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Basic Characterization of Natural Transformation in a Highly Transformable Haemophilus parasuis Strain SC1401
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Haemophilus parasuis causes Glässer's disease and pneumonia, incurring serious economic losses in the porcine industry. In this study, natural competence was investigated in H. parasuis. We found competence genes in H. parasuis homologous to ones in Haemophilus influenzae and a high consensus battery of Sxy-dependent cyclic AMP (cAMP) receptor protein (CRP-S) regulons using bioinformatics. High rates of natural competence were found from the onset of stationary-phase growth condition to mid-stationary phase (OD600 from 0.29 to 1.735); this rapidly dropped off as cells reached mid-stationary phase (OD600 from 1.735 to 1.625). As a whole, bacteria cultured in liquid media were observed to have lower competence levels than those grown on solid media plates. We also revealed that natural transformation in this species is stable after 200 passages and is largely dependent on DNA concentration. Transformation competition experiments showed that heterogeneous DNA cannot outcompete intraspecific natural transformation, suggesting an endogenous uptake sequence or other molecular markers may be important in differentiating heterogeneous DNA. We performed qRT-PCR targeting multiple putative competence genes in an effort to compare bacteria pre-cultured in TSB++ vs. TSA++ and SC1401 vs. SH0165 to determine expression profiles of the homologs of competence-genes in H. influenzae. Taken together, this study is the first to investigate natural transformation in H. parasuis based on a highly naturally transformable strain SC1401.
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INTRODUCTION

Haemophilus parasuis (H. parasuis, HPS), a Gram-negative, non-spore-forming, pleomorphic bacterium of the Pasteurellaceae group. This bacterium is normally a benign swine commensal but may become a deadly pathogen upon penetration into multiple tissues, and causes Glässer's disease and pneumonia in pigs. Clinical signs of this illness are characterized by polyarthritis, fibrinous polyserositis, and meningitis, resulting in serious economic losses in the pork industry throughout the world (Oliveira and Pijoan, 2004; Huang et al., 2016; Zhang P. et al., 2016; Zhou et al., 2016). H. parasuis has been a major challenge for the worldwide pork industry (Zhao et al., 2013).

Horizontal gene transfer (HGT), or the process of swapping lateral genetic material between neighboring “contemporary” bacteria occurs through three main mechanisms: conjugation, transduction, and natural transformation (Johnsborg et al., 2007; Mell et al., 2011). Many bacteria are naturally competent (Johnston et al., 2014; Mell and Redfield, 2014). In natural transformation, exogenous fragments of DNA are taken up by a bacterial host from their immediate environment. Exogenous DNA markers may then subsequently become expressible (as re-circularized plasmids or recombined into chromosome) (Lorenz and Wackernagel, 1994). These exogenous DNA genes may change the recipient host's genotype and phenotype, or on the contrary, be degraded and utilized in DNA repair mechanisms triggered by antibiotic and UV radiation induced damage (Johnsborg et al., 2007; Dorer et al., 2011). Like Haemophilus influenzae and many other competent species, certain H. parasuis strains can actively take up environmental DNA under natural conditions, but not all isolates are competent. Besides, transformation frequencies vary widely from strain to strain as observed in Actinobacillus pleuropneumoniae (Bossé et al., 2009). Through a specific uptake mechanism, DNA fragments often escape degradation to integrate into the host genome by RecA-driven homologous recombination (Wu et al., 2015), thus allowing bacterial strains to acquire and express new genes (such as virulence factors and drug resistance genes). Using the ability of H. parasuis to take up DNA, we and others have developed gene knockout methods and measures of screening a variety of virulence factors (Bigas et al., 2005; Zhang et al., 2015; Li J. et al., 2016).

cAMP, as a second messenger, is required to facilitate natural DNA uptake in many species, such as in Vibrio and in H. influenzae (Wise et al., 1973; Macfadyen et al., 1998; Wu et al., 2015). cAMP and its receptor protein, CRP (cAMP receptor protein), as the major player in carbon-catabolite repression (CCR) in H. influenzae, can actively induce an array of competence genes, such as one of the DNA-uptake batteries: comABCDE operon. TfoX/Sxy (two homologs) play an important role as a transcription co-regulator for localization of cAMP-CRP complexes to competence-dedicated CRP-S sites (a 22-bp sequence in several competence-related genes. See results below), thus increasing DNA uptake (see a recent review by Seitz and Johnston) (Seitz and Blokesch, 2013; Johnston et al., 2014). However, in H. parasuis, the underlying molecular mechanisms of DNA uptake/transformation have not been well-studied. To further understand the new insights into natural competence mechanisms in H. parasuis, we focus on bioinformatics analysis in the search for the latent competence-related genes and their potential involvement in regulating natural competence in this species.

MATERIALS AND METHODS

Strains, Plasmids, and Growth Conditions

The bacterial strains and plasmids used in this study are listed in Table 1. Plasmids were propagated in Escherichia coli DH5α and the bacteria were grown in liquid Luria-Bertani (LB, Difco, USA) medium or on LB agar (Invitrogen, China) plate supplemented with optimal adaptive antibiotic concentrations (kanamycin, 50 μg ml−1 or ampicillin, 100 μg ml−1 from Sigma-Aldrich, USA) when required. H. parasuis was grown in Tryptic Soy Broth (TSB, Difco, USA) or on Tryptic Soy agar (TSA, Difco, USA) supplemented with 5% inactivated bovine serum (Solarbio, China) and 0.1% (w/v) nicotinamide adenine dinucleotide (NAD, Sigma-Aldrich, USA) (TSB++ and TSA++). Where necessary, the media were supplemented with 50 μg ml−1 of kanamycin. All strains were grown at 37°C. The serotype of SC1401 was identified using PCR based molecular serotyping (Howell et al., 2015), supplemented with agar gel diffusion precipitation (AGP) for further confirmation of the serotype.


