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Abstract: A balanced scalp microbiome is crucial for scalp health, yet the mechanisms 25 

governing this balance and the etiology of dysbiosis in scalp disorders remain elusive. We 

conducted a detailed investigation of the scalp and hair follicles, in healthy individuals and those 

with dandruff/seborrheic dermatitis (D/SD). It was demonstrated that the microbiome inhabiting 

hair follicles serves as a reservoir for the scalp microbiome, thereby integrating the scalp, 

follicle, and the hair into one functional unit. Using in vitro models, we further elucidated 30 

mechanisms governing the assembly and interactions of the follicular microbiome under healthy 

and D/SD conditions. We show that propionic acid, produced by C. acnes, plays a pivotal role in 

maintaining microbiome balance, with implications for scalp health, which was validated 

through a clinical study. 
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Main Text: Dandruff and seborrheic dermatitis (D/SD) are disorders considered as the same 

basic condition differing only in magnitude (1–3). D/SD are characterized by abnormalities of 

the scalp, which includes flaking, inflammation, and barrier dysfunction that are largely driven 

by dysbiosis of the scalp microbiome (1, 4, 5). The microbiome dysbiosis in D/SD is mainly 

defined by increased absolute and relative abundance of the fungus, Malassezia restricta and the 5 

bacterium Staphylococcus spp., relative to the bacterium Cutibacterium acnes (6–11). Of these 

three organisms, Malassezia has been extensively studied due to early identification of its 

association with the D/SD conditions (1, 2, 12, 13), making it the main target of most anti-

dandruff treatments. These anti-fungal treatments are effective in relieving D/SD symptoms by 

keeping Malassezia numbers low, but they require regular application. In fact, stopping anti-10 

fungal usage is associated with a strong relapse in the D/SD phenotype, with an increase in 

Malassezia numbers (14). This suggests that there is a potential reservoir of the scalp 

microbiome that replenishes the dysbiotic D/SD microbiome after treatment and may extend 

below the scalp surface. Interestingly, metagenomic sequencing of hair follicles from a small 

number of samples has indicated that the hair follicles are colonized by microbes (15–17). 15 

However, a detailed description of the hair follicle microbiome in a larger sample size, its 

potential connection with that of the scalp, and its role in the scalp conditions such as D/SD 

remain underexplored. Furthermore, the ecology and interaction dynamics between the key 

microbial species and the factors that affect such interactions under both healthy and D/SD 

conditions are not fully understood.  20 

In this study, using hair follicles and scalp samples from 65 human volunteers (33 Healthy + 32 

D/SD), we conducted a detailed investigation of the hair follicle microbiome composition and 

investigated if this microbiome is connected with that of the scalp, potentially acting as a 

reservoir. We further developed in vitro models to identify key metabolites that dictate the 

microbiome community structure in healthy and D/SD conditions. The significance of these 25 

effectors was revealed through a second clinical study, wherein we unambiguously demonstrate 

the role of a C. acnes postbiotic in reinforcing healthy scalp and follicle conditions. This study 

significantly advances our understanding of microbial ecology in skin and scalp, provides a 

mechanistic basis of onset of dandruff, and for the first time defines clear signatures for a healthy 

scalp and hair ecosystem. 30 

Microbiome signatures of the scalp and hair follicles unravel an interconnected scalp-

follicle unit.   

To understand the mechanisms associated with the community structure of health and dandruff 

scalp microbiome, we conducted a clinical knowledge study in Singapore with two groups of 

subjects that were classified as, Healthy (n=33, total dandruff score = 0) and having Dandruff or 35 

Seborrheic Dermatitis (D/SD, n=32, total dandruff score >1.5 on a scale of 0 to 5). All volunteers 

were given a neutral shampoo to be used for three weeks (washout period), followed by 

biological sample collection at the end of the washout period. Representative samples for both 

scalp (one swab and one Squame/corneum disc) and follicles (2 sets of 10 hair follicles with 

intact outer root sheath) were collected for analyses. 40 

A swab sample and a set of 10 hair follicles from each volunteer of Healthy and D/SD groups 

were subjected to microbiome analysis by shotgun metagenomic sequencing (Fig. 1A., S1A). 

The most abundant genus of the scalp microbiome of the Healthy group was Cutibacterium with 

a median relative abundance (MRA) of 0.84, and within this genus, C. acnes was the most 

abundant species (MRA = 0.77) (Fig. 1A). Malassezia and Staphylococcus genera were found in 45 

very low abundance, with a MRA of 0.07 and 0.03, respectively. M. restricta (MRA = 0.8) and 
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Staphylococcus capitis (MRA = 0.75) constituted the most abundant species within their 

respective genera (Fig. 1A). In contrast, the most abundant genus in the D/SD group was 

Malassezia, with a MRA of 0.36, closely followed by Cutibacterium (MRA = 0.29), and 

Staphylococcus (MRA = 0.16) (Fig. 1A). At the species level, M. restricta, C. acnes, and S. 

capitis were the most abundant species within their respective genera, with MRA of 0.94, 0.91, 5 

and 0.76, respectively (Fig. 1A). These results strongly suggest that the relative abundances of 

the genera Cutibacterium, Malassezia and Staphylococci drive the signatures of healthy (higher 

relative abundance of Cutibacterium spp.,) or dandruff scalp (higher relative abundances of 

Malassezia spp., and Staphylococcus spp.,) of the Singaporean population, which aligns with 

previous dandruff scalp microbiome studies (6–8).  10 

Comparisons with other studies revealed that while C. acnes and M. restricta were the common 

species across all populations, differences were seen in the Staphylococci:  S. epidermidis was 

predominant in the European (6) and American (18)  populations. Together with S. epidermidis, 

S. capitis and S. caprae were found in higher abundance in Indian (8), Chinese (7), and  South 

Korean population (19). In this study, Staphylococcus species were dominated by S. capitis, 15 

followed by S. caprae and S. epidermidis. It is not clear if this species level variation was due to 

different sequencing methods used, or if there is variation across different populations. 

Nevertheless, since the relative proportions of the Staphylococcus genus were similar across 

different populations, it is possible that different Staphylococcus species contribute to the same 

function within the skin microbiome. This functional redundancy, an ecological property where 20 

taxonomic units at the lower taxonomic ranks contribute to the same function, despite their 

taxonomic differences (e.g. species), has been suggested to be responsible for the resilience and 

stability of a community. For example, the gut microbiome of different individuals varies 

significantly at the species level, but the underlying composition of functional genes is similar 

(20). Therefore, it is quite likely that all of the Staphylococcus spp. (S. capitis, S. caprae and S. 25 

epidermidis) perform similar ecological functions on the scalp. 

We next investigated the microbiome of the hair follicles from the same individuals to determine 

if the follicle microbiomes were like that of the scalp or if they represent a completely separate 

community. Microbiome composition for both healthy and D/SD follicles showed similar 

taxonomic composition as that of their scalp counterparts. Follicles from healthy volunteers had 30 

a higher proportion of Cutibacterium (MRA = 0.84), followed by Malassezia (MRA = 0.12) and 

Staphylococcus (MRA < 0.01). D/SD follicles exhibited a higher relative abundance of 

Malassezia (MRA = 0.36) and Staphylococcus (MRA = 0.04) with a lower relative abundance of 

Cutibacterium (MRA = 0.35) (Fig. 1A). At the species level, C. acnes and S. capitis constituted 

most of their respective genera both in Healthy (MRA = 0.99 and 0.88, respectively) and D/SD 35 

(MRA = 1 and 0.94, respectively) groups (Fig. 1A). For Malassezia, M. globosa and M. restricta 

had variable relative abundances, with M. globosa present only in about half of the samples in 

both groups. When present, M. globosa was found in higher abundance in both groups (MRA = 

0.94 in Healthy and MRA = 0.77 in D/SD) (Fig. 1A). The exact role of M. globosa, including 

functional redundancy with M. restricta, in the follicles of this subpopulation requires further 40 

investigation. M. restricta, however, was found in all follicle samples, with very few exceptions 

in the D/SD group. It dominated the genus in the D/SD group with MRA of 0.94, strongly 

suggesting its role in the D/SD condition.  

This data from follicles and swabs from the same volunteers also allowed us to perform 

correlation analysis (Pearson’s correlation coefficient, PCC) between the relative abundances of 45 

the microbiome members of follicles and the scalp to further test if these two niches possess a 
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common core microbiome, and thus an interconnected microbiome unit. Over 75% of the 

individuals showed very high correlations (>0.8) between the scalp and follicle microbiome at 

the genus level, and moderate to high correlations (between 0.6 and 1) at the species level (Fig. 

1B, C). Furthermore, to understand if the relative abundance of the key microbiome member 

species was similar among follicles and the scalp, correlation analysis was conducted for C. 5 

acnes, S. capitis and M. restricta. A positive correlation in the relative abundances of these major 

species was observed between the two regions (Fig. 1D, E, F), suggesting that scalp shares a 

common core microbiome with the follicles, connecting both the niches, despite the scalp being 

under constant exposure to environmental factors. Thus, microbiome data from the follicles and 

the scalp strongly suggest that both niches are interconnected and dysbiosis in D/SD conditions 10 

is not limited to the scalp surface alone but is also associated with the follicles. In fact, hair fibers 

from D/SD individuals compared to healthy control groups show significant differences in 

multiple parameters, ranging from diameter to shine and hardness (21), suggesting that the 

follicles, scalp, and hair could be functioning as one interconnected unit. These findings present 

a new paradigm wherein the scalp, follicles, and hair function as one interconnected unit rather 15 

than being independent niches and further defines new biomarkers for scalp health.  

