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Introduction: Staphylococcus capitis naturally colonizes the human skin but as an opportunistic pathogen, it can also cause biofilm-associated infections and bloodstream infections in newborns. Previously, we found that two strains from the subspecies S. capitis subsp. capitis produce yellow carotenoids despite the initial species description, reporting this subspecies as non-pigmented. In Staphylococcus aureus, the golden pigment staphyloxanthin is an important virulence factor, protecting cells against reactive oxygen species and modulating membrane fluidity.

Methods: In this study, we used two pigmented (DSM 111179 and DSM 113836) and two non-pigmented S. capitis subsp. capitis strains (DSM 20326T and DSM 31028) to identify the pigment, determine conditions under which pigment-production occurs and investigate whether pigmented strains show increased resistance to ROS and temperature stress.

Results: We found that the non-pigmented strains remained colorless regardless of the type of medium, whereas intensity of pigmentation in the two pigmented strains increased under low nutrient conditions and with longer incubation times. We were able to detect and identify staphyloxanthin and its derivates in the two pigmented strains but found that methanol cell extracts from all four strains showed ROS scavenging activity regardless of staphyloxanthin production. Increased survival to cold temperatures (−20°C) was detected in the two pigmented strains only after long-term storage compared to the non-pigmented strains.

Conclusion: The identification of staphyloxanthin in S. capitis is of clinical relevance and could be used, in the same way as in S. aureus, as a possible target for anti-virulence drug design.
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1. Introduction

Staphylococcus capitis (S. capitis) is a natural member of the human skin microbiome (Natsis and Cohen, 2018). However, it can also act as an opportunistic pathogen, causing bloodstream infections in neonates with many strains showing resistance to antibiotics (Decalonne et al., 2020; Wirth et al., 2020). Moreover, S. capitis has the ability to form resistant biofilms and is related to infections such as endocarditis, urinary tract infections, and catheter induced bacteremia (Cui et al., 2013; Cameron et al., 2015). S. capitis is divided into two subspecies: S. capitis subsp. capitis and S. capitis subsp. ureolyticus that show differences in urease activity, aerobic acid production from maltose, fatty acid profiles, and colony morphology (Bannerman and Kloos, 1991). Because S. capitis is naturally part of the human microbiome, it is often found in crewed spaceflight environments, such as the International Space Station (ISS), which is generally dominated by human-associated microorganisms (Mora et al., 2019; Sobisch et al., 2019). The current literature on spaceflight-induced effects on bacterial physiology is inconclusive, therefore, we previously performed a comprehensive comparison between an S. capitis subsp. capitis strain isolated from the ISS to other S. capitis subsp. capitis strains isolated on Earth (Siems et al., 2022). Within that study, no significant differences were detected in the spaceflight isolated strain in regards to antibiotic resistance, radiation tolerance or virulence genes. However, it was found that the ISS-isolated strain (DSM 111179) showed delayed yellow colony pigmentation which was only present in one other strain (DSM 113836) but absent in the other strains. This other yellow pigmented strain was isolated from a forehead skin swab from one of the subjects in a bedrest study, where the subjects were exposed to a 6° head down tilt for 60 days in order to simulate fluidic shifts similar to the shift observed in astronauts during spaceflight. Based on the results of our previous study, we assume that the pigments are carotenoids, more specifically xantophylls, since they show the typical absorption spectrum with absorption maxima between 400 and 500 nm (Marshall and Wilmoth, 1981). Furthermore, we found that these two pigmented strains showed an increased resistance to hydrogen peroxide, which is of great concern in the context of spaceflight, as surfaces in the ISS are frequently cleaned and disinfected by astronauts with wipes containing H2O2 (ViroxTechnologies, 2018). In other staphylococci, production of carotenoid pigments serves important biological functions. In Staphylococcus aureus (S. aureus), the golden pigment staphyloxanthin is an important virulence factor. It protects cells from reactive oxygen species (ROS), released by immune cells upon phagocytosis (Liu et al., 2005; Clauditz et al., 2006) and stabilizes the cell membrane by decreasing membrane fluidity (Mishra et al., 2011). Moreover, staphyloxanthin was found to have protective function in S. aureus against UV (254 nm) (Pannu et al., 2019).

