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ABSTRACT Insights into the interaction between phages and their bacterial hosts
are crucial for the development of phage therapy. However, only one study has in-
vestigated global gene expression of Clostridioides (formerly Clostridium) difficile car-
rying prophage, and transcriptional reprogramming during lytic infection has not
been studied. Here, we presented the isolation, propagation, and characterization of
a newly discovered 35,109-bp phage, JD032, and investigated the global transcrip-
tomes of both JD032 and C. difficile ribotype 078 (RT078) strain TW11 during JD032
infection. Transcriptome sequencing (RNA-seq) revealed the progressive replacement
of bacterial host mRNA with phage transcripts. The expressed genes of JD032 were
clustered into early, middle, and late temporal categories that were functionally simi-
lar. Specifically, a gene (JD032_orf016) involved in the lysis-lysogeny decision was
identified as an early expression gene. Only 17.7% (668/3,781) of the host genes
were differentially expressed, and more genes were downregulated than upregu-
lated. The expression of genes involved in host macromolecular synthesis (DNA/
RNA/proteins) was altered by JD032 at the level of transcription. In particular, the
expression of the ropA operon was downregulated. Most noteworthy is that the
gene expression of some antiphage systems, including CRISPR-Cas, restriction-
modification, and toxin-antitoxin systems, was suppressed by JD032 during infection.
In addition, bacterial sporulation, adhesion, and virulence factor genes were signifi-
cantly downregulated. This study provides the first description of the interaction be-
tween anaerobic spore-forming bacteria and phages during lytic infection and high-
lights new aspects of C. difficile phage-host interactions.

IMPORTANCE C. difficile is one of the most clinically significant intestinal pathogens.
Although phages have been shown to effectively control C. difficile infection, the
host responses to phage predation have not been fully studied. In this study, we re-
ported the isolation and characterization of a new phage, JD032, and analyzed the
global transcriptomic changes in the hypervirulent RT078 C. difficile strain, TW11,
during phage JD032 infection. We found that bacterial host mRNA was progressively re-
placed with phage transcripts, three temporal categories of JD032 gene expression, the
extensive interplay between phage-bacterium, antiphage-like responses of the host and
phage evasion, and decreased expression of sporulation- and virulence-related genes of
the host after phage infection. These findings confirmed the complexity of interactions
between C. difficile and phages and suggest that phages undergoing a lytic cycle may
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also cause different phenotypes in hosts, similar to prophages, which may inspire phage
therapy for the control of C. difficile.

KEYWORDS Clostridioides difficile, ribotype 078, bacteriophage, RNA-seq, bacteria-
phage interaction, transcriptome

lostridioides (formerly Clostridium) difficile is the leading cause of postantibiotic

diarrhea, the severity of which ranges from mild diarrhea to severe diarrhea,
resulting in pseudomembranous colitis, sepsis, and even death (1). The incidence and
mortality rates of Clostridioides difficile infection (CDI) have generally increased in North
America and subsequently in European countries over the last couple of decades (2).
Since the 2000s, CDI has been predominantly associated with ribotype 027 (RT027)
(NAP1/ST1) and, to a lesser extent, ribotype 78 (RT078) (NAP07-08/ST11) (2). Compared
to RT027, the lineage RT078 typically affects a younger population (3), is more fre-
quently a community-associated disease agent, and results in higher mortality (4).
Recently, the lineage RT078 has been confirmed to be involved in zoonotic transmis-
sion (5). Antibiotics, including vancomycin, metronidazole, and fidaxomicin, are cur-
rently the most common antibiotics used for the treatment of CDI. However, a median
of 21.6% of patients with primary CDI develop recurrent disease within 2 weeks of
therapy due to the disruption of native intestinal bacteria by antibiotics (6). In addition,
one of the significant risk factors for CDI is the dysbiosis of the normal gut microbiota,
which is mainly due to the administration of antibiotics. As such, therapies focusing on
the usage of C. difficile phages have been developed as a means to avoid antibiotic-
induced clearance of normal intestinal flora (6).

Phages offer several exclusive advantages over antibiotics: they are highly specific to
their bacterial hosts, harmless to normal microbiota and humans, able to penetrate the
complex biofilms located on the intestinal mucosal surface, and less expensive to
produce (7). In fact, since they were discovered in the 1920s, phages have been used
widely in Eastern European countries, where they are available as an over-the-counter
pharmaceutical product against many bacterial species (8). In addition, with the alarm-
ing rise in multiple drug-resistant bacteria, there is an increasing interest in the use of
phages as a complement to antibiotic therapy worldwide, and several clinical trials are
in process (9).

Currently, 25 complete genomes of C. difficile phages are available in public data-
bases; however, none of these phages are strictly lytic. Several studies have shown that
these phages could partially kill C. difficile in vitro and in vivo (10-13). However, some
of them can also lysogenize their C. difficile hosts during the infection process (14).
Therefore, it is important to determine whether temperate phages may tend to
lysogenize their host bacterium and to evaluate their ability to serve as novel thera-
peutics against C. difficile infection. For lytic viruses, phage replication relies heavily on
host metabolism, and phages must alter the levels of host transcripts for productive
infection (15). Hence, it is important to investigate the interaction between the host and
the phage.

Studies on phage-host interactions have enhanced our understanding of the evo-
lutionary process of phages, coevolution of phages and hosts, mechanism of phage
infection, and effects of phages on host metabolism, as well as the complexity and
diversity of phage-bacterium interactions. Therefore, more host-phage systems need to
be explored to fully understand phage-host interactions. However, studies focusing on
phage-bacterium interactions at the gene expression level have been undertaken
mainly in aerobic and facultative anaerobic bacteria, such as Escherichia coli, Cyano-
bacterium, Bacteroidetes, Pseudomonas aeruginosa, Lactococcus lactis, Klebsiella pneu-
moniae, and Mycobacterium smegmatis (16-22). Only one study investigated the effect
of a prophage on the transcriptome of C. difficile during lysogeny, which showed that
the prophage phiCD38-2 can significantly upregulate the cell wall protein CwpV in C.
difficile R20291, therefore conferring phase-variable phage resistance (23). However, the
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details of phage-induced transcriptional reprogramming in C. difficile during productive
infection have not been fully studied.

Here, using the RT078 strain TW11 as a sensitive host, we isolated a phage desig-
nated JD032 from the RT078 C. difficile strain TW69 by mitomycin C induction and
characterized its morphological and biological properties, in vitro bactericidal ability
and host spectrum, replication cycle, and genomic information to explore the possi-
bility of using this phage for clinical treatment. On the basis of this, we further
investigated the global transcriptome of the interaction between JD032 and its host,
the RT078 C. difficile strain TW11, which was isolated from a pig, by a combination of
whole-genome sequencing, transcriptome sequencing (RNA-seq), and functional anal-
ysis. This analysis was performed to explore the expression pattern of C. difficile phage
and unveil the interaction mechanisms between the phage and C. difficile at the
transcription level, thereby expanding the understanding of changes in molecular
levels after phage-bacterium interaction.

RESULTS

Isolation and characterization of phage JD032. Mitomycin C induction of the C.
difficile hypervirulent RT078 strain TW69 yielded a phage, JD032, which formed opaque,
small, round plaques of approximately 1.0 mm in diameter on the lawn of another
RT078 strain, TW11. This phage could produce plaques on 8/21 of the tested RT078
strains isolated from pigs. Transmission electron microscopy (TEM) analysis of JD032
revealed an icosahedral head with a diameter of 51.0 = 1.70 nm and a contractile tail
with a length of 90.0 = 2.67 nm (Fig. 1A), suggesting that the phage belongs to the
family Myoviridae of the order Caudovirales. By combination of next-generation se-
quencing (NGS), the complete genome sequence of JD032 was available and could be
further categorized into the phiMMPO04 virus-like genus due to its small genome size
and the presence of genes encoding both a ParA homolog and Clp protease (24). The
genome of JD032 comprised a double-stranded, 35,097-bp circular DNA with an
average G+C content of 29.93% and 54 proposed open reading frames (ORFs), 53.7%
(29/54) of which had known function (Fig. 1B; see also Table S1 in the supplemental
material). It was organized in a typical modular format, including modules for lysogeny
control, DNA replication and modification, head structural components and DNA
packaging, tail structural components and host cell lysis. In addition, there are no
homologs of known virulence or antibiotic resistance genes in the genome of JD032.
To determine how JD032 is related to previously reported C. difficile phages, we
constructed a phylogenetic tree based on the whole-genome sequence between JD032
and 25 reported C. difficile phages. The resulting tree revealed that JD032 is in an
independent clade (Fig. 2 and Table S2), which means a distant evolutionary relation-
ship between JD032 and other C. difficile phages.

