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1 ABSTRACT

2 Scalp bacteria on the human scalp and scalp hair comprise distinct community structures 

3 for sites and individuals. To evaluate their effect on human keratinocyte cellular activity, 

4 including that of the hair follicular keratinocytes, the expression of several longevity 

5 genes was examined using HaCaT cells. A screening system that uses enhanced green 

6 fluorescent protein (EGFP) fluorescence was established to identify scalp bacteria that 

7 enhance silent mating type information regulation 2 homolog-1 (SIRT1) promoter activity 

8 in transformed HaCaT cells (SIRT1p-EGFP). The results of quantitative polymerase 

9 chain reaction (qPCR) revealed that several predominant scalp bacteria enhanced 

10 (Cutibacterium acnes and Pseudomonas lini) and repressed (Staphylococcus epidermidis) 

11 the expressions of SIRT1 and telomerase reverse transcriptase (TERT) genes in HaCaT 

12 cells. These results suggest that the predominant scalp bacteria are related to the health of 

13 the scalp and hair, including repair of the damaged scalp and hair growth, by regulating 

14 gene expression in keratinocytes. 

15

16 Keywords: Scalp bacteria, SIRT1, TERT, HaCaT cell, keratinocyte

17

18
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1   Parts of the human body, including the scalp, hair, skin, and gut, is a habitat for many 

2 microorganisms such as bacteria (Scharschmidt et al. 2013; Nakayama et al. 2015; 

3 Watanabe et al. 2020). Bacterial community structures in the human body have been 

4 elucidated in many studies, and they have been reported to be distinct depending on the 

5 body sites and individuals (Grice et al. 2011; Byrd et al. 2018). In addition, indigenous 

6 bacteria in the human skin or intestine continuously acquire essential nutrients from their 

7 hosts (Byrd et al. 2018). However, several indigenous bacteria are known for their 

8 positive and negative effects to the hosts, including an antimicrobial barrier by 

9 Staphylococcus epidermidis and excessive inflammation by Staphylococcus aureus, 

10 respectively (Byrd et al. 2018; Xu et al. 2016).

11 Human scalp hair consists of a shaft and root, and bacterial community structures on 

12 human scalp hair have recently been analyzed (Tridico et al. 2014; Nishi et al. 2017; 

13 Watanabe et al. 2019, 2020, 2021). Scanning electron microscopy (SEM) directly 

14 elucidated the presence of bacteria from the hair root to the tip of hair shafts and revealed 

15 higher bacterial cell densities of ~ 107 cells/cm2 at the hair roots than ~ 105 cells/cm2 at 

16 the hair shafts (Watanabe et al. 2019). Our previous studies on the analysis of bacterial 

17 community structure on human scalp hair indicated that bacteria on hair shafts originated 

18 from those on hair roots (Watanabe et al. 2019) and that bacterial community structures 
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1 differed among individuals with the Genera of Cutibacterium, Pseudomonas, and 

2 Staphylococcus being predominant (Watanabe et al. 2021). In addition, external factors, 

3 such as hair-care treatments, regardless of gender, are considered to contribute to a 

4 distinct bacterial community structure in the hair shafts of each individual (Watanabe et 

5 al. 2021). Furthermore, these genera are also predominant on the human scalp, although 

6 their relative abundances on the human scalp differ from those in human scalp hair 

7 (Watanabe et al. 2020). The functions of the bacterial community on the human scalp and 

8 scalp hair (scalp bacteria) are not well understood.

9 Several epidemiological studies have indirectly reported correlations between scalp 

10 bacteria and dermatosis (Pinto et al. 2019; Filaire et al. 2020). Pinto et al. (2019) and 

11 Filaire et al. (2020) compared bacterial community structures on the human scalp between 

12 healthy individuals and patients with alopecia areata and male pattern alopecia and 

13 suggested that the bacterial community structure on the scalp is a causal factor of scalp 

14 dermatosis (Pinto et al. 2019; Filaire et al. 2020). However, the mechanism underlying 

15 bacteria-induced scalp dermatosis has not yet been elucidated. To the best of our 

16 knowledge, there are few reports on the correlation between scalp bacteria and hair 

