 30°C rolling rack to an OD600 0.9-1.5. 

https://www.ebi.ac.uk/Tools/psa/
https://www.ebi.ac.uk/Tools/psa/
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Cultures were diluted to OD600 of 0.5 in phosphate-buffered saline 
(PBS) pH 7.4 followed by 10-fold serial dilutions in 1x PBS. The dilu-
tion series was then spotted onto LB plates plus the indicated antibi-
otic or incubated at the indicated temperatures.

4.4 | Growth rate analysis

Designated strains were streaked onto LB agar plates from fro-
zen stocks and grown overnight at 30°C. Plates were washed in 
LB liquid media and inoculated at an OD600 of 0.05 into 25 mL of 
pre-warmed LB liquid media. The cultures were grown in a shaking 
water bath at 200 RPM at 30°C. The OD600 measurement for each 
culture was recorded every 30 minutes. Biological replicates were 
performed in triplicate on three separate days for each strain and 
the average growth measurement with corresponding standard er-
rors were plotted. A modified Gompertz growth model in the form 
y=Aexp{−���

[

�m×e

A
(�− t)+1

]

}was fit to the replicates for each strain 
to obtain estimated growth rates (Zwietering et al., 1990). The pa-
rameters A, μm, and λ represent the time (t) when the growth rate 
equals zero (asymptote), the maximum growth rate, and the lag time, 
respectively (Zwietering et al., 1990). The estimated growth rate 
(μm) from the Gompertz model was then used to calculate doubling 
time estimates as ln(2)/μm for each strain (Zwietering et al., 1990; 
Randall et al., 2019). Additional growth rate parameters are shown 
in Table S4.

4.5 | Genomic DNA purifications

Designated strains were streaked from frozen stocks onto LB agar 
plates and grown overnight at 30°C. Plates were washed in LB liquid 
media and used to inoculate 10 mL of LB liquid media at an OD600 
of 0.05. The strains were grown in triplicate over three separate 
days prior to harvesting chromosomal DNA. At an OD600 of 0.5-
0.7, the cells were pelleted via centrifugation, washed in 1  mL of 
re-suspension buffer (50 mM Tris–HCl pH 8 with 5% glycerol), and 
mixed in a final volume of 150 µl of re-suspension buffer. For cell 
lysis, Triton 100 was added to 1% (v/v), 10 μl of 10 mg/ml of RNase 
A, and lysozyme from the MasterPureTM Gram-positive DNA purifi-
cation kit (Lucigen) were added and used as described. Subsequent 
lysis and purification steps were performed as described in the 
MasterPureTM Gram-positive DNA purification kit (Lucigen) protocol 
per the manufacturer’s instructions with the exception of the RNase 
treatment step, which was omitted because RNase treatment was 
performed during cell lysis.

4.6 | DNA sequencing and chromosome 
coverage analysis

Library preparation and DNA single-end sequencing were per-
formed by the University of Michigan DNA Sequencing Core. 

Sequencing reads were aligned using bwa (v 0.7.8-r455) to the 
NCIB 3610 chromosome reference (CP020102.1) and pBS32 
(CP020103.1) reference (Li and Durbin, 2009, Nye et al., 2017). 
The resulting bam files were subsequently sorted and filtered 
using Samtools (v 0.1.18) for quality values greater than 30 (Li et al., 
2009). PCR duplicates were removed using Picard tools (https://
github.com/broad​insti​tute/picard). The filtered bam files were 
used to calculate the genome coverage at each base for each repli-
cate using genomeCoverageBed from bedtools (v 2.29.1) (Quinlan 
and Hall, 2010). The coverage at each base was averaged for the 
three replicates. The median coverage over 10kb windows was 
plotted every 1kb throughout the length of the chromosome and 
median coverage over 100 bp windows was plotted every 10 bp 
throughout the length of the plasmid using the packages ggplot2 
and zoo in R (v 3.1.3) (Wickham, 2016, Zeileis and Grothendieck, 
2005).

4.7 | RnhP (D73N)

To create a catalytically inactive RnhP variant we mutated the as-
partic acid residue (GAT) responsible for metal ion coordination 
at position 73 to asparagine (AAT) using overlapping PCR. The 5′ 
block was created using B. subtilis NCIB 3610 genomic DNA as a 
template with primers oTN58 and oTN61. Similarly, the 3′ block 
was created using primers oTN59 with oTN60. A PCR cleanup was 
performed and the purified products were combined using Gibson 
assembly (Gibson et al., 2009) to create pE-SUMOrnhPD73N. The 
generated plasmid was subsequently used to transform compe-
tent MC1061 cells and plated on 25 μg/ml of kanamycin. Resulting 
colonies were screened by PCR using primers oTN58 and oTN59 
for the pE-SUMOrnhPD73N vector and the insert sequences were 
verified as correct using Sanger sequencing through the University 
of Michigan Core sequencing facility.

