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Abstract

:

All known Clostridioides difficile phages encode integrases rendering them potentially able to lyse or lysogenise bacterial strains. Here, we observed the infection of the siphovirus, CDHS-1 on a ribotype 027 strain, R20291 and determined the phage and bacterial gene expression profiles, and impacts of phage infection on bacterial physiology and pathogenicity. Using RNA-seq and RT-qPCR we analysed transcriptomic changes during early, mid-log and late phases of phage replication at an MOI of 10. The phage has a 20 min latent period, takes 80 min to lyse cells and a burst size of ~37. All phage genes are highly expressed during at least one time point. The Cro/C1-transcriptional regulator, ssDNA binding protein and helicase are expressed early, the holin is expressed during the mid-log phase and structural proteins are expressed from mid-log to late phase. Most bacterial genes, particularly the metabolism and toxin production/regulatory genes, were downregulated from early phage replication. Phage-resistant strains and lysogens showed reduced virulence during Galleria mellonella colonization as ascertained by the larval survival and expression of growth (10), reproduction (2) and infection (2) marker genes. These data suggest that phage infection both reduces colonization and negatively impacts bacterial pathogenicity, providing encouraging data to support the development of this phage for therapy to treat C. difficile infection.
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1. Introduction


Clostridioides difficile is one of the most common causes of antibiotic related nosocomial infections with symptoms ranging from mild diarrhea to life-threatening pseudomembranous colitis and/or toxic megacolon. Despite treatment with antibiotics, C. difficile infection cases remain worryingly high and death has been reported in at least 10% of infected cases worldwide [1,2].



The pathogenesis of C. difficile is commonly linked to enterotoxin and cytotoxin A, and a cytotoxin B, which are encoded by tcdA and tcdB genes respectively, and located on the pathogenicity locus, PaLoc [3]. The toxins belong to the Rho-glucosylating toxin or large Clostridial toxin family, which target and deactivate guanosine triphosphatases in the epithelial cells of infected guts [4,5]. This can lead to disaggregation of the host cell cytoskeleton, loss of tight junctions between the epithelial cells and, ultimately, apoptosis. In addition to the two toxins, a binary toxin is found in some strains such as those classified within the hypervirulent ribotype 027, where it contributes to increased pathogenicity [3]. Three additional genes, tcdR, tcdC and tcdE that positively and negatively regulate, and control toxin release from the cells, respectively, are also located on the PaLoc [3,6]. Other non-toxigenic virulent factors associated with C. difficile are linked to adhesion (such as fimbriae, flagella, surface layer proteins and physiological features), hydrolytic enzymes production, sporulation and capsule formation [3,7,8].



In addition to the pathogenicity and virulence factors listed above, the genomes of most C. difficile strains encode multiple and diverse prophages many of which have been induced, isolated and shown to infect other C. difficile strains [9,10,11,12]. C. difficile phages have also been found in their capsid or ‘free’ state in environmental reservoirs [9,10,11,12]. The infection dynamics of these phages have been shown to follow either lysogenic or lytic pathways depending on the strains they infect and on the conditions under which they are exposed to their bacterial hosts. Lysogenic infection can contribute to the pathogenicity of strains via horizontal gene transfer and transduction, and also to bacterial diversity and patient clinical outcomes [13,14,15]. Phages that undertake lytic infection, in contrast, could be valuable for therapeutic purposes and as such they have been investigated in several C. difficile infection models [11,16,17,18,19,20].



Despite the therapeutic potential of C. difficile phages, very little data has been published on the impacts of phage infection on the regulation of global gene expressions in bacterial genomes, and very little in particular is known about how they might impact genes associated with pathogenicity [21]. Of the work that has been carried out in this area, phage CD38–2 was shown to infect the C. difficile 027 strain R20291, following ‘lysogenic infection’ that resulted in a 20-fold upregulation of the highly conserved CwpV cell wall protein. A low proportion of the R20291 genes were found to be differentially expressed during CD38–2 infection. Nearly half of the genes were downregulated and associated with transcriptional regulators and the phosphotransferase system subunits, which together regulate the uptake and metabolism of glucose, fructose and glucitol/sorbitol in the bacterial host [21]. In another study, a C. difficile ribotype 078 strain TW11 was infected with phage JD032 which resulted in changes in the expression of genes encoding for DNA and RNA synthesis [22]. Specifically, the antiphage systems, which include CRISPR-Cas, restriction modification, and toxin-antitoxin systems, were suppressed [22]. Clearly, phage infection modulates the expressions of C. difficile genes and behavior, but our overall understanding of these processes remains unclear [23,24,25].



We have previously isolated, curated and studied a large bank of C. difficile phages which we have shown to have therapeutic potential for a wide range of human pathogenic strains in relevant infection models including biofilms, fermentation vessels spiked with combined multiple human gut microbiota, Galleria mellonella and hamster infection models [11,16,17,18]. Within this phage bank, phage CDHS-1 is of particular interest as it targets and kills the hypervirulent 027 ribotype [26]. Interestingly, and particularly useful for therapeutic development, this phage is more effective in terms of lysis activity in the presence of epithelial cells than when used to infect bacterial cells alone [27]. Therefore, this suggests that it has useful therapeutic potential to control infection in the gut which is where it would need to work.



Despite these insights into the therapeutic potential of CDHS-1, how it modulates its bacterial host genome during the infection cycle is largely unknown. This information is critical to help ascertain any potential implications of the therapeutic application of this phage in the future [28]. To understand the impacts, we hypothesized that this phage, which we know has access to a temperate lifestyle, could potentially infect target bacteria and modulate genes that have potential physiological consequences [13]. We also hypothesised that such ‘temperate’ infection would occur alongside a clear transcriptional takeover of the phage, as we knew from preliminary data that it was largely lytic on R20291. Therefore, we assessed the transcriptomic takeover of phage CDHS-1 during infection of R20291, a hypervirulent ribotype 027 C. difficile strain, and then assessed the properties of phage resistant and lysogenic mutants. To do this, we determined the ‘one- step growth curve’ of the phage at and multiplicity of infection (MOI) of 10 to ensure most cells were infected, and established the early, mid-log and late phases of the phage replication cycle. RNA samples were extracted from cultures at these timepoints and analysed using RNA sequencing (RNA-seq) and RT-qPCR. Phage-resistant and lysogenic clones were also isolated and their virulence analysed in G. mellonella larvae.




2. Materials and Methods


2.1. Bacteria Strains and Culture Conditions


Two C. difficile isolates were used in this study; CD105LC1 a human clinical strain, was isolated from the University Hospitals of Leicester in our laboratory. This strain was used to propagate the phage [11]. R20291 was kindly donated by Trevor Lawley (Wellcome Trust Sanger Institute, Cambridge, UK) and used as the ‘test strain’. Both strains are the hypervirulent 027 ribotype and are routinely cultured on Brain Heart Infusion (Oxoid, Basingstoke, UK) 1% agar (Bacteriological Agar, VMR BDH Chemicals, Leuven, Belgium) supplemented with 7% defibrinated horse blood (E & O Laboratories, Ltd., Bonnybridge, UK) anaerobically (10% H2, 5% CO2, and 85% N2) (Don Whitley Scientific, West Yorkshire, UK) at 37 °C for 48 h. All broth media were pre-reduced anaerobically at 37 °C for at least an hour before use. Bacterial cultures were preserved in Protect bacterial preservers (Abtek Biologicals Ltd., Liverpool, UK) and stored at −80 °C.