17 follicle cells; nevertheless, scalp and scalp hair conditions are affected by scalp cell 

18 activity.
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1 Bacterial cells exist at a high density of 107 cells/cm2 on the scalp hair root 

2 (Watanabe et al. 2019), while in contact with human cells in hair follicles. We 

3 hypothesized that these scalp bacteria would interact with human keratinocytes, including 

4 hair follicles, and possibly change cellular activities, such as the hair growth cycle (Stenn 

5 et al. 2001). Thus, it is important to elucidate how scalp bacteria affect human cells in the 

6 hair follicles of keratinocytes to deeply understand the exact hair and scalp conditions. 

7 Because aging in the hair follicles of keratinocytes is reported to lead to decreases 

8 in hair diameter, hair density, and hair pigmentation (Turner et al. 2016), a longevity gene 

9 with anti-aging effect including Tthe silent mating type information regulation 2 

10 homolog-1 (SIRT1) (Lee et al. 2016) would be related to cellular activities in the hair 

11 follicles of keratinocytes. In addition, telomerase reverse transcriptase (TERT) in hair 

12 follicle of keratinocytes is considered to play a role in hair growth (Sarin et al. 2005; 

13 Kubo et al. 2020). Therefore, the aim of this study was to examine the effect of 

14 predominant scalp bacteria on the expression of several longevity genes, including silent 

15 mating type information regulation 2 homolog-1 (SIRT1) and telomerase reverse 

16 transcriptase (TERT), which are related to systemic antiaging and hair growth promotion, 

17 respectively, in keratinocytes.

18
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1 Materials and methods

2 Used predominant scalp bacteria and bacterial culture

3 Species of predominant scalp bacteria (Watanabe et al. 2019) were used, as shown in 

4 Table 1. Some species were isolated from the scalp and scalp hair in our laboratory 

5 (unpublished data), while the others were obtained from Biological Resource Center, 

6 NITE (NBRC), Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSM), and 

7 Laboratory of Microbiology, Department of Biochemistry and Microbiology, Faculty of 

8 Sciences of Ghent University (LMG). Each bacterial species was cultured for 1-4 days 

9 under the appropriate medium, temperature, and atmospheric conditions (Table S1). The 

10 compositions of the respective media were: nutrient broth with 5.0 g/L of peptone (Becton, 

11 Dickinson and Company (BD), NJ, USA) and 3 g/L of meat extract (Nacalai Tesque, 

12 Kyoto, Japan); LB with 1 g/L of tryptone (Thermo Fisher Scientific, Tokyo, Japan), 5 g/L 

13 of yeast extract (BD), and 10 g/L of NaCl; TSYB with 30 g/L of trypticase soy broth (BD) 

14 and 3 g/L of yeast extract (BD); NA with MnSO4 and 5 g/L of peptone (BD), 3 g/L of 

15 meat extract (Nacalai Tesque), and 10 mg/L of MnSO4･7H2O; 802 medium in NBRC 

16 with 1 g/L of Hipolypepton (Fujifilm Wako Pure Chemical CO., Osaka, Japan), 2 g/L of 

17 yeast extract (BD), and 1 g/L of MgSO4·7H2O; Peptone Yeast Extract Alkaline with 8 

18 g/L of peptone (BD), 3 g/L of yeast extract (BD), 1 g/L of K2HPO4, 3.5 mg/L of EDTA-
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1 2Na, 3 mg/L of ZnSO4·7H2O, 10 mg/L of FeSO4·7H2O, 2 mg/L of MnSO4·5H2O, 1 mg/L 

2 of CuSO4·5H2O, 2 mg/L of Co(NO3)2·6H2O, and 1 mg/L of H3BO3; CASO with 8 g/L of 

3 tryptone (BD), 15 g/L of yeast extract (BD), 5.0 g /L of peptone from soymeal (Nacalai 

4 Tesque), and 5 g/L of NaCl; and GAM with 59 g/L of GAM Broth (Nissui Pharmaceutical 

5 Co., Ltd., Tokyo, Japan). An AnaeroPack (Mitsubishi Gas Chemical Co., Inc., Tokyo, 

6 Japan) was used in the anaerobic jar for anaerobic cultivation. Cultured bacterial cells 

7 were washed three times with 2.24 × 10−2 M phosphate-buffered saline (PBS) buffer 

8 containing 137 mM NaCl. The suspension was heated at 100 °C for 30 min to inactivate 

9 the bacterial cells and was subsequently freeze-dried. The freeze-dried bacteria were 

10 resuspended in PBS when the number of bacteria reached 3,000 μg-dried cells/ml for 

11 further use and cultivation with human cell.

