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The von Willebrand factor binding protein in Staphylococcus lugdunensis (vWbl) comprises four major regions: the signal peptide (S), the non-repetitive (A) region, the repeat (R) region, and the wall-associated (W) region. Previous studies have demonstrated that the R region contains 10 copies of repeating sequences; however, we reveal that the copy number of repeats in the vWbl gene varies among different S. lugdunensis isolates. In this study, an epidemiological surveillance was conducted to determine whether the copy number of repeats in vWbl in different isolates of S. lugdunensis correlates with their infectivity. The number of repeats was estimated in a total of 212 isolates, consisting of 162 isolates of oxacillin-sensitive S. lugdunensis (OSSL) and 50 isolates of oxacillin-resistant S. lugdunensis (ORSL). Our data showed that 72.5% (116/162) of OSSL isolates contained 9 (25, 15.4%), 12 (43, 26.5%), or 13 (48, 29.6%) repeats, and 90% (45/50) of ORSL isolates had 9 (32, 64%) or 13 (13, 26%) repeats. In addition, 89.6% (26 of 29) of the sequence type (ST)27 strain had 12 repeats, and 86.8% (13 of 15) of the ST4 strain had 14 repeats. Twenty-seven of the 28 isolates with nine repeats were of the staphylococcal cassette chromosome mec (SCCmec) V or Vt type and belonged to ST3, and all isolates with 13 repeats were of SCCmec II type and belonged to ST6. All isolates with nine repeats had a stop codon at the 18th codon of the third repeat, suggesting that these isolates coded for nonfunctional vWbl. Further, western blot analysis confirmed that all strains translated vWbl, and only vWbl proteins coded by genes with nine repeats were exported outside the cell. These results suggest that number of vWbl repeats in S. lugdunensis have clonal specificities and may correlate with potential pathogenicity.
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Introduction

Staphylococcus lugdunensis is a member of the coagulase-negative staphylococcal species (CoNS) and has been reported to cause a wide variety of diseases, such as skin and soft tissue infections, bone and joint infections, bacteremia, and infective endocarditis (Wu et al., 2011; Yeh et al., 2015; Douiri et al., 2016; Yeh et al., 2016). Previous studies have shown that the fatality rate of patients with endocarditis caused by an infection of S. lugdunensis is approximately 40% (Liu et al., 2010) and that of patients with endocarditis caused by an infection of other members of the CoNS is 14.3% (Fernández-Rufete et al., 2012; Molina et al., 2013), indicating that S. lugdunensis is more virulent than other members of the CoNS.

Previous studies have identified that the von Willebrand factor binding protein (vWbp), which is secreted by S. aureus, mediates the binding of S. aureus to platelets to form an aggregated complex (Bjerketorp et al., 2002). The vWbl share partially similarities with vWbp in S. lugdunensis (Nilsson et al., 2004), which was identified by an affinity selection study of a phage display library against the von Willebrand factor (vWf) in S. lugdunensis. Previous studies have shown that vWbl has four regions, including the signal peptide (S), the non-repetitive (A) region, the repeat (R) region, and the wall-associated (W) region (Nilsson et al., 2004).

A stretch of 24 amino acids in the R region of vWbl is reported to be required for interaction with vWf (Nilsson et al., 2004). An initial study investigating the vWbl gene in S. lugdunensis reported 10 sequence repeats in the R region (Nilsson et al., 2004). However, we found number of repeats in the R region varied among different isolates. In this study, we conducted an epidemiological study to determine whether the number of repeats in the R region of isolates of S. lugdunensis correlates with their clonality.



Material And Methods


Bacterial Isolates

A total of 212 S. lugdunensis isolates, consisting of 162 isolates of oxacillin-sensitive S. lugdunensis (OSSL) and 50 isolates of oxacillin-resistant S. lugdunensis (ORSL) were collected from different types of specimens, between 2003 and 2014, in Chang-Gung Memorial Hospital (CGMH), Linkou, as described previously (Yeh et al., 2016). Strains were classified into three groups. i.e., HA (hospital-acquired), CA (community-acquired), and Contamination (Co). Strains that were identified more than 48 hours after the admission of the patients to the hospital or isolated from long-term hospitalized patients were classified as HA infections, and strains with none of the above-mentioned features were classified as CA infections. Blood-isolated strains that were not accompanied with symptoms of bacteremia, such as prolonged fever or hypotension, were classified as contamination. Isolates were identified as S. lugdunensis via traditional biochemical tests and Bruker Biotyper (database 2.0) matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). Isolates were also assessed by multi-locus sequence typing (MLST) and staphylococcal chromosome cassette mec (SCCmec)-typing, as described previously (Kondo et al., 2007; Chassain et al., 2012). The evolution of various sequence types (STs) was analyzed using eBURST (http://eburst.mlst.net/).