2.2. Phage CDHS-1 Propagation


Phage CDHS-1 is a siphovirus, previously isolated from an estuarine sample, and propagated to 1010 PFU/mL on BHI 0.4% semi-solid agar [11]. Briefly, double BHI soft agar containing 0.8% agar and salt buffer containing 0.8 M MgCl2 (Acros Organics, Morris Plains, NJ, USA) and 0.2 M CaCl2 (Acros Organics, Morris Plains, NJ, USA) were prepared separately and kept at 55 °C. To propagate the phage, equal volumes of culture medium and salt buffer were mixed. Approximately, 10 mL of the salt and BHI soft media overlay was mixed with 400 μL of an overnight CD105LC1 culture grown in fastidious anaerobic medium, and 150 μL of 109 PFU/mL of the phage and poured on BHI 1% agar. The agar plates were set for 5 min at room temperature and cultured anaerobically at 37 °C overnight. The top soft agar was then scraped and collected into sterile Falcon tubes and incubated at 4 °C for 5 h to allow the phage to dissociate from the agar. The mixture was centrifuged at 15,000× g for 15 min and the supernatant containing the phage was filtered through Sarstedt 0.22 μm filter (Filtropur S, Numbrecht, Germany). The resulting phage titers were determined using a double agar layer method [17].




2.3. One-Step Growth Curve of Phage CDHS-1


A one-step growth curve to determine the early, mid-log and late phases of the phage was conducted with a culture of R20291 [22]. In brief, a starter culture of the bacterium was prepared by inoculating 2–3 colonies from a 48 h agar plate culture to 5 mL fastidious anaerobic broth and incubated overnight. Approximately, 500 μL of the broth was transferred to 20 mL BHI broth and incubated until OD550 0.2 (±0.02), then infected with phage CDHS-1 at an MOI of 10 and left to adsorb for 15 min anaerobically at 37 °C. The phage/bacterial mixture was then slowly centrifuged at 3000× g for 5 min to remove the free phage particles. The residual bacterial pellet was gently resuspended in an equal volume of fresh BHI and incubated stationary anaerobically. Aliquots of 1 mL volumes were taken at 10 min intervals over 100 min time, centrifuged at 15,000× g and filtrate phage titers determined on CD105LC1.




2.4. RNA Extraction and Analysis


Once the one-step growth curve of the phage was established, the procedure was repeated as described above in 100 mL capacity to have sufficient material for RNA extraction and analysis [17,22,29]. An equal volume of bacterial control culture was also prepared (with BHI substituted for phage volume). All the set ups were incubated anaerobically and 10 mL aliquots were removed from both the infected and control cultures from 0 min to 50 min time at 10 min intervals for RNA extraction.



From the 10 mL aliquots, 1 mL was used to determine bacterial numbers on cefoxitin, cyclo-serine and egg yolk (CCEY) agar medium and phage counts [18]. RNA extraction was carried out on the remaining 9 mL samples for each time point using Trizol reagent (Ambion Life Technologies, Rockville, CA, USA) as previously described [18]. To do this, the R20291 aliquots above were immediately centrifuged at 9000× g for 10 min at 4 °C. The pellet was re-suspended in 500 μL of ice-cold Trizol reagent and 100 μL chloroform, followed by vortexing at 300 rpm for 15 s. The suspension was transferred to lysing matrix tubes containing 0.5 g of acid-washed glass beads (106 micron, Sigma, St. Louis, MO, USA) and sonicated using a PowerLyzer 24 homogeniser (Cambio Ltd., Dry Drayton, UK) at power setting of 6.5 for 45 s, followed by a cooling phase for 15 s. The processed samples were incubated at ambient conditions for 1–2 min before further centrifugation at 12,000× g for 15 min at 4 °C. The aqueous top phase was transferred to 1.5 μL Eppendorf tubes containing 250 μL isopropanol and vortexed for 15 s. The mixture was further incubated at room temperature for 15 min followed by centrifugation for 10 min at 12,000 g at 4 °C. The supernatant was discarded, and the resultant pellet washed with 750 μL of 75% ethanol before being further centrifuged at 12,000× g at 4 °C to pellet the RNA. The supernatant was removed and pellet air-dried for 5 min before dissolving in RNAse-free water. Residual chromosomal DNA was removed from the RNA using Invitrogen™ DNA-free™ DNase Treatment kit (Ambion, Invitrogen, Carlsbad, CA, USA) according to manufacturer’s instructions.



The RNA integrity was determined by measuring the 260/280 and 260/230 ratios and quantity using NanoDrop 1000 and a Qubit HS RNA sensitivity assay kit (Invitrogen, Carlsbad, CA, USA) on a Qubit 3.0 fluorometer (Invitrogen, California, USA) respectively according to manufacturers’ instructions.




2.5. RNA Sequencing and Transcript Isolation


To investigate changes in gene expression during the infection of R20291 with CDHS-1, duplicate samples of the RNA isolated from the 0, 10, 20, 30, 40, and 50 min timepoints were analysed using RNA-Seq technology [30] (BGI Company, Shenzhen China). The cleaned sequencing reads (FASTQ datasets) generated from Illumina MiSeq were imported into Kallisto software to generate a single matrix of reads for each sample aligned to the genomes of both phage and host bacterium [31]. Genes with counts-per-million levels were filtered and subjected to mean of M-values normalization to enable sample comparisons. Expression was calculated using generalised linear method in Partek Genomics Suite software (v 6.6 Copyright©; 2014 Partek Inc., St. Louis, MO, USA) and analysed against R20291 (GenBank FN545816.1) and CDHS-1 (accession, LN680008) genomes.




2.6. Preparation of RT-qPCR Reactions


2.6.1. Construction of Complementary DNA (cDNA)


The RNA samples above were also analysed using RT-qPCR to target R20291 virulence genes. The cDNA samples were synthesized from 1 μL (0.5 μg/mL) of the purified RNA using First Strand cDNA synthesis kit (Invitrogen, UK) according to the manufacturer’s instructions. A no template negative and GAPDH (from the kit) positive controls were also examined.




2.6.2. qPCR Primer Design and Reactions


To identify the impact of phage infection on the expression levels of R20291 virulence genes, primers were designed to target 10 of the bacterium genes (Table S1). Two additional candidate genes, 16s ribosomal RNA and Recombinase A, were selected from commonly described housekeeping genes in other bacteria and used as reference (Table S1). The selection of primer sequences was conducted using the Primer3 (http://primer3.ut.ee/, accessed on 1 March 2018) and NCBI primer design programmes (https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi, accessed on 1 March 2018) [32,33]. The amplicons were verified using PCR reactions and resolution in 1% agarose gel electrophoresis (Table S1).