12

13 Human cell culture 

14 The HaCaT cell (CLS Cell Line Service GmbH, Eppelheim, Germany) derived from a 

15 human keratinocyte cell line was cultured in Dulbecco’s Modified Eagle’s Medium 

16 (DMEM; Nissui Pharmaceutical Co., Ltd.) supplemented with 10% fetal bovine serum 

17 (FBS; Life Technologies, Gaithersburg, MD, USA) at 37 °C under 5% CO2 atmosphere. 

18 In a screening system for scalp bacteria activating the SIRT1 gene expression, HaCaT 

Page 8 of 38

URL: https://mc.manuscriptcentral.com/bbb Email:

Bioscience, Biotechnology, and Biochemistry



For Peer Review

9

1 cells transformed with the enhanced green fluorescent protein (EGFP) expression vector 

2 under the control of human SIRT1 promoter (HaCaT (SIRT1p-EGFP)) (Harada et al. 

3 2016) were used. The cells in DMEM with 10% FBS were cultured using a 96-well plate 

4 with a 100-μl working volume per well that included 1 μl or 10 μl of 3,000 μg-dried 

5 cells/ml scalp bacterial cell suspensions (final conc. 30 μg- or 300 μg-dried cells/mL), 1 

6 μl or 10 μl of PBS (negative control for scalp bacteria), 1 μl of 1 mM resveratrol in 

7 dimethyl sulfoxide (DMSO) (final conc. 10 μM, positive control) (Lee et al. 2019), and 

8 1 μl of DMSO (negative control for resveratrol) for 48 h at 37 °C under 5% CO2 

9 atmosphere. The intensity at an emission wavelength of 507 nm derived from pSIRT1p-

10 EGFP was monitored using the IN Cell Analyzer 2200 (GE Healthcare, Little Chalfont, 

11 UK) at an excitation wavelength of 488 nm (Chong et al. 2019).

12

13 Quantitative reverse transcription-polymerase chain reaction 

14 HaCaT cell (non-transformed) were cultured with scalp bacterial cell suspension (30 

15 μg-dried cells per well), PBS (negative control for scalp bacteria), 10 μM resveratrol in 

16 DMSO (positive control) (Lee et al. 2019), or DMSO (negative control for resveratrol) 

17 for 48 h. The total RNA of HaCaT cell was extracted using the High Pure RNA Isolation 

18 kit (Roche Diagnostics, Manheim, Germany) and was reverse-transcribed into cDNA 
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1 using RevrerTra Ace (Toyobo, Osaka, Japan). Quantitative polymerase chain reaction 

2 (qPCR) was performed in triplicate using the Thunderbird SYBR qPCR mix (Toyobo) in 

3 a Thermal Cycler Dice Real Time System TP-800 (Takara, Shiga, Japan). The samples 

4 were tested in triplicate at least, and SIRT1 and TERT expression levels were normalized 

5 to the corresponding β-actin expression level (Chong et al. 2019). The following qPCR 

6 primer sets were used. β-actin: forward, 5ʹ -TGGCACCCAGCACAATGAA-3ʹ and 

7 reverse, 5 ʹ - CTAAGTCATAGTCCGCCTAGAAGC-3ʹ; SIRT1: forward, 5ʹ- 

8 GCCTCACATGCAAGCTCTAGTGAC-3ʹ and reverse, 5ʹ-

9 TTCGAGGATCTGTGCCAATCATAA-3ʹ; TERT: forward, 5ʹ-

10 CGTACAGGTTTCACGCATGTG-3ʹ and reverse, 5ʹ-ATGACGCGCAGGAAAAATG- 

11 3ʹ (Harada et al. 2016; Kubo et al. 2020). The qPCR condition was as follows: 45 cycles 

12 of 3-step PCR (95 °C for 5 sec, 60 °C for 10 sec, and 72 °C for 20 sec), and the final 

13 extension at 60 °C for 30 sec.

