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Abstract


Glutamicibacter arilaitensis is one of the predominant bacterial species involved in the coloration of cheese rinds, especially smear-ripened cheeses. Besides well-known yellow-pigmented carotenoids, this species exhibits an ability to produce red pigments, as the occurrence of pink/red formation was previously found when co-cultured with a fungal strain. In this work, the red pigments synthesized by G. arilaitensis strains grown on cheese-based (curd) solid medium deacidified using Debaryomyces hansenii were identified. The analyses using HPLC equipped with both fluorescence and diode array detectors were performed to characterize the pigments extracted from a dry matter of the medium inoculated with either G. arilaitensis Re117, Po102, or Stp101. Based on the UV–vis absorption spectra, the elution order, and fluorescent property, compared to those of the porphyrin standards, eight metal-free porphyrins, including UPI, UPIII, 7PI, 6PI, 5PI, CPI, CPIII, and MPIX, were indicated as components of the red pigments produced by these G. arilaitensis strains. However, following the chromatographic profiles, the degree of porphyrins formed by each strain was apparently different. Regardless of precise quantitative measurement, the type strains Re117 and Po102 manifested a potential to produce a high amount of CPIII, whereas MPIX was formed by the strains Po102 and Stp101, but exceptionally high by the strain Stp101. The variation in both yield and form of the red pigments synthesized by the cheese-related bacterial G. arilaitensis has not previously been reported; therefore, our results provide the first information on these aspects.
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1. Introduction


Smear-ripened cheeses are among dairy products that are widely consumed, particularly in Europe. The colors of these cheese rinds, which are the result of pigment synthesis by complex surface microflora, play an important role in a consumer’s purchasing decision [1,2]. Unconventional color characteristics of cheeses can contribute to economic losses for producers because they possibly link to consumers’ misunderstanding of the quality of cheeses [3].



Pink pigmentation has commonly been identified as a defect in a broad range of cheeses. Different formations of this discoloration depending on cheese types are found, for example, occurring at the surface of the cheese block, diffusing within the cheese block, and arising as a ring uniform under the cheese rind [4,5,6]. Factors affecting pink discoloration are reportedly related to the change of physicochemical and microbial properties [7,8,9]. In terms of the microbial attribute, several studies have been detailed for a few decades that certain strains of starter cultures used for cheese production can synthesize red pigments; e.g., Microbacterium gubbeenense, Thermus thermophilus, Lactobacillus sp., and Arthrobacter sp. [10,11,12,13,14].



Arthrobacter arilaitensis (presently named Glutamicibacter arilaitensis—to be up to date, G. arilaitensis will be used throughout this article) is one of the important bacterial strains responsible for the pigmentation of cheese rinds due to its presence at different stages of the ripening process, principally at the middle and late stages [15,16]. Besides the yellow pigments, which were characterized as a group of C50 carotenoids consisting of eight forms, but mainly decaprenoxanthin, G. arilaitensis has recently been reported to synthesize red pigment(s) [17,18,19]. In our previous study [19], a strain of G. arilaitensis, Po102, evidently developed pink/red-brown color suffusing inside inoculated cheese-based (curd) solid media. After a tentative determination, the results showed that the pink pigments excreted by this strain were water-soluble and fluoresced under UV light. The UV–visible scanning of the extracts exhibited fine structure, with wavelengths of maximum absorption at 394, 497, 530, 567, and 620 nm. Corresponding to the recent information reported by Cleary et al. [20] and general characteristics of porphyrins (i.e., absorption spectra and fluorescence property), the pink/red-brown discovered would be pigments in the porphyrin series.



During recent decades, high-performance liquid chromatography (HPLC) has commonly been used as a technique for separating and identifying complex mixtures of molecules in food analysis because of such advantages as speed, high resolution, and sensitivity [21,22]. Several works on the identification of pigments produced by microorganisms used in cheese production were achieved by using HPLC [23,24,25]. The current work, therefore, applied this technique in order to characterize the pink/red-brown pigments produced by G. arilaitensis strains grown on cheese-based (curd) medium deacidified using D. hansenii.