4.8 | Protein Purification

Recombinant proteins were purified from E. coli BL21DE3 cells 
containing pE-SUMOrnhP and pE-SUMOrnhPD73N as described 
(Schroeder et al., 2017; Randall et al., 2019). Briefly, Cultures were 
grown in 2 liters of LB with 25 μg/ml of kanamycin at 37ᵒC shak-
ing to an OD600 of 0.7. Overexpression was induced by adding 
IPTG to 0.5 mM followed by growth for 3 additional hours. Cells 
were then pelleted by centrifugation and stored at −80ᵒC. Once 
thawed, the pellet was resuspended in lysis buffer [50 mM Tris–
HCl pH 8, 300 mM NaCl, 10% sucrose, 10 mM imidazole, 1x pro-
tease inhibitors (Roche 11,873,580,001)] and cells were sonicated 
using a FisherbrandTM Q500 Sonicator at an amplitude of 70% for 
cycles of 10 seconds on and 20 seconds off for a total of 5 min-
utes on ice. Cell debris was cleared and pelleted by centrifuga-
tion. Supernatant was then applied to a 4 mL of Ni2+-NTA agarose 
gravity-flow column. The column was washed with wash buffer 

https://github.com/broadinstitute/picard
https://github.com/broadinstitute/picard
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(50 mM Tris-HCl pH 8, 25 mM imidazole, 2 M NaCl, 5% glycerol) 
and eluted with elution buffer (50 mM Tris–HCl pH 8, 400 mM imi-
dazole, 150 mM NaCl, 5% glycerol). Following elution, 1 mM DTT 
and SUMO protease were added to the eluate and incubated for 
2 hours at room temperature. The SUMO protease treated sample 
was dialyzed into storage buffer (50 mM Tris–HCl pH 8, 150 mM 
NaCl, 5% glycerol) overnight at 4°C. The product was fraction-
ated by application to a 4 mL of Ni2+-NTA gravity-flow column to 
separate the recombinant protein from the SUMO tag. SDS-PAGE 
was performed to confirm the SUMO tag was removed. The sam-
ple was then dialyzed into cation exchange start buffer (20  mM 
Tris–HCl pH 7.5, 5% glycerol, 1  mM DTT) overnight at 4°C. The 
dialyzed sample was purified using a HiTrap SP HP column (GE: 
17-1152-01) with an elution gradient of 50-500 mM NaCl at a flow 
rate of 1 ml/min over 90 minutes. SDS-PAGE was performed and 
fractions containing pure protein were pooled. The RnhP (D73N) 
protein was concentrated, glycerol was added to 25%, aliquoted, 
flash-frozen in liquid nitrogen, and stored at −80°C. The RnhP pro-
tein eluted slightly earlier from the S-column and required further 
purification with size exclusion chromatography. The concentrated 
protein was applied to a HiPrep 16/60 Sephacryl S200 HR column 
(GE: 17-1166-01) at a flow rate of 0.6 ml/min with sizing column 
buffer (20  mM Tris–HCl pH 7.5, 200  mM NaCl, 1  mM DTT) and 
eluted in one peak. SDS-PAGE was again performed and fractions 
containing only pure protein were pooled, concentrated, glycerol 
was added to 25%, aliquoted, flash-frozen, and stored at −80°C.

4.9 | RNase H activity assays

The end infrared (IR) dye-labeled substrates for the 1-rNMP, 
4-rNMP, and all RNA substrates were created by mixing oJR209, 
oJR210, and oJR227, respectively, with oJR145 in a 1:2 μM ratio 
diluted in Buffer A (20  mM Tris–HCl pH8, 50  nM NaCl, 1  mM 
DTT) (Randall et al., 2017; Randall et al., 2019). The Okazaki frag-
ment substrate was assembled by mixing oJR339 with oJR340 in 
a 1:2 μM ratio in Buffer A. The RNA-RNA and DNA-DNA hybrids 
were created by mixing oJR227/oJR166 and oJR348/oJR365, re-
spectively, in 1:2 μM ratios in Buffer A. The oligos were annealed 
by heating at 98ᵒC for 1 min followed by cooling on the bench top 
to room temperature. Reactions totaling 10 μL in volume included 
100  nM substrate and 4 or 50  nM protein as indicated (diluted 
from stock concentrations in Buffer A) in the in vivo metal concen-
tration buffer (20 mM Tris–HCl pH8, 50 nM NaCl, 1 mM MgCl2, 
10 μM MnCl2, and 1 mM DTT) (Randall et al., 2017; Randall et al., 
2019). For NaOH treated samples, 200 mM of NaOH was added to 
500 nM substrate. Reactions were allowed to proceed for 10 min 
at 37°C unless otherwise indicated. For all reactions except the 
RNA-RNA hybrid, 10 μl of stop buffer (95% formamide, 20  mM 
EDTA, 0.01% bromophenol blue) was added after 10  min, and 
reactions were placed at 98ᵒC for 5 min and subsequently snap-
cooled on ice. A denaturing 8M urea 20% polyacrylamide gel was 
prepared by pre-electrophoresing the gel at 250V for 30  min in 