Table 1. Bacterial strains and plasmids used in this study.
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Natural Transformation Methodology

The protocol for natural transformation was performed according to Bigas with some modifications. Briefly, recipient bacteria were grown in TSB++ to an optical density 600 (OD600) = 1.8 (about 2.9 × 109 cfu/mL), a late-stationary phases. The bacteria were then spotted on TSA++, cultured overnight at 37°C and resuspended in TSB++ at ~2 × 1010 cfu/mL. A 20 μL aliquot of suspension was supplemented with 1 μL of cAMP (final concentration of 8 mM) and 2 μg of donor DNA (which has a maximum transformation efficiency in H. parasuis SC1401, data not shown). The mixture was incubated for 10 min at 37°C and then spotted on TSA++ again, for 5-h incubation at 37°C to induce expression of antibiotic resistance. Afterwards, bacteria were harvested and resuspended in 100 μL of TSB++ and plated on selective medium after serial dilution. The diluted bacteria (about 10−8) were plated on TSA++. Bacteria were incubated for 1–2 days. Colonies were identified by PCR; the RNA of the isolates was further identified using RT-PCR.

In Vitro Growth Characteristic of SC1401

To study the in vitro growth kinetics of wild-type H. parasuis SC1401, overnight-grown seed broth was subcultured 1:100 in fresh TSB++ at 37°C under aerobic or anaerobic conditions. Their OD600-values were measured at 1-h interval. Viable colonies of different OD600 were quantified manually after plating serial dilutions onto TSA++ plates.

Stability of Natural Transformation after Continuous Passage

Wild-type SC1401 was cultured in 5 mL of TSB++ at 37°C with agitation for 12 h. The F2 (filial generation 2) was subcultured (1:100 dil.) in 5 mL of fresh TSB++ again. Thus, SC1401 was continuously passaged to 200 generations (F200). Natural transformation frequencies of every 10 generations were routinely monitored as above. Natural transformation analyses were performed in triplicate.

Natural Transformation in TSB++ and Competence Inducing Phase Analysis

We further studied whether natural competence can be induced in broth and determined competence rates calculated using natural transformation frequencies (TF, [kanamycin-resistant (Kanr) colony-forming units (CFU)/ total CFU]) of bacteria pre-cultured in broth. Briefly, recipient bacteria were grown in TSB++ to different growth phases monitored by OD600-values and colony forming units (from early logarithmic phase to the decline phase along the bacterial growth curve), harvested at 4,350 × g for 5 min, and resuspended in 20 μL TSB++ to keep the OD600 from 5 to 50. One microliter of cAMP (final concentration of 8 mM) and 2 μg of genomic DNA of SC1401ΔhtrA::kan (Zhang L. et al., 2016) were added, the mixture was incubated for 30 min at 37°C; after that, the mixture was spotted on TSA++ again, incubated for 5 h at 37°C to induce expression of antibiotic resistance. The transformation frequency was calculated and evaluated as described below. All experiments were performed in triplicate.

Transformation of H. parasuis SC1401 by Chromosomal DNA from Homologous and Heterologous Strains

The specificity of H. parasuis transformation by homologous DNA was assessed in competitive binding experiments as previously described with some modifications (Israel et al., 2000; Liu et al., 2017). Briefly, cells of wild-type strain SC1401 were incubated with a constant amount (1 μg) of SC1401ΔhtrA::kan chromosomal DNA (with a Kan resistance marker) mixed with increasing amounts (0, 10, 50, 100, 500, 1,000, and 2,000 ng) of competitive DNA from either homologous or heterologous strains, including H. parasuis strains SC1401 and SH0165 (Li Y. et al., 2016), A. pleuropneumoniae strain SC1516, E. coli strain ZY16, Bacillus subtilis strain WR, and Streptococcus pneumoniae strain WZH. Host cells exposed to DNA from various sources were processed and plated on selective media; transformation frequencies of the DNAs were calculated.

RNA Preparation and RT (Reverse Transcription)-PCR

Molecular identification of transformants was performed using reverse transcription PCR (RT-PCR). Whole genomic DNA was extracted using TIANamp Bacteria DNA Kit (Tiangen, China). RNA was prepared using RNAprep pure Cell/Bacteria Kit (Tiangen, China). RT-PCR was performed using PrimeScriptTM RT-PCR Kit (TaKaRa, Japan). T4 DNA polymerase was purchased from Vazyme, China. Procedures were preformed following Molecular Biology and the manufacturer's protocols (Fu et al., 2016; Huang et al., 2016).

Quantitative Real-Time PCR

RNA samples were isolated from the wild type SC1401 (cultured in TSB++ to obtain an OD600 = 1.46 and on TSA++ for 13 h, respectively), SH0165 (cultured on TSA++ plates for 13 h) using the RNAprep pure Cell/Bacteria Kit (Tiangen, China) according to the manufacturer's instructions. Two-step RT-PCR was performed using PrimeScriptTM RT reagent Kit with gDNA Eraser (Takara, Japan). The candidate natural transformation-related or dedicated gene transcripts were then analyzed using quantitative reverse transcription PCR (qRT-PCR) with the reagent of SYBR Premix EX TaqTM II (Tli RNaseH Plus) (Takara, Japan). Primers for qPCR are listed in Table S1. Non-conserved primers with mismatched bases between SC1401 and SH0165 were designed separately. The 2(–ΔΔC(T)) method was used to relatively quantitate multiple genes expression compared to the stably expressed 16S RNA reference gene. qPCR runs were performed with a Lightcycler96 (Roche, Switzerland) system. The experiments were independently performed at least three times in triplicate.