The infectivity of phage JD032 was stable between 4 and 45°C but completely lost
at temperatures above 60°C. When incubated at 50°C and 55°C, the titer decreased by
0.68 and 2 log units, respectively, compared with that at 4°C (Fig. 1C). In addition, phage
JD032 was stable between pH 5.0 and pH 11.0 (Fig. 1D) and decreased by only 0.57 and
0.24 log units at pH 3.0 and pH 4.0, respectively, compared with pH 7.5. Overall, phage
JDO032 virions were tolerant to wide pH ranges and high temperatures, which is similar
to other C. difficile phages, such as ®HN10, ®HN16-1, PHN16-2, and PHN50 (25).

To identify the in vitro bactericidal activity of phage JD032, C. difficile strain TW11
was cultured to early log phase and then infected with phage JD032 at a series of
multiplicity of infection (MOI) values at 37°C in anaerobic conditions. As shown in Fig. 3,
the great majority of TW11 cells were killed by phage JD032 within 2 h of infection
when the MOI was equal to or greater than 1. This indicates that JD032 has a very
strong bactericidal ability and can effectively control the levels of C. difficile in vitro.

Infection profile of phage JD032. The adsorption curve and one-step growth curve
of JD032 were examined. As shown in Fig. 4A, more than 80% of JD032 adsorbed to
strain TW11 within 30 min, and the ultimate adsorption rate was as high as 98%. As
shown in Fig. 4B, the latent period of phage JD032 was ca. 30 min and is therefore
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FIG 1 Basic characteristics of phage JD032. (A) TEM of JD032. The diameter of the capsid and the length of the tail were 51.0 = 1.70 nm and 90.0 * 2.67 nm,

respectively; these measurements were taken on 10 different particles. (B) Genome features of phage

JD032. The predicted ORFs and their orientations are

represented by arrows. The putative functional assignments are indicated below the ORFs. The functional modules were assigned based on gene annotation
and genomic organization and are shown in different colors. (C) Thermostability of phage JD032. The x axis shows temperature, and the y axis shows the titer
of phage JD032 after incubation for 1 h at different temperatures. (D) pH stability of phage JD032. The x axis shows pH values, and the y axis shows the titers
of phage JD032 after incubation for 1 h at different pH values at 37°C. For panels C and D, data are displayed as the means plus standard deviations (SD) (error
bars) from three independent experiments. *, 0.01 = P < 0.05; **, 0.001 = P < 0.01; and ***, P < 0.001, respectively.

similar to other reported latent periods for C. difficile phages (commonly ranging from
32 to 118 min [26, 27]). The number of phage particles reached a peak at 135 min after
phage infection, and the burst size was ca. 175 PFU per infected cell, more than other
C. difficile phages, which ranged from 5 to 122 phages/cell (26, 28).

General transcriptomic dynamics of phage JD032 infection. Based on the rep-
lication cycle of JD032 (Fig. 4), four time points (30, 45, 75, and 135 min) that span the
entire replication cycle of the phage were selected for exploring the transcriptomic
profiles of both JD032 and host C. difficile strain TW11 by RNA-seq, with the phage-
uninfected host cells at 0 min as a control. Each experiment was repeated three times.

RNA-seq analysis of the global transcriptome of phage JD032 and strain TW11 over
a single phage infection cycle revealed that host mRNA was progressively replaced by
phage transcripts, starting from 4.2% at 30 min and peaking at 26.01% at 75 min (Fig. 5).
This represents a relative accumulation of phage transcripts.

Temporal expression patterns of phage JD032. According to the order when the
transcript abundances peaked (Fig. 6A and Table S1) (29), 54 phage genes were
clustered into three temporal categories. The expression curves are color coded based
on this classification (Fig. 6B), where the genes in the expression peak appearing first
during infection were designated early genes (red), the genes in the second peak were
designated middle genes (green), and the genes in the third peak were designated late
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FIG 2 Phylogenetic tree based on the whole genome of the C. difficile phage. The phylogenetic tree was
generated using neighbor-joining analysis by MEGA-X. The genome of the C. difficile phage was
downloaded from NCBI, and the accession numbers are shown in Table S2 in the supplemental material.

genes (blue). Genes in each temporal category were arranged adjacent to each other
on the genome and are therefore functionally similar.

The early genes (JD032_orf004-016) were related to host takeover, which initiates
phage gene expression and alters the functions of host proteins, including two putative
RNA polymerase sigma factors (JD032_ORF004 and JD032_ORF005) and a single-
stranded DNA-binding protein (JD032_ORF009). In addition, as a temperate phage, the
early genes of JD032 may also be involved in determining the phage replication cycle,
since JD032_ORF016, the XRE family transcriptional regulator, is similar to the repressor
proteins Cl of phage lambda and xenobiotic response element (XRE) of the Bacillus
subtilis defective prophage PBSX, which are both involved in the lysogenic-lytic deci-
sion.

The middle-expressed genes (JD032_orf001-003, -017-024, and -052-054) were DNA
metabolism genes involved in DNA replication, recombination/repair, and inheritance.
These genes included a DEAD/DEAH box helicase (JD032_ORF018), 3'-5" exonuclease
(JD032_ORF019), ParA family protein (JD032_ORF021), His-Asn-His (HNH) endonuclease
(JD032_ORF001), probable integrase/recombinase YoeC OS (JD032_ ORF003), and
phage-encoded terminase required for DNA packaging.
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FIG 3 In vitro bactericidal activity of phage JD032 against C. difficile strain TW11. C. difficile strain TW11
was infected by phage JD032 at MOlIs of 0.001, 0.01, 0.1, 1, and 10 and cultured for up to 5 h. Data are
displayed as the means = SD (error bars) from three independent experiments.

Genes expressed late were the structural and lysis genes, including head structural
components and DNA packaging (JD032_ORF037, -044, and -048-051), tail structural
components (JD032_ORF034-36, -039-041, and -045), holin (JD032_ORF029), and en-
dolysin (JD032_ORF028).

Complete genome sequence of C. difficile RT0O78 strain TW11. The complete
genome of strain TW11 was sequenced for subsequent analysis of host-phage inter-
actions using a combination of long-read (PacBio) and short-read (lllumina) sequencing.
A single circularized chromosome and a plasmid were generated. The chromosome of
C. difficile strain TW11 has a size of 4,100,340 bp (29% G+C) and contains 3,734
predicted coding sequences (CDSs), 35 rRNAs, 89 tRNAs, and 302 other noncoding RNA
genes. The plasmid has a size of 42,254 bp (25% G+C) and contains 47 CDSs. In
addition, strain TW11 is predicted to encode 7 CRISPR-Cas arrays (Table S3), 8
restriction-modification (RM) system genes (Table S4), 7 pairs of toxin-antitoxin (TA)
systems (Table S5), 3 incomplete prophages, and 13 genomic islands. It is worth
mentioning that although JD032 is induced from C. difficile RT078 strain TW69, its host
strain TW11 does not contain a JD032-like phage sequence, thus, the alignment of the
RNA-seq reads to the genome of phage JD032 or strain TW11 will not be confused.

Host responses of C. difficile strain TW11 to phage JD032 infection. To investi-
gate host responses against phage infection, we analyzed the differentially expressed
genes (DEGs) and pathways in C. difficile during infection at an MOI of approximately
10. Globally, comparing the infected samples to the uninfected samples, 17.7% (668/
3781) C. difficile genes were differentially expressed. The number of DEGs increased
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FIG 4 Lytic cycle of phage JD032 against C. difficile strain TW11. (A) Adsorption curve of JD032 to its host C. difficile TW11.
The x axis shows the incubation time of JD032 and its host, and the y axis shows the percentage of the phage that did not
adsorb to the host. (B) One-step growth curve of phage JD032. The x axis shows the incubation time of JD032 with its hosts
after absorption for 30 min; the y axis shows the phage titers in the mixture at different times. Data are displayed as the
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FIG 5 Alignment of RNA read sets against the C. difficile (blue) or phage JD032 (red) genome at different
time points after infection. Data are displayed as the means = SD from three independent experiments.

over time in response to phage infection, with more DEGs downregulated than
upregulated at all time points (Fig. 7A and B). It is worth mentioning that the number
of DEGs per time point did not add up to the total number of DEGs (668, not 1,226)
because some genes showed diverse expression patterns at different time points
(Fig. 7C). In addition, 11 genes fluctuated between up- and downregulation.