Interestingly, the biosynthetic gene cluster of staphyloxanthin has been detected before throughout the Staphylococcus genus (Salamzade et al., 2023), but the compound staphyloxanthin has not been extracted and identified in species other than S. aureus and Staphylococcus xylosus (S. xylosus) (Seel et al., 2020). In the first description of S. capitis subsp. capitis, this subspecies was described as unpigmented (Bannerman and Kloos, 1991) but in our previous study we detected yellow pigmentation in two strains that were identified as S. capitis subsp. capitis. Thus, the aim of this study was to (i) determine the conditions under which colony pigmentation occurs in S. capitis subsp. capitis strains, (ii) identify the produced pigments and (iii) investigate whether pigmentation leads to advantages in survival during ROS and temperature stress.



2. Materials and methods


2.1. Strains

In this study, we used four different strains that were previously identified as S. capitis subsp. capitis (Siems et al., 2022). The type strain, DSM 20326T obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ), referred to in this study as D2T was used as a reference. Additionally, we tested the strains DSM 31028 (D3), DSM 111179 (K1) and DSM 113836 (H17). Strain D3 was isolated inside a cleanroom of a spacecraft assembly facility, strain K1 was isolated within an exposure experiment performed inside the International Space Station (ISS) (Sobisch et al., 2019) and strain H17 was isolated from the forehead of a human subject during an artificial gravity bedrest study (Siems et al., 2022).



2.2. Cultivation

The strains were cultivated on plates that were incubated at 37°C for 24 h up to 48 h and further stored at room temperature ~21°C (RT). In this study we used tryptic soy agar (TSA, 17 g/L casein peptone, 3 g/L soy peptone, 5 g/L NaCl, 2.5 g/L K2HPO4, 2.5 g/L glucose, 15 g/L agar, pH 7.3), Reasoners 2A agar (R2A, 0.5 g/L yeast extract, 0.5 g/L proteose peptone, 0.5 g/L casamino acids, 0.5 g/L dextrose, 0.5 g/L soluble starch, 0.3 g/L Na-pyruvate, 0.3 g/L K2HPO4, 0.05 g/L MgSO4, 15 g/L agar, pH 7.2) and Columbia blood agar (CBA, 23 g/L peptone, 1 g/L starch, 5 g/L NaCl, 50 mL/L sheep blood, 14 g/L agar, pH 7.5).



2.3. Raman spectroscopy of colonies on agar

To acquire Raman spectra, the strains were cultivated on CBA, TSA, and R2A agar plates at 37°C for 24 h, 48 h, and 144 h (48 h at 37°C, 4 days RT). Following cultivation, we acquired Raman spectra from bacterial colonies with the commercial Renishaw Raman spectrometer (Renishaw inVia Raman Spectrometer, Renishaw plc., Wotton-under-Edge, United Kingdom) using a 785 nm single-mode diode laser as an excitation source. The laser beam was focused onto a single colony by a microscope objective (Leica, Wetzlar, Germany: N PLAN EPI, magnification 50×, numerical aperture 0.75, working distance 0.5 mm) with a laser spot dimensions of approx. 2 μm × 10 μm, and a full axial depth of the excitation region at 8 μm (Renishaw, 2003; Mlynarikova et al., 2015). Since the laser beam was focused onto the surface of the colony, signal contribution from the underlying medium was suppressed (Mlynarikova et al., 2015). Individual spectral acquisitions in the range 614–1,724 cm−1 took 15 s. Before each spectral acquisition, the laser beam refocussed onto the colony surface to stay within the focal depth of the laser beam excitation and the imaging optics. To account for possible variability of the cells forming the colony and variable colony height, spectra from different colony parts were taken. In total, ten measurements per strain were obtained from at least three colonies each. Acquired Raman spectra was analyzed using a standard multivariate principle component in-house program using the MATLAB software (MathWorks, Natick, MA, United States). First, the spectra were treated with rolling circle filtering (2 passes, 700 points circle radius) to suppress any background fluorescence. Subsequently, high-frequency noise was removed using Savitzky–Golay filtering (2nd order, width 7 points). The spectra were normalized to a peak assigned to phenylalanine (approx. 1,004 cm−1) (Bernatova et al., 2013; Mlynarikova et al., 2015). Comparison of spectra of individual strains was made using principal component analysis (PCA). Groups representing the individual strains were marked by ellipsoids with a Mahalanobis distance of 2.15, corresponding to a 90% confidence (De Maesschalck et al., 2000; Rebrošová et al., 2017) interval.