Statistical Analysis

After incubation, the colonies on TSA++ and on selective plates were counted. Transformation frequencies were determined from the number of antibiotic-resistant cfu mL−1 divided by the total cfu mL−1 scored on non-selective agar (Israel et al., 2000; Humbert et al., 2011). Each experiment was independently performed at least three times in triplicate.

Comparisons of several test series were evaluated by analysis of variance (ANOVA tests). Multiple comparisons between any two means of different groups were performed using least significant difference (LSD) method. A p < 0.05 is considered to be statistically significant (*), and <0.01 highly significant (**), while the p > 0.1 is considered as statistically insignificant.

RESULTS

Screening for Isolates with Detectable Levels of Natural Transformation

Among the 30 clinical isolates and all 15 reference strains tested using the targeting vector pMDHK (Zhang et al., 2015), only five competent strains were identified (Table S2), indicating a different transformation pattern compared to Neisseria gonorrhoeae and N. meningitidis nearly all strains of which appear to be competent (Sparling, 1966; Mell and Redfield, 2014). This may be due to restriction barriers, differences in uptake sequences (USS, see below), diverse inducing cues, various evolutionary relationships and issues with replication in the case where plasmids are the transforming DNA (Solomon and Grossman, 1996; Johnsborg et al., 2007; Seitz and Blokesch, 2013; Mell and Redfield, 2014). Among these five transformable isolates, we found clinical strain SC1401 showed the highest frequency of natural competence (about 1.0 × 10−4) (Ding et al., 2016). We therefore sequenced the genome of SC1401 using Pacbio sequencer (Beijing Novogene Bioinformatics Technology Co., Ltd.) by single molecule real-time (SMRT) technology (GenBank accession NO: CP015099.1) (Dai et al., 2016). SC1401 was identified to be serotype 11 according to the PCR assay for molecular serotyping (Howell et al., 2015).

SC1401 Genome Contains Intact Homologs of Competence Genes

The whole-genomic analysis showed a genome size of 2,277,540 bp of SC1401, with a mean (G+C) content of 40.03%. The total gene number is 2,234, accounting for 87.65% of the whole genome. Comparative genomics analysis (via core-pan gene analysis) demonstrated that SC1401 has 385 strain-specific genes compared to H. parasuis SH0165 (CP001321.1), KL0318 (CP009237.1), ZJ0906 (CP005384.1), and SH03 (CP009158.1), which have only 190, 71, 201, and 47 strain-specific genes (dispensable gene), respectively. This may underscore the fact that SC1401 takes up exogenous DNA more readily than the other H. parasuis clades (Wang et al., 2014) (SC1401 belong to a different clade compared to the other four strains; Figure 1).
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FIGURE 1. Comparisons of amino acid sequences of TfoX homologs in H. parasuis. (A) Phylogenetic tree of TfoX in H. parasuis (HpTfoX), E. coli (EcTfoX), H. influenzae (HiTfoX) and in two other outgroups. (B) Sequence alignment of TfoX protein in H. parasuis SC1401 against four other H. parasuis strains using Phyre program version 2.0 and Espript program version 3.0. Orange bar shows N-terminal domain of TfoX; Reseda bar shows C-terminal domain of TfoX; Triangular symbol shows mutation sites of SC1401 TfoX compared to other H. parasuis strains (A red one indicates the insertion mutant).



The gene products that are involved in DNA uptake and transformation have been described for H. influenzae reference strain Rd KW20 (Maughan and Redfield, 2009b). To identify candidate competence genes in H. parasuis, we used BLAST and Rd KW20 sequences to query the genome sequences of H. parasuis SC1401 and SH0165, as well as a close-related A. pleuropneumoniae strain-L20 (which has a low transformation frequency of 1.6−08 ± 1.1−09) (Bossé et al., 2009) in Genbank (Table 2). A set of CRP-S (non-canonical cAMP-CRP binding sites, see below) regulated competence genes homologs to H. influenzae competence genes were identified in H. parasuis (MacFadyen, 2000). Some of the homologous sequences may not be involved in DNA uptake, but CRP-S regulated genes, including radC, HI0660, HI0365, ligA, and HI1631 are considered to be involved in competence (Sinha et al., 2012). Competence genes were divided into three categories according to their functions (Maughan and Redfield, 2009a). Additionally, subcellular locations were predicted with the PSORTb server (http://www.psort.org/) and the functions of gene products were annotated with 6 databases described elsewhere (Kanehisa, 1997; Tatusov et al., 2003; Jungo et al., 2012; Dai et al., 2016), including NR, KEGG, COG, Swiss-Prot, GO and TrEMBL. However, there are no homologs of HI0600 found in H. parasuis, and the HI0659 locus found in SC1401 and SH0165 was shown to have a low homology to that of H. influenzae Rd. These two genes are annotated as transcriptional regulators, however, their function is still unknown (Sinha et al., 2012).