(i) Functional analysis of host DEGs. To gain a broader view of the functions of the
DEGs, COG (cluster of orthologous group) functional annotation of the upregulated and
downregulated DEGs at each time point was performed. The DEGs had a significant
functional enrichment among the four time points (Fig. 7D). In the early stage of
infection, the DEGs were mainly involved in carbon transport and metabolism (30 min).
As the infection progressed, the functional categories of the DEGs changed. Generally,
the upregulated genes were mainly involved in transcription (45 and 75 min) and
nucleic acid transport and metabolism (135 min), while the downregulated genes were
mainly related to translation, ribosomal structure and biogenesis (45, 75 and 135 min),
and energy production and conversion (75 min) (Fig. 7D).

In addition, 29.49% (197/668) of the DEGs were enriched in 17 KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathways. Based on the adjusted P value (g) and
gene number (GN) of each KEGG pathway, only five pathways were significantly
changed (g < 0.05 and GN > 3) at one time point or more. The pathway categories of
upregulated and downregulated DEGs were markedly different; the pathways carbo-
hydrate metabolism (0 to 75 min), membrane transport (0 to 75 min) and nucleotide
metabolism (135 min) were upregulated, but the pathways translation (45 to 135 min),
energy metabolism (75 min), and carbohydrate metabolism (135 min) were downregu-
lated (Table S7).

(ii) Host metabolism was reprogrammed by phage JD032. Not surprisingly, given
what is known about other viral replication pathways, such as those for T4, lambda,
mycobacteriophage SWU1, and myovirus NCTC 12673 (22, 30), we identified several
genes involved in DNA synthesis, repair and recombination, transcription and transla-
tion, as well as amino acid and nucleotide metabolism differentially expressed upon
phage JD032 infection of C. difficile.

In terms of genes associated with DNA replication and repair, type | DNA topoisom-
erase (TW11_2454 and TW11_3730), transposase (TW11_2823 and TW11_3409), and
helicase (TW11_2886) were downregulated for at least one time point (Table S6).

For transcription-related genes, the expression of RNA polymerase subunit 8 (RpoB,
TW11_03589), B’ (RpoC, TW11_3588), and w (RpoZ, TW11_1121), as well as the major
sigma factor RpoD (TW11_2270 and TW11_2227), were not changed at any time points,
but the subunit « RpoA (TW11_3553) was significantly downregulated from 45 min to
135 min. It is worth mentioning that genes that make up the ropA operon, including
ribosomal protein L17 (TW11_3552), S4 (TW11_3554), S11 (TW11_3555), S13
(TW11_3556), L36 (TW11_3557), and initiation factor IF-1 (TW11_3558), were all signif-
icantly downregulated after 45 min. As transcriptional regulators play central roles in
the control of gene transcription by RNA polymerase, we next analyzed the expression
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FIG 6 Temporal kinetic transcriptional profile of phage JD032. (A) According to the expression abundance of phage genes at various time points, we divided
these into three expression patterns. Genes that are highly expressed at 30 min (T30), 45 min (T45), and 75 min (T75) are called early, middle, and late genes,
respectively. (B) Graphs displayed below the subclasses show expression profiles of the individual genes in that subclass as a function of time after infection.

of transcriptional regulators and found that 20.5% (57/237) of the predicted transcrip-
tional regulators were differentially expressed upon JD032 infection; among them,
71.9% were upregulated (Table S6). The altered expression of many transcriptional
factors suggests extensive transcriptional reprogramming in response to JD032 infec-
tion and multiple possible impacts on bacterial host metabolism.

In addition, many genes involved in translation, ribosomal structure and biogenesis-
related genes were significantly downregulated, including genes linked to aminoacyl-
tRNA biosynthesis, ribosome, translation factors, tRNA biogenesis, and mRNA biogen-
esis (Table S6).

The above results indicate that phage infection affects every process of the host
macromolecular synthesis (DNA/RNA/proteins) at the level of transcription, which may
suggest that JD032 exploits the metabolic mechanisms of the host by various ways to
preferentially accomplish its replication.

A total of 106 genes in C. difficile strain TW11 were annotated as related to purine
and pyrimidine metabolism; 1 gene was upregulated, and 8 genes were downregulated
during the latency of phage infection. During the lysis phase and stable phase, 3 and
17 genes, respectively, were upregulated, and 6 and 10 genes, respectively, were
downregulated. Overall, at 30 min, 45 min, and 75 min, downregulation was much more
pronounced than upregulation with respect to gene activity. Conversely, when infec-
tion stabilized, the upregulated genes were expressed at higher levels than the
downregulated genes. This change is opposite what has been observed with M.
smegmatis and Campylobacter jejuni after infection with the lytic bacteriophages SWU1
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(30) and NCTC 12673 (22), respectively, but similar to P. aeruginosa after infection with
the lysogenic phage PaP3 (31).

(iii) Gene expression of antiphage systems was altered in response to JD032
infection. The genome of strain TW11 is predicted to encode seven CRISPR-Cas arrays
(Table S3), nine RM system genes (Table S4), and seven pairs of TA system genes
(Table S5). Of these genes, eight genes (TW11_0693-0700) belonging to CRISPR-Cas type
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I-B were downregulated at least at one time point upon phage infection (Table S6), one
RM gene (TW11_2454) was downregulated at 75 min postinfection (Table S4), and 43%
TA genes were differentially expressed with more upregulated genes than downregu-
lated genes (Table S5). In addition, four genes (TW11_0457, TW11_1619, TW11_1706,
and TW11_1954) involved in the prokaryotic defense system were downregulated at
least at one time point upon phage infection. These results suggest that the host
defense system may play a role in the process of phage JD032 infection, but at the
same time, JD032 also inhibits expression of some of the defense genes of the host
through some currently unknown mechanism, thereby finally achieving effective in-
fection.

(iv) Effects of JD032 infection on host pathogenicity. Previous studies suggest
that phages present in a lysogenic state (prophage) can influence the overall fitness
and virulence of C. difficile (23, 27, 32-34); for example, the expression of the patho-
genicity locus (PalLoc) genes tcdA, tcdB, tcdR, tcdE, and tcdC were downregulated in
phiCD119 lysogens (33), and the expression of the cell surface protein gene cwpV was
upregulated in phiCD38-2 lysogens. However, it is not known whether the phage in the
lytic cycle affects the expression of such genes. Therefore, the expression of genes
related to virulence and fitness was analyzed.

We found that the expression levels of four cell surface protein genes, cwp2
(TW11_0826), cwp9 (TW11_0821), cwp26 (TW11_0956), and cwp28 (TW11_2806), were
changed during phage infection (Table S6). Among these genes, cwp2 plays a role in
toxin A production and bacterial adhesion (35). In addition, two virulence-related genes
(TW11_0828 and TW11_2172) were downregulated. TW171_0828 encodes the cell wall-
binding repeat-containing protein Cwp66, which has been confirmed to be an adhesin
(36, 37), and TW11_2172 encodes a hemolysin. Furthermore, the RNA polymerase
sporulation sigma factor sigH (TW11_3599) was downregulated at 45 min, 75 min, and
135 min after JD032 infection. SigH has been proven to be a key sigma factor in the
transition phase that controls sporulation, metabolism, and virulence factor expression
in C. difficile at the onset of the stationary phase, and the sigH mutant is unable to
sporulate (38). Since sporulation and adhesion are important factors in the spread and
pathogenicity of C. difficile, these results indicate that phage JD032 not only directly
kills most bacteria but also may reduce the pathogenicity of the surviving pathogens.

Verification of phage genes and DEGs by RT-qPCR. To confirm the reliability of
the RNA-seq data, four phage genes (JD032_orf014, -orf016, -orf021, and -orf025) and
four bacterial DEGs (TW11_1325, TW11_1443, TW11_2708, and TW11_3516) were ran-
domly selected for reverse transcription-quantitative PCR (RT-gqPCR) verification. The
RT-qPCR results showed a similar expression trend of the four phage genes compared
to RNA-seq (Fig. 8A). For bacterial DEGs, although the fold change of TW11_1325 and
TW11_3516 was higher with RT-gPCR than with RNA-seq, the pattern of change was
similar (Fig. 8B). In addition, we verified the expression of two TA system genes
(TW11_0231 and TW11_0232), one RM system gene (TW11_0859) and one unaffected
host gene (TW11_1632). Consistent with RNA-seq, RT-qPCR results also showed that the
expression of these genes did not change during phage infection (Fig. 8C).

DISCUSSION

To gain insight into the interaction between C. difficile and phage under lytic
infection, we first reported the isolation and characterization of a new C. difficile phage,
JD032, and then characterized the global transcriptional responses between JD032 and
C. difficile strain TW11.