2. Materials and Methods


2.1. Strains and Cultures


2.1.1. Bacterial and Yeast Strains


Three bacterial Glutamicibacter arilaitensis strains were selected for investigating their red-pigmented products in this work. The choice of 2 strains, namely G. arilaitensis Po102 and Stp101, was due to our previous works on their yellow pigmentation and combined effects of pH, NaCl, and deacidifying yeasts, in which red-brown pigmentation was incidentally found, while G. arilaitensis Re117 is the type strain of the species whose genome sequence was already revealed (nota bene: the type strain is also known under the following collection numbers: DSM 16,368/CIP 108,037/JCM 13566).



The strain, Glutamicibacter arilaitensis Po102, was isolated from cheeses in our laboratory, while the others, including the type strain Re117 and Stp101, and a deacidifying yeast Debaryomyces hansenii 304 were kindly provided by the Institut National de la Recherche Agronomique (INRA), Thiverval-Grignon, France. They were maintained during this study on a medium depending on their nutrient requirements (i.e., milk ingredient-based medium for bacteria or potato dextrose agar for yeasts, as described below), stored at 4 °C, and subcultured monthly.




2.1.2. Cultures


Potato dextrose broth (PDB; BD Biosciences, Le Pont de Claix, France) was used as a subculture medium for D. hansenii 304, while the milk ingredient-based medium was prepared and used for the G. arilaitensis strains. A milk ingredient-based liquid medium containing 5 g casamino acids (BD Biosciences, Le Pont de Claix, France), 1 g yeast extract (BD Biosciences, Erembodegem, Belgium), 5 g NaCl (Fisher Scientific, Illkirch-Graffenstaden, France), 20 g D-glucose (HiMedia, Nashik, India), and 1 g KH2PO4 (HiMedia, Nashik, India) per liter of deionized water, was prepared. Before sterilizing at 121 °C for 15 min, the pH of the medium was adjusted to 7.0 ± 0.2 using 1 M NaOH (ACROS Organics, Geel, Belgium).



To prepare a microbial suspension, D. hansenii 304 was inoculated into a 250 mL Erlenmeyer flask containing 50 mL PDB, whereas the milk ingredient-based liquid medium was used instead of PDB for the G. arilaitensis strains. These flasks were incubated at 25 °C with agitation at 150 rpm for 2 days. After the cultivation period, the cells were harvested by centrifugation at 6000× g for 10 min and resuspended in peptone saline diluent (1 g casein peptone (Sigma-Aldrich, Darmstadt, Germany) and 8.5 g NaCl (HiMedia, Nashik, India)) adjusted to 7.0 ± 0.2 at 25 °C. A suspension containing 107 cells mL−1 was prepared to be used in the next step.



A cheese-based (curd) solid medium was used to cultivate the strains of G. arilaitensis for the production of red pigments. The procedure for preparing the experimental medium employed in this study was adapted according to our previous work [19]. Whole milk was used to form a cheese curd via rennet coagulation. Before preparing the cheese-based medium, the frozen cheese curd, which was kept at −80 °C to prevent an enzymatic reaction, was thawed at 4 °C for roughly 24 h. The defrosted cheese curd was mixed with distilled water (60% w/v); then the mixture was homogenized using a blender and placed in a water bath (95 °C) for 30 min. Seventeen grams of agar and 2% NaCl (w/v) were added into the cheese slurry, and its pH was adjusted to 7.5, with 1 M NaOH. The final mixture was blended again until the texture was homogeneous, then pasteurized by heating at 80 °C for 10 min. After cooling down to 45–50 °C, the pour plate technique was used to prepare the cheese-based (curd) solid medium contained in Petri dishes, which were left to solidify for 2 h before inoculation with cheese-ripening strains.





2.2. Sample Preparation


2.2.1. Pigment Production


One mL of 107 cell suspension of D. hansenii 304 was spread over the surface of the cheese-based (curd) solid medium. All Petri dishes were then incubated at 25 °C for 7 days. Afterward, 1 mL of a 107 cell suspension of either G. arilaitensis strain was inoculated onto the surface of the medium, which thereafter was cultivated at 25 °C under the light.