14

15 Statistical analysis 

16 All experiments were performed at least three times, and the corresponding data are 

17 shown below. Results are presented as mean ± standard deviation. Statistical significance 

18 was determined using the two-sided Student’s t-test. Statistical significance was defined 
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1 as *P <0.05.

2

3 Results

4 Establishment of a screening system for scalp bacteria that enhance SIRT1 promoter 

5 activity in HaCaT cells

6 To elucidate the effect of scalp bacteria on the cellular activities of keratinocytes, we first 

7 established a rapid screening system using HaCaT (SIRT1p-EGFP) cells, derived from a 

8 human keratinocyte cell line, transformed with an EGFP expression vector under the 

9 control of the human SIRT1 promoter. HaCaT (SIRT1p-EGFP) cells were cultured with 

10 30 or 300 µg/mL of five representative scalp bacteria (Cutibacterium acnes, 

11 Staphylococcus epidermidis, Pseudomonas lini, Moraxella oslorensis, and Delftia 

12 acidovorans) for 48 h, and the intensity of EGFP fluorescence was measured as the SIRT1 

13 promoter activity (Figure 1). At a concentration of 300 μg/mL per well, the fluorescence 

14 intensities increased for all bacteria, which made it difficult to distinguish or evaluate the 

15 effects of the scalp bacterial species on cellular activities. In contrast, a few scalp bacteria, 

16 including Pseudomonas lini Staphylococcus epidermidis and Delftia acidovorans 

17 significantly enhanced fluorescence intensity at 30 μg/mL per well. Therefore, scalp 

18 bacteria were added to HaCaT cells at a concentration of 30 μg/mL for subsequent 

19 experiments.
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1

2 Screening of scalp bacteria that enhance SIRT1 promoter activity in HaCaT 

3 (SIRT1p-EGFP) cells

4 The scalp bacteria enhancing SIRT1 promoter activity in human keratinocytes of HaCaT 

5 (SIRT1p-EGFP) cells were screened by the system established, as described in the 

6 previous section, using 30 μg/mL per well with 24 species (Actinobacteria, 8 species; 

7 Firmicutes, 4 species; Proteobacteria, 12 species) (Figure 2). From four independent 

8 experiments, the relative EGFP fluorescence was significantly elevated in HaCaT cells 

9 (SIRT1p-EGFP) cultured with 13 bacterial species that were comparable to the results 

10 obtained from the experiment with positive control using resveratrol as follows: five 

11 belonging to Actinobacteria, namely, Brachybacterium muris, Corynebacterium 

12 lipophiloflavum, Dermacoccus nishinomiyaensis, Rothia kristinae, and Micrococcus 

13 luteus; one belonging to Firmicutes, namely, Staphylococcus argenteus; and eightseven 

14 belonging to Proteobacteria, namely, Pseudomonas lini, Pseudomonas alcaliphila, 

15 Pseudomonas lundensis, Pseudomonas juntendi, Moraxella osloensis, Delftia 

16 acidovorans, Methylobacterium longum, and Roseomonas mucosa. In contrast, the other 

17 11 species did not show any significant increase in the relative EGFP fluorescence. These 

18 results demonstrate that the enhancement of the relative EGFP fluorescence was 

19 dependent on the scalp bacterial species in the established system and that 13 scalp 
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1 bacteria, including the predominant species, activated the SIRT1 promoter in HaCaT 

2 (SIRT1p-EGFP) cells.