Analysis of the relative expression of the genes was performed using qPCR with 7500 Fast Real Time PCR system (Applied Biosystems, Foster City, CA, USA). The 20 μL qPCR master mix was prepared with 5 μL 1:100 diluted (in RNAse-free water) cDNA, 10 μL SYBR Green 2x master mix (Thermo Fisher Scientific, Paisley, UK), 0.5 mM each of the forward and reverse primer pairs for each target gene. As mentioned above, the qPCR values were normalized to two housekeeping genes 16s rRNA or recA [17].





2.7. Isolation of CDHS-1 Resistant and Lysogenic R20291 Strains


Phage resistance and lysogeny were previously detected in C. difficile phage infections [11,21,34]. To examine this further here, we isolated and characterized the phage resistant and lysogenic strains formed during the phage infection of the target bacterium on Brucellar agar according to methods described previously [11,35].



To identify lysogenic clones, purified colonies were PCR-screened against specific primer targeting the phage CDHS-1 capsid and holin genes (Table S2). All bacterial clones recovered were tested for their sensitivity to the phage using efficiency of plating technique. To do this, 10-fold serially diluted phage (in SM buffer) were applied to confluent cultures of the lysogenic or resistant strains in BHI semi-solid agar overlays on BHI agar. PFU/mL counts obtained were compared to those obtained from cultures of the wild-type host bacterium. Five clones each of confirmed CDHS-1 lysogenic and resistant strains were isolated and their virulence analysed on G. mellonella.




2.8. Characterization of the Virulence of CDHS-1 Resistant and Lysogenic R20291 Strains in G. mellonella


The virulence of the lysogens and phage-resistant clones was analysed by determining the colonization rates within the larvae and impact on the insects survival and expression of 14 selected G. mellonella genes associated with growth (10), reproduction (2) and infection (2) (Table S3) [18,29]. Results from the resistant/lysogenic strains were compared to those infected with the wild-type bacterial strain.



To do this, insect larvae were procured and prepared as previously described [17,18]. Overnight cultures of the lysogenic, resistant and wild-type R20291 were prepared in BHI broth as described above. A 1:100 dilution of the culture was prepared in fresh BHI broth and incubated anaerobically till OD550 0.2 was attained. Potential toxins accumulated in the cultures were removed by washing the cells three times in cold BHI. This was done by centrifuging the cultures at 15,000× g for 5 min at 4 °C and resuspending the pellet in equal volume of the cold medium. Four larvae were treated with ~102 CFU in 10 μL of the cultures via oral gavage using Hamilton pump for 0, 2, 24, 36 and 72 h time points and incubated at 37 °C as previously described [17,18]. Two additional groups of the insects, those given BHI and the untreated larvae, were included as negative controls. The insects were not fed during the experiment and at each time point a subset were assayed for survival, bacterial colonization and G. mellonella growth and infection gene expression [17,18].




2.9. Assessment of Rate of Survival and Bacterial Colonization in G. mellonella Larvae


To assay for survival, larvae were visually observed and scored on a binary system-dead or alive based on the insects color change (from yellow to dark brown/black) and motility [17,18]. To assay for colonization, larvae were culled by freezing at −20 °C for 20 min. Each larva was dissected using sterile scissors and the guts extracted into 1 mL of PBS and the bacteria assayed by recovering on CCEY medium [17,18].




2.10. G. mellonella RNA Extraction, cDNA Synthesis and RT-qPCR of Growth and Infection Markers


To determine the expression of genes using RT-qPCR, RNA extracted from the larvae from each treatment group and time were used to synthesise cDNA [17,18]. The 1:100 diluted cDNA samples were used to screen against 14 growth, reproduction and infection markers genes using qPCR as described above (Table S3). The genes were normalized using 18S rRNA or actin [17,18]. Data were analysed using GraphPad Prism 9 and R studio.





3. Results


3.1. Growth Curve of Phage CDHS-1


To analyse the differential expression of phage and bacterial genes during infection, we first established the growth parameters of phage CDHS-1 at an MOI of 10 where the majority of bacterial cells encounter a phage and thus become infected. From this we determined the time points at which to sample expression phases of the phage during its replication cycle. Our data show a triphasic curve of CDHS-1 growth, with a latent period (phage DNA ejection to replication and morphogenesis) estimated to be ~20 min. This is followed by a period where the phages produced are rapidly released also known as the burst/log phase (number of phage released per infected cell) from this time until 50 min. The burst size of the phage was ~37 phage particles released per infected cell. Finally, a stationary/plateau phase occurs from 50–70 min and ending with a final decline phase at 80–100 min (Figure 1A).



The analysis of the bacterial counts during CDHS-1 infection showed a gradual increase in bacterial numbers until 40 min, then they reduced from this time point until the 80 min time point (Figure 1B). Bacterial regrowth began from 80 min until the end of the experiment which is often attributable to the generation of phage resistant clones and lysogens and was thus investigated further (Figure 1B).




3.2. Transcriptional Changes in C. difficile R20291 during Infection with CDHS-1 Determined by RNA-seq


Having established the phage growth cycle parameters, we ascertained the early, mid-log and late phases from the growth curve occurred at the 0–10 min, 20–30 min and 40–50 min time points respectively (Figure 1A). To determine the expression of genes within these phases, RNA was extracted, sequenced and assessed using RNA-seq and RT-qPCR (Figure 1C, Figure 2A–J, Table 1 and Table 2).



RNA-seq analysis was carried out on three independent replicates of R20291 infected with phage CDHS-1 and on the R20291 uninfected control at the 0–50 min time points. Differential expression of the 20 most upregulated and downregulated genes for both phage and bacteria during infection are shown in Table 1 and Tables S4–S9. Approximately, 10–12% bacterial genes (3514 total bacterial genes, Table 1) were significantly impacted (p < 0.01). The majority of these genes were downregulated at all the time points compared to the uninfected control treatment (Table 1). Similarly, when phage infected R20291 samples were compared with the 0 min sample as a control (the points at which phages were added), up to 15% of the bacterial genes were significantly differentially expressed, with most also downregulated (Table 1).



The most highly expressed genes at the early phase are associated with nucleotide and ATP binding/permease proteins while, at the mid-log phase, the DNA binding, transcription and folding proteins were upregulated. At the late phase of the phage replication, the most upregulated genes in the bacterium encoded for proteins involved in DNA binding and transcription, and with integral membrane component (Table 2). On the other hand, genes with reduced expression at the early phase are associated with metabolic processes and those that encode for integral component of the membrane. At the mid-log to late phase, some putative membrane proteins and permease proteins were downregulated (Table 2).



Having established the most differentially expressed genes in R20291 during infection using RNA-seq, we determined the impact they might have on the expression levels of specific R20291 virulence genes using RT-qPCR. Ten virulence genes, tcdA, tcdB, binary toxin (cdtA variant), tcdE, tcdC, tcdR, agrB, agr, spmA and fliA, were investigated and compared to RNA-seq data [25]. The expression profiles are presented as relative expression in relation to the R20291 uninfected phage control (Figure 2A–J).