2.2.2. Pigment Extraction and Purification


Selected Petri dishes containing media of either G. arilaitensis strain, which displayed pink/red-brown color, were lyophilized. A dry matter of each strain was totaled, and then individually extracted with ethyl acetate (VETEC, Bangalore, India) and acetic acid (Merck, Darmstadt, Germany) in a ratio of 3:1 (v/v) using an ultrasonic bath for 10 min. A suspension was centrifuged (6000× g, 15 min), and later transferred the supernatant to a fresh tube. An aliquot of deionized water was added to the supernatant, then mixed vigorously and centrifuged at 7000× g for 5 min. The aqueous top layer was removed and discarded, whereas the organic one containing pink/red pigments was collected. The extraction was repeated until the supernatant and residual pellet were colorless.



All supernatants were mixed and evaporated under a vacuum. The concentrated sample was loaded onto a C18 Sep-Pak cartridge (Waters, Wexford, Ireland), which was conditioned and equilibrated with 4 mL acetonitrile (Merck, Darmstadt, Germany), 4 mL deionized water, and 4 mL formic acid (Sigma-Aldrich, Darmstadt, Germany) solution (0.1% v/v). The pink/red-brown pigments were washed sequentially with 4 mL deionized water, 4 mL formic acid solution, 4 mL acetonitrile/deionized water (5:95, v/v), and 4 mL acetonitrile.



The pigmented eluate was evaporated to dryness under a vacuum. Then, 1 mL of 3 M HCl (Merck, Darmstadt, Germany) was added to dissolve the residue, followed by filtering through a 0.45 µm PTFE syringe filter (Sartorius, Goettingen, Germany).





2.3. High-Performance Liquid Chromatography Analysis


2.3.1. Apparatus


The HPLC analysis was performed using a Dionex Ultimate 3000 liquid chromatograph (Thermo Fisher Scientific, Courtaboeuf, France) equipped with the following parts: FLD-3400 RS fluorescence detector, DAD-3000 diode array detector, LPG-3400 SD pump, WPS-3000 TSL autosampler, and TCC-3000 SD column component. Monitoring, data recording, and processing were driven with the CHROMELEON 7 software (Dionex).




2.3.2. Chromatographic Condition


The separation was conducted on a Hypersil BDS C18 column (250 × 4.6 mm, 5 µm, Thermo Scientific) with a mobile phase flow rate of 0.4 mL/min. The temperatures of autosampler and column were set at 5 °C and 35 °C, respectively. The fluorescence detector was adjusted at excitation of 400 nm and emission of 620 nm. The multilinear gradient applied was slightly modified from a previous study by Benton et al. [26] A mobile phase system consisted of two components, including 10% (v/v) acetonitrile in 1 M ammonium acetate–acetic acid buffer, pH 5.17 (solvent A), and 10% (v/v) acetonitrile in methanol (solvent B). The elution program started with 0% B, then increased linearly to 30% B within 15 min, followed by another linear increase to 90% B from 15 to 30 min. Mobile phase B was held at 90% until the end of the elution program (55 min).



A CMK-1A chromatographic marker, containing a Type I series of 8-carboxyl porphyrin (uroporphyrin), 7-carboxyl porphyrin (heptaporphyrin), 6-carboxyl porphyrin (hexaporphyrin), 5-carboxyl porphyrin (pentaporphyrin), and 4-carboxyl porphyrin (coproporphyrin), and mesoporphyrin IX, was purchased from Frontier Scientific (Logan, UT, USA). Two individual porphyrin standards; namely, uroporphyrin III tetramethyl ester and coproporphyrin III octamethyl ester, were obtained from Sigma-Aldrich (St Louis, MO, USA).



HPLC-grade chemicals and reagents were used thoroughly for the analysis as components of mobile phases. Ammonium acetate, acetonitrile, methanol, and acetic acid were acquired from Merck (Darmstadt, Germany). Deionized water at 18 Ω was produced by a Smart2Pure 6 UV/UF ultrapure water system from Thermo Scientific (Langenselbold, Germany).