Similar to other phages (20, 21, 29, 31, 39-43), the gene expression patterns of
phage JD032 also demonstrate three temporal expression classes of early, middle, and
late genes and suggest that the transcription patterns of phages may be independent
of bacterial host type, phage type, infection efficiency, and environment. However,
unlike other temperate phages that have been reported (44, 45), the integrase gene of
JD032 (JD032_orf003) is highly expressed after the 45-min time point. Integrase is often
considered a gene marker of temperate phages at present and is either not expressed
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or underexpressed during phage infection (22, 46). One study has shown that the
concentration of integrase determines the life cycle of mycobacteriophages (47), with
high concentrations promoting the establishment of a lysogenic state. Hence, we
speculate that JD032 has a strong tendency to integrate into TW11 in the process of
infection. This may be one of the reasons why it is difficult to screen for lytic phages
that target C. difficile because C. difficile phages may be more inclined to enter the
lysogenic cycle.

Early studies on bacterium-phage interactions suggested that phage infection led to
a complete shutdown of host transcription (48, 49). However, in the last decade, studies
using transcriptome analysis to assess bacterial response to phage infection have
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shown that this is not the case, with a range of responses in different bacterium-phage
systems (16, 19, 22, 29, 39, 41, 50, 51). Viral infections do share common traits. An
immediate transient response followed by a subsequent response was found to be
common across most viral replicative systems. However, our study also shows a
subsequent decrease in transcription levels, which may be related to the time point of
infection we studied. As our study covered all stages of viral replication, while most
studies did not investigate changes in host gene expression at the stable phase of
phage infection. Here, in the stable phase (135 min), the JD032 phage and the TW11
host are in a relatively balanced state wherein most TW11 cells were lysed (see Text S1
and Fig. ST in the supplemental material), while the remainder were uninfected host or
in a lysogenic state (31). Our results indicated that the response of strain TW11 to phage
JD032 during the stable phase was significantly different from the response in other
periods. For example, as shown in Fig. 7C, there were more bacterial DEGs at the
135-min time point compared with those during other periods. In addition, the
significantly enriched KEGG pathways of the DEGs were also significantly different from
the other three periods (Table S7). Furthermore, most bacteria experience a massive
change in host gene expression upon phage infection. The trend of expression changes
varies depending on the host-phage system. Our study indicates that C. difficile phage
infection downregulates far more host genes than it upregulates.

We found that some antiphage genes in strain TW11 were differentially expressed
upon JDO032 infection. Recent advances in phage-host interactions have revealed that
bacteria have an impressive arsenal of defense mechanisms to proliferate in phage-rich
environments, and in response, phages have evolved counterstrategies to evade these
antiviral systems (52). More recently, studies have shown that the ability of broad-
spectrum host phages to infect multiple hosts is more likely to depend on the
effectiveness of host defense strategies than on the differential tailoring of the phage
infection process (39), and inhibition of the host defense system is one of the important
factors for effective phage infection (21, 29). The upregulation of some TA system genes
may suggest the antiphage responses of host TW11 to prevent JD032 infection, while
the downregulation of some CRISPR-associated proteins and RM system genes may
indicate that JD032 inhibits the host defense system to ensure its effective infection.

During the process of phage infection, a few bacteria may mutate and become
resistant to phage infection, which is one of the problems currently faced by phage
therapy (53, 54). Our study found that during the lytic infection cycle, some genes
related to sporulation and virulence are downregulated, which may suggest that
although a few bacteria survive phage infection, their pathogenicity is affected, which
brings new hope for supporting phage therapy.

There are unavoidable flaws in this study. First, although a high MOI (MOI = 10) was
selected to ensure that more bacteria were infected by phage, the proportion of
infected bacteria is unknown. A single phage-bacterium system may solve this problem.
In addition, because this study investigated only the transcriptional levels of interaction
between the phage and host, some descriptions and discussions need further research
to confirm.

In conclusion, we isolated and characterized a new C. difficile phage, JD032, and
further provided a general description of the global transcriptional interaction between
this phage and its host TW11. We found reprogramming of the host metabolism by
phage, antiphage-like responses of the host, repression of the antiphage system by
phage, and suppression of pathogenicity-related genes of the host after phage infec-
tion at the transcriptome level. This study enhances our knowledge relevant to phage-
bacterium interactions, and further research that validates some of these descriptions
will be of great significance.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Eighteen Clostridioides difficile RTO78 strains were used in
this study, all of which were isolated from pigs and kindly donated by Chih-Jung Kuo (Department of
Veterinary Medicine, National Chung Hsing University, Taiwan). All strains were routinely grown on
prereduced brain heart infusion (BHI) (Oxoid) agar or tryptose-yeast extract (TY) (3% tryptose and 2%
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yeast extract) broth at 37°C under an anaerobic atmosphere (10% H,, 10% CO,, and 80% N,) inside an
anaerobic chamber.

Induction, propagation, and purification of phage JD032. Phage induction was performed as
previously described by Fortier and Moineau (55) with a few modifications. Details were as follows. Strain
TW69 was inoculated into prereduced TY broth and grown at 37°C under anaerobic conditions until the
stationary phase (12 to 14 h). A 3% inoculum from an overnight culture was transferred into fresh
prereduced TY broth and grown until the early logarithmic phase (optical density at 600 nm [ODgq,]
of 0.3 to 0.5). Mitomycin C was added to a final concentration of 3 ug/ml. Cultures containing mitomycin
C were further cultured at 37°C under anaerobic conditions for 8 h. Crude lysates were then centrifuged
and filtered (0.45-um-pore-size filter) for phage isolation, and the sensitive host of each phage was
determined on the basis of plaque formation.

To further isolate a single strain of phage, phage isolation was conducted by using the double-layer
agar method (56). The isolated single phage was named JD032. JD032 was further enriched by using
polyethylene glycol 8000 (PEG 8000) and purified by CsCl density gradient ultracentrifugation and
dialysis (10 kDa). The purified phage, JD032, was stored in SM buffer at 4°C until further analysis.

Host range determination. The host range activity of phage JD032 was determined by spot tests.
Details were as follows. Aliquots (400 ul) of the logarithmic-phase cultures (ODg,, = 0.4 to 0.6) of each
tested strain were collected to make double-layer agar plates. Six microliters of the phage stock solution
was dropped onto the double-layer plates and allowed to stand at room temperature until absorbed. The
plates were then incubated at 37°C in anaerobic conditions overnight and examined for the presence or
absence of plaques.

Morphological characterization. The morphology of the JD032 phage was negatively stained by
phosphotungstic acid and observed by transmission electron microscopy (TEM). Briefly, 400-ul samples
of the purified phage particles were washed twice with 0.1X phosphate-buffered saline (PBS) and then
fixed with 2% glutaraldehyde for 30 min. After centrifugation (40,000 X g, 4°C, 1 h), the pellets were
suspended in 0.1X PBS (50 to 100 wl). A 10-ul aliquot of fixed phage particles was spotted onto a
carbon-coated copper grid and allowed to absorb for 3 to 5 min. The sample was then negatively stained
with 2% (wt/vol) potassium phosphotungstate (pH 7.0) for 2 to 3 min before phage morphology was
observed using a transmission electron microscope.

Biological characteristics and bacteriolytic activity in vitro. The thermostability of phage JD032
was tested using 108 PFU/ml purified phage lysate that was subjected to different temperatures (4, 25,
37, 45, 50, 55, 60, and 65°C) for 1 h. To test pH stability, the purified phage lysate was incubated at
different pH ranges from pH 2.0 to pH 11.0 for 1-h intervals. After incubation in a temperature-controlled
water bath or pH-controlled environment, the phage activity was determined by a double-layer plating
experiment. The results are represented as phage titers at different temperatures or pH ranges. All
experiments were repeated in triplicate.

To determine the bacteriolytic activity of phage JD032, C. difficile strain TW11 cultured in TYCM broth
(TY broth containing 5 mM CaCl, and MgCl,) was infected with phage JD032 at a multiplicity of infection
(MOI) of 0.001, 0.01, 0.1, 1, or 10 at 37°C under anaerobic conditions. Culture samples were collected at
60-min intervals for 8 h, and bacterial growth was measured based on the ODy,,. All experiments were
repeated in triplicate.

Adsorption curve and one-step growth curve. Phage absorption experiments were performed
according to the method of Cui et al. (57) with some modifications. Briefly, 5 ml of strain TW11 was grown
in TYCM broth to a density of 107 CFU/ml in the early logarithmic stage. Cells were then infected with
purified phage JD032 at an MOI of 0.01. The mixture was incubated anaerobically at 37°C. Free phages
were sampled immediately after phage addition (0 min) and every 8 min for 64 min by centrifuging the
cells for 30 s at 16,000 X g, and the phage titer was measured by plating serial dilutions.