Microbial biofilms in the hair follicles: a potential reservoir for the scalp microbiome  

Metagenomic sequencing revealed that, despite differential environmental conditions on the 

scalp (aerobic, exposed to the atmospheric environment) and follicles (hypoxic, protected from 

direct exposure to atmospheric environment), there is a core microbiome that connects both these 20 

niches irrespective of a healthy or D/SD scalp condition. This is particularly relevant for C. 

acnes, an aerotolerant anaerobe, whose colonization would be impaired under oxygen rich 

conditions, unless present under a protective environment, such as a biofilm. Interestingly, the 

presence of biofilms on hair follicles has been suggested previously with a small number of 

samples (22, 23), but to date, lacks unambiguous demonstration. To ascertain if microbial 25 

biofilms are present on scalp and follicles, we analyzed tape strips from the scalp surface and 

hair follicles collected from both healthy and D/SD volunteers by scanning electron microscopy 

(SEM). Unlike indirect methods such as metagenomic sequencing or cultivation, SEM imaging 

allows for visualization of microbes and biofilm structures that would provide direct evidence for 

their presence.  30 

Analysis of tape strips revealed a randomly collected biological material, mostly resembling 

parts of the stratum corneum, that varied between tape strips and did not conform with 

metagenome sequencing results (Fig. S2). It is possible that the tape strips only collected a few 

microbes or loose biofilms from the top layer of the scalp and are not representative of the scalp 

surface. Nevertheless, microbial structures on these biological materials could be visualized, with 35 

biofilm like structures present on a few samples (Fig. S2). Based on the dominant taxa identified 

through metagenomic analysis (section 2.1), the observed microbes presumably represent 

Malassezia spp. (budding/globular structure, ~5 µm), Staphylococcus spp. (spherical/cocci 

structure, ~1 µm), and Cutibacterium spp. (rod shaped, ~1.5 µm). Due to this limitation of the 

sampling procedure, we concluded that while microbes and biofilms were found on the scalp 40 

surface samples, a widespread presence of biofilm on the scalp surface requires further 

investigation, perhaps using scalp biopsies. We next visualized the hair follicles, which were 

carefully extracted from scalp to maintain the structure of outer root sheath (ORS). Each hair 

follicle was classified into three regions to represent the infundibulum, isthmus, and bulb; each 

of these regions were imaged at 250X, 1500X, and 5000X magnification to ensure that all details 45 

were captured (Fig. 2). At least three hair follicles from each volunteer were analyzed to be 
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confident with the observations. Irrespective of their healthy or D/SD origin, all hair follicles 

were colonized by microbes that were embedded in a matrix like structure associated with the 

ORS, suggesting the presence of a biofilm (Fig. 2A, B).  

When comparing the follicle biofilms from healthy and D/SD individuals, a relatively higher 

density of cells was always found on the infundibulum and the bulb regions. Sometimes, an 5 

extension of the biofilm structure was seen on the hair shaft, which was heavily colonized with 

microbes (Fig. S3). Based on metagenomic identities (section 2.1) as well as the shape and size 

of the microbial structures, we inferred that most of the healthy follicles were heavily colonized 

with Cutibacterium spp., while both Staphylococcus spp. and Malassezia spp. were present at a 

very low abundance. In contrast, images from the D/SD follicles showed a higher abundance of 10 

Malassezia spp. and Staphylococcus spp. in addition to the Cutibacterium spp. (Fig. 2A). We 

further established a five-point (0 to 4) scoring system to assess the relative proportions of these 

microbial structures found on the follicles (supplementary methods). This semi-quantitative 

analysis of over 1700 SEM images (65 volunteers x 3 replicate samples x 3 follicle regions x 3 

replicate images per region, Supplementary data 1) showed that the ratio of Staphylococcus spp. 15 

(cocci) and Malassezia spp. (fungus) to Cutibacterium spp. (rods) was low in healthy, and high 

in D/SD follicles (Fig. 2C). These results from the image analysis of biofilms were aligned with 

metagenomic sequencing results from the hair follicle samples (section 2.1). Thus, through a 

systematic analysis of SEM images of hair follicles from Healthy and D/SD groups, we conclude 

that hair follicles are colonized by microbes embedded in biofilm structures, and that a healthy 20 

follicle microbiome has a distinct microbial signature, dominated by rod like organisms that are 

likely to be C. acnes. Taken together, it is likely that these follicular biofilms act as a reservoir 

for the scalp microbiome, and that changes in the follicular niche would impact the scalp surface 

microbiome.   

Under healthy conditions, the follicular niche is hypoxic (24, 25), which is required for normal 25 

functioning of cellular pathways such as those regulated by Hypoxia-inducible factor-1α (26), 

which also leads to more effective maintenance of an intact epidermal barrier (27–29). 

Cutibacterium species grow under such hypoxic conditions and have been shown in vitro to 

activate longevity associated genes like the silent mating type information regulation 2 homolog-

1 (SIRT1) and telomerase reverse transcriptase (TERT) genes, which further contribute to repair 30 

processes in the scalp and hair growth (30). One of the hallmarks of a dandruff is the increase in 

the trans epidermal water loss (TEWL), which indicates that the scalp integrity is compromised 

and would lead to a change in oxygen saturation, potentially compromising the hypoxic nature of 

the follicular regions (3, 5, 13, 31, 32). Moreover, acute skin barrier defects are associated with 

stimulation of vascular endothelial growth factor-A that promotes capillary growth thereby 35 

increasing the local oxygen saturation (33). These changes in oxygen saturation levels would 

lead to an unfavorable environment, including increased oxidative stress, which would limit C. 

acnes growth and favor facultative anaerobes such as Malassezia and Staphylococci. An increase 

in the abundance of M. restricta would further lead to an increase in lipid oxidation, exacerbating 

the barrier dysfunction (13, 32), and contributing to a vicious cycle where the D/SD state is 40 

maintained. To test this hypothesis and to understand the mechanisms that drive the healthy 

microbiome composition, we recapitulated the follicle microbiome in vitro and studied the model 

under healthy (hypoxic) and D/SD (aerobic) conditions, wherein the community would 

experience higher oxidative stress due to exposure to atmospheric oxygen. 

Recreating the follicular environment in vitro replicates healthy skin microbiome community. 45 
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To create an in vitro biofilm model representative of the follicles, a growth medium was 

developed to co-culture the key members of the follicle microbiome (C. acnes, M. restricta, and 

S. epidermidis - a common Staphylococcus species across all populations). Species-specific 

fluorescent in situ hybridization (FISH) probes, and culture-based methods were also developed 

to track and enumerate these microbes either in mono- or co-culture conditions. These tools 5 

allowed investigation of the interactions between these three species and facilitated a deeper 

understanding of community dynamics under different growth conditions.  

To emulate the biofilm community associated with healthy follicles, experiments were 

performed under anaerobic conditions with identical cell densities for each species (1 x 105 

cells/ml). Under anaerobic monoculture conditions, C. acnes and S. epidermidis readily formed 10 

biofilms, while M. restricta did not (Fig. 3A). Moreover, no biofilm formation was seen for M. 

restricta when grown in mDixon medium that was optimized for robust growth of Malassezia, 

suggesting that M. restricta does not form a biofilm. Amongst all two species co-culture 

experiments, only a combination of C. acnes and S. epidermidis (C+S) led to a significantly 

higher biofilm biomass as compared to their monocultures (Fig. 3A). Addition of M. restricta to 15 

C. acnes (C+M) or S. epidermidis (S+M) or to C+S cocultures (C+S+M), did not lead to any 

significant increase in biofilm biomass (Fig. 3A). FISH analysis of the mature biofilm (Day 4) 

further revealed that C. acnes grew in higher abundance in the three-species biofilm, with a 

lower abundance of S. epidermidis (Fig. 3B). The majority of M. restricta cells emitted 

autofluorescence in the FITC channel with no labelling from the FISH probes, suggesting that M. 20 

restricta viability could be compromised (Fig. 3B). Visualization using SEM imaging confirmed 

that most of the cells had collapsed cell wall structures (Fig. 3C), indicating that viability of M. 

restricta under healthy conditions is indeed compromised. Therefore, FISH and SEM image 

analysis suggested that under healthy follicle conditions, C. acnes dominates the community with 

a lower abundance of S. epidermidis and M. restricta, as was found in the clinical samples 25 

through metagenomic and SEM analyses (sections 2.1 and 2.2).  

Despite starting biofilm experiments with the same number of each member species (1 x 105 

cells/ml), the relative abundances of each species in mature in vitro biofilms mimicked the 

microbiome signatures of healthy follicles, with C. acnes dominating the community and 

possibly controlling the growth of S. epidermidis and M. restricta. This in vitro follicle microbial 30 

community model was further used to dissect the mechanisms by which C. acnes controls the 

growth of both S. epidermidis and M. restricta and thereby maintains a healthy scalp microbiome 

community.  