3. Results


3.1. HPLC Separation of Porphyrins


The reversed-phase HPLC paired with fluorescence detection allowed the simultaneous separation of a mixture of porphyrin standards used in this study (Figure 1). The chromatogram demonstrated the respective porphyrin isomers I and III in the series within 55 min. Depending upon the decreasing number of carboxylic acid groups attached to the basic porphine structure, the porphyrin isomers were sequentially eluted: uroporphyrin I (UPI), uroporphyrin III (UPIII), 7-carboxyl porphyrin (7PI), 6-carboxyl porphyrin (6PI), 5-carboxyl porphyrin (5PI), coproporphyrin I (CPI), coproporphyrin III (CPIII), and mesoporphyrin IX (MPIX). Although 2 peaks appeared during min 23–24, both were counted as 6PI. The separation of the 6PI into 2 peaks was feasibly affected by the difference in elution times between cis and trans isomers contained in the authentic 6PI [27]. The chemical structures of these isomers are shown in Figure 2.



The recorded UV–vis absorption spectra of each chromatographic peak of the porphyrin standard mixture (Figures S1–S9) were noted in terms of Soret band and Q bands (Table 1), according to electronic transitions from the ground state (S0) to the two lowest singlet excited states S1 and S2 (for a full explanation of the Soret band and Q bands, see Appendix A).




3.2. Identification of Red Pigments Produced by G. arilaitensis Strains


The G. arilaitensis cultured media contained in Petri dishes were selectively collected to get the maximum intensity of red pigments. After the extraction and purification, the extracts were analyzed using the described HPLC method. Three aspects, including fluorescent property, retention time, and UV–vis absorption spectra were recorded.



Besides their fluorescent property as displayed in Figure 3, pigments were identified based on their retention time and UV–vis spectra compared to those of authentic standards. Typical chromatograms of the extracts of each G. arilaitensis strain are shown in Figure 4.



According to the chromatographic profiles recorded at 400 nm excitation and 620 nm emission, compared with the retention time of the porphyrin standard mixture, eight porphyrin isomers were detected as components of red pigments produced by strains Re117, Po102, and Stp101. Among these components, only two isomers were displayed as major porphyrins following the figure of peaks presented on the chromatograms. The first peak was exhibited in a range of 32.75–32.79 min (Figure 4a–c), while the other was retained longer in the column and was eluted at min 45.37 (Figure 4b,c). The absorption spectra of these two principal peaks were composed of a Soret band and Q bands, as shown in Figure 5 and Figure 6.



As shown in Figure 5 and Figure 6, the spectral characteristics of the two major peaks perfectly matched those of CPIII and MPIX isomer standards; therefore, this could indicate that these G. arilaitensis strains predominantly produced CPIII and MPIX. However, there were differences in the production of porphyrins between these strains when we considered the pattern of chromatograms obtained from the HPLC analysis. CPIII was found to be the sole major porphyrin synthesized by the type strain G. arilaitensis Re117, whereas both CPIII and MPIX were exhibited in the extracts of G. arilaitensis Po102 and Stp101, but extremely high in G. arilaitensis Stp101. Other porphyrins, including UPI, UPIII, 7PI, 6PI, 5PI, and CPI, were present in trace amounts in the extracts of two strains, Po102 and Stp101, whereas the amount of MPIX was also low in the extract of the type strain Re117.





4. Discussion


The development of red/pink color in a variety of cheeses has long been reported as a defect that impacts the economic aspects of the cheese industry. In smear-ripened cheeses, pink/red-brown appearance—often called pink discoloration due to its undesirable characteristic relating to the quality of cheese—has been associated with certain microbial strains used as starter cultures for production. The mechanisms of color development of smear-ripening cheeses are still largely undefined because there are actions and correlations of a great number of microorganisms, both eukaryotes (primarily yeasts and molds) and prokaryotes (including pigmented and non-pigmented bacterial strains), during the cheese-making process [28].