2.4. Pigment extraction and HPLC-DAD analysis

For pigment extraction, R2A agar plates were inoculated with 100 μL of cell suspensions each from overnight cultures in R2A liquid media. Plates were incubated for 24 h at 37°C and stored at RT for an additional 3 days. Biomass from five agar plates was collected with sterile inoculation loops and transferred into tubes containing 1 mL H2O. Suspensions were centrifuged for 10 min at 14000 × g. Supernatants were discarded and the pellets frozen at −20°C. For further analysis, pellets were thawed and 0.3 g biomass was transferred to a Lysing Matrix B tube (MP Biomedicals, Irvine, CA, United States) with 1.5 mL methanol (≥99.9%) for each pellet. Samples were heated at 55°C for 5 min and treated three times for 40 s in a high-speed benchtop homogenizer (FastPrep, MP Biomedicals) at 6 m/s. Afterwards, tubes were centrifuged at 14,000 × g for 10 min and the supernatant transferred to HPLC vials. Methanol was evaporated (Reacti-Vap/Therm, Thermo Fisher Scientific Inc., Waltham, MA, United States) and dried samples were stored at −80 °C. Prior to analysis, samples were dissolved in 50:50 MTBE/MeOH with 0.1% BHT and filtered through 0.2 μm syringe filters. HPLC-DAD analysis was performed on a Prominence UFLC system (Shimadzu, Kyoto, Japan) equipped with two Nexera X2 LC-30AD high-pressure gradient pumps, a Prominence DGU-20A5R degasser, a Nexera SIL-30AC Prominence autosampler (15°C, injection volume 10 μL), a CTO-20AC Prominence column oven 27°C, and a SPD-M20A Prominence diode array detector. The carotenoids were detected at a wavelength of 450 nm. An Accucore™ C30 column (Thermo Fisher Scientific, Braunschweig, Germany) with a length of 150 mm, a diameter of 2.1 mm and a particle size of 2.6 μm was selected for the separation of the carotenoids. The two eluents A and B of methanol/MTBE/H2O (85/5/10, v/v/v) and (11/85/4, v/v/v) (methanol: MS grade, MTBE: ≥99.0%), respectively, were used. β-carotene (purity >99%, Extrasynthese, Lyon, France) was used as an external standard. The gradient program was the following: 0 min, 0% B; 2 min, 5% B; 9 min, 30% B; 24 min, 30% B; 26 min, 70% B; 28 min, 70% B; 29 min, 100% B; 31 min, 100% B; 32 min, 0% B; 35 min, 0% B with a flow rate of 0.4 mL/min. Data acquisition and processing were performed by the LabSolutions software version 5.85 (Shimadzu, Kyoto, Japan).



2.5. Identification of pigments by HPLC-DAD-APCI-MSn

For tentative identification of the pigments from strain K1 and H17, we performed HPLC-DAD-APCI-MSn (HPLC-DAD: high performance liquid chromatography-diode array detection, APCI: atmospheric pressure chemical ionization, MS: mass spectrometry). The biomass of 5 days old inoculated 2× R2A plates of the pigmented strains K1 and H17, and the biomass of D2T (for reference) was collected as described before but here, carotenoid extraction was performed according to Kaiser et al. (2007) and Seel et al. (2020). HPLC-DAD-APCI-MSn was performed as described in Etzbach et al. (2018). The analysis for the identification was performed on an Acquity UPLC I-Class system (Waters, Milford, MA, United States), consisting of a binary solvent manager, a sample manager-FL (15°C, injection volume 10 μL), a column oven at 27°C and a PDA eλ detector. The UPLC was coupled to an LTQ-XL ion trap mass spectrometer with an APCI ionization source (Thermo Fisher Scientific Inc., Waltham, MA, United States) operating in positive ion mode in a mass range of m/z 200–1,300. The chromatographic conditions (column, gradient program, flow rate, injection volume) were the same as mentioned above. Both eluents A and B were spiked with 5 mmol/L ammonium formate to improve ionization. Further parameters and settings for the mass spectrometry are summarized in Supplementary Table S1. Interpretation of the chromatograms was performed based on data from Bull (1970), Breithaupt et al. (2001), Pelz et al. (2005) and Kim et al. (2016).