C. acnes postbiotic dictates community dynamics in healthy follicle.  

Interactions between members of the microbial community are often driven by secreted 35 

metabolites that can alter population dynamics through cross feeding and/or growth inhibition 

mechanisms (34–37). More specifically, microbiome derived short chain fatty acids (SCFAs) 

play critical role in gut health and metabolism (38–42), including  regulation of pathogenesis in 

the gut (43–46). Interestingly, gut derived SCFAs were also shown to play a role in 

inflammatory skin conditions, including modulation of skin immune system and skin barrier 40 

properties (47–50). External addition of a SCFA, butyrate, to organ cultured hair follicles was 

recently shown to delay the catagen progression accompanied by stimulation of mitochondrial 

activity and antibiotic peptide expression, suggesting that SCFAs can have a direct impact on the 

hair follicle function (17). Similarly, addition of SCFAs to S. epidermidis in vitro was shown to 

inhibit biofilm formation of the skin commensal bacteria (51). However, the role of SCFAs that 45 
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are locally produced in the follicular environment with respect to the resident microbiome 

community is largely unknown.  

To check if a secreted SCFA could drive the antagonistic relationship of C. acnes (C) with both 

S. epidermidis (S) and M. restricta (M), we analyzed the secretome from two conditions:  1) C, S 

and C+S, 2) C, M and C+M. C. acnes produced both acetic acid and propionic acid, while S. 5 

epidermidis produced only acetic acid among the SCFAs tested (acetic acid, propionic acid, 

butyric acid, and Valeric acid). Analysis of supernatants from co-culture combinations revealed 

significant changes in the production of propionic acid. Propionic acid concentration, when 

measured under co-culture conditions (Fig. 3D, C+S and C+M) was lower when compared to the 

monocultures on Day 3, suggesting that either C. acnes produces less propionic acid under these 10 

conditions, or the produced propionic acid may be consumed by the co-occurring species. We 

therefore investigated if propionic acid could be a central effector through which C. acnes exerts 

control on both Staphylococcus and Malassezia species in the follicle microbiome.  

To dissect the potential role of propionic acid in the healthy follicle microbiome, we analyzed the 

impact of increasing amounts of propionic acid on S. epidermidis and M. restricta, under 15 

anaerobic conditions. Supplementation of propionic acid (sodium salt) to S. epidermidis biofilms 

led to increase in biofilm biomass, however, this was also associated with a reduction in viability 

(Fig. 3E). This suggests that C. acnes uses propionic acid as an effector to modulate the biofilm 

formation and viability of S. epidermidis in healthy follicle microbiomes. Interestingly, while the 

physiological concentration of propionic acid on the scalp or in the follicle is unknown, complete 20 

killing was not observed at all concentrations tested (Fig. 3E). This suggests that C. acnes could 

potentially use propionic acid to limit the growth of S. epidermidis but is not likely to be the sole 

effector. Competitive interactions between C. acnes and S. epidermidis have been reported 

previously, and a role of C. acnes secreted thiopeptides, e.g. Cutimycin, has been suggested to 

play an important role in suppressing growth of S. epidermidis (52). It is possible that C. acnes 25 

uses a range of effectors including propionic acid and Cutimycin to exert different levels of 

control on S. epidermidis within the follicle. Nevertheless, these experiments validate a role of 

propionic acid in controlling the growth and biofilm formation of S. epidermidis within the 

follicles. The addition of propionic acid to M. restricta cultures under anaerobic conditions 

revealed a dose dependent killing effect, with complete growth inhibition at 30 mM (Fig. 3F). 30 

This suggests that C. acnes produces propionic acid to completely control the growth of M. 

restricta in the healthy follicles. These data match clinical findings within the follicles, wherein 

C. acnes was found at a high relative abundance (section 2.1) and would generate a high, 

localized concentration of propionic acid, which would control the follicle microbiome 

community through direct action on both S. epidermidis and M. restricta.  35 

D/SD conditions of the follicle skew community balance favoring malassezia growth. 

We next investigated the community dynamics and the role of propionic acid under D/SD 

conditions where the scalp barrier is defective and is associated with higher oxidative stress 

levels. Precise oxygen concentrations or the oxidative stress levels within the follicles in D/SD 

conditions are unknown and are difficult to replicate experimentally. Conventional approaches to 40 

introduce oxidative stress such as addition of hydrogen peroxide while being very effective, 

represent an extreme situation that might not be physiologically relevant. Therefore, experiments 

were performed under atmospheric oxygen saturation conditions (aerobic) that are known to 

introduce ambient levels of oxidative stress under in vitro conditions (53, 54). Under aerobic 

mono-culture conditions, S. epidermidis formed a stable biofilm that matured around 48 h, and 45 

gradually decreased at later timepoints (Fig. 4A). C. acnes, being an aerotolerant anaerobe, did 
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not grow or form biofilms. M. restricta showed aerobic growth with no biofilm formation 

observed at any time point. Amongst the 2- and 3 -species co-culture experiments, biofilm 

formation was similar to that of S. epidermidis monocultures up to 48 h, except for C+M, where 

no biofilm formation was observed.  Interestingly, at later timepoints (day 3 and 4), no reduction 

in the biofilm biomass was seen for all co-culture conditions (Fig.4A), and this effect was 5 

particularly prominent for all combinations containing C. acnes. To understand the community 

composition in the biofilm co-cultures, we performed FISH analysis (Fig. 4B). Biofilm co-

cultures of the three species revealed a mutualistic growth pattern, wherein all three microbes, S. 

epidermidis, M. restricta as well as C. acnes showed active grow (Fig. 4B). M. restricta, and C. 

acnes grew as microcolonies within the S. epidermidis biofilm matrix and were rarely associated 10 

with each other (Fig. 4B). Furthermore, SEM analysis revealed that most of the M. restricta cells 

under aerobic conditions were intact (Fig. 4C). The growth of C. acnes was unexpected as the 

aerotolerant anaerobe does not grow under aerobic conditions, suggesting a mutualistic 

interaction between C. acnes and S. epidermidis.  

We further quantified C. acnes and S. epidermidis CFUs within the C+S co-cultures, which 15 

revealed that C. acnes indeed grows exponentially in the presence of S. epidermidis (Fig. 4D). 

Robust growth of C. acnes microcolonies within S. epidermidis biofilms under aerobic 

conditions could be mediated through the creation of anoxic zones within S. epidermidis 

biofilms. Creation of such zones would only be possible through rapid utilization of oxygen, 

mediated by increased metabolism and respiration of S. epidermidis within the biofilm matrix. 20 

One way to test increased respiration of S. epidermidis within the co-cultures is to selectively 

quantify the expression of S. epidermidis antioxidant genes that would help in neutralization of 

reactive oxygen species (ROS) produced because of increased respiration of oxygen. We indeed 

observed increased expression of Super oxide dismutase (SOD), Catalase (CAT), Glutathione 

peroxidase (GPX), Malate dehydrogenase (MLD) and Thioredoxin (THIO), in S. epidermidis 25 

when co-cultured with C. acnes compared to monocultures of S. epidermidis (Fig. 4E). While a 

role of other naturally produced antioxidants cannot be ruled out (for example the secretion of 

bacterial antioxidant protein, RoxP, released by C. acnes (55)), this data clearly indicates that S. 

epidermidis supports C. acnes growth through rapid consumption of oxygen and creation of an 

anoxic environment, through a process that is facilitated by anti-oxidative mechanisms.  30 

Since propionic acid is a metabolite that directly feeds into the central carbon metabolism 

pathways, we hypothesized that it could be the effector that C. acnes uses to accelerate the 

respiration rate of S. epidermidis, and in turn facilitate its own growth. To test this possibility, we 

quantified antioxidant gene expression from S. epidermidis monocultures supplemented with 

propionic acid and found similar increases in antioxidant gene expression (Fig. 4F). To further 35 

demonstrate the role of propionic acid in increasing S. epidermidis respiration, we quantified 

ATP production in S. epidermidis biofilms supplemented with propionic acid and found a dose 

dependent increase in ATP production with propionic acid supplementation (Fig. 4G). These 

results show that to grow under oxygen rich conditions, C. acnes uses propionic acid to generate 

anoxic zones created as a result of accelerated respiration of S. epidermidis, a process facilitated 40 

by anti-oxidative mechanisms.  

To determine the effect of propionic acid on M. restricta under aerobic conditions, we 

supplemented propionic acid to M. restricta monocultures. A dose dependent growth inhibition 

was observed with complete inhibition at 30 mM (Fig. 4H). However, under coculture 

conditions, M. restricta growth inhibition was not seen (Fig. 4B), suggesting that propionic acid 45 

concentration may be lower under the aerobic conditions. When measured, the propionic acid 
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concentration in the three species biofilm under aerobic conditions was significantly lower than 

that of anaerobic conditions (Fig. 4I), suggesting that the available propionic acid is sufficient to 

be utilized by S. epidermidis to create anoxic zones for facilitating C. acnes growth, but below 

concentrations necessary to inhibit M. restricta.  

Taken together, this data suggests that S. epidermidis plays a key role in mediating the survival 5 

of C. acnes as well as M. restricta under aerobic conditions. These mutualistic interactions 

potentially explain the increase in the relative abundance of both S. epidermidis and M. restricta 

to C. acnes in the D/SD follicles (Fig. 1A, 2).  

Propionic acid induces an iron-starvation response that inhibits the growth of M. restricta. 

We next determined the mechanism of propionic acid induced Malassezia growth inhibition 10 

through metabolomic and transcriptomic analysis of Malassezia cells treated with propionic acid. 

Metabolomic analysis revealed that treatment of M. restricta with propionic acid resulted in a 

lower abundance of glycolytic intermediates (Fig. 5A, Glycolysis), accumulation of TCA cycle 

intermediates (Fig. 5B, TCA cycle) and an increased concentration of free amino acids (Fig. 5C, 

amino acids). The NAD+ relative to NADH, NADP+ relative to NADPH, and ADP relative to 15 

ATP ratios all higher in treated cells (Fig. 5D, energy carriers), suggesting significant reduction 

in respiratory activity that could eventually lead to cell death. Interestingly, similar metabolic 

changes have been reported for yeast cells undergoing iron starvation (56), suggesting that iron 

starvation could be the mechanism of propionic acid mediated growth inhibition of M. restricta. 