3

4 Evaluation of human endogenous SIRT1 gene expression in non-transformed 

5 HaCaT cells

6 The SIRT1 gene that encodes silent mating-type information regulation 2 homolog-1 is 

7 involved in regulating cellular senescence and aging (Chen et al. 2020). We proceeded to 

8 determine the effect of SIRT1 gene expression in HaCaT (non-transformed) cells by 

9 reverse transcription PCR (RT-PCR) by activation of the SIRT1 promoter using the 13 

10 species described in the previous section and five predominant scalp bacterial species 

11 (Curibacterium acnes, Staphylococcus epidermidis, Staphylococcus argenteus,  

12 Pseudomonas antarctica, Pseudomonas coleopterorum, and Moraxella osloensis) with 

13 >4% relative abundances, as reported previously (Watanabe et al. 2021) (Figure 3). The 

14 results showed that 13 scalp bacterial species belonging to two phyla and eight genera 

15 significantly promoted SIRT1 expression (*P <0.05), namely, Cutibacterium acnes, 

16 Corynebacterium lipophiloflavum, Dermacoccus nishinomiyaensis, and Micrococcus 

17 luteus belonging to Actinobacteria and Pseudomonas lini, Pseudomonas alcaliphyla, 

18 Pseudomonas antarctica, Pseudomonas coleoperorum, Pseudomonas lumdensis, 
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1 Pseudomonas juntendi, Moraxella osloensis, Delftia acidovorans, and Roseomonas 

2 mucosa belonging to Proteobacteria. In contrast, Staphylococcus epidermidis and 

3 Staphylococcus argenteus belonging to Firmicutes repressed SIRT1 expression. The 

4 relative EGFP fluorescence as an indicator of SIRT1 promoter activity in HaCaT 

5 (SIRT1p-EGFP) cells was not consistent with SIRT1 gene expression, possibly due to cell 

6 toxicity. Among the predominant scalp bacteria with >1% relative abundance, the four 

7 genera Cutibacterium, Pseudomonas, Delftia, and Moraxella significantly enhanced 

8 SIRT1 expression in non-transformed HaCaT cells. Scalp bacterial species present in 

9 minority (Corynebacterium, Dermacoccus, Micrococcus and Rosemonas) with a relative 

10 abundance <0.5% also promoted SIRT1 expression in non-transformed HaCaT cells.

11

12 Evaluation of human endogenous TERT gene expression in non-transformed 

13 HaCaT cells

14 TERT gene encoding telomerase reverse transcriptase is induced by activated SIRT1 

15 (Huang et al. 2008; Yamashita et al. 2012), and is considered to enhance hair growth, 

16 trigger the initiation of a new phase of hair follicle growth, and promote hair synthesis 

17 (Herrera et al. 1999; Sarin et al. 2005; Zhang et al. 2014; Kubo et al. 2020). TERT 

18 expression by the predominant scalp bacterial species that significantly increased SIRT1 
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1 expression was evaluated by RT-PCR in non-transformed HaCaT cells (Figure 4). The 

2 results showed that eight scalp bacterial species belonging to two phyla (Actinobacteria 

3 and Proteobacteria) significantly increased TERT expression as follows: Actinobacteria, 

4 Cutibacterium acnes and Micrococcus luteus; Proteobacteria, Pseudomonas lini, 

5 Pseudomonas alcaliphilia, Pseudomonas antarctica, Pseudomonas coleopterorum, 

6 Pseudomonas lundensis, and Delftia acidovorans. In contrast, Moraxella osloensis and 

7 Staphylococcus argenteus, which belong to the phyla Proteobacteria and Firmicutes, 

8 respectively, significantly suppressed TERT expression. These results indicate that the 

9 predominant scalp bacterial species would promote the expression of TERT along with 

10 that of SIRT1.

11

12 Discussion 

13 Scalp bacteria have been reported to exist not only on the human scalp but also on 

14 human scalp hair (the root and shaft) with unique bacterial community structures 

15 depending on the host (Watanabe et al. 2019; 2020; Nishi et al. 2017). Based on the high 

16 cell density of scalp bacteria on human scalp at 107 cells/cm2, scalp bacteria can obtain 

17 nutrients from human cells as hosts for proliferation (Watanabe et al. 2019). Although 

18 epidemiological surveys suggest that the scalp bacterial community plays a role in scalp 
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1 dermatosis involving human cells in hair follicles, little is known about the role of scalp 

2 bacteria in keratinocytes, including the cells of hair follicles (Pinto et al. 2019; Filaire et 

3 al. 2020). Our study provided the first direct insight into the changes in gene expression 

4 in keratinocytes induced by scalp bacteria at the cellular level. In this section, we discuss 

5 each point with the focus on the two genes of interest (SIRT1 and TERT) that are affected 

6 by scalp bacteria.