One-step growth curves were performed by the method of Zhao et al. (31) with slight modifications;
5 ml of exponentially growing cells was infected with purified JD032 at an MOI of 0.01 and centrifuged
for 30 s at 16,000 X g after a 30-min adsorption (by 30 min, 80% of phage JD032 had adsorbed to host
TW11 (Fig. 4A). The pellets were washed twice with prereduced TYCM broth to remove unadsorbed
phages and then resuspended in 5 ml of fresh prereduced TYCM (30 min). The phage concentration was
sampled immediately after resuspension (30 min) and every 15 min for 3 h by centrifugation for 30 s at
16,000 X g, and the phage titer was measured by plating a serial dilution of the suspension. The burst
time and burst size were calculated based on a one-step growth curve.

Genome sequencing of phage JD032. Whole-genome sequencing of JD032 particles was per-
formed using the Illlumina MiSeq system at Shanghai Personal Biotechnology Co., Ltd. A total of 3,214,720
high-quality reads were acquired. The sequence assembly and correction were conducted by using
SPAdes v3.9.0 (58) and pilon v1.18 (59), respectively. Possible open reading frames (ORFs) were predicted
by Glimmer 3.02 (60). All ORFs were annotated using the NR and Swiss-Prot databases. Virulence factors
and resistance genes were predicted with the virulence factor database (VFDB) (http://www.mgc.ac.cn/
VFs/main.htm) and antibiotic resistance gene database (ARDB) (http://ardb.cbcb.umd.edu/), respectively.
The genome sequence of phage JD032 was deposited in GenBank under accession number MK473382.

Genome sequencing of C. difficile strain TW11. The genomic DNA of C. difficile strain TW11 was
extracted by Puregene Yeast/Bact. kit B (Qiagen) according to the manufacturer’s instructions. Whole-
genome sequencing was performed at Shanghai Personal Biotechnology Co., Ltd., using the PacBio RS
Il and lllumina MiSeq platforms. The de novo assembly of the whole-genome sequence was verified by
a combination of A5-MiSeq v20150522, CANU, pilon, and mummer software. Gene prediction and
annotation were conducted by Glimmer 3.02 (60) and BLAST plus (61), respectively, using the Refseq
database.
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RNA-seq library preparation and sequencing. Samples were collected (10 ml) at 0, 30, 45, 75 and
135 min after infection with JD032 at an MOI of 10 and centrifuged at 16,000 X g for 5min. The
supernatant was then removed, and the pellets were washed with PBS twice. The tubes were flash frozen
in liquid nitrogen and stored at —80°C until extraction. RNA extractions were performed by using TRIzol
reagent according to the kit instructions (Invitrogen Life Technologies). The quality test of extracted RNA
from all time points was assessed using a NanoDrop spectrophotometer (Thermo Scientific) and an
Agilent RNA 6000 Nano kit on Bioanalyzer 2100 (Agilent Technologies). Only the RNA samples with a
concentration of more than 200 ng/ul, 1.8 < A,so/Asg0 < 2.0, and the RNA integrity (RIN) value higher
than or equal to 8 were further used to construct cDNA libraries. For depletion of rRNA, a Ribo-Zero rRNA
removal kit (Illumina, San Diego, CA, USA) was used. Random oligonucleotides and SuperScript Ill were
used to synthesize the first-strand cDNA. Second-strand cDNA synthesis was subsequently performed
using DNA polymerase | and RNase H. The remaining overhangs were converted into blunt ends via
exonuclease/polymerase activities, and the enzymes were removed. To select cDNA fragments of the
preferred 300-bp length, the library fragments were purified using the AMPure XP system (Beckman
Coulter, Beverly, CA, USA). DNA fragments with ligated adaptor molecules on both ends were selectively
enriched using Illlumina PCR Primer Cocktail in a 15-cycle PCR. Products were purified (AMPure XP
system) and quantified using the Agilent High Sensitivity DNA assay on a Bioanalyzer 2100 system
(Agilent). The sequencing library was then sequenced on a NextSeq 500 platform (lllumina) by Shanghai
Personal Biotechnology Co., Ltd. Images from the instrument were processed using the manufacturer’s
software to generate FASTQ sequence files.

Read alignment from RNA-seq. Raw transcriptome sequencing (RNA-seq) reads were preprocessed
using the in-house Perl scripts and sickle software (version 1.200) (62) with arguments “pe -t illumina -
50 —qg 5." The preprocessed reads for each library were aligned to the combined transcripts of strain
TW11 and phage JD032 using Bowtie2 (version 2.1.0) (63). Gene-level read counts were summarized via
SAMtools (version 0.1.18) (64). The rRNA genes as well as the genes undetected (without any read) were
removed, generating a total of 3,835 genes for further analysis, including 3,781 host genes and 54 phage
genes.

Differential gene expression analysis. The RUV method in the Bioconductor package RUVSeq
(version 1.0.0) (http://www.bioconductor.org/packages/release/bioc/html/RUVSeq.html) was used to
normalize the raw counts of the genes and identify differentially expressed genes (DEGs) between
phage-infected TW11 strains at any time point and the uninfected control. The RUV method takes
negative-control samples for which the covariates of interest are constant. Here, a DEG met the following
conditions: average expression levels of the gene in a group (infected or control) with more than five
reads per kilobase per million mapped reads (RPKM), false discovery rate (FDR, an adjusted P value after
multiple testing of Benjamini-Hochberg [BH]) < 0.01 and fold change (FC) (infected strain/control) of =2
(upregulated) or =—2 (downregulated).

Hierarchical cluster analysis. The DEGs between the phage-infected TW11 strain and the control at
each time point were clustered using the hclust function in the stats package in R software (https://
www.r-project.org/). The heatmap.2 function in the gplots package was used to plot a heatmap for the
DEGs at any time point.

KEGG enrichment analysis. Functional annotation of TW11 genes was conducted using the KEGG
Automatic Annotation Server (https://www.genome.jp/tools/kaas/). The resulting KO (KEGG Orthology)
and KEGG pathways were further subjected to enrichment analysis of DEGs. The phyper function in the
R stats package was used to enrich the KEGG pathway. Here, enrichment analysis of the upregulated and
downregulated genes at any time point was executed. A KEGG pathway with an adjusted P value of
<0.05 and gene number of =3 was defined as significant.

Quantitative reverse transcription-PCR. To validate the RNA-seq data, quantitative reverse
transcription-PCR (qRT-PCR) was performed on four phage genes and eight host genes. Primers for
RT-qPCR are listed in Table S8 in the supplemental material. The genomic DNA (gDNA) was removed by
incubating with DNase | Recombinant (Sigma-Aldrich) for 30 min at 25°C. cDNA synthesis was performed
on 1 ug of total RNA with a RevertAid First Strand cDNA Synthesis kit (Thermo Scientific) according to
the manufacturer’s instructions. qRT-PCR was performed using an ABI 7500 real-time PCR system
(Applied Biosystems) with FastStart universal SYBR green master mix (Roche). The following cycling
conditions were used: 10 min at 95°C and 40 cycles, with 1 cycle consisting of 15 s at 95°C and 60 s at
60°C. All samples from three biological replicates of each time point were amplified in a 96-well plate.
The relative expression levels were normalized to the expression of glutamate dehydrogenase (g/uD) (65).

Data availability. The whole genome of phage JD032 was deposited at GenBank under accession
number MK473382. The whole-genome sequence of TW11 was deposited at NCBI database under
accession number PRINA558841. The raw reads of RNA-seq (FASTQ files) are publicly available at NCBI
database under accession number PRJNA559590.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
TEXT S1, DOCX file, 0.02 MB.
FIG S1, TIF file, 1.9 MB.
TABLE S1, PDF file, 0.05 MB.
TABLE S2, PDF file, 0.2 MB.
TABLE S3, PDF file, 0.3 MB.

May/June 2020 Volume 5 Issue 3 e00017-20

mSystems’

msystems.asm.org 14


http://www.bioconductor.org/packages/release/bioc/html/RUVSeq.html
https://www.r-project.org/
https://www.r-project.org/
https://www.genome.jp/tools/kaas/
https://www.ncbi.nlm.nih.gov/nuccore/MK473382
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA558841
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA559590
https://msystems.asm.org

Transcriptomic Analysis of C. diff Response to Phage

TABLE S4, PDF file, 0.2 MB.
TABLE S5, PDF file, 0.2 MB.
TABLE S6, PDF file, 0.6 MB.
TABLE S7, PDF file, 0.01 MB.
TABLE S8, PDF file, 0.01 MB.

ACKNOWLEDGMENTS
This research received no specific grant from any funding agency in the public,
commercial, or not-for-profit sectors.
We thank Huang Haihui (Institute of Antibiotics, Huashan Hospital, Fudan University,
China) and Chih-Jung Kuo (Department of Veterinary Medicine, National Chung Hsing
University, Taiwan) for kindly providing C. difficile strains.