To test this, we quantified the intracellular iron concentration and enzymatic activity of an iron-20 

sulfur protein, aconitase, in M. restricta cells treated with propionic acid. As expected, treated 

cells had significantly lower intracellular concentrations of iron (Fig. 5E), which was associated 

with a decrease in aconitase activity (Fig. 5F).  

Transcriptomic analysis revealed that propionic acid treatment led to changes in transcripts 

involved in central carbon metabolism and an increased abundance of transcripts associated with 25 

proteases, autophagy and mitophagy (Fig. 5G). Induction of autophagy and mitophagy in 

response to iron starvation has been shown in several fungal species (57, 58), further confirming 

iron starvation as the probable mechanism of propionic acid induced M. restricta inhibition. 

Interestingly, inhibition of Malassezia spp. by Zinc Pyrithione (ZPT), a common anti-dandruff 

and anti-malassezia agent, also targets the Iron-Sulphur proteins (59). 30 

Propionic acid improves dandruff and reduces Malassezia colonization on scalp. 

To demonstrate the role of propionic acid in boosting a healthy scalp microbiome, we conducted 

a proof-of-concept clinical study on dandruff volunteers to evaluate if propionic acid can have an 

anti-dandruff efficacy in vivo. Since the activity of propionic acid is dependent on antioxidant 

mechanisms under D/SD conditions (section 2.5), an antioxidant, Ascorbyl glucoside (AG), was 35 

supplemented with propionic acid. A hydroalcoholic lotion as a vehicle for the active ingredients 

containing 1% sodium propionate and 3% AG was formulated and a randomized, comparative, 

monocentric, double-blind, interindividual clinical trial, versus vehicle alone was conducted at a 

single investigational site with 57 volunteers having moderate to severe dandruff (total dandruff 

score ≥ 4.5). The test lotion was applied daily by volunteers, at home for four weeks, with a 40 

neutral shampoo 2 to 3 times per week. Efficacy was assessed by clinical scoring and 

microbiome evaluation (Malassezia, Cutibacterium and Staphylococcus species) at day 0, and at 

the end of treatment. The propionic acid formulation had a two fold reduction on the dandruff 

scoring compared to the vehicle (Fig. 6A), alongside a significant reduction in the Malassezia to 

Cutibacterium ratio (Fig. 6B). No change in Staphylococci to Cutibacterium ratios was seen (Fig. 45 
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6C). Thus, the clinical data supported the anti-Malassezia effect of propionic acid and suggests 

that propionic acid can be used as a postbiotic to maintain a healthy scalp microbiome and 

resolve scalp disorders like dandruff. These findings establish that propionic acid is an important 

marker for scalp health, contributes to a more resilient scalp and can also help resolve scalp 

disorders. These findings are well aligned with the extensive literature on gut microbiomes, 5 

where the beneficial role of SCFAs is well characterized (40, 42, 60). 

A new paradigm in scalp microbiome research 

The microbiome has been the focus of understanding host health for more than a decade and 

many studies on skin/scalp disorders have described the association of microbiome changes 

mainly at the taxonomy level. Here, we took an integrated clinical and synthetic ecology 10 

approach to functionally dissect the role of microbiome in dandruff and scalp health. This led to 

the identification of effectors that drive these phenotypes, which were further validated in a 

clinical efficacy study.  

Findings from the clinical knowledge study suggest that the scalp and follicles share a common 

microbiome and function as one interconnected follicular unit. This strongly advocates for 15 

holistic studies that investigate the hair, follicle and the scalp as an interconnected niche. 

Presence of microbial biofilms within the hair follicles as a reservoir, further explain the inherent 

resilience of the scalp microbiome to different environmental exposures. This knowledge of the 

involvement of the hair follicles in scalp biology opens many new avenues to manage scalp 

disorders in a holistic way.   20 

In vitro studies helped in identification of mechanisms that drive the healthy or dandruff 

community within the follicles and scalp. In healthy follicles under low oxygen saturation, C. 

acnes thrives and produces high amounts of propionic acid that exert a direct control over the 

other two species and helps maintain the dominance of C. acnes within the community. In D/SD 

conditions, a defective scalp barrier, and the resulting oxidative stress, compromises the growth 25 

of C. acnes, which in turn switches from antagonistic to a mutualistic interaction with S. 

epidermidis, thereby facilitating its own growth and survival over maintaining dominance in the 

community. This renders M. restricta unchecked, which increases in numbers and produces 

effectors like lipoxygenases that further worsen the epithelial barrier. Thus, we reveal that a 

disruption of the host barrier drives dysbiosis within the follicular unit, which leads to secretion 30 

of microbial effectors contributing directly to host barrier dysfunction, leading to a vicious cycle 

that defines D/SD etiology. Identification of propionic acid as a key scalp health biomarker 

further provides clues to building microbiome-based therapeutics for scalp health. 

We conducted a clinical efficacy study to directly demonstrate the therapeutic role of propionic 

acid in dandruff condition. Application of propionic acid helped reset the community balance 35 

and led to alleviation of dandruff symptoms, alongside reduction in Malassezia (Fig. 6B). This 

highlights the importance of short chain fatty acids in skin/scalp biology, analogous to what is 

observed in the gut (36–38). In fact, recent reports suggest a strong role of the skin microbiome 

in skin aging and longevity (38–40). This study provides new insights into scalp biology and 

paves the way for the next generation of microbiome targeted therapeutics.   40 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 3, 2024. ; https://doi.org/10.1101/2024.05.02.592279doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.02.592279
http://creativecommons.org/licenses/by-nd/4.0/


11 

 

References 

1.  J. R. Schwartz, A. G. Messenger, A. Tosti, G. Todd, M. Hordinsky, R. J. Hay, X. Wang, C. 

Zachariae, K. M. Kerr, J. P. Henry, R. C. Rust, M. K. Robinson, A comprehensive 

pathophysiology of dandruff and seborrheic dermatitis - towards a more precise definition of 

scalp health. Acta Derm. Venereol. 93, 131–137 (2013). 5 

2.  R. J. Hay, Malassezia, dandruff and seborrhoeic dermatitis: an overview. Br. J. Dermatol. 

165 Suppl 2, 2–8 (2011). 

3.  R. Tao, R. Li, R. Wang, Skin microbiome alterations in seborrheic dermatitis and dandruff: 

A systematic review. Exp. Dermatol. 30, 1546–1553 (2021). 

4.  C. R. Harding, A. E. Moore, J. S. Rogers, H. Meldrum, A. E. Scott, F. P. McGlone, 10 

Dandruff: a condition characterized by decreased levels of intercellular lipids in scalp 

stratum corneum and impaired barrier function. Arch. Dermatol. Res. 294, 221–230 (2002). 

5.  G. A. Turner, M. Hoptroff, C. R. Harding, Stratum corneum dysfunction in dandruff. Int. J. 

Cosmet. Sci. 34, 298–306 (2012). 

6.  C. Clavaud, R. Jourdain, A. Bar-Hen, M. Tichit, C. Bouchier, F. Pouradier, C. El Rawadi, J. 15 

Guillot, F. Ménard-Szczebara, L. Breton, J.-P. Latgé, I. Mouyna, Dandruff is associated with 

disequilibrium in the proportion of the major bacterial and fungal populations colonizing the 

scalp. PLoS One 8, e58203 (2013). 

7.  L. Wang, C. Clavaud, A. Bar-Hen, M. Cui, J. Gao, Y. Liu, C. Liu, N. Shibagaki, A. 

Guéniche, R. Jourdain, K. Lan, C. Zhang, R. Altmeyer, L. Breton, Characterization of the 20 

major bacterial-fungal populations colonizing dandruff scalps in Shanghai, China, shows 

microbial disequilibrium. Exp. Dermatol. 24, 398–400 (2015). 

8.  R. Saxena, P. Mittal, C. Clavaud, D. B. Dhakan, P. Hegde, M. M. Veeranagaiah, S. Saha, L. 

Souverain, N. Roy, L. Breton, N. Misra, V. K. Sharma, Comparison of Healthy and Dandruff 

Scalp Microbiome Reveals the Role of Commensals in Scalp Health. Front. Cell. Infect. 25 

Microbiol. 8, 346 (2018). 

9.  S. G. Grimshaw, A. M. Smith, D. S. Arnold, E. Xu, M. Hoptroff, B. Murphy, The diversity 

and abundance of fungi and bacteria on the healthy and dandruff affected human scalp. PLoS 

One 14, e0225796 (2019). 

10.  R. C. Soares, P. H. Camargo-Penna, V. C. S. de Moraes, R. De Vecchi, C. Clavaud, L. 30 

Breton, A. S. K. Braz, L. C. Paulino, Dysbiotic Bacterial and Fungal Communities Not 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 3, 2024. ; https://doi.org/10.1101/2024.05.02.592279doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.02.592279
http://creativecommons.org/licenses/by-nd/4.0/


12 

 

Restricted to Clinically Affected Skin Sites in Dandruff. Front. Cell. Infect. Microbiol. 6, 

157 (2016). 

11.  Q. Lin, A. Panchamukhi, P. Li, W. Shan, H. Zhou, L. Hou, W. Chen, Malassezia and 

Staphylococcus dominate scalp microbiome for seborrheic dermatitis. Bioprocess Biosyst. 