Table 2. CRP-S regulons and competence protein homologs encoded by in H. parasuis SC1401 and SH0165 genomesa.
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Most genes were conserved in both SC1401 and SH0165 with the exception of tfoX in view of its vital role in natural competence-regulation. TfoX shares only 73% identity and has unexpectedly evolved into two different clades (SC1401 and SH0165; Figure 1A), indicating a unique heterogeneity in this species in that TfoX is conserved in E. coli and in H. influenzae (Figure 1A). Intriguingly, blast results using Phyre program version 2.0 and Espript program version 3.0 demonstrated that there are a number of site mutations in SC1401TfoX compared to the four other TfoX (Figure 1B) (Robert and Gouet, 2014; Kelley et al., 2015). A proline residue was found inserted into H. parasuis SC1401 TfoX at codon 64th. Moreover, secondary structure comparison showed that SC1401TfoX harbors two more α-helices, indicating that these mutations may affect ultimate functional activity of TfoX protein. We found ZJ0906 possesses four termination codons in ZJ0906 tfox gene, Table S3 which results in a truncated TfoX in this strain, indicating that tfox gene is not an indispensable gene in bacteria metabolism. In view of the orthology of tfox in H. parasuis, further studies on whether these molecular diversities lead to the different capacities of natural transformation are needed.

The phenomenon of finding homologs of all known competence genes from H. influenzae may be consistent with an ancestral origin of competence in these species (Redfield et al., 2006).

Competence-Related Cyclic AMP Receptor Protein Regulons Identified in SC1401

In H. influenzae, multiple Sxy-dependent cyclic AMP receptor protein (CRP, or catabolite activator protein) regulons are required for transformation (Cameron and Redfield, 2008; Sinha et al., 2012). The CRP-S (cAMP-CRP complex binding sites; competence regulons; previously named CRE) is a promoter associated 22-bp competence regulatory element (CRE). This competence-related sequence/site was determined to be a new CRP binding site under Sxy-regulation (the ortholog of tfox in H. parasuis) (Redfield et al., 2005). Thus, CRP-S regulon was regulated by CRP-cAMP complex and functions in natural competence/transformation (Cameron and Redfield, 2008). Notably, the CRP-S differs from canonical (CRP-N) sites in that the former one requires both the CRP and Sxy/TfoX proteins for transcription activation and the 6th base is cytosine, instead of thymine (Cameron and Redfield, 2008). In our study, we found a highly similar consensus sequence located in the promoter regions of 12 competence homologs in H. parasuis SC1401 (Figure 2 and Table 3). These “un-strict” reverse complement consensus sequence shows high identity to the H. influenzae and A. pleuropneumoniae CRP-S consensus sequences and retains almost all of the bases from the CRP-DNA binding sites/residues (Redfield et al., 2005; Bossé et al., 2009) (Figure 2A). Noncore sites display a high degree of sequence diversity (heterogeneity), indicating interspecific differences among these species. Of note, further inspection of the promoter region of dprA found a suboptimal (p-value of 4.46e-8) CRP-S motif for it is more variable in certain sites (Figure 2B). No direct evidence has been found that CRP and TfoX/Sxy could bind to CRP-S in H. parasuis. However, it has been reported that CRP binds to cAMP and form CRP-cAMP complex (Cameron and Redfield, 2008). Further studies to clarify the function and/or the interaction of CRP-S and CRP/TfoX/Sxy in H. parasuis are needed.
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FIGURE 2. Sequences logos of CRP-S in H. parasuis SC1401 and H. influenzae Rd KW20 and locations in upstream of 11 competence genes-homologs in SC1401. (A) CRP-S logos of 12 H. parasuis sites (top, with an E-value of 5.3e-035) and 13 H. influenzae sites (middle), as well as 15 A. pleuropneumoniae sites (bottom). The motifs were found and logos generated with MEME (http://meme-suite.org/tools/meme) (Bailey and Elkan, 1994). Bases important for cAMP-CRP-DNA binding reported by Prof. Redfield are shown in black underlines, and the characteristic positions of CRP-S sites (C6/C17) are shown in arrows. Noncore sites are shaded. Logo of CRP-S of H. influenzae was reproduced with Prof. Redfield's permission. (B) CRP-S locations in 12 H. parasuis competence genes. Red boxes indicate 22 bp consensus sequences with high similarity with CRP-S shown in Table 3 and Figure 2 (top); the green and blue ones indicate similar motifs. Note, the CRP-S motif predicted in promoter region of dprA was partly homologous, thus indicated by a semitransparent red box. Promoter of each gene is shown with explosion icon, which was predicted with BPROM (http://linux1.softberry.com/berry.phtml).




Table 3. CRP-S (CRE) promoter sites identified in 11 competence genes in H. parasuis SC1401.

[image: image]



Natural Transformation is Stable in H. parasuis SC1401

A previous report found that Acinetobacter baylyi ADP1 transformability was reduced after 1,000 generations for the new InDels of IS1236 transposable elements and other large-fragment deletions on the chromosome (Renda et al., 2015). We studied the stability of natural competence in H. parasuis SC1401. After the parent bacteria SC1401 were serially passaged (from F1-F200), the natural transformation frequencies of different generations of SC1401 were analyzed. In each generation, both broth-cultured (in TSB++) and plate-cultured (13 h on TSA++) bacteria were transformed with genomic DNA of SC1401ΔhtrA::kan. Results demonstrated negligible changes in transformation frequencies with both methods (Figure 3), which indicates that natural transformation is stable within a short-term passage in this species. This also suggests that natural transformability varies greatly in different species due to different competence regulatory elements/circuits and/or environmental cues of triggering competence (Krüger and Stingl, 2011; Seitz and Blokesch, 2013; Hülter et al., 2017).
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FIGURE 3. Natural transformation stability analysis of H. parasuis SC1401 after continuously passaging. The natural frequencies of every 10 generations of H. parasuis SC1401 were determined through TSB++ transformation methodology ([image: yes]) and TSA++ transformation methodology ([image: yes]). The natural transformation frequency was determined from the number of antibiotic-resistant cfu mL−1 divided by the total cfu mL−1 scored on non-selective agar. Data points represent the mean values of three replicates, and error bars indicate standard deviations.