7 The roles of keratinocyte SIRT1 in the repair of DNA damage by UV-B and in the 

8 enhancement of diminished mitochondrial activity that would lead to hair loss from 

9 incompetent follicles (Nicu et al. 2020) have been reported (Wood 1999; Ming et al. 

10 2010; Tang 2016; Jarrett et al. 2018; Chong et al. 2019). The predominant scalp bacteria 

11 with >7% relative abundance, including Cutibacterium, Pseudomonas, and 

12 Staphylococcus act on SIRT1 expression in keratinocytes (Figure 3). Although several 

13 types of plants (ex. grape , seaberry, and Pomegranate garlic) and mushrooms (ex. 

14 Trametes versicolor and Tremella fuciformissnow fungus) have been reported to enhance 

15 human SIRT1 expression in vitro (Kim 2016; Shen et al. 2017; Chong et al. 2018, 2019; 

16 Song et al. 2018; Lorz et al. 2019; Choi et al. 2020; Zhang et al. 2020; Kubo et al. 2020; 

17 Letsiou et al. 2020; Niimi et al. 2021). Among them, only polyphenol derivatives from 

18 plants have been elucidated as the SIRT1 enhancers (Chong et al. 2019; Kubo et al. 2020), 
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1 and the scalp bacterial samples used in this study would not contain polyphenols. Because 

2 dead cells of scalp bacteria were used by removing culture broth, it is suggested that not 

3 extracellular metabolites but cell structures or intracellular metabolites would stimulate 

4 SIRT1 expression in keratinocytes. To the best of our knowledge, this is the first report of 

5 scalp bacteria enhancing SIRT1 expression. Considering these studies and our results, it 

6 can be presumed that the predominant scalp bacteria control the normal hair cycle in some 

7 manner (Geyfman et al. 2010; Horimoto et al. 2017; Liu et al. 2018).

8 In contrast, TERT has been reported to activate stem cells in hair follicles in the 

9 telogen phase to enter the anagen phase, which leads to hair growth promotion (Herrera 

10 et al. 1999; Sarin et al. 2005; Kubo et al. 2020). In addition, precocious loss and graying 

11 of hair are attributed to TERT inactivation in the stem cells of hair follicles (Stone et al. 

12 2021). Compared with SIRT1, a few studies have reported the enhancement of TERT 

13 expression in strawberries, apples, and seaberries in vitro (Kubo et al. 2020). In our study, 

14 the predominant scalp bacteria with >7% relative abundance, including Cutibacterium 

15 acnes and Pseudomonas lini, stimulated TERT expression in keratinocytes (Figure 4). 

16 Notably, these scalp bacteria also activated SIRT1 expression (Figure 3). These results 

17 suggest that the predominant scalp bacteria contribute to hair growth and prevention of 

18 hair loss and graying by activating TERT in the follicular stem cells.
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1 In this study, three patterns of significant changes in SIRT1 and TERT expression 

2 were observed (Figures 3 and 4): (I) Activation and Activation, by Cutibacterium acnes, 

3 Micrococcus lutesu, Pseudomonas lini, Pseusdomonas alcaliphila, Pseudomonas 

4 coleopterorum, and Delftia acidovorans; (II) Activation and Repression, by Moraxella 

5 osloensis, and (III) Repression and Repression, by Staphylococcus argenteus (Figures 3 

6 and 4), respectively for SIRT1 and TERT. PPAR (peroxisome proliferators-activated 

7 receptor) is considered to be activator for enhancement of SIRT 1 expression by (Shen et 

8 al. 2016), corresponding to the patterns I and II. SIRT1 expression is repressed by 

9 repressors such as p53 and FOXO3a (Yang et al. 2022), which would contribute to the 

10 regulation of SIRT1 expression by scalp bacteria (Figure 3). Enhancement of TERT 