Eng. 44, 965–975 (2021). 5 

12.  P. Magiatis, P. Pappas, G. Gaitanis, N. Mexia, E. Melliou, M. Galanou, C. Vlachos, K. 

Stathopoulou, A. L. Skaltsounis, M. Marselos, A. Velegraki, M. S. Denison, I. D. Bassukas, 

Malassezia yeasts produce a collection of exceptionally potent activators of the Ah (dioxin) 

receptor detected in diseased human skin. J. Invest. Dermatol. 133, 2023–2030 (2013). 

13.  R. Jourdain, A. Moga, P. Magiatis, M. Fontanié, A. Velegraki, C. Papadimou, V. Rahoul, A. 10 

Guéniche, T. Chopra, G. Gaitanis, Malassezia restricta-mediated Lipoperoxidation: A Novel 

Trigger in Dandruff. Acta Derm. Venereol. 103, adv00868 (2023). 

14.  C. Clavaud, C. Michelin, S. Pourhamidi, S. Ziane, C. El Rawadi, B. Muller, L. Souverain, S. 

Panhard, R. Jourdain, P. Massiot, R. Martin, O. Isard, F. Cabirol, D. Drillon, L. Breton, F. 

Pouradier, L. Aguilar, G. Loussouarn, A. Gueniche, Selenium disulfide: a key ingredient to 15 

rebalance the scalp microbiome and sebum quality in the management of dandruff. Eur. J. 

Dermatol. 33, 5–12 (2023). 

15.  T. Nakatsuji, H.-I. Chiang, S. B. Jiang, H. Nagarajan, K. Zengler, R. L. Gallo, The 

microbiome extends to subepidermal compartments of normal skin. Nat. Commun. 4, 1431 

(2013). 20 

16.  A. C. Jahns, O. A. Alexeyev, Three dimensional distribution of Propionibacterium acnes 

biofilms in human skin. Exp. Dermatol. 23, 687–689 (2014). 

17.  M. B. Lousada, J. Edelkamp, T. Lachnit, M. Fehrholz, I. Pastar, F. Jimenez, H. Erdmann, T. 

C. G. Bosch, R. Paus, Spatial distribution and functional impact of human scalp hair follicle 

microbiota. J. Invest. Dermatol., doi: 10.1016/j.jid.2023.11.006 (2023). 25 

18.  E. A. Grice, J. A. Segre, The skin microbiome. Nat. Rev. Microbiol. 9, 244–253 (2011). 

19.  Y. R. Woo, M. Cho, Y. Han, S. H. Lee, S. H. Cho, J. D. Lee, H. S. Kim, Characterization of 

Distinct Microbiota Associated with Scalp Dermatitis in Patients with Atopic Dermatitis. J. 

Clin. Med. Res. 11 (2022). 

20.  L. Tian, X.-W. Wang, A.-K. Wu, Y. Fan, J. Friedman, A. Dahlin, M. K. Waldor, G. M. 30 

Weinstock, S. T. Weiss, Y.-Y. Liu, Deciphering functional redundancy in the human 

microbiome. Nat. Commun. 11, 6217 (2020). 

21.  R. D. Sinclair, J. R. Schwartz, H. L. Rocchetta, T. L. Dawson Jr, B. K. Fisher, K. Meinert, E. 

A. Wilder, Dandruff and seborrheic dermatitis adversely affect hair quality. Eur. J. 

Dermatol. 19, 410–411 (2009). 35 

22.  B. Matard, T. Meylheuc, R. Briandet, I. Casin, P. Assouly, B. Cavelier-balloy, P. Reygagne, 

First evidence of bacterial biofilms in the anaerobe part of scalp hair follicles: a pilot 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 3, 2024. ; https://doi.org/10.1101/2024.05.02.592279doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.02.592279
http://creativecommons.org/licenses/by-nd/4.0/


13 

 

comparative study in folliculitis decalvans. J. Eur. Acad. Dermatol. Venereol. 27, 853–860 

(2013). 

23.  K. Polak-Witka, A. Constantinou, R. Schwarzer, J. Helmuth, A. Wiessner, S. Hadam, V. 

Kanti, F. Rancan, A. Andruck, C. Richter, A. Moter, A. Edelmann, L. Rudnicka, U. Blume-

Peytavi, A. Vogt, Identification of anti-microbial peptides and traces of microbial DNA in 5 

infrainfundibular compartments of human scalp terminal hair follicles. Eur. J. Dermatol. 31, 

22–31 (2021). 

24.  S. M. Evans, A. E. Schrlau, A. A. Chalian, P. Zhang, C. J. Koch, Oxygen levels in normal 

and previously irradiated human skin as assessed by EF5 binding. J. Invest. Dermatol. 126, 

2596–2606 (2006). 10 

25.  C. Grillon, A. Matejuk, M. Nadim, N. Lamerant-Fayel, C. Kieda, News on 

microenvironmental physioxia to revisit skin cell targeting approaches. Exp. Dermatol. 21, 

723–728 (2012). 

26.  H. R. Rezvani, N. Ali, L. J. Nissen, G. Harfouche, H. de Verneuil, A. Taïeb, F. Mazurier, 

HIF-1α in epidermis: oxygen sensing, cutaneous angiogenesis, cancer, and non-cancer 15 

disorders. J. Invest. Dermatol. 131, 1793–1805 (2011). 

27.  W. J. Wong, T. Richardson, J. T. Seykora, G. Cotsarelis, M. C. Simon, Hypoxia-inducible 

factors regulate filaggrin expression and epidermal barrier function. J. Invest. Dermatol. 135, 

454–461 (2015). 

28.  A. Mieremet, A. Vázquez García, W. Boiten, R. van Dijk, G. Gooris, J. A. Bouwstra, A. El 20 

Ghalbzouri, Human skin equivalents cultured under hypoxia display enhanced epidermal 

morphogenesis and lipid barrier formation. Sci. Rep. 9, 7811 (2019). 

29.  D. Cibrian, H. de la Fuente, F. Sánchez-Madrid, Metabolic Pathways That Control Skin 

Homeostasis and Inflammation. Trends Mol. Med. 26, 975–986 (2020). 

30.  A. Yamada, K. Watanabe, Y. Nishi, M. Oshiro, Y. Katakura, K. Sakai, Y. Tashiro, Scalp 25 

bacterial species influence SIRT1 and TERT expression in keratinocytes. Biosci. Biotechnol. 

Biochem. 87, 1364–1372 (2023). 

31.  K. Kerr, T. Darcy, J. Henry, H. Mizoguchi, J. R. Schwartz, S. Morrall, T. Filloon, R. 

Wimalasena, G. Fadayel, K. J. Mills, Epidermal changes associated with symptomatic 

resolution of dandruff: biomarkers of scalp health. Int. J. Dermatol. 50, 102–113 (2011). 30 

32.  R. Jourdain, A. Moga, P. Vingler, C. El Rawadi, F. Pouradier, L. Souverain, P. Bastien, N. 

Amalric, L. Breton, Exploration of scalp surface lipids reveals squalene peroxide as a 

potential actor in dandruff condition. Arch. Dermatol. Res. 308, 153–163 (2016). 

33.  P. M. Elias, J. Arbiser, B. E. Brown, H. Rossiter, M.-Q. Man, F. Cerimele, D. Crumrine, R. 

Gunathilake, E. H. Choi, Y. Uchida, E. Tschachler, K. R. Feingold, Epidermal vascular 35 

endothelial growth factor production is required for permeability barrier homeostasis, dermal 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 3, 2024. ; https://doi.org/10.1101/2024.05.02.592279doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.02.592279
http://creativecommons.org/licenses/by-nd/4.0/


14 

 

angiogenesis, and the development of epidermal hyperplasia: implications for the 

pathogenesis of psoriasis. Am. J. Pathol. 173, 689–699 (2008). 

34.  A. E. Douglas, The microbial exometabolome: ecological resource and architect of microbial 

communities. Philos. Trans. R. Soc. Lond. B Biol. Sci. 375, 20190250 (2020). 

35.  C. P. Ridley, H. Y. Lee, C. Khosla, Evolution of polyketide synthases in bacteria. Proc. Natl. 5 

Acad. Sci. U. S. A. 105, 4595–4600 (2008). 

36.  X. Zong, J. Fu, B. Xu, Y. Wang, M. Jin, Interplay between gut microbiota and antimicrobial 

peptides. Anim Nutr 6, 389–396 (2020). 

37.  J. Chu, X. Vila-Farres, S. F. Brady, Bioactive Synthetic-Bioinformatic Natural Product 

Cyclic Peptides Inspired by Nonribosomal Peptide Synthetase Gene Clusters from the 10 

Human Microbiome. J. Am. Chem. Soc. 141, 15737–15741 (2019). 

38.  G. den Besten, K. van Eunen, A. K. Groen, K. Venema, D.-J. Reijngoud, B. M. Bakker, The 

role of short-chain fatty acids in the interplay between diet, gut microbiota, and host energy 

metabolism. J. Lipid Res. 54, 2325–2340 (2013). 

39.  E. Puertollano, S. Kolida, P. Yaqoob, Biological significance of short-chain fatty acid 15 

metabolism by the intestinal microbiome. Curr. Opin. Clin. Nutr. Metab. Care 17, 139–144 

(2014). 

40.  E. E. Canfora, J. W. Jocken, E. E. Blaak, Short-chain fatty acids in control of body weight 

and insulin sensitivity. Nat. Rev. Endocrinol. 11, 577–591 (2015). 