Natural Transformation Is Induced at the Onset of Early Log-Phase and Reaches Peak Level in Stationary Phase in H. parasuis

In our study, H. parasuis cultures demonstrated an increasing transformability with the growth of bacteria during the log-phase, reaching peak competence level at the onset of stationary-phase; the bacteria maintained high competency levels from early- to mid-stationary phase (OD600 from 0.290 to 1.735) (Figure 4). However, when cultures reach the decline phase (OD600 from 1.735 to 1.625), competence levels decreased significantly (nearly one-quarter of peak level, P < 0.01). Our findings are, to some extent, similar to those from early reports on the time of peak transformability in H. influenzae, but demonstrate some differences between those of A. baylyi BD413, S. pneumoniae and B. subtilis, whose competence are at a short time or develop at the onset of stationary phase (Juni and Janik, 1969; Juni, 1978; Johnsborg et al., 2007).
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FIGURE 4. Growth Curve of SC1401 and transformation frequencies analysis of bacteria cultured in TSB++. The growth curves of the H. parasuis SC1401 (top; “[image: yes]” indicate growth curve; “[image: yes]” indicate cfu by plate counting method) and transformation frequencies of bacteria in different growth phase (bottom). Bacterial growth was monitored by measurement of optical density at 600 nm and at each time point (from early logarithmic phase to decline phase along the whole growth curve), the natural transformation frequency was determined from the number of antibiotic-resistant cfu mL−1 divided by the total cfu mL−1 scored on non-selective agar. Data points represent the mean values of three replicates, and error bars indicate standard deviations.



The transformability of H. influenzae has been studied for decades, and the natural transformation mechanism of this species has been well-characterized, despite some gaps in knowledge. It has been confirmed that H. influenzae become moderately competent as growth slows during late-log phase in rich medium, however, when log-phase culture is transferred to defined competence medium (M-IV), the cells become maximally competent (Herriott et al., 1970), which is a somewhat different pattern than that of H. parasuis, which is more easily induced into a naturally competent state even in the well-nutritive TSA++/TSB++(Zhang et al., 2015). Both species belong to the family of Pasteurellaceae in γ-proteobacteria (Xu et al., 2011), which may share some common regulators/signaling circuits as described above and yet still have interspecific differences regarding DNA uptake/incorporation systems or cues of triggering natural transformation. In the light of these findings, we conclude that the H. parasuis natural transformation circuit is linked to growth status and may already be enabled in the early log-phase period, but shows peak level when bacteria enter stationary phase.

Natural Transformation in H. parasuis Shows a Phenomenon of Concentration-Dependency

To evaluate whether the density of bacteria spotted on TSA++ prior to adding donor DNA could influence natural transformation, suspensions of varying densities were made of bacteria grown on both TSB++ and TSA++− measured by OD600 with a 10-fold or a 100-fold dilution and routine transformation experiments were performed. As illustrated in Figure 5, the natural transformation frequencies were positively correlated with bacterial concentrations in both methods when OD600-value is within 20. However, the transformation frequency demonstrated a significant jump when bacterial concentrations were raised from OD600 = 10 to 15 in both methods, suggesting an unknown concentration-related molecular mechanism may play an important role in regulating natural transformation in this species. Transformation frequencies of high density bacterial suspension (calculated by OD600) higher than 20 are not significant (P < 0.01 level) compared to the highest transformation frequencies. Optimum competency rates were obtained when recipient bacteria were at an OD600 of ~20 (Figure 5).
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FIGURE 5. Transformation frequencies analysis by two methods using different cell density. Competency rates vs. cell suspension density (measured by OD600-value) were tested using six different cell densities. Suspensions were made of bacteria grown on TSB++/TSA++. Transformation frequencies were calculated as described above. Histograms represent the mean values of three replicates, and error bars indicate standard deviations. “**” means significant difference between groups at 0.01 level. “#” means the difference of transformation frequency is not significant in groups of cell concentrations of 20 and 30/50, respectively by LSD method.



H. parasuis Preferentially Takes Up Homologous DNA Compared with DNA From Heterologous Species

It has been well established that H. influenzae, N. meningitides, and N. gonorrhoeae preferentially take up DNA from closely related species (Johnsborg et al., 2007). Campylobacter jejuni discriminates between unmethylated/methylated DNA (Beauchamp et al., 2017). To determine the preference of DNA by H. parasuis cells, we examined whether H. parasuis could take up heterologous DNA and further performed competition uptake experiments.