2.6. DPPH radical scavenging assay

2,2-diphenyl-1-picrylhydrazyl (DPPH) was used to determine the radical scavenging activity of the methanol extracts according to Sendra et al. (2006) with modification from Yao and Qi (2016). In a 96-well-plate, 175 μL of DPPH solution (0.1 mmol/L) was incubated with 25 μL of methanol extracts of the four strains. 175 μL methanol with 25 μL of extracts were used as blanks. H2O was used as negative control and ascorbic acid (5 mg/mL) as positive control. Absorbance was measured at RT every 10 min at a wavelength of 517 nm over a time span of 120 min in total using a microplate reader (Infinite M200 PRO, Tecan, Männedorf, Switzerland). The percentage of scavenged DPPH was calculated according to Moore and Yu (2007) with the following formula:
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2.7. Genomic analysis

Genomes of the four S. capitis subsp. capitis strains have been sequenced and assembled previously (Genbank, BioProject: PRJNA849394) (Siems et al., 2022). For this study, the assembled genome sequences were annotated with Bakta (v1.7.0) (Schwengers et al., 2021) using the full database version 5.0. The crt operon, involved in the synthesis of staphyloxanthin, was aligned and visualized using clinker (v0.0.27) (Gilchrist and Chooi, 2021). The alignment of the amino acid sequences for each gene were performed using EDGAR (Dieckmann et al., 2021) and MUSCLE (v3.8) (Edgar, 2004). Alignment of nucleic acid sequences of crtN was performed with CLUSTAL O (1.2.4) (Madeira et al., 2022).



2.8. Temperature experiments

Since carotenoids modulate membrane fluidity of staphylococci (Seel et al., 2020) and therefore might influence survival under different temperatures, we tested the survival of the four S. capitis subsp. capitis strains at RT (~20°C), 4°C, −20°C as well as 37°C, 50°C and 60°C. For this, 50 mL R2A was inoculated and incubated at 37°C for 18 h shaking at 140 rpm. Cells were harvested by centrifugation at 14,000 × g for 10 min and washed with phosphate buffered saline (PBS, 7.0 g/L Na2HPO4, 3.0 g/L KH2PO4, 4.0 g/L NaCl, pH 7.5). Cell suspensions were aliquoted with a volume of 1 mL into 1.5 mL tubes. The number of CFU/mL was determined by standard plate count using R2A agar plates. For testing cold temperatures, tubes were stored at RT, 4°C, and − 20°C. After 24 h, CFU/mL was determined and the tubes containing the cell suspensions were stored again at the according temperatures. After 44 days, CFU/mL was determined again. For testing high temperatures, cell suspensions were incubated for 1 h at 37°C, 50°C and 60°C before CFU/mL was determined. Statistical significance was tested by performing one-way analysis of variance (ANOVA) for each time point followed by Holm-Sidak method for pairwise multiple comparisons, where p < 0.05 was considered significant.




3. Results


3.1. Colony morphology on different media

Figure 1 shows the colony morphology of the four different S. capitis subsp. capitis strains on Reasoners 2A agar (R2A), Columbia blood agar (CBA) and tryptic soy agar (TSA) after incubation for 48 h at 37°C. The colony morphology after 24 h of incubation at 37°C is shown in Supplementary Figure S1 and after 72 h (48 h 37°C + 24 h RT) in Supplementary Figure S2. Macroscopic inspection of colonies revealed increased growth of all four strains on CBA compared to the other two types of media. On CBA, the strains showed a similar morphology with no difference in colony shape, size or coloration at all time points. The colonies appeared round and white with no hemolysis. On TSA and R2A, strain D2T showed reduced growth compared to the other three strains at all timepoints. Generally, colony size in all strains was correlated with decreasing amounts of nutrients available in the media (R2A < TSA < CBA). Strains K1 and H17 exhibited yellow colony pigmentation on R2A and TSA plates. This yellow pigmentation seemed to increase over time and was visually detectable on R2A agar already after 24 h and on TSA after 72 h of incubation.

[image: Figure 1]

FIGURE 1
 Colony morphology of strains D2T, D3, K1 and H17 cultivated on R2A, CBA and TSA plates (⌀ 9 cm) for 48 h at 37°C.