The tcdA and binary toxin genes were upregulated ~1 and 4 fold, respectively, at 0 min (post phage adsorption), then downregulated at 10 min, and more so until 50 min with up to a two-fold change (Figure 2A,C). The RNA-seq profiles for the two genes followed a similar trend but the binary toxin gene was upregulated in all samples from 20 min (Figure 2C). The tcdB gene was upregulated through the time points until 30 min although at very low levels, before being downregulated at the final timepoint with RT-qPCR (Figure 2B). With the RNA-seq data, upregulation of tcdB continued only until 10 min and was then downregulated (Figure 2B). The reverse trend was observed with tcdC, as it was downregulated at the 0 min but upregulated from 10 to 20 min, downregulated at 30 min, then upregulated at the 40 min with both the RNA-seq and qPCR data. However, at 50 min, tcdC gene remained upregulated based on the qPCR but downregulated as determined by RNA-seq (Figure 2E). The tcdR gene remained downregulated throughout the phage infection times, with lowest expression at the 40 min time as ascertained by both the qPCR and RNA-seq data (Figure 2D).



Two genes, agr and fliA showed a similar pattern by the RNA-seq data, being upregulated within 0–10 min time points but downregulated from this time as determined by qPCR in fliA. However, after the 10 min time both agr and fliA genes remained downregulated till the experiment ended howbeit at different levels (Figure 2H,J). On agrB gene, it started being upregulated at the 0–10 min with qPCR and extended only to 20 min with RNA-seq, but thereafter downregulated throughout the rest of the experimental time with both assays (Figure 2G). The final virulence gene examined was the spmA, which remained downregulated throughout the phage infection cycle as ascertained by the RNA-seq data but became upregulated after 40 min with the qPCR analysis (Figure 2I).




3.3. Regulations of Genes in CDHS-1 during R20291 Infection


Our data showed that ~25–58% of the 51 CDHS-1 genes were highly expressed and all were upregulated (in contrast to the bacterial genes) (Table 1). When the differentially expressed genes were compared to the infected host and using 0 min as the baseline, ~52–72% of the phage genes were significantly expressed in all the time points, but were the highest at the mid-log phase (20–30 min) (Table 1).



The early genes in the phage (at 0–10 min points) encode for Cro/C1-type transcriptional regulators, a phage anti-repressor (identified in phage Lambda) which induces the cleavage of the CI repressor and in turn inhibits the transcription of genes regulating lysogeny. Other phage genes expressed at the early phase encode for DNAse, helicase, single stranded DNA binding proteins that are responsible for DNA replication and the terminase small and large sub-units are expressed at this time (Figure 1C, Table 2). At the mid-log phase (20–30 min), genes encoding for holin and structural proteins such as portal proteins, tape measure, tail and tail fiber proteins, and the terminal small and large sub-unit proteins are expressed. The expression of these genes also extended to the late phase, at the 40–50 min time points (Figure 1C, Table 2). At the final phase (40–50 min), genes encoding for the structural proteins mentioned above, the capsid protein and the integrase were more highly expressed at this time (Figure 1C and Table 2).




3.4. Impact of CDHS-1 Resistant and Lysogenic R20291 Strains on Survival Rates in G. mellonella


To characterize the CDHS-1 resistant (R20291CDHS-1_Res) and lysogenized (R20291CDHS-1_Lys) bacteria further, we isolated individual clones and compared their virulence to the wild-type strain (R20291WT) in G. mellonella larval infection model (Figure 3). Each larva was given a low dose ~102 CFU of each variant strain. As expected, larvae in the negative control (treated with BHI only) and the untreated groups all survived throughout the experimental time (Figure 3A) [17,18]. The larvae given the resistant strain all survived up to 24 h but ~75% survival at 48 h was observed. Interestingly, larvae given lysogenic and wild-type strains had relatively lower survival rates compared to those given the resistant strains at 24 h; 91% survival was observed in the group treated with the lysogenic R20291 strain, but 83% survival in the wild-type strain larval group. By the 48 h time point, 69% and 77% survival were recorded among the lysogenic and resistant larval groups respectively, but 48% survival among the wild-type strain larval group. At 72 h, all larvae in all the treatment groups died (Figure 3).



Colonization by the three strain ‘types’ occurred steadily in the G. mellonella larvae, from ~102 CFU/larva to ~107 CFU/larva at 48 h. In general, the lysogenic strains colonized the insects better than the resistant and the wild-type strains but fascinatingly they had higher survival rates, which suggests they are less virulent than the wildtype (Figure 3).




3.5. Expression Profiles of Growth, Reproduction and Infection Marker Genes in G. mellonella during Colonization with the CDHS-1 Resistant and Lysogenic R20291 Strains


To further characterize the impact of colonization of these strain types on the larvae, we examined the expression of marker genes related to growth, reproduction and infection in the insects [18].



All ten G. mellonella genes related to growth, JH-inducible, JH-binding protein 1, 2, 3 and 4, JH-epoxide hydrolase 1 and 2, JH esterase and GME-string_Contig_704 and 233.0, were more highly expressed in the CDHS-1 resistant and lysogenic strains compared to the wild-type strain at all the time points (Figure 4A–D). Expression was highest in the JH-inducible protein gene with up to 20 relative fold expression at the 48 h among larvae infected with the lysogens (Figure 4D). Similarly, the genes related to reproduction, Ecdysteroid 22-kinase and Ecdysteroid-regulated protein, were also expressed more highly in the CDHS-1-resistant and lysogenic strains than in the wild-type strain (Figure 4A–D).



In contrast, the infection markers for moricin and gloverin showed higher expression profiles and expressed more in the wild-type R20291 compared to the CDHS-1-resistant strains and lysogens at all the time points (Figure 4A−D). The highest relative expressions for moricin and gloverin was ~7 relative fold change and observed at the 2 h and 24 h, respectively, among the larvae colonized with the wild-type R20291(Figure 4B,C).





4. Discussion


Phages interact with their bacterial hosts in a plethora of ways that can be beneficial or detrimental to the immediate host, or more widely to their ecosystems [21,22,24,25,36,37]. For lytic phages, the primary ‘outcome’ is to amplify themselves and lyse their bacterial host releasing their viral progeny, clearly in this setting the bacterial hosts will become resistant. For temperate phages, however, in addition to lysing their hosts, they may instead integrate into the bacterial chromosome and change the physiology of the infected cell [13]. To date, all known C. difficile phages have the ability to access this second lifestyle as they encode integrases in their genomes [10,11,13,38]. Therefore, despite their ability to effectively lyse bacterial cells, some C. difficile phages may follow both life cycles during an infection [11,39].



Our previous publications showed that optimising the appropriate phage combinations can help to mitigate the lysogenic/resistance effects and lead to complete lysis of bacterial cultures [11,16]. However, even in this context it is important to ascertain any potential changes that may occur in both target bacteria and phages as they interact with each other during therapeutic deployment. Critically, in phages with therapeutic potential, it is important to identify the consequences of such interactions, as clearly such phages need to be safe and not ‘boost’ bacterial host virulence [13,36].



There is little information on this aspect of C. difficile phages and the majority of their genomes are uncharacterized (only 15 of the 51 genes have ascribed functions). In order to address this and determine the phage and bacterial genes expressed at the different time points, we analysed gene regulation during infection of a human hypervirulent ribotype 027 strain, R20291 with our therapeutic phage CDHS-1, and we discuss the data in the context of pathogenicity and physiology.