41.  Y. Yao, X. Cai, W. Fei, Y. Ye, M. Zhao, C. Zheng, The role of short-chain fatty acids in 20 

immunity, inflammation and metabolism. Crit. Rev. Food Sci. Nutr. 62, 1–12 (2022). 

42.  W. Fusco, M. B. Lorenzo, M. Cintoni, S. Porcari, E. Rinninella, F. Kaitsas, E. Lener, M. C. 

Mele, A. Gasbarrini, M. C. Collado, G. Cammarota, G. Ianiro, Short-Chain Fatty-Acid-

Producing Bacteria: Key Components of the Human Gut Microbiota. Nutrients 15 (2023). 

43.  Y. Sun, M. X. D. O’Riordan, Regulation of bacterial pathogenesis by intestinal short-chain 25 

Fatty acids. Adv. Appl. Microbiol. 85, 93–118 (2013). 

44.  A. Lamas, P. Regal, B. Vázquez, A. Cepeda, C. M. Franco, Short Chain Fatty Acids 

Commonly Produced by Gut Microbiota Influence Salmonella enterica Motility, Biofilm 

Formation, and Gene Expression. Antibiotics (Basel) 8 (2019). 

45.  C.-C. Hung, C. D. Garner, J. M. Slauch, Z. W. Dwyer, S. D. Lawhon, J. G. Frye, M. 30 

McClelland, B. M. M. Ahmer, C. Altier, The intestinal fatty acid propionate inhibits 

Salmonella invasion through the post-translational control of HilD. Mol. Microbiol. 87, 

1045–1060 (2013). 

46.  A. Jacobson, L. Lam, M. Rajendram, F. Tamburini, J. Honeycutt, T. Pham, W. Van Treuren, 

K. Pruss, S. R. Stabler, K. Lugo, D. M. Bouley, J. G. Vilches-Moure, M. Smith, J. L. 35 

Sonnenburg, A. S. Bhatt, K. C. Huang, D. Monack, A Gut Commensal-Produced Metabolite 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 3, 2024. ; https://doi.org/10.1101/2024.05.02.592279doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.02.592279
http://creativecommons.org/licenses/by-nd/4.0/


15 

 

Mediates Colonization Resistance to Salmonella Infection. Cell Host Microbe 24, 296-

307.e7 (2018). 

47.  A. Schwarz, A. Bruhs, T. Schwarz, The Short-Chain Fatty Acid Sodium Butyrate Functions 

as a Regulator of the Skin Immune System. J. Invest. Dermatol. 137, 855–864 (2017). 

48.  A. Trompette, J. Pernot, O. Perdijk, R. A. A. Alqahtani, J. S. Domingo, D. Camacho-Muñoz, 5 

N. C. Wong, A. C. Kendall, A. Wiederkehr, L. P. Nicod, A. Nicolaou, C. von Garnier, N. D. 

J. Ubags, B. J. Marsland, Gut-derived short-chain fatty acids modulate skin barrier integrity 

by promoting keratinocyte metabolism and differentiation. Mucosal Immunol. 15, 908–926 

(2022). 

49.  X. Xiao, X. Hu, J. Yao, W. Cao, Z. Zou, L. Wang, H. Qin, D. Zhong, Y. Li, P. Xue, R. Jin, 10 

Y. Li, Y. Shi, J. Li, The role of short-chain fatty acids in inflammatory skin diseases. Front. 

Microbiol. 13, 1083432 (2022). 

50.  H. Yadav, E. J. Park, T. P. Singh, Microbiota in Skin Inflammatory Diseases (Frontiers 

Media SA, 2023). 

51.  K. Nakamura, A. M. O’Neill, M. R. Williams, L. Cau, T. Nakatsuji, A. R. Horswill, R. L. 15 

Gallo, Short chain fatty acids produced by Cutibacterium acnes inhibit biofilm formation by 

Staphylococcus epidermidis. Sci. Rep. 10, 21237 (2020). 

52.  J. Claesen, J. B. Spagnolo, S. F. Ramos, K. L. Kurita, A. L. Byrd, A. A. Aksenov, A. V. 

Melnik, W. R. Wong, S. Wang, R. D. Hernandez, M. S. Donia, P. C. Dorrestein, H. H. 

Kong, J. A. Segre, R. G. Linington, M. A. Fischbach, K. P. Lemon, A Cutibacterium acnes 20 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 3, 2024. ; https://doi.org/10.1101/2024.05.02.592279doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.02.592279
http://creativecommons.org/licenses/by-nd/4.0/


16 

 

antibiotic modulates human skin microbiota composition in hair follicles. Sci. Transl. Med. 

12 (2020). 

53.  E. Trznadel-Grodzka, A. Kaczorowska, H. Rotsztejn, Oxygen metabolism in seborrhoeic 

dermatitis. Central European Journal of Immunology 36, 248–253 (2011). 

54.  L. Jagannathan, S. Cuddapah, M. Costa, Oxidative stress under ambient and physiological 5 

oxygen tension in tissue culture. Current pharmacology reports 2, 64 (2016). 

55.  T. Andersson, G. Ertürk Bergdahl, K. Saleh, H. Magnúsdóttir, K. Stødkilde, C. B. F. 

Andersen, K. Lundqvist, A. Jensen, H. Brüggemann, R. Lood, Common skin bacteria protect 

their host from oxidative stress through secreted antioxidant RoxP. Sci. Rep. 9, 3596 (2019). 

56.  M. Shakoury-Elizeh, O. Protchenko, A. Berger, J. Cox, K. Gable, T. M. Dunn, W. A. Prinz, 10 

M. Bard, C. C. Philpott, Metabolic response to iron deficiency in Saccharomyces cerevisiae. 

J. Biol. Chem. 285, 14823–14833 (2010). 

57.  M. T. Martínez-Pastor, S. Puig, Adaptation to iron deficiency in human pathogenic fungi. 

Biochim. Biophys. Acta Mol. Cell Res. 1867, 118797 (2020). 

58.  M. Azzopardi, G. Farrugia, R. Balzan, Cell-cycle involvement in autophagy and apoptosis in 15 

yeast. Mech. Ageing Dev. 161, 211–224 (2017). 

59.  N. L. Reeder, J. Xu, R. S. Youngquist, J. R. Schwartz, R. C. Rust, C. W. Saunders, The 

antifungal mechanism of action of zinc pyrithione. Br. J. Dermatol. 165 Suppl 2, 9–12 

(2011). 

60.  P. Portincasa, L. Bonfrate, M. Vacca, M. De Angelis, I. Farella, E. Lanza, M. Khalil, D. Q.-20 

H. Wang, M. Sperandio, A. Di Ciaula, Gut Microbiota and Short Chain Fatty Acids: 

Implications in Glucose Homeostasis. Int. J. Mol. Sci. 23 (2022). 

 

  

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 3, 2024. ; https://doi.org/10.1101/2024.05.02.592279doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.02.592279
http://creativecommons.org/licenses/by-nd/4.0/


17 

 

Acknowledgments: The authors would like to acknowledge the support by the National 

Research Foundation and Ministry of Education Singapore under its Research Centre of 

Excellence Program to the Singapore Centre for Environmental Life Sciences Engineering, and 

Ministry of Education AcRF-Tier 1 grant. The authors would also like to thank Audrey 

Guéiniche, Cécile Clavaud, Quah Yiling Samantha, Chew Yean Ming, Li Yongling Adelicia and 5 

Kai Wei Kelvin Lee for their inputs during the initial stages of the project. The authors also 

thank Prof. Alain Filloux for his valuable comments that helped shape the final version of the 

manuscript.  

Funding:  

Singapore Centre for Environmental Life Sciences Engineering EDUN C33-62-036-V4 10 

(VRR, SC, HFBJM, KPR, KS, CYY, EK, RW, LX, SAR)  

Ministry of Education AcRF-Tier 1 grant 2017-T1-002-155 (VRR, SAR) 

L’oral Researh and Innovation 

Author contributions:  

Conceptualization: VRR, TC, SAR 15 

Methodology: VRR, TC, RW, VK, NB, AJ, STTG, SAR, 

Investigation: VRR, KW, SC, AS, HFBJM, KPR, KS, CYY, EK 

Visualization: VRR, TC, KPR, RW, LX 

Funding acquisition: SAR 

Project administration: VRR, SAR, TC 20 

Supervision: VRR, SAR, TC 

Writing – original draft: VRR, TC 

Writing – review & editing: VRR, TC, SAR 

Competing interests:  

TC, WK, AS, VK, NB, ODC, SR, RDD, KA, RJ, SC, and LA are/were employees of 25 

L’Oreal. VRR, TC, and SAR are inventors of a Patent Cooperation Treaty application 

(WO2022136302A1). 

Data and materials availability:  

Sequence data are available at the National Centre for Biotechnology information. Image 

data are available at the NTU-DR data repository. 30 

Supplementary Materials 

Materials and Methods 

Figs. S1 to S4 

Table S1 

 35 

Fig. 1. The scalp and follicular microbiome of healthy vs dandruff and seborrheic 

dermatitis (DSD) volunteers. Relative abundance of the key genera, Cutibacterium (C), 
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Staphylococcus (S), and Malassezia (M), and their member species of the scalp and follicle 

microbiomes collected from healthy and DSD volunteers (A). Correlation analysis (Pearson’s 

correlation coefficient, PCC) of the relative abundance of the microbiome members between the 

scalp and follicle of each volunteer in both Healthy and DSD groups at genus (B) and Species 

(C) level. The blue line indicates the PCC cut-off for over 75% of the individuals compared. 5 

Correlation of relative abundance between scalp and follicle of C. acnes (D), M. restricta (E), 

and S. capitis (F). 