3.2. Raman spectroscopy of colonies on agar

The normalized average Raman spectra for the colonies of the four S. capitis subsp. capitis strains on R2A agar are displayed in Figure 2. Colonies were measured after incubation times of 24 h (Figure 2A) and 48 h (Figure 2B) at 37°C as well as, 48 h at 37°C and 4 days storage at RT (Figure 2C). Supplementary Table S2 lists the suggested assignments of the peaks in the spectra to bacterial cell components. For all incubation times, the Raman spectra of K1 and H17 show two distinct peaks at 1160 cm−1 and 1,525 cm−1. These peaks are missing or are only weakly expressed in D2T and D3. These peaks correspond to =C–C= and –C=C-bonds of carotenoid pigments, respectively (Verma et al., 1984). Moreover, according to the loadings, the most striking changes corresponded to the carotenoid peaks (Supplementary Figure S3). Principal component analysis (PCA) confirmed the differences between the pigmented and non-pigmented strains, as can be seen in Figure 2D with the two groups forming distinct clusters, K1 with H17, and D2T with D3. The intensity of carotenoid peaks increased for both pigmented strains from 24 h to 48 h. This was also confirmed by visually observing the change in color of the colonies from cream with a yellowish tinge to yellow. For K1, the intensity of the peaks remained on a similar level after additional storage for 4 days at RT (Figure 2C). Whereas in H17, the intensity of the peaks decreased (Figure 2C). However, strain H17 generally showed pigment-associated variances within Raman spectra (Supplementary Figure S4). Following the direct comparison of the Raman spectra of colonies of the same strain on different media, it was shown that D2T (Figure 3A) and D3 (Figure 3B) colonies did not exhibit the characteristic carotenoid peaks on any of the tested media. In contrast, strain K1 (Figure 3C) and H17 (Figure 3D) showed carotenoid-assigned peaks in the normalized average Raman spectra on all tested media. Intensity of the peaks seemed to be the highest in colonies grown on R2A compared to colonies grown on CBA and TSA (for reference, Supplementary Figure S5 shows the Raman spectra of the different media without bacterial colonies). The same trend was observed in H17 (Figure 3D) where the lowest intensity was observed on CBA.

[image: Figure 2]

FIGURE 2
 Normalized average Raman spectra from colonies of the four S. capitis subsp. capitis strains K1 (violet), H17 (blue), D3 (yellow) and D2T (red) after incubation on R2A agar at 37°C for (A) 24 h, (B) 48 h and (C) 48 h with additional 4 days storage at RT. (D) Principal component analysis of Raman spectroscopy results of colonies grown on R2A at 37°C for 48 h. Individual strains were marked by ellipsoids with a Mahalanobis distance of 2.15 corresponding to a 90% confidence interval.


[image: Figure 3]

FIGURE 3
 Normalized average Raman spectra of S. capitis subsp. capitis strains after 24 h incubation at 37°C on different media for strains (A) D2T, (B) D3, (C) K1 and (D) H17. From top to bottom spectra for colonies grown on TSA, R2A, and CBA are shown.




3.3. Detection and identification of pigments

After mechanical lysis of all four strains, only the methanol extracts of strains K1 and H17 were colored yellow (photographic image in Figure 4). For further detection of carotenoids, HPLC-DAD analysis was performed on the methanol extracts from all four strains. Figure 4 shows the corresponding chromatogram at 450 nm. Only one peak was detected in the extracts of the unpigmented strains D2T and D3 at a retention time of 19.5 min. Whereas, several peaks were detected in the two yellow pigmented strains K1 and H17 that indicated the presence of several carotenoid compounds.

[image: Figure 4]

FIGURE 4
 HPLC-DAD chromatogram (450 nm) of methanol extracts from S. capitis subsp. capitis strains K1 (violet), H17 (blue), D3 (yellow), D2T (red) grown on R2A agar for 24 h at 37°C and methanol control (Ctrl). An image of the methanol extracts in cuvettes is shown in the top right corner. Cuvettes are labelled according to strains.


For identification of carotenoids in the pigmented methanol extracts from strains K1 and H17, an additional HPLC-DAD system with a coupled mass spectrometer (HPLC-DAD-APCI-MSn) was used. D2T was included in this analysis as a non-pigmented reference. The chromatograms of K1 and H17 showed seven major peaks which also exhibited absorptions in wavelengths typical for carotenoids (400 to 500 nm, Supplementary Figure S6). The UV-spectra of peak 1–6 are shown in Supplementary Figure S7, whereby the UV-spectra of peak 7 was low in resolution due to low compound concentration. D2T only showed one minor peak with an indistinct UV-spectrum at a retention time (tr) of 15.59 min (Supplementary Figure S8), which corresponds to peak seven in the spectra of K1 and H17. The tentative identification of the detected carotenoids is shown in Table 1, where %III/II was calculated as the ratio of the height of the longest wavelength absorption peak (III) and that of the middle absorption peak (II) with the minimum between the two peaks as baseline, expressed in %. The first eluting carotenoid was tentatively identified as all-trans 4,4′-diaponeurosporenoic acid. The according mass spectra and structure are shown in Supplementary Figure S9. The second eluting carotenoid was tentatively identified as all-trans-staphyloxanthin and subsequent compounds 3–6 were likely to represent staphyloxanthin-like carotenoids. The according mass spectra and structure of staphyloxanthin are shown in Supplementary Figure S10. The pigment eluted last was 4,4′-diaponeurosporene, which was detected in small amounts in all samples. Considering the relative distribution of carotenoid proportions, the first eluate all-trans-4,4′-diaponeurosporenoic acid, a staphyloxanthin precursor, was the most abundant in K1 and H17 with 37% and 31%, respectively. This was followed by all-trans-staphyloxanthin with 26%–30%, and the four different staphyloxanthin-like compounds with a highly variable proportion ranging from 3%–18%. The last eluted pigment 4,4′-diaponeurosporene was the least represented in K1 and H17, while in D2T it represented the only detectable compound.