To study if DNA from other species could be taken up by H. parasuis SC1401, routine natural transformation on TSA++ of H. parasuis SC1401 with different DNA (1 μg) was performed. After the mixture was incubated on TSA++ at 37°C for 5 h, the extracellular DNA was degraded by DnaseI. PCR runs to amplify 16S rDNA were used to determine the presence or absence of the donor DNAs in the supernatant and in the recipient bacteria (pellet), as well as in the passaged bacteria. Here we show the DNA uptake results of purified genomic DNA from A. pleuropneumoniae, H. influenza, and E. coli in transforming H. parasuis SC1401. As shown in Figure 6, all 16S rDNAs could be obtained from a Dnase-treated H. parasuis SC1401 pellet after the mixture were incubated for 5 h on TSA++, but not from supernatant, which indicated that these DNAs could be uptaken by H. parasuis SC1401. However, 16S rDNAs of heterologous species could not be detected after recipient bacteria were passaged for one generation in TSB++. In contrast, when we used H. parasuis SC1401ΔhtrA::kan as a control, a Kan-cassette was still present after the recipient bacteria were passaged. As a control, corresponding 16S rDNA of each species without Dnase treatment could still be amplified from their supernatant (data not shown). These results demonstrate that H. parasuis SC1401 could take up heterologous DNA, which is independent of methylation of these DNA, but the DNA was degraded after several passages.
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FIGURE 6. H. parasuis can take up heterologous DNA but degrade it after the bacteria was passaged for one generation. The 16S rDNA of different donor genomic DNA to transform wild type H. parasuis SC1401 was examined by PCR. Kan-cassette of homologous derivative SC1401ΔhtrA::kan was examined as a control. Lane 1: Respective genomic DNA (positive control). Lane 2: Pellet. Lane 3: Dnase-treated supernatant. Lane 4: Passaged bacteria. M: DNA ladder (DL5000, TaKaRa, Japan).



To further study if H. parasuis preferentially take up homologous DNA, wild-type H. parasuis SC1401 was transformed with constant amount (1 μg that is efficiently transformed) of DNA from SC1401ΔhtrA::kan and increasing amounts of purified DNA from homologous wild-type H. parasuis strains SC1401 and SH0165, H. influenzae, A. pleuropneumoniae strain SC1516 (both belong to Pasteurellaceae), E. coli strain ZY16, as well as two far-related Gram+ bacteria: B. subtilis strain WR, and S. pneumoniae strain WZH, respectively. The transformation frequencies were demonstrated in Figure 7. The competitive assay results show that the addition of 1 μg or more of unmarked homologous DNA from H. parasuis SC1401 and SH0165 significantly suppresses the transformation frequencies of SC1401ΔhtrA::kan DNA. Additional amounts of heterogeneous DNA were not able to effectively compete SC1401ΔhtrA::kan DNA as expected. However, we observed that DNA of A. pleuropneumoniae (a closely related species to H. parasuis) had a moderately competitive effect relative to DNA derived from other unrelated organisms (Xu et al., 2011). The results indicate that H. parasuis has a specific mechanism for differentiating homologous DNA of closely related species from DNAs of other organisms, but preferentially takes up homologous DNA. We postulated that a biased species-specific DNA uptake signal sequence (USS or DUS), which has been reported in H influenzae and in Neisseria, may play an important role in HGT. Although A. pleuropneumoniae (App) has the same 9-mer USS: 5′-ACCGCTTGT that promotes natural transformation in these species (Redfield et al., 2006; Zhang et al., 2012), and these USSs were abundant in the genome of App (more than 500 copies), its genomic DNA demonstrated only moderately competitive effects on genomic DNA of H. parasuis. Other studies showed conflicting results concerning the effect of USS (Apl subclade 5′-ACCGCTTGT-3′) in this species (Bigas et al., 2005; Zhang et al., 2014; Li J. et al., 2016). The exact molecular markers or restriction modification system (R-M) governing this process remain to be identified.
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FIGURE 7. H. parasuis transformation could be inhibited with unmarked homologous DNA. H. parasuis transformation could be inhibited by exogenous DNA and moderately inhibited by DNA from closely-related A. pleuropneumoniae. Increasing amounts (0, 10, 50, 100, 500, 1,000, and 2,000 ng) of competitive DNA from either homologous and heterologous strains were added to the mixture with constant amount (1 μg) of SC1401ΔhtrA::kan chromosomal DNA. Transformation frequency shows the number of KanR transformants per cfu of recipient cells. Data are representative of three independent experiments. Solid lines with different colors indicate source of competitor DNA.



TSA+ + −Cultured H. parasuis Show Significant Higher Natural Transformation Frequency than the TSB+ + −Cultured

In an independent experiment, we found that bacteria grown on TSA++ for 13 h prior to transformation experiments could reach the highest natural transformation level (data not shown). Time-dependent gene expression profiles of multiple candidate transformation regulons and uptake loci were further analyzed. As illustrated in Figure 8A, the vast majority of genes had the highest expression levels when bacteria were harvested at an OD600 = 1.46 (about 2.4 × 109 cfu/mL), a stationary phase measured by visible colonies calculation (Figure 4). Therefore, we compared the expression levels of these candidate natural competence-related genes in bacteria cultured in TSB++ (OD600 = 1.46) and on TSA++ (13 h). Among the 24 genes, 20 genes were significantly up-regulated more than two times when bacteria were cultured on TSA++ (P < 0.05) (Figures 8B,C). comA, comEA, pilA, and pilB were the most highly up-regulated genes on TSA++ (more than 50-fold, Figures 8B,C). Taken together, bacteria cultured on TSA++ reach a significantly higher natural transformation level than when cultured in TSB++, despite observing the highest expression levels of these genes in the later method. This phenotype is, largely, compatible with gene expression level in this species, but the cues responsible for up-regulation of these genes still need to be identified.


[image: image]

FIGURE 8. Expression levels of competence genes of bacteria cultured in TSB++ and on TSA++. (A) qRT-PCR analysis of mRNA levels of candidate competence genes in H. parasuis SC1401in different growth phase measured by optical density at 600 nm. (B) qRT-PCR analysis of mRNA levels of H. parasuis SC1401 cultured in TSB++ and on TSA++. (C) Volcano plot of gene express levels of bacteria cultured on TSA++ compared to that in TSB++. Horizontal dotted line indicates significance test result and vertical dotted lines indicate fold changes. The data represent means standard errors (n = 3), and error bars indicate standard deviations. Asterisks indicate statistical significance using one-way ANOVA (*P < 0.05).