Sequence Determination of the Gene Encoding vWbl

The vWbl repeat region was amplified by PCR using the forward primer, vWblF (5′-TGCAACAATTCCAGATCGCG-3′) described previously (Nilsson et al., 2004), and a newly designed reverse primer, vWblR-1 (5′- GGTAACTTGACACATGCATATC-3′), which binds to an area near the region encoding the cell-wall anchoring LPXTG motif. PCR products were sequenced using the Dynamic ET Terminator Cycle Sequencing Premix kit (Amersham Biosciences) on a DNA sequencer (model no. 377; PerkinElmer®). The number of sequence repeats were determined from the size of the PCR product, which was based on our CGMH-118 and CGMH-131 vWbl gene sequencing data, as previously described (Nilsson et al., 2004). Briefly, the vWblF forward primer was located immediately upstream of the first repeat, at 149 bp, in the R region, and the vWblR-1 reverse primer was located just after 141st bp in the last repeat. Each repeat was 201 bp in length.



Sequence Comparison

Novel vWbl gene sequences from two S. lugdunensis isolates, CGMH-SL118 and CGMH-SL131, were generated and submitted to NCBI GenBank (BankIt2259998 SL118, MN412410, and BankIt2259998 SL131, MN412411). The sequences of 13 reference S. lugdunensis strains were downloaded from the NCBI genome database (FDAARGOS 141, FDAARGOS 143, FDAARGOS 377, HKU09, Klug93g-4, N920143, NCTC7990, NCTC12217, VISLISI 21, VISLISI 22, VISLISI 25, VISLISI 27, and VISLISI 33) and used for analyses.



Western Blotting

To estimate the expression of vWbl, the region spanning amino acids 1113–1337 of the von Willebrand factor-binding protein was chosen as the antigen for generating the anti-vWbl antibody. This fragment was synthesized and subcloned into the pGEX-4T-AB1 vector with GST-Tag (211aa) and His-Tag (6aa) for overexpression of the antigen peptide, which was used to immunize rabbits for antibody production (ABclonal®). Briefly, 0.8 mM IPTG was used to induce the overexpression of vWbl (1113-1337)-GST in the strain at 37°C for 4 hours; the expressed vWbl (1113-1337)-GST was further purified using a His-Tag column. The purified peptide was administered four times to two New Zealand rabbits, and sera were collected after 94 days from the first immunization. The concentration of purified antiserum was measured to be 1.78 mg/mL (rabbit 1) and 0.37 mg/mL (rabbit 2), and the antibody was diluted by 1000-fold. Western blotting was performed as previously described (Hendrickx et al., 2007). Briefly, a 100-fold dilution of overnight bacterial culture was refreshed for 6 h, and the supernatant and pellet were collected after centrifugation at 12470 g for 5 min. The supernatant was centrifuged (12000 g, 30 min) for exoprotein condensation. The pellet was resuspended in 200 μL phosphate buffer, homogenized with liquid nitrogen, centrifuged at 18620 g for 1 h, and the total cell lysate was harvested. The protein loads for the cell lysates and exoprotein samples were equalized and then separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After SDS-PAGE, samples were transferred onto a polyvinylidene fluoride (PVDF) membrane and incubated with anti-vWbl antibody (1: 1000) for 10 mins, followed by incubation with a goat anti-rabbit IgG secondary antibody (1:10000, Abnova™) for 1 h. Post incubation, the sample signal was visualized using ECL (PerkinElmer®) chemiluminescent detection substrate.