TABLE 1 Tentatively identified carotenoids and the corresponding retention time (tR) in minutes, the absorption maxima (λmax), shape of absorption spectrum as percent value (% III/II), detected mass spectrum [(M + H)+], MS2 (m/z) and MS3 (m/z) of carotenoid extract from K1 (sh, shoulder in absorptions spectrum; nd, not detected) and relative distribution (in %) of the carotenoid fractions 1 to 7 of K1 and H17.
[image: Table1]



3.4. Scavenging of reactive oxygen species

The ROS scavenging capacity of methanol cell extracts was detected by the decrease in absorbance of DPPH, at 517 nm (Supplementary Figure S11). Figure 5 shows the calculated average percentage of scavenged DPPH according to the measured absorption values. All four strains showed an increase in the amount of scavenged DPPH over time whereby the unpigmented extract of strain D2T showed the slowest scavenging activity and reached about 50% scavenged DPPH after 120 min. The other three strains showed similar scavenging activity with a slightly increased scavenging activity of strain K1, reaching a maximum scavenging activity of 65% after 120 min.

[image: Figure 5]

FIGURE 5
 Percentage of scavenged DPPH during incubation with methanol extracts of S. capitis subsp. capitis strains D2T (red), D3 (yellow), K1 (violet), H17 (blue). Ascorbic acid (5 mg/mL) was used as positive control. Experiment was performed in triplicates. Error bars represent standard error.




3.5. Survival in temperature stress

Figure 6 shows the log reduction of CFU/mL of the four strains after 1 day and 44 days at 4°C, −20°C and RT. After 1 day, D2T and D3 only showed minor reduction in CFU/mL at RT and 4°C whereas K1 and especially H17 showed a larger reduction. At −20°C the CFU/mL decreased in strains D2T and D3 but remained at the same level for the other two strains with respect to the other temperatures. Here, D3 showed the largest reduction in CFU/mL. After 44 days of storage, further log reduction occurred in all four strains. D2T showed similar reduction for all three tested temperatures, whereas the other strains showed a more varied response to the different temperatures. D3 showed high survival in 4°C but a high log reduction for RT and −20°C. The two pigment-producing strains (K1, H17) showed significantly higher survival to −20°C after 44 days than the other two strains. However, at RT both pigment-producing strains showed a slightly higher reduction. At 4°C, strain K1 showed the most reduction whereas strain H17 survived better than strain D2T. Incubation of the four strains for 1 hour at 37°C, 50°C and 60°C revealed a high reduction of CFU/mL at 50°C (Supplementary Figure S12). After 1 hour at 60°C, no CFU/mL were detected for any of the strains.
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FIGURE 6
 Log reduction of CFU/mL of S. capitis subsp. capitis strains D2T (red), D3 (yellow), K1 (violet), H17 (blue) after storage in PBS at RT (RT 20°C +/− 2°C), in the fridge (4°C) and in the freezer (−20°C) after 1 day and (A) and additional 43 days [=44 days, (B)]. Experiment was performed in biological triplicates. Error bars represent the calculated standard error. Asterisks indicate statistical significance (p < 0.05).




3.6. Genetic analysis crt operon

The cluster for the biosynthesis of the carotenoid staphyloxanthin and its precursors was identified by annotation of the biosynthetic genes in the crtOPQMN operon for all four strains. Figure 7 visualizes the synteny of the operon. All four strains possess the five genes crtO, crtP, crtQ, crtM, crtM and crtN, that are involved in the biosynthesis pathway of staphyloxanthin (Supplementary Table S3). D2T, D3 and H17 show strong synteny, whereas strain K1 shows an inversion of the operon. Except for crtN in D2T, all genes show a high sequence identity which was confirmed by alignment of the genes on amino acid level (Supplementary Table S4). In D2T, crtN was predicted as two, separate open reading frames, as depicted in Figure 7 as grey and shortened blue arrow, caused by a frameshift adding new stop codon (Supplementary Table S5).