H. parasuis Clinical Isolate SC1401 Shows Significantly Higher Gene Expression Levels of Candidate Competence Regulons than Non-transformable Strain SH0165

H. parasuis reference strain SH0165 (Genbank ID: NC_011852.1) was found to be a non-naturally competent strain in vitro. Thus, a qRT-PCR analysis was performed to compare the transcription levels of multiple candidate competence genes in SH0165 and SC1401. As illustrated in Figure 9, there were only three genes (crp, comEC, comQ) in SH0165 that showed much higher expression levels than in SC1401 (P < 0.05), however, there were 14 genes with significantly lower expression levels than in SC1401 (Figure 9B). The expression levels of candidate uptake components comD, comC, and pilA were nearly 130-, 123-, and 40-fold lower than in SC1401, respectively (Figure 9A). The differences in cyaA, comN, and pilD were not significant (P > 0.05). These results revealed that the highly naturally competent strain SC1401 up-regulated most of the candidate natural competence-related regulons/components.
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FIGURE 9. Expression levels of competence genes of H. parasuis SC1401 and SH0165 (A) qRT-PCR analysis of mRNA levels of H. parasuis SH0165 and SC1401. (B) Volcano plot of gene express levels of H. parasuis SH0165 compared to those of SC1401. Horizontal dotted line indicates significance test results and vertical dotted line indicates fold changes. The data represent means standard errors (n = 3), and error bars indicate standard deviations. Asterisks indicate statistical significance using one-way ANOVA (*P < 0.05).



DISCUSSION

The function of natural competence of bacteria is still not completely understood. The predominant view posits that competence promotes bacterial adaptability to environment, serving to accelerate selection rates for bacteria growing in a specific niche (Dorer et al., 2011). A typical example is that Helicobacter pylori responds to DNA damage with an increase in competence levels. The resulting increase in exogenous DNA uptake presumably helps the bacteria to acquire traits selected for survival in a harsh gastric environment (Dorer et al., 2010, 2011; Wroblewski et al., 2010). Other viewpoints about functions of competence include uptake of DNA as a nutrient source in otherwise nutrient-poor conditions. The consequence of defined starvation M-IV medium inducing high transformability in H. influenzae is consistent with the natural habitat in upper respiratory tract with limited nutrients in this species (Herriott et al., 1970; Seitz and Blokesch, 2013). Likewise, it has been reported that starvation medium M-IV can also promote natural transformation in H. parasuis (Li J. et al., 2016), but the details of the mechanism are not clear as those in H. influenzae. Lorenz and Wackernagel (1991) demonstrated that limiting carbon, nitrogen, and phosphate resources stimulated the transformation in P. stutzeri (Lorenz and Wackernagel, 1991). Palmen et al. (1994) concluded that “the biological function of natural transformation in A. calcoaceticus is not to provide the cell with nutrients” and that ‘the regulation of competence development as a function of the stringency of carbon, nitrogen, and phosphate limitation’ was just opposite to what one would expect if the “nutrient supply hypothesis” would apply. However, in H. parasuis, the molecular mechanism and cues inducing a high transformability have not all been elucidated. We find only 11% (5/45) of H. parasuis strains are naturally competent; this may be due to the use of our screening methods in transformation assay that are not sensitive enough or possibly because some bacteria only become competent in vivo. Whole genome sequencing (WGS) of the highly competent SC1401 strain may, to some extent, help to fill in the numerous gaps in our knowledge of H. parasuis competence factors (Dai et al., 2016).

Based on above findings, we further investigated the stability and induction phase of natural competence in SC1401. The results showed that competence in this organism was stable upon a 200 generation passage; natural transformation can be triggered in the early-log phase of growth and reaches a peak level during late-log phase growth stage until the mid-stationary phase, where competence begins to diminish significantly. This is a very different pattern from that seen in some other bacterial species. In H. pylori, for instance, the most efficient transformation of this species occurs when DNA is introduced prior to exponential phase (Israel et al., 2000), indicating that natural transformation regulatory pathways or environmental cues triggering competence may be different in different bacterial species/genera.

High cell concentrations were found to promote higher transformation rates. We assume that this phenomenon may be due to high cell density inducing quorum sensing (QS). QS has been well studied in Vibrio cholerae, where a HapR-dependent high transformation rate is mediated by a high recipient bacterial density and upregulation of major competence proteins comEA and comEC (Jobling and Holmes, 1997; Whatmore et al., 1999; Wang et al., 2011). A homolog of HapR has not yet been identified in H. parasuis. However, we found another two candidate quorum signaling and sensing genes in SC1401: luxS, an enzyme to generate DPD (4,5-dihydroxy-2,3-pentonedione); rbsB, a periplasmic binding protein which functions as part of an ABC transporter for ribose sugars that has been reported to be an AI-2 (autoinducer-2) uptake regulator (Waters and Bassler, 2005). Neither these nor their analogs have been investigated in H. parasuis and researchers have yet to determine if these specific loci exert an influence on competence rates.