Fig. 2. Scanning electron microscopy analysis of hair follicles. Images of representative hair 

follicles of healthy, dandruff (DFF) and seborrheic dermatitis (SD) volunteers (A). Microbial 

colonization was visualized at 5000 X magnification at the infundibulum, isthmus and the bulb 10 

regions of the hair follicle. Images from all the samples are presented in the supplementary 

material. Microbes were putatively identified based on their shape and size (B). The ratio of 

Cocci (Staphylococcus spp.) and Fungus (Malassezia spp.) shaped microbes compared to Rods 

(Cutibacterium spp.) in the three regions of hair follicle derived from semi-quantitative 

estimation of different microbial population. 15 

Fig. 3. Biofilm formation and interaction of the skin microbes under anaerobic conditions. 

Quantification of biofilms formed by individual microbes, S. epidermidis (S), C. acnes (C) and 

M. restricta (M) as well as their combinations in co-culture using the crystal violet biofilm assay 

(A). Confocal laser scanning microscopy of C. (Red), S (Green) and M (Blue) in single- and 

multi-species biofilm visualized using Fluorescent in-situ hybridization (B). SEM imaging of the 20 

co-culture biofilm containing (C). Arrows indicate C (Red), S (Green), intact M (Blue) and cell 

wall collapsed M (Yellow). Estimation of propionate produced by the skin bacteria biofilms 

when grown as monoculture and co-culture, and with M. restricta (D). Biofilm formation and 

viability of S. epidermidis with propionate (E). Viability of M. restricta after 24 h of Propionate 

treatment (F). 25 

Fig. 4. Biofilm formation and interaction of the skin microbes under aerobic conditions. 

Quantification of biofilms formed by individual microbes, S. epidermidis (S), C. acnes (C) and 

M. restricta (M) as well as their combinations in co-culture using crystal violet assay (A). 

Confocal laser scanning microscopy of C (Red), S (Green) and M (Blue) in single- and multi-

species biofilm visualized using Fluorescent in-situ hybridization (B). SEM imaging of the co-30 

culture biofilm containing (C). Arrows indicate intact M (Blue) and cell wall collapsed M 

(Yellow). Growth of C and S as single- and multi-species under aerobic conditions (D). Change 

in gene expression of antioxidants, super oxide dismutase; SOD, catalase; CAT, glutathione 

peroxide; GPX, malate dehydrogenase; MLD, and thioredoxin; THIO, of S during biofilm 

formation together with C under aerobic conditions (E). Change in antioxidant gene expression 35 

of S when treated with 5 mM sodium propionate under aerobic conditions (F). Estimation of 

ATP from S forming biofilms when treated with increasing concentration of propionate (G). 

Growth of M. restricta with Propionate (H). 

Fig. 5. Mechanism of propionate mediated growth inhibition of M. restricta. Relative 

quantification of central carbon metabolic intermediates of glycolysis (A), TCA (B), amino acids 40 

(C) and energy carriers (D) of M. restricta treated with 30 mM sodium propionate for 6 h 

compared with 0 h. Blue line represents concentration of metabolites before propionate treatment 

(0 h). Intracellular metal iron concentration of M. restricta (E). Activity of an iron-sulfur 
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enzyme, aconitase (F). Genes coding for proteases, autophagy and mitophagy enriched at 30 

min, 3 h and 6 h after treatment of 30 mM propionate (G).  

Fig. 6. Role of Propionate in the microbial ecology of the healthy and DSD scalp. Change in 

total dandruff score (A), and M. restricta numbers in relation to C. acnes (B) after 28 days of 

application of formulation with and without propionate. Schematic representing the mechanisms 5 

by which the members of healthy and DSD follicle-scalp microbiome interact and impact the 

host health (C). * P< 0.05. 
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Materials and methods 

1. Clinical sample collection 

A mono-center matched control study with two parallel groups, one with and one without 

dandruff or seborrheic dermatitis was conducted. The study was approved by institutional 

review board at the Nanyang Technological University (IRB-2019-11-021). All volunteers 

were provided with written informed consent prior to enrolment in the study. Sixty-five 

volunteers were enrolled in the study and were classified as healthy with dandruff adherent 

score of 0, and D/SD with dandruff adherent score of 1.5 and above on a scale of 0 to 5. All 

volunteers were given a neutral shampoo and were asked to use it for 3 times a week for up to 

21 days and then invited for sampling. Three types of samples were collected. 1) Scalp swab 

samples were collected using sterile cotton swabs soaked in sterile collection buffer (0.15 M 

NaCl, 0.1% Tween 20). The wet swab was rubbed on the scalp surface covering an area of 16 

cm2. The sampling procedure was repeated 8 times in the same area and the swabs were 

collected in a sterile Eppendorf tube, transported in dry ice, and stored at -20oC until processing.  

2) Corneum discs, made of polyester film covered with transparent adhesive, was placed on 

the scalp surface after trimming the hair in that area using sterile scissors and removed to collect 

the adherent scalp material. 4 corneum discs were applied and collected from the same area 

and the discs were folded and collected in individual Eppendorf tubes and stored at -20oC until 

further processing. For SEM analysis these samples were fixed using the scanning electron 

microscope (SEM) fixation buffer (2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, 

pH 7.4, Electron Microscopy Sciences, USA) 3) Two sets of 10 hair follicles were plucked out 

one by one from the scalp using sterile forceps by a trained dermatologist. One set of follicles 

were immersed in SEM fixation buffer and stored at 4oC until sample processing. The second 

set was collected in sterile tubes and stored at -20oC until DNA extraction.  

2. Metagenomic DNA extraction, sequencing, and analysis  

Total DNA was extracted from swabs and follicles for sequencing. For swab samples, after 

thawing on ice, the biomass was extracted from the swabs by adding 700 µl of 0.9% NaCl to 

the tubes containing the swabs, and vortexed for 30 seconds. The swab was then carefully 

removed from the liquid, pressed against the wall of the tube to dry out the excess liquid and 

placed in a fresh sterile Eppendorf tube. Another round of extraction was carried out as above 

to the same swab in the fresh tube, and the dried swab was placed in a third tube. The two tubes 

containing the extracts were centrifuged at 10,000 xg for 10 minutes. The supernatants were 

discarded and the pellets from both tubes were resuspended one by one in to 750 µl of bead 

solution (PowerLyzer PowerSoil DNA isolation kid, cat. no. 12855). The cotton portion of the 

swab was also cut and transferred to the same tube containing the biomass suspension n the 

bead solution. Same procedure was followed for tow swabs that were not used for sampling as 

controls.  For the follicles, the follicle part of the plucked hair samples (10 samples) were cut 

from each volunteer and added to the bead tube provided by the DNA isolation kit and 750 µl 

of the bead solution was added. DNA extraction was performed as recommended by the kit 

manufacturer. The extracted DNA was dissolved in sterile nuclease-free water.  

For metagenomic sequencing, library preparation was performed according to Swift 

Biosciences' Accel-NGS 2S Plus DNA Library Prep kit (cat. no. 21024) protocol. The samples 

were sheared on a Covaris E220 to ~450bp, following the manufacturer’s recommendation, 

and uniquely tagged with Swift Biosciences' Accel-NGS 2S Dual Indexing barcodes (cat. no. 
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29096) to enable sample pooling for sequencing. Finished libraries were quantitated using 

Promega's QuantiFluor dsDNA assay (cat. no. E4871) and the average library size was 

determined on an Agilent Tapestation 4200. Library concentrations were then normalized to 

4nM and validated by qPCR on a QuantStudio-3 real-time PCR system (Applied Biosystems), 

using the Kapa library quantification kit for Illumina platforms (Cat. no. 07960573001). The 

libraries were then pooled at equimolar concentrations and sequenced on the Illumina 

HiSeq2500 platform at a read-length of 250bp paired-end. Unassembled sequencing reads were 

directly analysed by CosmosID-HUB multi-kingdom microbiome analysis Platform 

(CosmosID Inc., Germantown, MD, USA) for taxonomic profiling of the microbes. Further 

analyses were done using phyloseq package in R 

(https://joey711.github.io/phyloseq/index.html). The DNA sequence data is uploaded to NCBI 

(Accession No. pending). 

3. Microbes and growth conditions  

C. acnes ATCC 6919, and S. epidermidis ATCC 12228 were routinely grown on brain heart 

infusion (BHI) broth or with 1.5% agar (Accumedia 7116B). M. restricta ATCC MYA-4611 

was routinely cultured in modified Dixon both or with 1.5% agar (36 g/L of malt extract, 20 

g/L Dessicated oxbile, 6 g/L bacto peptone supplemented with 1% v/v tween 40, 0.2% oleic 

acid, and 0.2% glycerol). For biofilm and co-culture experiments, a modified BHI media 

(mBHI) was formulated with 37 g/L of BHI base supplemented with 0.4% v/v tween 40, 0.2% 

v/v oleic acid, and 0.2% glycerol. Biofilms were formed on either 24 well glass bottom plates 

of glass bottom 8 well chambers (Cellvis). For SEM imaging, biofilms were grown on 13 mm 

diameter glass coverslips in 24 Well glass plastic plates (Cellcis). Biofilms were seeded with 

exponentially growing cultures at an initial inoculum density of 105 cell/ml. For co-culture 

experiments a 1:1 ratio of all the organisms were ensured as the initial seeding density. All 

growth experiments were conducted at 33oC. For anaerobic experiments, including growing C. 

ances, the experimental set up was incubated in sealed GENbag anaer with Anaer indicator 

(Biomerieux).  