REFERENCES

1.

10.

11.

12.

13.

14.

May/June 2020 Volume 5

Bartlett JG, Gerding DN. 2008. Clinical recognition and diagnosis of
Clostridium difficile infection. Clin Infect Dis 46(Suppl 1):512-518.
https://doi.org/10.1086/521863.

. Smits WK, Lyras D, Lacy DB, Wilcox MH, Kuijper EJ. 2016. Clostridium

difficile infection. Nat Rev Dis Primers 2:16020. https://doi.org/10.1038/
nrdp.2016.20.

. Goorhuis A, Bakker D, Corver J, Debast SB, Harmanus C, Notermans DW,

Bergwerff AA, Dekker FW, Kuijper EJ. 2008. Emergence of Clostridium
difficile infection due to a new hypervirulent strain, polymerase chain
reaction ribotype 078. Clin Infect Dis 47:1162-1170. https://doi.org/10
.1086/592257.

. Walker AS, Eyre DW, Wyllie DH, Dingle KE, Griffiths D, Shine B, Oakley S,

O’Connor L, Finney J, Vaughan A, Crook DW, Wilcox MH, Peto TEA,
Infections in Oxfordshire Research Database (IORD). 2013. Relationship
between bacterial strain type, host biomarkers, and mortality in Clos-
tridium difficile infection. Clin Infect Dis 56:1589-1600. https://doi.org/
10.1093/cid/cit127.

. Knetsch CW, Kumar N, Forster SC, Connor TR, Browne HP, Harmanus C,

Sanders IM, Harris SR, Turner L, Morris T, Perry M, Miyajima F, Roberts P,
Pirmohamed M, Songer JG, Weese JS, Indra A, Corver J, Rupnik M, Wren
BW, Riley TV, Kuijper EJ, Lawley TD. 2017. Zoonotic transfer of Clostrid-
ium difficile harboring antimicrobial resistance between farm animals
and humans. J Clin Microbiol 56:e01384-17. https://doi.org/10.1128/JCM
.01384-17.

. Dieterle MG, Rao K, Young VB. 2019. Novel therapies and preventative

strategies for primary and recurrent Clostridium difficile infections. Ann
N Y Acad Sci 1435:110-138. https://doi.org/10.1111/nyas.13958.

. Lin DM, Koskella B, Lin HC. 2017. Phage therapy: an alternative to

antibiotics in the age of multi-drug resistance. World J Gastrointest
Pharmacol Ther 8:162-173. https://doi.org/10.4292/wjgpt.v8.i3.162.

. Abedon ST, Kuhl SJ, Blasdel BG, Kutter EM. 2011. Phage treatment of

human infections. Bacteriophage 1:66-85. https://doi.org/10.4161/bact
.1.2.15845.

. Nobrega FL, Costa AR, Kluskens LD, Azeredo J. 2015. Revisiting phage

therapy: new applications for old resources. Trends Microbiol 23:
185-191. https://doi.org/10.1016/j.tim.2015.01.006.

Ramesh V, Fralick JA, Rolfe RD. 1999. Prevention of Clostridium difficile-
induced ileocecitis with bacteriophage. Anaerobe 5:69-78. https://doi
.org/10.1006/anae.1999.0192.

Meader E, Mayer MJ, Gasson MJ, Steverding D, Carding SR, Narbad A.
2010. Bacteriophage treatment significantly reduces viable Clostridium
difficile and prevents toxin production in an in vitro model system.
Anaerobe 16:549-554. https://doi.org/10.1016/j.anaerobe.2010.08.006.

Meader E, Mayer MJ, Steverding D, Carding SR, Narbad A. 2013. Evalu-
ation of bacteriophage therapy to control Clostridium difficile and toxin
production in an in vitro human colon model system. Anaerobe 22:
25-30. https://doi.org/10.1016/j.anaerobe.2013.05.001.

Nale JY, Spencer J, Hargreaves KR, Buckley AM, Trzepinski P, Douce GR,
Clokie MRJ. 2016. Bacteriophage combinations significantly reduce Clos-
tridium difficile growth in vitro and proliferation in vivo. Antimicrob
Agents Chemother 60:968-981. https://doi.org/10.1128/AAC.01774-15.
Revathi G, Fralick JA, Rolfe RD. 2011. In vivo lysogenization of a Clos-
tridium difficile bacteriophage ®CD119. Anaerobe 17:125-129. https://
doi.org/10.1016/j.anaerobe.2011.05.012.

Issue 3 e00017-20

15.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

mSystems’

Rostel JT, Marraffini L. 2019. (Ph)ighting phages: how bacteria resist their
parasites. Cell Host Microbe 25:184-194. https://doi.org/10.1016/j.chom
.2019.01.009.

. Poranen MM, Ravantti JJ, Grahn AM, Gupta R, Auvinen P, Bamford DH.

2006. Global changes in cellular gene expression during bacteriophage
PRD1 infection. J Virol 80:8081-8088. https://doi.org/10.1128/JV1.00065
-06.

. Fallico V, Ross RP, Fitzgerald GF, McAuliffe O. 2011. Genetic response to

bacteriophage infection in Lactococcus lactis reveals a four-strand ap-
proach involving induction of membrane stress proteins, p-alanylation
of the cell wall, maintenance of proton motive force, and energy con-
servation. J Virol 85:12032-12042. https://doi.org/10.1128/JV1.00275-11.

. Osterhout RE, Figueroa IA, Keasling JD, Arkin AP. 2007. Global analysis of

host response to induction of a latent bacteriophage. BMC Microbiol
7:82-94. https://doi.org/10.1186/1471-2180-7-82.

. Ravantti JJ, Ruokoranta TM, Alapuranen AM, Bamford DH. 2008. Global

transcriptional responses of Pseudomonas aeruginosa to phage PRR1
infection. J Virol 82:2324-2329. https://doi.org/10.1128/JV1.01930-07.
Yang Z, Yin S, Li G, Wang J, Huang G, Jiang B, You B, Gong Y, Zhang C,
Luo X, Peng Y, Zhao X. 2019. Global transcriptomic analysis of the
interactions between phage ¢Abp1 and extensively drug-resistant Acin-
etobacter baumannii. mSystems 4:e00068-19. https://doi.org/10.1128/
mSystems.00068-19.

Howard-Varona C, Roux S, Dore H, Solonenko NE, Holmfeldt K, Markillie
LM, Orr G, Sullivan MB. 2017. Regulation of infection efficiency in a
globally abundant marine Bacteriodetes virus. ISME J 11:284-295.
https://doi.org/10.1038/ismej.2016.81.

Sacher JC, Flint A, Butcher J, Blasdel B, Reynolds HM, Lavigne R, Stintzi A,
Szymanski CM. 2018. Transcriptomic analysis of the response to T4-like
phage NCTC 12673 infection. Viruses 10:332. https://doi.org/10.3390/
v10060332.

Sekulovic O, Fortier LC. 2015. Global transcriptional response of Clos-
tridium difficile carrying the CD38 prophage. Appl Environ Microbiol
81:1364-1374. https://doi.org/10.1128/AEM.03656-14.

Hargreaves KR, Clokie MR. 2015. A taxonomic review of Clostridium
difficile phages and proposal of a novel genus, “Phimmp04likevirus.”
Viruses 7:2534-2541. https://doi.org/10.3390/v7052534.

Phothichaisri W, Ounjai P, Phetruen T, Janvilisri T, Khunrae P, Singha-
kaew S, Wangroongsarb P, Chankhamhaengdecha S. 2018. Character-
ization of bacteriophages infecting clinical isolates of Clostridium diffi-
cile. Front Microbiol 9:1701. https://doi.org/10.3389/fmicb.2018.01701.
Goh S, Riley TV, Chang BJ. 2005. Isolation and characterization of tem-
perate bacteriophages of Clostridium difficile. Appl Environ Microbiol
71:1079-1083. https://doi.org/10.1128/AEM.71.2.1079-1083.2005.
Sekulovic O, Meessen-Pinard M, Fortier LC. 2011. Prophage-stimulated
toxin production in Clostridium difficile NAP1/027 lysogens. J Bacteriol
193:2726-2734. https://doi.org/10.1128/JB.00787-10.

Mahony DE, Bell PD, Easterbrook KB. 1985. Two bacteriophages of
Clostridium difficile. J Clin Microbiol 21:251-254. https://doi.org/10
.1128/JCM.21.2.251-254.1985.