For decades, only a few previous studies on the coloration of smear-ripening cheeses by G. arilaitensis were undertaken; thus, up to now, there are only two reports describing pink discoloration originated by this bacterial species. Recently, zinc CPIII was precisely characterized as a pink pigment produced by G. arilaitensis JB182, whereas in our earlier work, the red pigment extract of G. arilaitensis Po102 was assumed to be in a porphyrin cluster due to its characteristic UV–vis spectrum, which consists of two distinct regions in the near-ultraviolet and in the visible region, as well as its fluorescent property [19,20].



In this study, the pigments extracted from cultured media of G. arilaitensis strains, including the type strains Re117, Po102, and Stp101, originating from smear-ripened cheeses were qualitatively identified by an HPLC methodology. Via fluorescence detector and PDA, the red pigments were appropriately separated and able to be predicated. Based on the data of the absorption spectra and the elution order obtained from HPLC analysis, which matched against those of the standards, eight porphyrins were distinguished from the red-pigmented extracts of these three G. arilaitensis strains. As described in several experiments, it has been strongly suggested that changes in the conjugation pathway and symmetry of porphyrin can affect its UV–vis absorption spectra [29,30,31]. Mason et al. [32] reported that chelation of zinc by coproporphyrin excreted by Actinomycetes strains would extend retention time to slightly more polar elution and shift absorption spectra profile with a Soret band to a higher wavelength than the metal-free porphyrin. Lately, a similar phenomenon was found by Cleary et al. [20], who observed a pink pigment produced by a smeared-cheese bacterial G. arilaitensis strain. According to the results of LC-MS/MS analysis, the pigment was characterized to be zinc-bound coproporphyrin III, as its Soret band shifted from 393 nm to 405 nm compared to the standard, which made it fit the description of zinc coproporphyrin III profiles. In addition, a study by Rostami et al. [33] reported a significant difference in the number of Q bands between free base porphyrins and metalloporphyrins, in that the metal-free porphyrins consisted of four peaks in the Q band region, while only two peaks were found from metalloporphyrins. Consequently, due to the fine compatibility with the standards and nonappearance of shifting in retention time and Soret band in their absorption-spectra profiles, the porphyrins by the G. arilaitensis strains studied (Re117, Po102, and Stp101) were affirmatively in metal-free forms; namely, UPI, UPIII, 7PI, 6PI, 5PI, CPI, CPIII, and MPIX. To the best of our knowledge, this is the first time that the simultaneous presence of eight metal-free porphyrins synthesized by the cheese-ripening bacterial strain G. arilaitensis was disclosed. Apart from these porphyrin isomers, it seemed that the three strains of G. arilaitensis also produced porphyrins in other forms, since there were several detectable peaks presented on the chromatograms. Among these peaks, some of them had enough intensity to display the fine absorption spectra (data not shown); for example, the peak of the extract of G. arilaitensis Stp101 that was eluted after MPIX (Rt 51.59 min), and peaks detected between Rt 32.75 and Rt 45.37 min of the injection of G. arilaitensis Po102 extract. Unfortunately, due to a limitation of available porphyrin standards, these peaks could not be identified in the current work.



Among microorganisms, several bacteria in the genus Arthobacter—of which certain strains were recently identified to belong to the genus Glutamicibacter, including A. arilaitensis—are reported for their abilities to synthesize pigments in porphyrin clusters [34]. Based on enzymes responsible for porphyrin biosynthesis, naturally occurring metal-free porphyrins exist only in type I and III isomer forms; nonetheless, CPIII and UPIII were shown to be the major porphyrins produced by Arthrobacter sp. [20,35,36,37,38,39]. In bacteria, these pigmented molecules are intermediate metabolites significantly involved in parts of energy-conserving electron-transport chains and co-factors of various enzymes; however, metal ions are required to chelate with the tetrapyrroles and bind to a specific protein for activating these functions [40,41]. Changes in physical and biochemical conditions usually induce an adaptation of bacterial energy metabolism, and often correspond to a huge alteration in the production of porphyrin [42,43].