To ascertain the impact of CDHS-1 infection on R20291, we identified the phases of the phage replication cycle and thus the genes expressed during these time points [22]. The short latent time and a small burst size of CDHS-1 are in agreement with other work on C. difficile phages [10]. In general, phages with shorter latent periods have small burst sizes and those with longer latent periods have larger bursts [10,22]. Infecting R20291 at an MOI of 10 showed clear lytic activity as confirmed by the decrease in bacterial numbers and the corresponding burst time. This lytic activity on R20291 is consistent with data from phage CD38-2 infection and similarly with our data on CDHS-1 infecting CD105LC1, another ribotype 027 strain [11,21,27].



Having established the growth kinetics of CDHS-1, we determined how the phage influenced changes in the expression of its host genes with time using RNA-seq technology and RT-qPCR. We found similar patterns in the expression of the virulence genes in the bacterium using the two methods. Whilst variations at few time points (possibly due to limitations in amplification efficiency during RT-PCR at these points) were observed, the majority of the patterns of the two sets of data are consistent, thus further confirming the robustness of our data, as previously reported [22]. The downregulation of the majority of the R20291 genes during CDHS-1 infection agrees with other research on both lytic and lysogenic cycles [21,22,25]. Similarly, the upregulation of the bacterial genes encoding for energy production, nucleic acid synthesis and transcription observed at the early stage of the phage replication is consistent with other findings [22]. An increased activity of the metabolic genes at the mid-log phase was also reported in phage CD38–2 infection of R20291 [21]. Although we observed the transport proteins to be downregulated at the late phase, these genes were upregulated in another study [22].



Our observation that the bacterial virulence genes were generally downregulated throughout the phage replication cycle contrasts with some published data, but is consistent with other data sets [21,22,25]. For example, the observation that toxin A and B and binary toxin genes are downregulated in our study is consistent with the published work on downregulation of genes in the PaLoc following phage CD119 lysogenic infection [25]. However, these two genes were upregulated in other phage-infected C. difficile strains with concomitant increase in toxin production also reported [36,37]. These discrepancies in the toxin expression profiles are likely to be attributed to the differences in phages examined and are to some extent methodological; less sensitive methods such as ELISA and immuno-dot blotting were used to detect the toxins in some studies [25,36]. In addition, the R20291 CD38–2 lysogens were incubated for longer periods (18–24 h) which allowed the toxins to accumulate before differences between the R20291 wildtype and lysogens were detected [25,36], which is contrary to our model, which has a much shorter time of 50 min cycle time.



After assessing impact on the bacteria, we studied the expression profiles of CDHS-1 genes throughout infection. As an obligate parasite, the phage completely depends on the bacterial replicatory machinery to propagate, thus requiring genes necessary for DNA replication and packaging at the onset of its infection [40,41]. This clearly concurs with our findings and further supports the expression of these genes at the early to mid-log phases of the phage replication [22]. We observed that the Cro, terminase small and large sub-units, DNAse/helicase and DNA binding proteins are expressed at the early and mid-phases of the phage replication as the proteins are required to stimulate viral DNA replication, recombination and lytic development as seen in lambda and φ29 SSB phages [42,43,44]. The structural, scaffolding, holin and integrase genes being expressed in the mid-log and late phases of the phage replication is supported by previous findings which show that the structural and lysis genes were expressed in the intermediate time, and upwards of the phage replicatory cycle [44,45,46,47]. The genes play important roles in the virion assembly, morphogenesis, stability, attachment and release, as reported in other phages such as T4 [48,49,50].



Having established the expression profiles of CDHS-1 and bacterial genes during interaction we ascertained the virulence of the phage resistant strains and lysogens in G. mellonella larvae. The larval model is inexpensive and can provide useful data on the use of animal infection models of many pathogenic bacteria including C. difficile [17,18,29,51]. The insects are also relatively well established for many bacterial infection, colonization, phage therapy, pathogenesis and virulence assays [17,18,52,53]. We found that the different bacterial strains colonized the gut of the larvae successfully and this concurs with our previous findings on C. difficile [17,18]. The wildtype R20291 strain was significantly more virulent than the CDHS-1 resistant strains and lysogens as ascertained by the survival, colonization and expression of larval stress marker genes [25]. This may provide an insight into the observed low expression or downregulation profiles of the toxin genes including the binary toxin genes ascertained by our qPCR and RNA-seq data. Although phage resistance was observed, the downregulation of virulence genes in the phage-resistant strains and lysogens could potentially reveal a trade-off, a loss of pathogenicity in C. difficile during phage infection, to further support the therapeutic use of this phage in human and animals.




5. Conclusions and Future Work


Some of the phages associated with C. difficile are well characterized in terms of their potential therapeutic applications in various infection models. Less work has been carried out on their impact on bacterial genomes, physiology and pathogenicity. As no C. difficile phages to date have been found to lack integrases and repressors these studies are particularly relevant as pragmatically phages such as CDHS-1 may form the starting point for novel therapeutics. Our work showed that majority of the R20291 genes (mostly related to metabolic processes) were downregulated at the early phase of CDHS-1 replication while few genes related to DNA replication and ATP production were upregulated at this stage. At the mid-log and late phases, the bacterial genes relating to DNA replication and transcription were upregulated but the permease and membrane proteins were downregulated. Most of the phage genes were upregulated during the infection and genes related to DNA synthesis were among those regulated at the early stage of the replication. The holin, endolysin and structural genes were upregulated towards the mid-log and late phases of the phage replication. Phage-resistant strains and lysogens isolated showed relatively low virulence in G. mellonella compared to the wild-type strain. These data further support the therapeutic potential of the phage for human and animal use. Further studies will focus on the sporulation and biofilm properties of the phage-resistant and lysogenic strains. Further work will also help to reveal how transcriptional take-over strategies relates to therapeutic potential.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/v13112262/s1, Table S1: List of PCR primers of virulence genes used in this study. Table S2: Oligonucleotides used to detect phage CDHS1 during lysogen and phage-resistant strains isolation. Table S3: Stress markers investigated during C. difficile infection in G. mellonella. Tables S4–S9: The top 20 up-regulated and down-regulated genes with their products/functions for both R20291 and CDHS-1 during infection at 0 (Table S4), 10 (Table S5), 20 (Table S6), 30 (Table S7), 40 (Table S8) and 50 (Table S9) min. The CDHS-1 genes are highlighted in yellow. Expression level changes considered significant if they differed at least twofold (Log2 fold change) and at p < 0.01.