DNA uptake signal sequences (USS) were reported to be located on transforming DNA fragments, which allow such fragments to be readily taken up by hosts. As USS or DUS is required in genetic transformation in H. influenzae or Neisseria spp. in which these motifs increase genetic transformation frequencies by 100- to 10,000-fold, and a mismatch of conserved 3 to 4 bp in USS or DUS of distinct exogenous sequences with multiple “dialects” significantly reduce DNA uptake. These two species are apparently not transformable with DNA from other unrelated bacterial clades. We speculate that these two species benefit by evolving mechanisms for stringent limitations on DNA uptake. Competitive transformation was still found in P. stutzeri, but no similar USS or DUS has been reported (Carlson et al., 1983). Homology-facilitated illegitimate recombination was much less efficient in these species (Meier and Wackernagel, 2003). Whereas in S. pneumoniae and Acinetobacter, no species-specificity has been observed with respect to DNA uptake. In our study, we found H. parasuis still has the ability to discriminate homologous DNA from heterogeneous DNA. The marked DNA could be competitively inhibited with regard to uptake, which may be followed by homologous recombination. Unlike in H. influenzae, the recognition of incoming DNA in H. parasuis is not that tightly regulated as indicated by the moderate inhibition effect from A. pleuropneumoniae DNA, and DNA of E. coli slightly inhibited DNA transformation in H. parasuis. The precise mechanism of exogenous DNA discrimination in H. parasuis has yet to be elucidated, but it appears that this species has a less stringent competence control mechanism than the ones found in H. influenzae and Neisseria spp. Specially, DNA from wild-type A. pleuropneumoniae moderately inhibited the host DNA of H. parasuis. The A. pleuropneumoniae genome bears more than 500 copies of USS as in H. parasuis, but couldn't effectively outcompete H. parasuis genomic DNA in uptake. These discrepancies suggest that the USSs that play an important role in DNA uptake in this species or other restriction barriers tightly regulating natural transformation are still to be identified (Li J. et al., 2016).

It has been well established that an array of competence genes has been involved in natural transformation regulation. The standard H. influenzae strain Rd KW20 and a closed-related species A. pleuropneumonia provides a reference point for identifying candidate regulons in H. parasuis. We found intact homologs of competence genes in this species and several competence-related cyclic AMP receptor protein regulons that located in the promoter regions of almost 12-competence homologs (when the suboptimal CRP-S of dprA was also taken into consideration; Figure 2B). We compared their expression profiles between TSB++/TSA++ cultured bacteria and between the highly transformable strain SC1401 and a non-transformable strain SH0165, the results demonstrated that most of these candidate competence genes are significantly up-regulated on bacteria pre-cultured on TSA++ and in SC1401. This is largely compatible with natural competence phenotype. However, it is notable that a core competence regulator Tfox, an ortholog of Sxy in H. influenza and TfoxVC in Vibrios, shares only 73% identity between SC1401 and the other clade in H. parasuis. As this is a vital transcription activator of competence development in many bacteria, tfoX is highly conserved in these species. However, Tfox can be divided into two clades in H. parasuis. Further analysis of the RNA secondary structures shows that these two clades of tfox have different topological structures but an identical Shine-Dalgarno sequence (SD sequence) AGGU could be found in both promoter regions of H. influenzae sxy and in the same sites of H. parasuis SC1401. The promoter region of SH0165tfox RNA lacked this particular SD sequence. Tfox proved to be an indispensable factor in regulating natural transformation in H. parasuis SC1401 in an independent experiment. We found SC1401Δtfox completely lost its natural transformability (data not shown). Whether the molecular diversity of TfoX, as stated above, is one of the factors that result in different transformabilities in this species is unknown. Further study to address this important issue is needed. In addition, pilA, pilB and comEC were found with the highest expression levels when H. parasuis SC1401 were grown on TSA++. pilA, has been predicted to encode a type IV pilin, and pilB is a traffic nucleotide triphosphatase (NTPase), which could energize assembly of the pilus filament. Both are required for natural competence in certain bacteria (Wang et al., 2003; Meibom et al., 2005). Type IV pilus tends be expressed when nutrition is limited or culture on a solid medium (may be conditionally inducible). TEM and SEM examination of H. parasuis grown in TSB++ show no evidence of pilus formation. ComEA, a DNA receptor protein that is reported to be transcriptionally activated by QstR, whose production relies on the quorum-sensing regulator HapR in V. cholerae (Provvedi and Dubnau, 1999; Johnston et al., 2014). We hypothesize that the elevated expression level of ComEA may correlate with high cell-density of plate-cultured method in H. parasuis. By comparison, the expression levels of three main competence regulons tfox/crp/cyaA are not up-regulated as expected, which indicates that the late-competence genes are not only regulated by these regulatory genes, but also by environmental cues or some other unidentified regulatory network in H. parasuis. Moreover, there are three genes (crp, comEC, comQ) that were not up-regulated in transformable H. parasuis strain SC1401 compared to non-transformable H. parasuis strain SH0165. For example, unlike TfoX/Sxy, CRP is a global regulator of carbon and energy metabolism. It activates a broad array of genes related by their roles in obtaining or utilizing alternative carbon or energy sources, or in sparing the wasteful use of the preferred sources (Wu et al., 2015). No similar CRP-S was found in the promoter region of this gene, indicating that, in SH0165, crp gene may have a different function other than competence-induction/regulation observed in SC1401.

Natural competence in H. parasuis allows us to create allele replacement and study the results of capturing exogenous sibling DNA, thus looking into the mechanism of gene function, the spread of antibiotic-resistance cassettes, the distribution of toxin-encoding phages and the transfer of pathogenicity islands. The phenotype of bacteria is related to the use of DNA for repair, food and/or evolution (Seitz and Blokesch, 2013). However, the high degree of competence diversities in this species pose some questions: Why is competence not universal across all strains, and why among those that are competent are the rates so variable? What are the underlying cues involved in triggering competence besides growth condition and cell density? Further studies could ultimately lead to an improved understanding of molecular/population evolution, competence inducing factors and the fitness of naturally competent cell lines.
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