Considering the accumulation of porphyrins in smear-ripened cheeses, microbial interactions are potential factors that affect these pink-pigmented compounds. For instance, CPIII formed in the presence of the Penicillium sp. when cultivated on blue cheese curd agar; thereby, it was described as part of the inhibitory effect of G. arilaitensis on Penicillium [20,44]. Two presumptions that could explain this phenomenon are the following: (1) the competition for metal ions between the bacterium and the fungus feasibly induces G. arilaitensis to produce CPIII, and (2) the fungus establishes a suitable environment enhancing the production of CPIII by G. arilaitensis. However, since all porphyrins identified from the Re117, Po102, and Stp101 strains in this study were in metal-free forms, the concept that the fungus provides a unique environment for the synthesis of porphyrins by G. arilaitensis seems to be a promising condition for this circumstance. This aligns with previous bacterium–fungus RNA-seq experiments in the interaction between bacterial and fungal strains isolated from cheese rind that expresses a significant increase in nutrient availability through proteolysis of cheese curd by fungi [20,45].



The pathway of tetrapyrrole biosynthesis in most bacteria proceeds by synthesizing a precursor metabolite, ẟ-aminolevulinic acid (ALA), from glutamate that binds glutamyl-tRNA by a glutamyl-tRNA-catalyzed reaction, then continues to synthesize intermediate metabolites, including porphobilinogen, uroporphyrinogen III, coproporphyrinogen III, protoporphyrinogen IX, protoporphyrin IX, and heme, respectively [46]. Metal-free porphyrins excreted by the G. arilatensis strains in this study were therefore not normal intermediate metabolites. Compared with hemes, metal-free porphyrins have not yet been shown to have a biological function, but the cell synthetic pathways have been interrupted. The pathways leading to functional tetrapyrroles; e.g., cytochromes, redox-active proteins containing a heme, have been blocked, thus engaging in the formation of one of the earlier intermediates [47,48]. Besides, such interaction requires a compatible set of catalysts for each tetrapyrrole synthesis, so there will be a difference in the yield of each porphyrin depending on the type of enzyme synthesized by each bacterial strain [49,50]. This may describe the difference of the patterns of porphyrin formation by G. arilaitensis Re117, Po102, and Stp101, in that only CPIII was predominantly produced by the type strain Re117, while MPIX was found to be a major red pigment of strain Stp101, and ranged in the second of which by the strain Po102. The occurrence of MPIX was doubtful, since this molecule is not an intermediate in the biosynthesis of heme. It probably is related to the conversion of protoporphyrin IX (PPIX) into the more stable forms. In a study by Brazier [51], it was explained that PPIX is a labile structure with two vinyl side chains that incline to bacterial degradation; therefore, PPIX will be denatured and turn into MPIX.



Besides the carotenoids previously characterized and porphyrins identified in this study, interestingly, it seemed that the G. arilaitensis strains produced other fluorescent pigments. Corresponding to Figure 2, a small number of bands were found to express their fluorescent properties in a range of wavelengths between 200–400 nm at the beginning of the HPLC running program. Riboflavin could hypothetically be among these pigments due to its fluorescent property and the wavelength at which absorption occurs, and following several reports that found the ability of bacteria in the genus Arthrobacter to produce this vitamin [34,52].




5. Conclusions


Using the occurrence of pink discoloration during our previous study of the effect of certain factors on the coloration of G. arilaitensis strain isolated from smear-ripening cheese, this work aimed to identify the pink/red-brown pigments produced by this bacterial species. The pigments extracted from a dry matter of the cheese-based (curd) solid medium cultured with either G. arilaitensis Re117, Po102, or Stp101 were characterized using HPLC equipped with fluorescence and diode array detectors. The pigmented extracts were well separated by the analytical conditions applied, and their chromatographic profiles were then compared to one of the porphyrin standard mixtures. Based on the characteristics of absorption spectra and retention time, it was found that the pink pigments synthesized by these G. arilaitensis strains under the studied conditions were composed of eight metal-free porphyrins, including UPI, UPIII, 7PI, 6PI, 5PI, CPI, CPIII, and MPIX. Considering the HPLC chromatograms, the degree of each porphyrin production was different. Regardless of precise quantitative measurement, the type strains Re117 and Po102 exhibited an ability to produce a high amount of CPIII, whereas MPIX was obviously formed by the strains Po102 and Stp101, but distinctly high by the strain Stp101.
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Appendix A