Author Contributions


Conceptualization, J.Y.N., S.H. and M.R.J.C.; methodology, T.S.A.-T., J.Y.N.; Data analysis T.S.A.-T., J.Y.N.; original draft preparation and writing, J.Y.N.; review and editing, J.Y.N., M.R.J.C., T.S.A.-T., S.H.; Supervision, J.Y.N., S.H., M.R.J.C.; funding acquisition, T.S.A.-T., M.R.J.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Ministry of Higher Education and Scientific Research, Iraq, Grant number Doc/Ab/33-Ref:126” and “The APC was funded by Biotechnology and Biological Sciences Research Council (BBSRC), Grant number (RM38G0140).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We wish to thank Mathew Blades (Department of Genetics and Genome Biology, University of Leicester, UK) for his support in the preliminary analysis of the RNA-seq data.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



McFarland, L.V. Epidemiology, Risk Factors and Treatments for Antibiotic-Associated Diarrhea. Dig. Dis. 1998, 16, 292–307. [Google Scholar] [CrossRef]

	



Kwon, J.H.; Olsen, M.A.; Dubberke, E.R. The Morbidity, Mortality, and Costs Associated with Clostridium difficile Infection. Infect. Dis. Clin. N. Am. 2015, 29, 123–134. [Google Scholar] [CrossRef] [PubMed]

	



Abt, M.C.; McKenney, P.T.; Pamer, E.G. Clostridium difficile colitis: Pathogenesis and host defence. Nat. Rev. Microbiol. 2016, 14, 609–620. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.; Sun, C.; Wang, H.; Wang, J. The Role of Rho GTPases in Toxicity of Clostridium difficile Toxins. Toxins 2015, 7, 5254–5267. [Google Scholar] [CrossRef] [PubMed]

	



Jank, T.; Giesemann, T.; Aktories, K. Rho-glucosylating Clostridium difficile toxins A and B: New insights into structure and function. Glycobiology 2007, 17, 15r–22r. [Google Scholar] [CrossRef]

	



Cohen, S.H.; Tang, Y.J.; Silva, J.J. Analysis of the pathogenicity locus in Clostridium difficile strains. J. Infect. Dis. 2000, 181, 659–663. [Google Scholar] [CrossRef]

	



Haiko, J.; Westerlund-Wikström, B. The role of the bacterial flagellum in adhesion and virulence. Biology 2013, 2, 1242–1267. [Google Scholar] [CrossRef]

	



Borriello, S.P.; Davies, H.A.; Kamiya, S.; Reed, P.J.; Seddon, S. Virulence factors of Clostridium difficile. Rev. Infect. Dis. 1990, 12, 185–191. [Google Scholar] [CrossRef]

	



He, M.; Sebaihia, M.; Lawley, T.D.; Stabler, R.A.; Dawson, L.F.; Martin, M.J.; Holt, K.E.; Seth-Smith, H.M.; Quail, M.A.; Rance, R.; et al. Evolutionary dynamics of Clostridium difficile over short and long time scales. Proc. Natl. Acad. Sci. USA 2010, 107, 7527–7532. [Google Scholar] [CrossRef]

	



Goh, S.; Riley, T.V.; Chang, B.J. Isolation and Characterization of Temperate Bacteriophages of Clostridium difficile. Appl. Environ. Microbiol. 2005, 71, 1079–1083. [Google Scholar] [CrossRef]

	



Nale, J.Y.; Spencer, J.; Hargreaves, K.R.; Buckley, A.M.; Trzepiński, P.; Douce, G.R.; Clokie, M.R.J. Bacteriophage Combinations Significantly Reduce Clostridium difficile Growth In Vitro and Proliferation In Vivo. Antimicrob. Agents Chemother. 2016, 60, 968–981. [Google Scholar] [CrossRef] [PubMed]

	



Shan, J.; Patel, P.V.; Hickenbotham, P.T.; Nale, J.Y.; Hargreaves, K.R.; Clokie, M.R.J. Prophage carriage and diversity within clinically relevant strains of Clostridium difficile. Appl. Environ. Microbiol. 2012, 78, 6027–6034. [Google Scholar] [CrossRef]

	



Goh, S.; Hussain, H.; Chang, B.J.; Emmett, W.; Riley, T.V.; Mullany, P. Phage ϕC2 Mediates Transduction of Tn6215, Encoding Erythromycin Resistance, between Clostridium difficile Strains. mBio 2013, 4, e00840-13. [Google Scholar] [CrossRef] [PubMed]

	



Nale, J.Y.; Shan, J.; Hickenbotham, P.T.; Fawley, W.N.; Wilcox, M.H.; Clokie, M.R.J. Diverse Temperate Bacteriophage Carriage in Clostridium difficile 027 Strains. PLoS ONE 2012, 7, e37263. [Google Scholar] [CrossRef]

	



Tromans, S.; Nale, J.; Clokie, M.; Jenkins, D. Understanding the contribution of the temperate bacteriophages of C. difficile to clinical outcome. J. Infect. 2010, 61, 520–521. [Google Scholar] [CrossRef]

	



Nale, J.; Redgwell, T.A.; Millard, A.; Clokie, M.R.J. Efficacy of an Optimised Bacteriophage Cocktail to Clear Clostridium difficile in a Batch Fermentation Model. Antibiotics 2018, 7, 13. [Google Scholar] [CrossRef]

	



Nale, J.Y.; Chutia, M.; Carr, P.; Hickenbotham, P.; Clokie, M.R.J. ‘Get in early’; biofilm and wax moth (Galleria mellonella) models reveal new insights into the therapeutic potential of Clostridium difficile bacteriophages. Front. Microbiol. 2016, 7, 1383. [Google Scholar] [CrossRef]

	



Nale, J.Y.; Chutia, M.; Cheng, J.K.J.; Clokie, M.R.J. Refining the Galleria mellonella Model by Using Stress Marker Genes to Assess Clostridioides difficile Infection and Recuperation during Phage Therapy. Microorganisms 2020, 8, 1306. [Google Scholar] [CrossRef]

	



Meader, E.; Mayer, M.J.; Gasson, M.J.; Steverding, D.; Carding, S.R.; Narbad, A. Bacteriophage treatment significantly reduces viable Clostridium difficile and prevents toxin production in an in vitro model system. Anaerobe 2010, 16, 549–554. [Google Scholar] [CrossRef]

	



Meader, E.; Mayer, M.J.; Steverding, D.; Carding, S.R.; Narbad, A. Evaluation of bacteriophage therapy to control Clostridium difficile and toxin production in an in vitro human colon model system. Anaerobe 2013, 22, 25–30. [Google Scholar] [CrossRef]

	



Sekulovic, O.; Fortier, L.-C. Global Transcriptional Response of Clostridium difficile Carrying the ϕCD38–2 Prophage. Appl. Environ. Microbiol. 2015, 81, 1364. [Google Scholar] [CrossRef] [PubMed]

	



Li, T.; Zhang, Y.; Dong, K.; Kuo, C.J.; Li, C.; Zhu, Y.Q.; Qin, J.; Li, Q.T.; Chang, Y.F.; Guo, X.; et al. Isolation and Characterization of the Novel Phage JD032 and Global Transcriptomic Response during JD032 Infection of Clostridioides difficile Ribotype 078. mSystems 2020, 5, e00017-20. [Google Scholar] [CrossRef] [PubMed]

	



Fortier, L.C.; Sekulovic, O. Importance of prophages to evolution and virulence of bacterial pathogens. Virulence 2013, 4, 354–365. [Google Scholar] [CrossRef] [PubMed]

	



Hargreaves, K.R.; Kropinski, A.M.; Clokie, M.R.J. Bacteriophage behavioral ecology: How phages alter their bacterial host’s habits. Bacteriophage 2014, 4, e29866. [Google Scholar] [CrossRef]

	