Results


Number of Sequence Repeats in the R Region of vWbl in S. lugdunensis Isolates

The number of sequence repeats in the R region of vWbl was determined based on the size of the sequenced PCR products, which ranged from 1739 bp (8 repeats) to 3146 bp (15 repeats) among the various isolates (Figure 1). Isolates from blood, deep tissue, pus, and wounds with 9, 12, or 13 repeats were the most abundant (Table 1A). We further evaluated the correlation of infection types with the repeat copies; most of the HA (hospital-acquired) and CA (community-acquired) isolates belonged to 9, 12, and 13 copies (Table 1B). Among the 162 OSSL isolates, those with 9, 12, or 13 repeats were predominant (Figure 2A). Four of these isolates were obtained from blood samples of patients with endocarditis, and these isolates had 8, 10, 12, or 13 repeats. Among the 50 ORSL isolates, 32 had 9 repeats, and 17 had 13 repeats (Figure 2B). Most (16/17) SCCmec type II isolates had 13 repeats, and all (30) SCCmec type V or VT isolates, belonging to ST3, had 9 repeats (Figure 2B). Most isolates with 12 (60.5%, 26/43), 13 (80%, 52/65), or 14 (92.8%, 13/14) repeats belonged to ST27, ST6, and ST4, respectively, and most ST3 isolates contained 9 repeats (Table 2 and Figure 3). To determine the correlation between ST and repeat copies, we merged the repeat copy distribution with the eBURST diagram of the STs to represent the evolutionary relationships among the STs. (Figure 3). Most of the repeat copy numbers and their neighboring repeat copy numbers belonged to the same ST or neighboring STs, that is they belonged to the two founder STs, ST6 and ST29, and the STs connected to them. Isolates from ST12, ST27, ST24, and ST29 contained similar number of repeats (11 or 12 repeats) in the R region and exhibited a close evolutionary relationship (Figure 3). A similar observation was made for ST6, ST15, and ST1 isolates, which contained 13 repeats (Figure 3).




Figure 1 | Strains with different repeat copies were examined by PCR. All PCR products were sequenced to determine their sizes, which represented different repeat copies ranged from 1739 bp (8 copies) to 3146 bp (15 copies). M represents 1 kb markers.




Table 1A | Number of repeats in the R region of vWbl in isolates obtained from different types of specimens and infection types. A. Repeat number distribution among various specimens types.




Table 1B | Repeat number distribution among different infection types.






Figure 2 | Different repeat copies distribution in (A) oxacillin-sensitive Staphylococcus lugdunensis (OSSL); (B) oxacillin-resistant S. lugdunensis (ORSL) with different SCCmec.




Table 2 | Number of repeats in the R region of vWbl in the various MLST types.






Figure 3 | Repeat copies distribution on eBURST diagram of STs. The double circles (ST6 and ST29) represent the founders in this diagram while different colors represent specific repeats as displayed at the bottom of the phylogenetic chart.





Stop Codon Present in Third Repeat of Isolates With Nine Repeats

To investigate the differences among different repeat numbers, the sequences of the all repeats of two clinical isolates [CGMH-SL118 (13 repeats) and CGMH-SL131 (9 repeats)] and 13 reference strains were analyzed, and we found that the 18th codon in the third repeat of isolates with nine repeats is a stop codon (TAA), which is not present in isolates with numbers of repeats other than 9 (Figure 4 and Table 3). All OSSL (25) and ORSL (32) isolates with 9 repeats had a stop codon (TAA) at the 18th codon in the third repeat (Table 3).




Figure 4 | Amino acid sequence comparison of the third repeat in different vWbl copies. vWbl third repeat amino acid sequence from 13 reference strains and two clinical isolates (CGMH-SL118 and CGMH-SL131) were compared as shown. The red asterisk represents the stop codon.




Table 3 | Nucleotide sequences of the 18th codon in the 3rd repeat of various isolates with nine repeats in the R region of vWbl.





Western Blot Analysis of the Expression of vWbl With Different Number of Repeats

A specific anti-vWbl antibody was generated to estimate the expression of vWbl (Figure 5). Isolates with different copy numbers all express a similar amount of vWbl (Figure 5A). To determine the expression of the LPXTG motif in the C-terminal, exoproteins of isolates with different copy numbers were analyzed by western blotting, and only those with nine repeats expressed the exoprotein signal (Figure 5B).




Figure 5 | Western blotting analysis of different strains with various repeat copies. (A) shows the total cell lysates, and (B) shows the exoproteins of different strains.






Discussion

S. lugdunensis is a life-threatening pathogen and causes prosthetic device-associated endocarditis, which has a high mortality rate (Flores Umanzor et al., 2016; Ishiekwene et al., 2017). Previous studies have shown that S. lugdunensis can interact with platelets through binding of the surface protein vWbl to vWf (Nilsson et al., 2004). The R region of the vWbl gene has been shown to contain 10 copies of a 201-bp sequence (Nilsson et al., 2004). However, we found variable copy numbers of repeats in the R region among different isolates. In this study, our data suggested that S. lugdunensis isolates of different SCCmec and MLST types, obtained from different specimens, have a relatively unique number of repeats in the R region of vWbl.