The characteristic of UV–vis spectra of porphyrins that has been well recognized is that it consists of two distinct regions. Theoretically, this is a result of the change in electronic transitions from the ground state (S0) to the two lowest singlet excited states S1 and S2. The S0 → S1 transition allows a rise to weak Q bands in the visible region, while the S0 → S2 transition performs a strong Soret band in the near-ultraviolet region [29]. Corresponding to different vibrational modes in which the second excited singlet state (S2) can decline to the first excited singlet state (S1) and afterward undergo intersystem crossing to the first excited triplet state, the Q band comprises multiple peaks [33]. A typical porphyrin contains a very strong absorption of around 400 nm in the light spectrum, and several weaker absorptions between 450 and 700 nm.
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Figure A1. Typical absorption spectra of porphyrins [53]. 






Figure A1. Typical absorption spectra of porphyrins [53].
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Figure 1. HPLC chromatographic profile of a porphyrin standard mixture. UPI: uroporphyrin I; UPIII: uroporphyrin III; 7PI: 7-carboxyl porphyrin; 6PI: 6-carboxyl porphyrin; 5PI: 5-carboxyl porphyrin; CPI: coproporphyrin I; CPIII: coproporphyrin III; MPIX: mesoporphyrin IX. 
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Figure 2. Structures of the porphyrin isomers. The β-positions of the four pyrrole rings are substituted with acetic acid (Ac), propionic acid (Pr), methyl (Me), and ethyl (Et). UPI: uroporphyrin I; UPIII: uroporphyrin III; 7PI: 7-carboxyl porphyrin; 6PI: 6-carboxyl porphyrin; 5PI: 5-carboxyl porphyrin; CPI: coproporphyrin I; CPIII: coproporphyrin III; MPIX: mesoporphyrin IX. 
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Figure 3. Fluorescent properties of porphyrin standard mixture (a) and red pigments extracted of G. arilaitensis strains, including (b) Re117, (c) Po102, and (d) Stp101. 
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Figure 4. HPLC chromatographic profiles of red pigments extracted of G. arilaitensis strains, including (a) Re117, (b) Po102, and (c) Stp101. 
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Figure 5. Comparison of absorption spectra of porphyrin standard, CPIII, and chromatographic peaks of the extracts exhibited at Rt about 32 min: (a) CPIII standard; (b) G. arilaitensis Re117 at Rt 32.75 min; (c) G. arilaitensis Po102 at Rt 32.75 min; (d) G. arilaitensis Stp101 at Rt 32.79 min. 






Figure 5. Comparison of absorption spectra of porphyrin standard, CPIII, and chromatographic peaks of the extracts exhibited at Rt about 32 min: (a) CPIII standard; (b) G. arilaitensis Re117 at Rt 32.75 min; (c) G. arilaitensis Po102 at Rt 32.75 min; (d) G. arilaitensis Stp101 at Rt 32.79 min.



[image: Dairy 02 00031 g005a][image: Dairy 02 00031 g005b]







[image: Dairy 02 00031 g006] 





Figure 6. Comparison of absorption spectra of porphyrin standard, MPIX, and chromatographic peaks of the extracts exhibited at Rt about 45 min: (a) MPIX standard; (b) G. arilaitensis Po102 at Rt 45.37 min; (c) G. arilaitensis Stp101at Rt 45.37 min. 
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Table 1. Chromatographic and spectral properties of porphyrin standards.
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	Porphyrins
	Rt (min)
	Soret Band λ (nm)
	Q Band λ (nm)





	UPI
	9.28
	398
	501, 537, 563, 615



	UPIII
	9.68
	398
	501, 537, 563, 615



	7PI
	16.26
	397
	500, 536, 563, 615



	6PI
	23.06
	396
	500, 535, 564, 616



	
	24.14
	396
	500, 534, 564, 616



	5PI
	28.60
	394
	450, 533, 564, 617



	CPI
	31.77
	393
	497, 532, 564, 616



	CPIII
	32.76
	393
	497, 532, 564, 617



	MPIX
	43.35
	392
	496, 530, 565, 618
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