[image: Figure 7]

FIGURE 7
 Synteny of crtOPQMN operon in S. capitis subsp. capitis strains. Genes are visualized in colors according to the figure legend. Color of connecting lines indicates sequence identity.





4. Discussion

The subspecies S. capitis subsp. capitis was first described as unpigmented (Bannerman and Kloos, 1991) whereas 73% of S. capitis subsp. urealyticus strains show delayed yellow pigmentation which, to our knowledge, was also not identified yet. All strains used for this study were previously classified as S. capitis subsp. capitis (Siems et al., 2022), however, two (K1 and H17) showed delayed yellow colony pigmentation despite their classification as subsp. capitis. Our results show that pigmentation seemed to be dependent on time of incubation as well as type of medium. Pigmentation appeared strongest on low nutrient R2A medium and less prominent on more nutrient rich media such as CBA or TSA. This might indicate, that pigmentation in the two pigmented strains is a response to stress induced by nutrient depletion. It was shown before that pigmentation in other bacterial species can be influenced by environmental stress factors such as pH, temperature, radiation (gamma and UV), oxygen and salt concentrations (Fong et al., 2001; Asker et al., 2007; Dieser et al., 2010; Sajjad et al., 2020; Seel et al., 2020).

Raman spectra of the colonies of the two pigmented strains showed peaks at 1,159 and 1,523 cm−1 which correspond to =C–C= and –C=C-bonds of carotenoid pigments, such as staphyloxanthin (Ayala et al., 2018). In strain H17, individual colonies show significant variances in their pigment-associated Raman peaks which could indicate delayed colony pigmentation. In the HPLC-AD-APCI-MSn, strains K1 and H17 show similar profiles to S. xylosus (Seel et al., 2020). Contrary to that, for the type strain D2T and strain D3 only one peak was detected with an absorbance at 450 nm, but here, concentration and ionization were too low for carotenoid identification. Tentatively identified carotenoids by HPLC-AD-APCI-MSn in the two pigmented strains were all-trans-staphyloxanthin, staphyloxanthin-like compounds, and the staphyloxanthin precursors all-trans-4,4′-diaponeurosporenoic acid and 4,4′-diaponeurosporene. In total, four staphyloxanthin-like carotenoids were detected. These appear to have the same carotenoid backbone (433 m/z) and glucose but vary in their fatty acids because of the different retention times. With increasing lengths of the carotenoid fatty acids chains, the retention time increases as a result of the lower polarity. Staphyloxanthin-like compounds have been detected before in other staphylococci (López et al., 2021; Linden et al., 2023). A limitation of our method of identification is that staphyloxanthin is not commercially available as a standard. Because of this, tuning of the MS had to be performed with β-carotene, which makes the identification more difficult due to poor ionization and fragmentation. Nevertheless, our results strongly indicate the presence of staphyloxanthin, its precursors, and staphyloxanthin-like derivates in S. capitis subsp. capitis strains K1 and H17. Previous studies identified staphyloxanthin via NMR as β-d-glucopyranosyl 1-O-(4,4′-diaponeurosporen-4-oate)-6-O-(12-methyltetradecanoate) which is the golden pigment abundant in the opportunistic human pathogen S. aureus (Pelz et al., 2005). In S. aureus, staphyloxanthin represents an important virulence factor which provides protection from ROS through its chemical structure (Liu et al., 2005). Additionally, it stabilizes the cell membrane and therefore modulates membrane fluidity (Mishra et al., 2011). Furthermore, pigment-producing methicillin-resistant S. aureus strains seem to be more resistant to drying compared to non-pigmented strains (Beard-Pegler et al., 1988). In a previous study, we observed that the two pigmented strains were more resistant to H2O2 compared to the two non-pigmented strains but highest tolerance to desiccation was observed in the non-pigmented strain, D3 (Siems et al., 2022). In this study, we saw that both pigmented strains showed ROS scavenging activity in the DPPH assay. This aligns with the known antioxidant properties of carotenoids, like staphyloxanthin (El-Agamey et al., 2004; Clauditz et al., 2006). More specifically, the high electron density of carotenoid compounds, especially of conjugated C=C double bonds, is responsible for the antioxidative and ROS scavenging activity of carotenoids which occurs through physical or chemical reactions (Siziya et al., 2022). This is why, pre-cursors of staphyloxanthin, such as the yellow compounds 4,4′-diaponeurosporene and 4,4′-diaponeurosporenoic acid, that also contain conjugated double bonds, exhibit antioxidative properties (Kim et al., 2016, 2023). In the DPPH assay, the two unpigmented strains also showed ROS scavenging whereby scavenging activity in D2T was lower. This indicates ROS scavenging activity of colourless compounds from the methanol cell extracts. Since we used wildtype strains and no knockout mutant strains, the effect between pigmented and non-pigmentated strains might be less clear due to the occurrence of colorless precursor molecules of staphyloxanthin such as dehydrosqualene (4,4′-diapophytoene). Besides the lack of color, this precursor has fewer conjugated double bonds than staphyloxanthin, 4,4′-diaponeurosporene or 4,4′-diaponeurosporenoic acid (Siziya et al., 2022), but depending on the concentration of the compund in the cell still have an antioxidative effect. Furthermore, we cannot exclude the influence of other methanol-soluble compounds in the methanol extracts from the S. capitis cell pellets on ROS scavenging.