Govind, R.; Vediyappan, G.; Rolfe, R.D.; Dupuy, B.; Fralick, J.A. Bacteriophage-Mediated Toxin Gene Regulation in Clostridium difficile. J. Virol. 2009, 83, 12037–12045. [Google Scholar] [CrossRef]

	



Dowah, A.S.A.; Xia, G.; Kareem Ali, A.A.; Thanki, A.M.; Shan, J.; Wallis, R.; Clokie, M.R.J. Identification of the receptor-binding protein of Clostridium difficile phage CDHS-1 reveals a new class of receptor-binding domains. bioRxiv 2021. [Google Scholar] [CrossRef]

	



Shan, J.; Ramachandran, A.; Thanki, A.M.; Vukusic, F.B.I.; Barylski, J.; Clokie, M.R.J. Bacteriophages are more virulent to bacteria with human cells than they are in bacterial culture; insights from HT-29 cells. Sci. Rep. 2018, 8, 5091. [Google Scholar] [CrossRef]

	



Nale, J.Y.; Clokie, M.R.J. Preclinical data and safety assessment of phage therapy in humans. Curr. Opin. Biotechnol. 2021, 68, 310–317. [Google Scholar] [CrossRef]

	



Mukherjee, K.; Hain, T.; Fischer, R.; Chakraborty, T.; Vilcinskas, A. Brain infection and activation of neuronal repair mechanisms by the human pathogen Listeria monocytogenes in the lepidopteran model host Galleria mellonella. Virulence 2013, 4, 324–332. [Google Scholar] [CrossRef]

	



Wang, Z.; Gerstein, M.; Snyder, M. RNA-Seq: A revolutionary tool for transcriptomics. Nat. Rev. Genet. 2009, 10, 57–63. [Google Scholar] [CrossRef]

	



Bray, N.L.; Pimentel, H.; Melsted, P.; Pachter, L. Near-optimal probabilistic RNA-seq quantification. Nat. Biotechnol. 2016, 34, 525–527. [Google Scholar] [CrossRef]

	



Rocha, D.J.P.; Santos, C.S.; Pacheco, L.G.C. Bacterial reference genes for gene expression studies by RT-qPCR: Survey and analysis. Antonie van Leeuwenhoek 2015, 108, 685–693. [Google Scholar] [CrossRef]

	



Gomes, A.É.I.; Stuchi, L.P.; Siqueira, N.M.G.; Henrique, J.B.; Vicentini, R.; Ribeiro, M.L.; Darrieux, M.; Ferraz, L.F.C. Selection and validation of reference genes for gene expression studies in Klebsiella pneumoniae using Reverse Transcription Quantitative real-time PCR. Sci. Rep. 2018, 8, 9001. [Google Scholar] [CrossRef] [PubMed]

	



Govind, R.; Fralick, J.A.; Rolfe, R.D. In vivo lysogenization of a Clostridium difficile bacteriophage ФCD119. Anaerobe 2011, 17, 125–129. [Google Scholar]

	



Sørensen, M.C.H.; Alphen, L.B.; Harboe, A.; Li, J.; Christensen, B.B.; Szymanski, C.M.; Brøndsted, L. Bacteriophage F336 Recognizes the Capsular Phosphoramidate Modification of Campylobacter jejuni NCTC11168. J. Bacteriol. 2011, 193, 6742–6749. [Google Scholar] [CrossRef] [PubMed]

	



Sekulovic, O.; Meessen-Pinard, M.; Fortier, L.C. Prophage-stimulated toxin production in Clostridium difficile NAP1/027 lysogens. J. Bacteriol. 2011, 193, 2726–2734. [Google Scholar] [CrossRef] [PubMed]

	



Goh, S.; Chang, B.J.; Riley, T.V. Effect of phage infection on toxin production by Clostridium difficile. J. Med. Microbiol. 2005, 54, 129–135. [Google Scholar] [CrossRef] [PubMed]

	



Fortier, L.C.; Moineau, S. Morphological and genetic diversity of temperate phages in Clostridium difficile. Appl. Environ. Microbiol. 2007, 73, 7358–7366. [Google Scholar] [CrossRef]

	



Ramesh, V.; Fralick, J.A.; Rolfe, R.D. Prevention of Clostridium difficile -induced ileocecitis with Bacteriophage. Anaerobe 1999, 5, 69–78. [Google Scholar] [CrossRef]

	



Duffy, C.; Feiss, M. The large subunit of bacteriophage λ’s terminase plays a role in DNA translocation and packaging termination1 1Edited by M. Gottesman. J. Mol. Biol. 2002, 316, 547–561. [Google Scholar] [CrossRef]

	



Shen, X.; Li, M.; Zeng, Y.; Hu, X.; Tan, Y.; Rao, X.; Jin, X.; Li, S.; Zhu, J.; Zhang, K.; et al. Functional identification of the DNA packaging terminase from Pseudomonas aeruginosa phage PaP3. Arch. Virol. 2012, 157, 2133–2141. [Google Scholar] [CrossRef] [PubMed]

	



Gauss, P.; Park, K.; Spencer, T.E.; Hacker, K.J. DNA helicase requirements for DNA replication during bacteriophage T4 infection. J. Bacteriol. 1994, 176, 1667–1672. [Google Scholar] [CrossRef] [PubMed]

	



Soengas, M.a.S.; Gutiérrez, C.; Salas, M. Helix-destabilizing Activity of φ29 Single-stranded DNA Binding Protein: Effect on the Elongation Rate During Strand Displacement DNA Replication. J. Mol. Biol. 1995, 253, 517–529. [Google Scholar] [CrossRef]

	



Liu, X.; Jiang, H.; Gu, Z.; Roberts, J.W. High-resolution view of bacteriophage lambda gene expression by ribosome profiling. Proc. Natl. Acad. Sci. USA 2013, 110, 11928–11933. [Google Scholar] [CrossRef] [PubMed]

	



Grundling, A.; Manson, M.D.; Young, R. Holins kill without warning. Proc. Natl. Acad. Sci. USA 2001, 98, 9348–9352. [Google Scholar] [CrossRef]

	



Young, R. Phage lysis: Do we have the hole story yet? Curr. Opin. Microbiol. 2013, 16, 790–797. [Google Scholar] [CrossRef]

	



Delisle, A.L.; Barcak, G.J.; Guo, M. Isolation and Expression of the Lysis Genes of Actinomyces naeslundii Phage Av-1. Appl. Environ. Microbiol. 2006, 72, 1110–1117. [Google Scholar] [CrossRef] [PubMed]

	



Cardarelli, L.; Lam, R.; Tuite, A.; Baker, L.A.; Sadowski, P.D.; Radford, D.R.; Rubinstein, J.L.; Battaile, K.P.; Chirgadze, N.; Maxwell, K.L.; et al. The Crystal Structure of Bacteriophage HK97 gp6: Defining a Large Family of Head–Tail Connector Proteins. J. Mol. Biol. 2010, 395, 754–768. [Google Scholar] [CrossRef]

	



Ionel, A.; Velázquez-Muriel, J.A.; Luque, D.; Cuervo, A.; Castón, J.R.; Valpuesta, J.M.; Martín-Benito, J.; Carrascosa, J.L. Molecular rearrangements involved in the capsid shell maturation of bacteriophage T7. J. Biol. Chem. 2011, 286, 234–242. [Google Scholar] [CrossRef]