11 expression associated with SIRT1 expression is a well-known mechanism; SIRT1 induces 

12 the formation of activators such as the bHLH transcription factor (c-MYC), which 

13 upregulates TERT (Choi et al. 2008; Yamashita et al. 2014), corresponding to the pattern 

14 I. On the other hand, TERT is repressed by repressors such as p21 (Colebatch et al. 2019), 

15 which downregulates TERT, similar to that seen in patterns II and III. SIRT1 expression 

16 is repressed by repressors such as p53 and FOXO3a (Yang et al. 2022), which would 

17 contribute to the regulation of SIRT1 expression by scalp bacteria (Figure 3). However, 

18 elucidation of the regulated mechanisms in keratinocytes by scalp bacteria is required for 
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1 developing beneficial applications of scalp bacteria for the health of the scalp and hair. 

2 Hence, further research is planned to uncover these mechanisms based on the 

3 categorization of scalp bacteria into the three patterns. 

4 The predominant species on the human scalp, Cutibacterium acnes (412%) and 

5 Pseudomonas lini (8.819%) (Watanabe et al. 2019, 2020, 2021), simultaneously 

6 enhanced of SIRT1 and TERT expressions (pattern I) in keratinocytes (Figures 3 and 4). 

7 Notably, these bacteria, when inhabiting the keratinocytes, are expected to contribute to 

8 antiaging actions in scalp cells (Ming et al. 2010; Chong et al. 2019) and hair restoration 

9 (Sahin et al. 2011; Kubo et al. 2020). Cutibacterium acnes has also been reported to have 

10 several functions as a resident bacterium on mammalian skin as follows (Tsuda et al. 

11 2011; Shu et al. 2013): maintenance of the acidic layer, antimicrobial activity against 

12 pathogenic bacteria, and antitumor activity. Although Pseudomonas lini has been 

13 reported to exist in the neonatal gut (Dobbler et al. 2019), its function in the skin and 

14 scalp is not yet understood. Future studies must be aimed at investigating the relationship 

15 between hair and scalp disorders and the predominant scalp bacteria. These fundamentals 

16 will be essential for developing a new scalp-related tonic containing valuable scalp 

17 bacteria.

18
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1 Conclusion

2     First, we provided direct insights into the effects of scalp bacteria on the host. 

3 Several predominant scalp bacterial species contribute to the regulation of SIRT1, which 

4 regulates antiaging activity, and TERT, which is related to hair growth in keratinocytes. 

5 Scalp bacteria inhabiting hair follicles have the potential to modulate gene expression in 

6 these cells on a routine basis. This study suggests that the predominant scalp bacteria, 

7 particularly Cutibacterium acnes and Pseudomonas lini, contribute to the homeostatic 

8 growth of hair within the hair follicles.
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1 Figure Captions

2 Figure 1. Relative EGFP fluorescence of SIRT1 promoter activity in HaCaT (SIRT1p- 

3 EGFP) cell cultivated with selected predominant scalp bacteria at 30 μg/ml and 300 μg/ml 

4 per well. a) treated scalp bacteria at 30 μg/ml. b) treated with scalp bacteria at 300 μg/ml. 

5 EGFP fluorescence of HaCaT (SIRT1p- EGFP) cell after 48 h cultivation were monitored 

6 by the imaging cytometer (IN Cell Analyzer 2200). Results are expressed as mean ± 

7 standard error of 3 replicates. Statistical significance was defined at *P < 0.05.

8

9 Figure 2. Relative EGFP fluorescence of SIRT1 promoter activity in HaCaT (SIRT1p- 

10 EGFP) cell cultivated with scalp bacteria at 30 μg/ml per well. EGFP fluorescence of 

11 HaCaT (SIRT1p- EGFP) cell after 48 h cultivation were monitored by the imaging 

12 cytometer (IN Cell Analyzer 2200). Results are expressed as mean ± standard error of 3 

13 replicates. Statistical significance was defined at *P < 0.05.