A previous study showed that carotenoids, such as staphyloxanthin, regulate membrane fluidity allowing cold adaptation in S. xylosus, thus leading to higher survival during multiple freeze-thaw cycles (Seel et al., 2020). In our study, the strains were stored for 1 day and subsequent 44 days at −20°C and therefore exposed to a maximum of two freeze-thaw cycles. We observed that the two pigment-producing strains had consistent reduction in viability after 1 day regardless of temperature, however had a higher survival rate at −20°C after 44 days of storage compared to the non-pigmented strains. Interestingly, the clean room isolate, D3 shows a high tolerance to storage at 4°C which might correlate with its generally increased robustness to environmental stress conditions (Siems et al., 2022).

On a genomic level, the crtOPQMN cluster encodes the genes involved in the biosynthesis of staphyloxanthin and its precursors (Pelz et al., 2005). A recent study found that the biosynthetic gene cluster for staphyloxanthin is ubiquitous throughout the Staphylococcus genus including S. capitis (Salamzade et al., 2023). This aligns with other studies that detected the crtOPQMN operon either completely (Watanabe et al., 2018) or in parts (Chong et al., 2022), in S. capitis. However, staphyloxanthin itself has never been identified in S. capitis prior to this study. We found that all four strains have the complete crt operon but type strain D2T shows a deletion of two nucleotides, thus introducing of a stop codon into crtN, which codes for a dehydrosqualene desaturase, that catalyzes the formation of the yellow intermediate, 4,4′-diaponeurosporene (CrtN) (Pelz et al., 2005). It was shown before in S. aureus, that only strains with intact crtM and crtN genes are able to produce the deep-yellow staphyloxanthin intermediate 4,4′-diaponeurosporene (Wieland et al., 1994). This could be the reason for the lack of pigmentation observed in the type strain, but cannot explain lack of pigmentation in D3 which shows no significant differences from the pigmented strains within the crtOPQMN operon. However, lack of pigmentation in the non-pigmentated strains could also be due to differences in gene regulation. For S. aureus, several genes and gene clusters are known to be involved in the biosynthesis of staphyloxanthin, one of them being rsbUVWsigB (Palma and Cheung, 2001). In strain K1, the whole crtOPQMN operon is inverted which seems to have no effect on pigment production. Merrikh and Merrikh (2018) suggest that gene inversions from the leading strand to the lagging strand lead to a higher gene-specific mutation rate and accelerated evolution through head on replication-transcription conflicts, which could be a beneficial mechanism in bacterial stress response and includes in particular genes encoding virulence factors, antibiotic resistance proteins or transcription regulators.

We conclude that the identification of staphyloxanthin in S. capitis subsp. capitis is a significant discovery with clinical relevance as staphyloxanthin is a well-known virulence factor in S. aureus, which protects cells from ROS stress and modulates membrane fluidity. ROS scavenging activity and increased adaptation to cold temperature were partially confirmed for S. capitis subsp. capitis in this study. All four strains showed ROS scavenging activity regardless of staphyloxanthin production indicating an influence of other antioxidative compounds such as staphyloxanthin precursor molecules. Furthermore, an increased survival to cold temperatures was detected after long-term storage. The identification of staphyloxanthin in S. capitis subsp. capitis could be used in the same way as in S. aureus as a possible target for anti-virulence drug design (Xue et al., 2019) especially when considering the emergence of antibiotic resistant strains in clinical settings.
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