	



Leiman, P.G.; Arisaka, F.; van Raaij, M.J.; Kostyuchenko, V.A.; Aksyuk, A.A.; Kanamaru, S.; Rossmann, M.G. Morphogenesis of the T4 tail and tail fibers. Virol. J. 2010, 7, 355. [Google Scholar] [CrossRef]

	



Nale, J.Y.; Vinner, G.K.; Lopez, V.C.; Thanki, A.M.; Phothaworn, P.; Thiennimitr, P.; Garcia, A.; AbuOun, M.; Anjum, M.F.; Korbsrisate, S.; et al. An Optimized Bacteriophage Cocktail Can Effectively Control Salmonella in vitro and in Galleria mellonella. Front. Microbiol. 2021, 11, 609955. [Google Scholar] [CrossRef] [PubMed]

	



Wagley, S.; Borne, R.; Harrison, J.; Baker-Austin, C.; Ottaviani, D.; Leoni, F.; Vuddhakul, V.; Titball, R.W. Galleria mellonella as an infection model to investigate virulence of Vibrio parahaemolyticus. Virulence 2018, 9, 197–207. [Google Scholar] [CrossRef] [PubMed]

	



Mukherjee, K.; Altincicek, B.; Hain, T.; Domann, E.; Vilcinskas, A.; Chakraborty, T. Galleria mellonella as a Model System for Studying Listeria Pathogenesis. Appl. Environ. Microbiol. 2010, 76, 310–317. [Google Scholar] [CrossRef] [PubMed]








[image: Viruses 13 02262 g001 550] 





Figure 1. One-step growth of CDHS-1 and phage genes expressed during infection of C. difficile R20291 at a MOI of 10. (A) One step growth curve of phage CDHS1-1 carried out for 100 min at regular 10 min intervals. Phages showed a latent period starting at 0 min time and ended at 20 min, a log phase from 20 min to 50 min followed by a plateau phase from 50–70 min till experiment was terminated at the decline phase at 80−100 min. (B) Growth response of R20291 during CDHS-1 infection. (C) Heat map showing phage CDHS-1 confirmed functional genes expressed during the I(early, 0–10 min), II(mid-log, 20–30 min), and III(late, 40–50 min) phases of phage replication as analysed by RNA-seq. Graphs were plotted using GraphPad Prism 9 (GraphPad Software, Inc., San Diego, CA, USA). 
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Figure 2. Comparison of ten selected C. difficile virulence genes at each time points during infection as ascertained by the RNA-seq and RT-qPCR data. The expression profiles are presented as relative expression in relation to the R20291 uninfected phage control (A–J). The data show triplicate of 5 independent biological samples (3 replicate samples for phage-treated and 2 for bacterial control), error bars indicate SEM, Graphs were plotted using GraphPad Prism 9. 
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Figure 3. Virulence profiles of CDHS-1 lysogens (R20291CDHS-1_Lys) and CDHS-1 resistant (R20291CDHS-1_Res) clones on G. mellonella larvae. (A) Survival curve showing the impact of CDHS-1 lysogens and resistant R20291 strains on G. mellonella larvae in relation to larvae treated with the wild-type R20291 (R20291WT), BHI and the untreated larval group. (B) Colonization levels of lysogens and resistant R20291 strains as ascertained in G. mellonella larvae. Data were compared with larval treated with the wild-type R20291, BHI and the untreated larval groups. Statistical significance was denoted by asterisks, with * = p < 0.05, ** = p < 0.01, *** = p < 0.001 and **** = p < 0.0001) using four larvae per group and experiment was repeated three times. Graphs were plotted using GraphPad Prism 9. 
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Figure 4. Relative expression of genes for growth (GME-string_contig704.0, GME stringcontig233.0_1, Juvenile hormone epoxid_1, Juvenile hormone epoxi_2, Juvenile hormone binding_1, Juvenile hormone esterase_1, Juvenile hormone-inducible_1, Juvenile hormone binding_3, Juvenile hormone binding_4 and Juvenile hormone-esterase), reproduction (Ecdysteroid_regulated_pr 1 and Ecdysteroid_22-kinase 1) and infection (moricin and gloverin) as ascertained in G. mellonella following colonization with CDHS-1 R20291 lysogens (R20291CDHS-1_Lys) and CDHS-1 resistant R20291 (R20291CDHS-1_Res). Data obtained were compared with impact on larval groups colonized with the wildtype R20291 strain (R20291WT). Expression of each gene was normalized to the expression of the housekeeping genes 18S rRNA. Results represent means of three independent determinations with standard deviations (A–D). Graphs were plotted using GraphPad Prism 9. 
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Table 1. Summary of genes differentially expressed between C. difficile R20291 infected with CDHS-1.
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Organism

	
Conditions

	
Time Post Phage Infection (Min)




	
Infected R20291 vs. Control

	
Infected R20291 vs. 0 Min Baseline




	
0

	
10

	
20

	
30

	
40

	
50

	
10

	
20

	
30

	
40

	
50






	
Bacteria, R20291 genes

	
Significantly expressed

	
442

	
359

	
433

	
442

	
456

	
450

	
309

	
324

	
478

	
556

	
561




	
Upregulated genes

	
14

	
20

	
20

	
20

	
42

	
46

	
35

	
67

	
131

	
162

	
170




	
Downregulated genes

	
428

	
359

	
433

	
442

	
456

	
450

	
274

	
257

	
347

	
394

	
391




	
Phage, CDHS-1 genes

	
Significantly expressed

	
13

	
25

	
28

	
30

	
26

	
24

	
27

	
35

	
34

	
33

	
37




	
Upregulated genes

	
13

	
25

	
28

	
30

	
26

	
24

	
23

	
28

	
29

	
28

	
27




	
Downregulated genes

	
0

	
0

	
0

	
0

	
0

	
0

	
4

	
7

	
5

	
5

	
10
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Table 2. Summary of modulation of C. difficile R20291 and CDHS-1 genes expression during infection.
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Host

	
Time

	
Upregulated

	
Downregulated






	
R20291

	
0

	
Nucleotide and ATP binding proteins

	
Metabolic process and membrane protein




	
10

	
DNA and ATP binding, and permease protein

	
Metabolic process, integral component of membrane




	
20

	
DNA binding, transcription and folding proteins

	
Putative membrane protein




	
30

	
DNA binding protein, transcription and folding proteins

	
Putative membrane protein and conserved hypothetical protein




	
40

	
DNA binding protein, transcription

	
Permease protein, putative membrane protein




	
50

	
Membrane and integral component of membrane

	
Permease protein, putative membrane protein




	
CDHS-1

	
0

	
Cro/C1-type transcriptional regulator, ssDNA-binding and helicase protein

	
None




	
10

	
Cro/C1-type transcriptional regulator, ssDNA-binding protein

	
None




	
20

	
Holin, endolysin and tail fiber protein

	
None




	
30

	
Holin, endolysin and tail fiber protein

	
None




	
40

	
Endolysin and tail fiber protein

	
None




	
50
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