Our results suggest that isolation sources and types do not appear to be correlated with the repeat copies (Table 1A), and different isolates had a unique number of repeats in the R region of vWbl, which were correlated with strain molecular types. Most of the repeat copies of the isolation source and types were distributed in 9, 12, and 13 copies, which was consistent with the distribution of strain molecular types. Our phylogenetic analysis revealed that ST29 and ST6 were the founder STs. Interestingly, most STs that extended from these founder STs showed a similar or a smaller repeat number, suggesting that a lower number of repeats may be accompanied with the evolution of STs. Furthermore, considering the sequence conservation of the first and last repeats in each copy, the decreased number of repeats may come from the recombination and removal of repeat copies.

A previous animal study showed that vWbl null mutants display reduced virulence compared to wild-type S. lugdunensis (Heilbronner et al., 2013), and further studies also considered vWbl as a virulence factor (Didi et al., 2014; Giormezis et al., 2015). This potential virulence factor is an LPXTG-motif-containing surface protein, which is recognized by sortase A and anchors it in the cell wall (Mazmanian et al., 1999). Our sequence analyses revealed that all isolates with nine repeats had a stop codon at the 18th codon in the third repeat (Table 3), a feature that resulted in the loss of the LPXTG motif at the C-terminal end, suggesting that isolates with nine repeats in the R region of vWbl may not anchor into the correct location in the cell wall. Further western blot analysis of the exoprotein fraction showed that only vWbl proteins with nine copies of the repeat sequence were exported outside the cell, and the molecular weight was equivalent to the predicted size (Figure 5B), which was consistent with our hypothesis that the LPXTG motif has been lost.

Previous studies investigating infectious bacteremia have led to the formulation of the neutrophil extracellular trap (NET) theory (Wartha et al., 2007). Infectious bacteremia is usually accompanied with pathogen dissemination (Moreillon et al., 2002). To restrict pathogen dissemination, platelets interact with pathogens, activate thrombosis, and develop NETs (Jung et al., 2015), which have been found to capture pathogens (Jung et al., 2015). Since all SCCmec V or Vt isolates of S. lugdunensis had a stop codon at the 18th codon in the third repeat of the R region, vWbl in these isolates cannot be maintained at the cell wall, are exported outside the cell, and thus these isolates may not be captured by NETs. Our previous epidemiological investigation also showed that isolates of S. lugdunensis SCCmec V or Vt disseminate to a higher degree (Lin et al., 2015; Yeh et al., 2015; Yen et al., 2016).

As the whole cell lysate of each isolate showed a similar pattern to that in the western blot, we assume that some protease may have been released during our protein extraction process, leading to this result. A previous study of vWbl indicated that a non-repetitive region (A-region) is in front of the R-region (Nilsson et al., 2004), which showed sequence conservation among vWbl with any repeat copies, suggesting it is possible that the cleavage occurred on the A-region and caused a similar pattern of each vWbl with any repeat copies in our western blot analysis (Figure 5A). In addition, some of the vWbl may have escaped from the cleavage, which also caused the vWbl with nine copies to be exported outside the bacterial cell and detected in our western blot result (Figure 5B). However, further investigations are needed to prove the hypothesis.

Our data showed that repeat copies of vWbl were highly correlated with the strain molecular types; however, few references were available for comparison with our analysis results and no particular types of severe infections were found in strains with different vWbl repeats in this study. Various molecular types may have diverse virulence mechanisms (in addition to vWbl); thus, it is difficult to conclude that the various repeat copies of vWbl in specific molecular types is responsible for the strains’ virulence or pathogenicity. Therefore, our results may be a local area phenomenon as all isolates were collected from a single medical center. Further investigation is needed to collect isolates from more than one location and investigate their virulence or pathogenicity. In conclusion, our data showed that isolates with a certain number of repeats belong to specific molecular types. Our results also showed that strains, such as SCCmec V or Vt, might produce nonfunctional vWbl because of the presence of a stop codon in the repeat region. The molecular mechanisms underlying the evolution of different strains with a unique number of repeats in the R region of vWbl remain to be investigated.
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IPNEAPQETPVALEVT DGEGNEVQETEEGTHDAPGI IADKWQYTGQTAAENGITTHVYQRIQSE
IPNEAPQETPVALEVT DGEGNEVQETEEGTHDAPGI IADKWQYTGQTAAENGITTHVYQRIQSE