14

15 Figure 3. Relative expression levels of SIRT1 by qRT-PCR in non-transformed HaCaT 

16 cells cultured with scalp bacteria at 30 μg/ml per well by standardizing expression of β-

17 catenin. Results are expressed as mean ± standard error of 3 replicates. Statistical 

18 significance was defined as *P < 0.05. Relative abundances of each bacterium were 
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1 referred to our previous reports (Watanabe et al. 2020, 2021).

2

3 Figure 4. Relative expression levels of TERT by qRT-PCR in non-transformed HaCaT 

4 cells with predominant scalp bacteria at 30 μg/ml per well by standardizing expression of 

5 β-catenin. Results are expressed as mean ± standard error of 3 replicates. Statistical 

6 significance was defined as *P < 0.05. Relative abundances of each bacterium were 

7 referred to our previous reports (Watanabe et al. 2020, 2021).

8

9 Graphical abstract caption

10 Schematic sketch of SIRT1 and TERT gene expression in hair follicle keratinocytes by 

11 scalp bacteria.
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Table

Table 1. The list of scalp bacteria used in experiments

Phylum Bacterial species Origin

Abundance on 

human scalp 

hair (%) a 

Actinobacteria Cutibacterium acnesT NBRC107605 41.15
Brachybacterium muris ISb <0.08
Brevibacterium casei ISb <0.08
Corynebacterium lipophiloflavum ISb 0.23
Dermacoccus nishinomiyaensis ISb 0.09
Rothia kristinae ISb <0.08
Micrococcus luteus ISb 0.65

　 Kocuria arsenatis ISb <0.08
Firmicutes Staphylococcus epidermidisT NBRC100911

S. argenteusT DSM29875
S. lugdunensis ISb

　 S. warneri ISb

7.24 
(identical 
OTUs)c

Proteobacteria Pseudomonas liniT DSM16768 8.75
P. alcaliphilaT NBRC102411 3.04
P. antarcticaT DSM15318 2.11
P. coleopterorumT LMG28558 1.87

P. lundensisT DSM6252 0.58

P. juntendi ISb <0.08
Moraxella osloensisT NBRC111460 4.45
Delftia acidovoransT ISb 1.31
Endobacter medicaginis ISb 0.21
Brevundimonas vesicularis ISb 0.88
Methylobacterium longum ISb 0.12

　 Roseomonas mucosa ISb <0.08
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a Dominant abundance referred to the Watanabe(Watanabe et al. 2021).

b IS: isolate from human scalp hair

c OTUs: grouped into operational taxonomic units at >97% similarity (Watanabe et 

al. 2021) 
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Table S1. Used scalp bacteria and culture condition

Phylum Species Medium
Cultivation 
temperature

(°C)
Origin

Cutibacterium acnesT GAM 37 NBRC 107605

Brachybacterium murisT TSY 30 ISa

Brevibacterium caseiT NA(m) 30 ISa

Corynebacterium 
lipophiloflavumT TSY 30 ISa

Dermacoccus 
nishinomiyaensisT NA 30 ISa

Rothia kristinaeT LB 30 ISa

Micrococcus luteusT NA 30 ISa

 Actinobacteria

Kocuria arsenatisT NA 30 ISa

Staphylococcus epidermidisT NBRC802 37 NBRC 100911

Staphylococcus argenteusT
COLUMBIA 

BLOOD 
MEDIUM

30 DSM 29875

Staphylococcus lugdunensisT NA 30 ISa

Firmicutes

Staphylococcus warneriT LB 30 ISa

Pseudomonas liniT CASO 28 DSM 16768

Pseudomonas alcaliphilaT
Peptone Yeast 

Extract 
Alkaline 

25 NBRC 102411

Pseudomonas antarcticaT CASO 28 DSM 15318

Pseudomonas coleopterorumT NA 26 LMG 28558

Pseudomonas lundensisT NA 25 DSM 6252

Pseudomonas juntendiT NA 30 ISa

Moraxella osloensisT NBRC802 30 NBRC111460

Delftia acidovoransT NBRC802 30 ISa

Endobacter medicaginisT NA 30 ISa

Brevundimonas vesicularisT LB 30 ISa

Methylobacterium longumT NA 30 ISa

Proteobacteria

Roseomonas mucosaT NA 30 ISa

a IS: isolate from human scalp hair
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