Howard-Varona C, Hargreaves KR, Solonenko NE, Markillie LM, White RA,
Brewer HM, Ansong C, Orr G, Adkins JN, Sullivan MB. 2018. Multiple
mechanisms drive phage infection efficiency in nearly identical hosts.
ISME J 12:1605-1618. https://doi.org/10.1038/541396-018-0099-8.

msystems.asm.org 15


https://doi.org/10.1086/521863
https://doi.org/10.1038/nrdp.2016.20
https://doi.org/10.1038/nrdp.2016.20
https://doi.org/10.1086/592257
https://doi.org/10.1086/592257
https://doi.org/10.1093/cid/cit127
https://doi.org/10.1093/cid/cit127
https://doi.org/10.1128/JCM.01384-17
https://doi.org/10.1128/JCM.01384-17
https://doi.org/10.1111/nyas.13958
https://doi.org/10.4292/wjgpt.v8.i3.162
https://doi.org/10.4161/bact.1.2.15845
https://doi.org/10.4161/bact.1.2.15845
https://doi.org/10.1016/j.tim.2015.01.006
https://doi.org/10.1006/anae.1999.0192
https://doi.org/10.1006/anae.1999.0192
https://doi.org/10.1016/j.anaerobe.2010.08.006
https://doi.org/10.1016/j.anaerobe.2013.05.001
https://doi.org/10.1128/AAC.01774-15
https://doi.org/10.1016/j.anaerobe.2011.05.012
https://doi.org/10.1016/j.anaerobe.2011.05.012
https://doi.org/10.1016/j.chom.2019.01.009
https://doi.org/10.1016/j.chom.2019.01.009
https://doi.org/10.1128/JVI.00065-06
https://doi.org/10.1128/JVI.00065-06
https://doi.org/10.1128/JVI.00275-11
https://doi.org/10.1186/1471-2180-7-82
https://doi.org/10.1128/JVI.01930-07
https://doi.org/10.1128/mSystems.00068-19
https://doi.org/10.1128/mSystems.00068-19
https://doi.org/10.1038/ismej.2016.81
https://doi.org/10.3390/v10060332
https://doi.org/10.3390/v10060332
https://doi.org/10.1128/AEM.03656-14
https://doi.org/10.3390/v7052534
https://doi.org/10.3389/fmicb.2018.01701
https://doi.org/10.1128/AEM.71.2.1079-1083.2005
https://doi.org/10.1128/JB.00787-10
https://doi.org/10.1128/JCM.21.2.251-254.1985
https://doi.org/10.1128/JCM.21.2.251-254.1985
https://doi.org/10.1038/s41396-018-0099-8
https://msystems.asm.org

Li et al.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

May/June 2020 Volume 5

Fan X, Duan X, Tong Y, Huang Q, Zhou M, Wang H, Zeng L, Young RF,
Ill, Xie J. 2016. The global reciprocal reprogramming between mycobac-
teriophage SWU1 and Mycobacterium reveals the molecular strategy of
subversion and promotion of phage infection. Front Microbiol 7:41.
https://doi.org/10.3389/fmicb.2016.00041.

Zhao X, Chen C, Shen W, Huang G, Le S, Lu S, Li M, Zhao Y, Wang J, Rao
X, Li G, Shen M, Guo K, Yang Y, Tan Y, Hu F. 2016. Global transcriptomic
analysis of interactions between Pseudomonas aeruginosa and bacte-
riophage PaP3. Sci Rep 6:19237. https://doi.org/10.1038/srep19237.
Goh S, Chang BJ, Riley TV. 2005. Effect of phage infection on toxin
production by Clostridium difficile. J Med Microbiol 54:129-135. https://
doi.org/10.1099/jmm.0.45821-0.

Govind R, Vediyappan G, Rolfe RD, Dupuy B, Fralick JA. 2009.
Bacteriophage-mediated toxin gene regulation in Clostridium difficile. J
Virol 83:12037-12045. https://doi.org/10.1128/JVI.01256-09.

Sekulovic O, Ospina Bedoya M, Fivian-Hughes AS, Fairweather NF, Fortier
LC. 2015. The Clostridium difficile cell wall protein CwpV confers phase-
variable phage resistance. Mol Microbiol 98:329-342. https://doi.org/10
1111/mmi.13121.

Bradshaw WJ, Kirby JM, Roberts AK, Shone CC, Acharya KR. 2017. Cwp2
from Clostridium difficile exhibits an extended three domain fold and
cell adhesion in vitro. FEBS J 284:2886-2898. https://doi.org/10.1111/
febs.14157.

Waligora AJ, Hennequin C, Mullany P, Bourlioux P, Collignon A, Karj-
alainen T. 2001. Characterization of a cell surface protein of Clostridium
difficile with adhesive properties. Infect Immun 69:2144-2153. https://
doi.org/10.1128/1A1.69.4.2144-2153.2001.

Péchiné S, Deneve-Larrazet C, Collignon A. 2016. Clostridium difficile
adhesins. Methods Mol Biol 1476:91-101. https://doi.org/10.1007/978-1
-4939-6361-4_7.

Saujet L, Monot M, Dupuy B, Soutourina O, Martin-Verstraete |. 2011. The
key sigma factor of transition phase, SigH, controls sporulation, metab-
olism, and virulence factor expression in Clostridium difficile. J Bacteriol
193:3186-3196. https://doi.org/10.1128/JB.00272-11.

Doron S, Fedida A, Hernandez-Prieto MA, Sabehi G, Karunker |, Stazic D,
Feingersch R, Steglich C, Futschik M, Lindell D, Sorek R. 2016. Transcrip-
tome dynamics of a broad host-range cyanophage and its hosts. ISME J
10:1437-1455. https://doi.org/10.1038/isme;j.2015.210.

Wagemans J, Blasdel BG, Van den Bossche A, Uytterhoeven B, De Smet
J, Paeshuyse J, Cenens W, Aertsen A, Uetz P, Delattre AS, Ceyssens PJ,
Lavigne R. 2014. Functional elucidation of antibacterial phage ORFans
targeting Pseudomonas aeruginosa. Cell Microbiol 16:1822-1835.
https://doi.org/10.1111/cmi.12330.

Blasdel BG, Chevallereau A, Monot M, Lavigne R, Debarbieux L. 2017.
Comparative transcriptomics analyses reveal the conservation of an
ancestral infectious strategy in two bacteriophage genera. ISME J 11:
1988-1996. https://doi.org/10.1038/ismej.2017.63.

Lavigne R, Lecoutere E, Wagemans J, Cenens W, Aertsen A, Schoofs L,
Landuyt B, Paeshuyse J, Scheer M, Schobert M, Ceyssens PJ. 2013. A
multifaceted study of Pseudomonas aeruginosa shutdown by virulent
podovirus LUZ19. mBio 4:00061-13. https://doi.org/10.1128/mBio
.00061-13.

Lin X, Ding H, Zeng Q. 2016. Transcriptomic response during phage
infection of a marine cyanobacterium under phosphorus-limited condi-
tions. Environ Microbiol 18:450-460. https://doi.org/10.1111/1462-2920
.13104.

Dedrick RM, Mavrich TN, Ng WL, Hatfull GF. 2017. Expression and
evolutionary patterns of mycobacteriophage D29 and its temperate
close relatives. BMC Microbiol 17:225. https://doi.org/10.1186/s12866
-017-1131-2.

Liu X, Jiang H, Gu Z, Roberts JW. 2013. High-resolution view of bacte-
riophage lambda gene expression by ribosome profiling. Proc Natl Acad
Sci U'S A 110:11928-11933. https://doi.org/10.1073/pnas.1309739110.
Ainsworth S, Zomer A, Mahony J, van Sinderen D. 2013. Lytic infection of
Lactococcus lactis by bacteriophages Tuc2009 and c2 triggers alterna-
tive transcriptional host responses. Appl Environ Microbiol 79:
4786-4798. https://doi.org/10.1128/AEM.01197-13.

Broussard GW, Oldfield LM, Villanueva VM, Lunt BL, Shine EE, Hatfull GF.
2013. Integration-dependent bacteriophage immunity provides insights
into the evolution of genetic switches. Mol Cell 49:237-248. https://doi
.org/10.1016/j.molcel.2012.11.012.

Roucourt B, Lavigne R. 2009. The role of interactions between phage and

Issue 3 e00017-20

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

mSystems’

bacterial proteins within the infected cell: a diverse and puzzling inter-
actome. Environ Microbiol 11:2789-2805. https://doi.org/10.1111/j.1462
-2920.2009.02029.x.

Koerner JF, Snustad DP. 1979. Shutoff of host macromolecular synthesis
after T-even bacteriophage infection. Microbiol Rev 43:199-223. https://
doi.org/10.1128/MMBR.43.2.199-223.1979.