IPNEAPQETPVALEVT
IPNEAPQETPVALEVT
IPNEAPQETPVALEVT
IPNEAPQETPVALEVT

DGEGNEVQETEEGTHDAPGI IADKWQYTGQTAAENGITTHVYQRIQSE
DGEGNEVQETEEGTHDAPGI IADKWQYTGQTAAENGITTHVYQRIQSE
DSEGNEVQETEEGTHDAPGI IGDKWQYTGQTAAENGITTHIYQRIQSE
DSEGNEVQETEEGTHQPPSIIGDKWQYTGQTTTADGITTYVYERIQSE

IPNEAPQETPVQLEVT SEGNEVQETEEGTHQPPGI IGDKWQYTGRVTEKDGITTYVYERIQSA
IPNEAPQETPVQLEVT SEGNEVQETEEGTHQPPGIIGDKWQYTGRVTEKDGITTYVYERIQSA
IPNEAPQETPVQLEVT SEGNEVQETEEGTHQPPGIIGDKWQYTGRVTEKDGITTYVYERIQSA
IPNEAPQETPVQLEVT SEGNEVQETEEGTHQPPGI IGDKWQYTGRVTEKDGITTYVYERIQSA
IPNEAPQETPVQLEVT SEGNEVQETEEGTHQPPGIIGDKWQYTGRVTEKDGITTYVYERIQSA
IPNEAPKETPVQLEVT DTDGNEVQETEEGTYQPPGI IGDKWQYTGQTTTADGITTYVYERIQSA
IPNDAPQETPVQLEIT DGKDNEVQETTEGKHEPPGI IGDRWQYTGQTTTADGITTYVYERIQSE

* Red asterisk represents stop codon.
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Infection Type Number of repeats

8 9 10 1 12 13 14 15 Total
HA* 1 28 8 1 14 21 6 0 79
CA 6 16 4 5 22 24 3 1 81
Co 0 13 3 3 g 20 5 1 52
Total it 57 15 9 43 65 14 2 212

*HA, hospital acquired,
CA, community acquired.
Co, contamination.
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MLST Number of repeats Total

8 9 10 11 12 13 14 15
ST1 3 = = = 2 8 = = 13
ST2 - - 3 - - - - - 3
ST3 3 57 = = = = = = 60
ST4 1 - - - - 1 13 - 15
ST6 e = 10 3 5 52 1 72
ST9 = = 2 2 = = = = 4
ST12 = - - - 4 - - - 4
ST15 = = = = 3 = = 3
ST24 = - = 1 — — - - 1
ST27 - = = 2 26 1 = = 29
ST29 - - - 1 6 - - - 7
Untypable = = - = = = - 1 1

Total 7 57 15 9 43 65 14 2 212
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TAA* TAT

OSSL (25) 25 0
ORSL (32) SCCmec IV (1) 1 0
SCCmec V (27) 27
SCCmec V, (3) 3
Untypable (1) 1
Total (57) 57 (100%) 0

*Stop codon; values shown are the number of isolates.
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Number of repeats Type of specimens* and number of isolates (%) Total

AB  AM  AS B BF CSF CX DTS OTH PL Pus SY TS wp
8 0 0 0 2(19 0 0 o 2/ o 0 3(103 O 0 0 7(33)
9 15 0 2333 32 (2 1833 1(100) 1(333 9(38) 200 0 3(103) 0 0 5(7.80) 57 (269
10 125 1(100 0 546 1333 0 0 14 20 0 3(103 1(60 0 15 (7.1)
il 0 0 0 3(2.8) 0 0 0 1@ 0 1(100) 269 O 0 2¢11) 9@42
12 125 0 1(166) 20(185 1(383 0 0 64 5(0) 0 4(1838 0 1(100) 4(222) 43(20.)
13 125 0 1(166) 37(343 O 0 1(333 6@4 1(10) 0 10(345 1(60) 0  7(389 65(0.7)
14 0 0 2(333 8(74) 0 0 @3 0 0 0 3(103 O 0 0 14 (6.6)
15 0 0 0 1(0.9) 0 0 0 0 0 0 134 0 0 0 2(09)
Total 4 1 6 108 3 1 3 25 10 1 29 2 1 18 212

*AB, abscess; AM, amniotic fluid; AS, ascites; B, blood; BF, body fluid; CSF, cerebrospinal fluid; CX, endocervix discharge; DTS, deep tissue; OTH, others; PL, pleural effusion; SY, synovial
fluid: TS, tissue: WD, wound.
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