TBE buffer. The gel was subsequently loaded with 4 μL of each re-
action and electrophoresed at 250V for 1.5 hrs. For the RNA-RNA 
hybrid, 10 μL of RNA hybrid stop buffer (66% formamide, 9% for-
maldehyde, 17.5 mM EDTA, and 0.65x MOPS Buffer (10x MOPS 
buffer: 200  mM MOPS, 50  mM sodium acetate, 10  mM EDTA) 
was added after 10 min and the reactions were placed at 55ᵒC for 
15  minutes. A denaturing 8M urea 20% polyacrylamide gel was 
prepared by pre-electrophoresing the gel at 100V for 30  min in 
0.5× MOPS buffer. The gel was subsequently loaded with 4 μl of 
each reaction and electrophoresed at 150V for 2 hrs. For all gels, 
the products were visualized with a LI-COR Odyssey imager.

4.10 | Plasmid growth analysis following induction

Strains grown overnight in LB at 22°C were subcultured into 50 ml of 
fresh LB to an OD600 of 0.1 and cultured at 37°C. OD600 was meas-
ured every 30 min until OD600 reached between 0.07 and 0.12. IPTG 
was added to a final concentration of 1 mM, and OD600 was meas-
ured every 30 min for a total of 4 hrs post-induction. Simultaneously, 
100 µl of multiple 10-fold serial dilutions of each sample culture was 
plated on LB plates containing spectinomycin and incubated over-
night at 37°C. The following day, plates containing individual colony 
forming units (CFUs) were counted to determine CFU/ml.

4.11 | Plasmid copy number following induction

Strains grown overnight in LB at 22°C were subcultured into 50 ml of 
fresh LB to an OD600 of 0.1 and cultured at 37°C until OD600 reached 
between 0.07 and 0.12. IPTG was added to a final concentration of 
1 mM and strains continued to grow for an additional 60 min. Four 
OD600 units of each sample were pelleted, and genomic and plasmid 
DNA was isolated from cells by Qiagen DNeasy Blood & Tissue Kit 
(Cat #69504). The concentration of isolated DNA was quantified by 
Nanodrop, samples were standardized to a DNA concentration of 
10 ng/µl, and diluted 10- and 100-fold to 1 ng/µl and 0.1 ng/µl, re-
spectively. Quantitative PCR was performed with all three dilutions 
to determine the plasmid copy number as previously described (Skulj 
et al., 2008). Primers 3106/3107 (sigA) were used to measure chro-
mosomal DNA, and primers 6527/6528 (zpdE) were used to measure 
pBS32 DNA.

4.12 | Live-cell microscopy

Each strain imaged was streaked from frozen stocks onto LB agar 
plates and grown at 30°C for 16 hrs. Plates were then washed with 
LB and 25 ml cultures were inoculated to an initial OD600 of approxi-
mately 0.05. Cultures were then placed in a water bath at 30°C with 
shaking at 212 RPM until reaching an OD600 of 0.6–0.9. Once the de-
sired OD600 was reached, the cultures were filtered to concentrate 
the cells, and subsequently washed three times with 1x PBS. Cells 
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were then pelleted via centrifugation and resuspended in 300 µL 1x 
PBS. The membrane was stained using 0.25 ng/µL of FM4-64. About 
200 µL of cells were then placed onto a microscope slide with a 1% 
agarose pad as described (Simmons et al., 2008). After each slide was 
prepared, the slides were placed under an Olympus BX61 micro-
scope equipped with a Hamamatsu camera (Lenhart et al., 2013). The 
microscope was focused under exposure of 20-30 ms. Then the mi-
croscope was switched from DIC to RFP setting in order to observe 
the membrane stain of FM4-64 with an exposure of 300 ms. Once 
the microscope was properly focused, an image was recorded. After 
a combined total of approximately 900 cells were imaged for each 
strain, images were adjusted for brightness, contrast, and gamma 
using the cellSens software (Olympus). The length of the cells was 
measured using the polyline tool of cellSens (Olympus). In order for 
a cell to be considered scorable, the cell membrane had to be clearly 
imaged from pole to pole. For cells undergoing division, incomplete 
septa were scored as one cell and complete septa were scored as 
two cells. For cells scored with the Δpps operon deletion all prepara-
tion was the same except individual cells were scored by visualizing 
invaginating septa through DIC imaging. We expect that this method 
could underestimate the number of cells scored since all septa and 
complete septa cannot be completely visualized through this proce-
dure. We suggest that in some cases a cell scored as one could have 
actually been two cells. However, as described in the Results sec-
tion, MMC addition turns on the SOS response allowing for a clear 
comparison between the untreated and treated conditions. Further, 
given the example micrographs shown in Figure S4, the scoring of 
DIC images and their corresponding GFP images was straightfor-
ward and consistent between the pps operon deletion strains.
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