Lindell D, Jaffe JD, Coleman ML, Futschik ME, Axmann IM, Rector T,
Kettler G, Sullivan MB, Steen R, Hess WR, Church GM, Chisholm SW. 2007.
Genome-wide expression dynamics of a marine virus and host reveal
features of co-evolution. Nature 449:83-86. https://doi.org/10.1038/
nature06130.

Chevallereau A, Blasdel BG, De Smet J, Monot M, Zimmerman M,
Kogadeeva M, Sauer U, Jorth P, Whiteley M, Debarbieux L, Lavigne R.
2016. Next-generation “-omics” approaches reveal a massive alteration
of host RNA metabolism during bacteriophage infection of Pseudomo-
nas aeruginosa. PLoS Genet 12:21006134. https://doi.org/10.1371/
journal.pgen.1006134.

Samson JE, Magadan AH, Sabri M, Moineau S. 2013. Revenge of the
phages: defeating bacterial defences. Nat Rev Microbiol 11:675-687.
https://doi.org/10.1038/nrmicro3096.

Caflisch KM, Suh GA, Patel R. 2019. Biological challenges of phage therapy
and proposed solutions: a literature review. Expert Rev Anti Infect Ther
17:1011-1041. https://doi.org/10.1080/14787210.2019.1694905.

Schooley RT, Biswas B, Gill JJ, Hernandez-Morales A, Lancaster J, Lessor
L, Barr JJ, Reed SL, Rohwer F, Benler S, Segall AM, Taplitz R, Smith DM,
Kerr K, Kumaraswamy M, Nizet V, Lin L, McCauley MD, Strathdee SA,
Benson CA, Pope RK, Leroux BM, Picel AC, Mateczun AJ, Cilwa KE,
Regeimbal JM, Estrella LA, Wolfe DM, Henry MS, Quinones J, Salka S,
Bishop-Lilly KA, Young R, Hamilton T. 2017. Development and use of
personalized bacteriophage-based therapeutic cocktails to treat a pa-
tient with a disseminated resistant Acinetobacter baumannii infection.
Antimicrob Agents Chemother 61:€00954-17. https://doi.org/10.1128/
AAC.00954-17.

Fortier LC, Moineau S. 2007. Morphological and genetic diversity of
temperate phages in Clostridium difficile. Appl Environ Microbiol 73:
7358-7366. https://doi.org/10.1128/AEM.00582-07.

Gencay YE, Birk T, Serensen MC, Brgndsted L. 2017. Methods for isola-
tion, purification, and propagation of bacteriophages of Campylobacter
jejuni. Methods Mol Biol 1512:19-28. https://doi.org/10.1007/978-1
-4939-6536-6_3.

Cui Z, Feng T, Gu F, Li Q, Dong K, Zhang Y, Zhu Y, Han L, Qin J, Guo X.
2017. Characterization and complete genome of the virulent Myoviridae
phage JD0O07 active against a variety of Staphylococcus aureus isolates
from different hospitals in Shanghai, China. Virol J 14:26. https://doi.org/
10.1186/512985-017-0701-0.

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS,
Lesin VM, Nikolenko SI, Son P, Prjibelski AD, Pyshkin AV, Sirotkin AV,
Vyahhi N, Tesler G, Alekseyev MA, Pevzner PA. 2012. SPAdes: a new
genome assembly algorithm and its applications to single-cell sequenc-
ing. J Comput Biol 19:455-477. https://doi.org/10.1089/cmb.2012.0021.
Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S, Cuomo
CA, Zeng Q, Wortman J, Young SK, Earl AM. 2014. Pilon: an integrated
tool for comprehensive microbial variant detection and genome assem-
bly improvement. PLoS One 9:e112963. https://doi.org/10.1371/journal
.pone.0112963.

Delcher AL, Harmon D, Kasif S, White O, Salzberg SL. 1999. Improved
microbial gene identification with GLIMMER. Nucleic Acids Res 27:
4636-4641. https://doi.org/10.1093/nar/27.23.4636.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local
alignment search tool. J Mol Biol 215:403-410. https://doi.org/10.1016/
S0022-2836(05)80360-2.

Joshi N, Fass J. 2011. Sickle: a sliding-window, adaptive, quality-based
trimming tool for FastQ files (version 1.33).

Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with Bow-
tie 2. Nat Methods 9:357-359. https://doi.org/10.1038/nmeth.1923.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G,
Abecasis G, Durbin R, 1000 Genome Project Data Processing Subgroup.
2009. The Sequence Alignment/Map format and SAMtools. Bioinformat-
ics 25:2078-2079. https://doi.org/10.1093/bioinformatics/btp352.
Metcalf D, Sharif S, Weese JS. 2010. Evaluation of candidate reference
genes in Clostridium difficile for gene expression normalization. Anaer-
obe 16:439-443. https://doi.org/10.1016/j.anaerobe.2010.06.007.

msystems.asm.org 16


https://doi.org/10.3389/fmicb.2016.00041
https://doi.org/10.1038/srep19237
https://doi.org/10.1099/jmm.0.45821-0
https://doi.org/10.1099/jmm.0.45821-0
https://doi.org/10.1128/JVI.01256-09
https://doi.org/10.1111/mmi.13121
https://doi.org/10.1111/mmi.13121
https://doi.org/10.1111/febs.14157
https://doi.org/10.1111/febs.14157
https://doi.org/10.1128/IAI.69.4.2144-2153.2001
https://doi.org/10.1128/IAI.69.4.2144-2153.2001
https://doi.org/10.1007/978-1-4939-6361-4_7
https://doi.org/10.1007/978-1-4939-6361-4_7
https://doi.org/10.1128/JB.00272-11
https://doi.org/10.1038/ismej.2015.210
https://doi.org/10.1111/cmi.12330
https://doi.org/10.1038/ismej.2017.63
https://doi.org/10.1128/mBio.00061-13
https://doi.org/10.1128/mBio.00061-13
https://doi.org/10.1111/1462-2920.13104
https://doi.org/10.1111/1462-2920.13104
https://doi.org/10.1186/s12866-017-1131-2
https://doi.org/10.1186/s12866-017-1131-2
https://doi.org/10.1073/pnas.1309739110
https://doi.org/10.1128/AEM.01197-13
https://doi.org/10.1016/j.molcel.2012.11.012
https://doi.org/10.1016/j.molcel.2012.11.012
https://doi.org/10.1111/j.1462-2920.2009.02029.x
https://doi.org/10.1111/j.1462-2920.2009.02029.x
https://doi.org/10.1128/MMBR.43.2.199-223.1979
https://doi.org/10.1128/MMBR.43.2.199-223.1979
https://doi.org/10.1038/nature06130
https://doi.org/10.1038/nature06130
https://doi.org/10.1371/journal.pgen.1006134
https://doi.org/10.1371/journal.pgen.1006134
https://doi.org/10.1038/nrmicro3096
https://doi.org/10.1080/14787210.2019.1694905
https://doi.org/10.1128/AAC.00954-17
https://doi.org/10.1128/AAC.00954-17
https://doi.org/10.1128/AEM.00582-07
https://doi.org/10.1007/978-1-4939-6536-6_3
https://doi.org/10.1007/978-1-4939-6536-6_3
https://doi.org/10.1186/s12985-017-0701-0
https://doi.org/10.1186/s12985-017-0701-0
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1093/nar/27.23.4636
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1016/j.anaerobe.2010.06.007
https://msystems.asm.org

	RESULTS
	Isolation and characterization of phage JD032. 
	Infection profile of phage JD032. 
	General transcriptomic dynamics of phage JD032 infection. 
	Temporal expression patterns of phage JD032. 
	Complete genome sequence of C. difficile RT078 strain TW11. 
	Host responses of C. difficile strain TW11 to phage JD032 infection. 
	(i) Functional analysis of host DEGs. 
	(ii) Host metabolism was reprogrammed by phage JD032. 
	(iii) Gene expression of antiphage systems was altered in response to JD032 infection. 
	(iv) Effects of JD032 infection on host pathogenicity. 
	Verification of phage genes and DEGs by RT-qPCR. 

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains and culture conditions. 
	Induction, propagation, and purification of phage JD032. 
	Host range determination. 
	Morphological characterization. 
	Biological characteristics and bacteriolytic activity in vitro. 
	Adsorption curve and one-step growth curve. 
	Genome sequencing of phage JD032. 
	Genome sequencing of C. difficile strain TW11. 
	RNA-seq library preparation and sequencing. 
	Read alignment from RNA-seq. 
	Differential gene expression analysis. 
	Hierarchical cluster analysis. 
	KEGG enrichment analysis. 
	Quantitative reverse transcription-PCR. 
	Data availability. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