4. Scanning Electron microscopy and analysis  

Clinical samples and biofilm samples fixed using the SEM fixation buffer were subsequently 

subjected to a series of washing steps (3 repetitions for 5 mins each) with 0.1M Cacodylate 

buffer pH 7.4(Electron Microscopy Sciences, USA) and distilled water (Gibco). Samples were 

dehydrated by incubating them with mild rocking for 10 minutes each with increasing 

concentrations of absolute ethanol (Merck) in water from 25% to 100% ethanol (v/v). Ethanol 

was sequentially replaced by increasing concentrations of hexamethyldisilazane (HMDS, 

Electron microscopy solutions) in ethanol and finally the samples in HMDS was dried 

overnight. Samples were coated 4nM platinum (Hitachi FlexSEM 1000 II) prior to SEM 

imaging. 

5. Quantification of microbes 

Quantification of the bacteria were carried out by resuspending the microbes in biofilm in 

sterile PBS (Difco). 10 x serial dilutions were carried out using sterile PBS up to 8 dilutions. 

The serially diluted suspensions were drop plated on BHI agar plates and grown at 33oC until 

colonies were counted. For M. restricta, cells were stained using SYTO 9 (Thermo Fisher 

Scientific) and the fluorescent intensity was measured using Tecan microplate reader at 485 
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nm excitation and 530 nm emission wavelength. A caliberation curve for cell counts (direct 

counting under microscope) against the SYTO 9 measurements was generated and used to 

calculate the cell numbers.  

6. ATP estimation 

For ATP estimations, cells or biofilms were resuspended in 1x PBS (Difco) measurements 

carried out using BacTiterGlo™Microbial cell viability Assay (Promega) in accordance with 

manufacturer’s protocol. 

7. Aconitase assay 

Aconitase activity was measured using the Aconitase assay kit (ab83459, Abcam). Briefly, cell 

pellets were resuspended in Aconitase preservation solution with 1/10 volume of detergent 

supplied and incubated on ice for 30 minutes. The suspension was then centrifuged at 20,000 

xg for 10 minutes and supernatant was collected.  For the measurement of aconitase activity, 

50 μl of the sample was added to microplate wells followed by the addition of 200 μl of Assay 

buffer to each well. Enzyme activity was measured at OD240 20-second intervals for 30 min at 

room temperature. Aconitase enzyme activity was expressed as mU per log10 cells. 

8. Intracellular-iron estimation 

Cell pellets were stored in -80°C freezer overnight and the lyophilized using a freeze dryer 

(Labconco FreeZone -84°C). Freeze-dried samples were digested with 400 uL 70% nitric acid 

and 200 uL 30% hydrogen peroxide for 3 days at room temperature. After 3 days, 600 uL of 

digested sample was aliquoted and diluted with 3.4mL of LC-MS grade water. The diluted 

samples were filtered with 0.2um syringe filter. An aliquot of 2mL of filtered sample was mixed 

with 4mL of LC-MS grade water to achieve a final concentration of 1.98% of nitric acid. 

Intracellular iron concentrations were measued using ICP-MS analysis conducted in Central 

Environmental Science and Engineering Laboratory (CEE, NTU, Singapore), and are expressed 

in pg/log10 cells. 

9. Fluorescent in situ hybridisation 

Biofilms were gently washed with 1X PBS (Gibco) and then fixed with 4% (w/v) 

paraformaldehyde at room temperature for an hour. Following fixation, 0.25% (w/v) low 

temperature gelling agarose was added to the wells and allowed to solidify at 4°C. Biofilms 

were gently washed again with 1X PBS. Dehydration was performed with consecutive 

additions of 50%, 80% and 96% (v/v) ethanol, incubating for 5 minutes each. Wells were dried 

at 46°C for 30 minutes and stored at 4°C until further processing.  

For cell lysis, lysis buffer [1,000,000 U/mL lysozyme, 0.05M EDTA, 0.1M Tris/HCl (pH 8.0), 

dH2O] in combination with 0.4 U/µL (v/v) RNase inhibitor (Applied Biosystems) was added 

to the dehydrated biofilms and incubated in a moist chamber at 37°C for an hour. Biofilms were 

then washed 3 times with distilled water followed by consecutive additions of 50%, 80% and 

96% (v/v) ethanol for 3 minutes each. Chambers were placed at 46°C for drying of biofilms.  

Fluorescent probes specific for S. epidermidis, C.acnes and M. restricta (M&M_Tabel 1) were 

employed for hybridization to the target sequences in the organism. Hybridization buffer [0.9M 

NaCl, 0.02M Tris/HCl, 30% Formamide, 0.1% SDS, ddH2O] was loaded to the wells together 

with the probes and incubated at 46°C for 24 hours. Following incubation, hybridization buffer 
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was aspirated from the wells, and biofilms were rinsed once with wash buffer [0.215M NaCl, 

0.02M Tris/HCl, 0.005M EDTA, ddH2O] that was prewarmed to 48°C. Biofilms were 

incubated with the wash buffer and washed 3 times at 15-minute intervals. A final rinse with 

distilled water is performed and the biofilms were subsequently dried at 46°C. Chambers were 

stored in the dark at 4°C until microscope analysis. 

10. Confocal microscopy and analysis  

FISH biofilm samples were imaged using confocal laser scanning microscope (Carl Zeiss LSM 

780, Germany) with 20X and 63X (oil immersion) objective lenses. Z-stack images of the 

biofilms were obtained using Zen Microscopy Software. 488 nm, 518 nm, and 633 nm lasers 

were used for excitation of Alexa Fluor 488, Cy3 and Cy5, respectively. Image processing was 

performed on Imaris 9.0.2. 

11. Gas chromatography 

For the estimation of short chain fatty acids (acetic acid, propionic acid, butyric acid, and valeric 

acid), cell free supernatants were collected from bacterial and fungal cultures and were 

centrifuged at 10,000 xg for 5 minutes, followed by filtration using 0.2 u pore size filters. Cell 

free supernatants were acidified with formic acid (0.1% final concentration) and analysed by 

GC-FID using a DB-FFAP column (Agilent).  

12. RNA extraction 

Samples were concentrated using centrifugation (10,000 xg for 10 minutes) and added with 

300ul of TRIzol™(Invitrogen) with rocking for 5 minutes, resuspended in trizol and stored at 

-80c. For RNA extraction, thawed samples were lysed by bead beating (Lysing Matrix E, 2 mL, 

MP Biomedicals) with three repeated cycles at 6,.5 m/s for 45 seconds. Subsequently, 200ul of 

Chloroform (Merck) was added per 1ml of trizol followed by centrifugation at 12,000 xg for 

10mins. RNA was extracted using chloroform: isoamyl alcohol (24:1) (Merck), followed by 

precipitation by isopropanol (Merck). The final RNA pellet was washed with 70% ethanol 

followed by air drying for 2 hrs followed by dissolving in nuclease free water (Invitrogen). 

RNA cleanups were performed using TURBO DNase (Invitrogen) and RNA Clean & 

Concentrator™-5 (Zymo Research), the concentration of purified RNA was determined using 

Qubit™ RNA HS Assay Kit (Invitrogen) according to manufacturer’s protocols. 

13. Quantitative gene expression analysis 

cDNA was synthesised using SuperScript™ III First-Strand Synthesis System (Invitrogen). 

Briefly, a cDNA synthesis mix was prepared as follows. One hundred ng of RNA was used a 

template for the reaction mixture that consisted of 4ul 10x RT buffer, 8ul 25mM Mgcl2 ,4ul 

0.1M DDT,2ul RNase OUT (40U/ul), and 2ul SuperScript™ III RT (200U/ul). A 1:1 mixture 

of 20ul of cDNA synthesis mix and 20 ul RNA-primer mix that contained 2 ul of 50 ng/ul 

random hexamers and 10 mM dnTPs mix and nuclease free water, was prepared in 0.2ml strip 

tubes for synthesis. This mixture was incubated at 65℃ for 5 minutes and then on ice for 1 

minute. The tubes were then subjected to incubation at 25℃ for 10 minutes, 50℃ for 50 

minutes, and 85℃ for 5 minutes in a thermocycler (Mastercycler® Pro, Eppendorf). After 

cooling on ice, the reaction mixture was collected by brief centrifugation. Finally, 2ul of RNase 

H was added to the samples and, were incubated at 37℃ for 20 minutes. 
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Gene specific qPCR primers were designed (M&M_Table 2) and commercially synthesized by 

IDT and validated. qRT-PCR were performed in a 20ul reaction volume containing 10ul KAPA 

SYBR® FAST 2x mix (Merck), 0.4 μL ROX high (KAPA SYBR® FAST, Merck), 0.4 μL 

forward primer, 0.4 μL reverse primer and 6.8 μL autoclaved filtered water in StepOnePlus 

Real-Time PCR Systems (Applied Biosystems). Gene expression was calculated as expression 

fold change using double-delta Ct method. 

14. Transcriptomic sequencing 

RNA library preparation was performed using Illumina’s TruSeq® Stranded Total RNA Library 

Prep, following the manufacturer’s protocol with 50 ng of the total RNA as input. RNA was 

subjected to fragmentation (5 min at 94 °C) and reverse transcription to obtain double-stranded 

DNA with fragment size in the range between 120 and 250 bp. The fragmented dsDNA was 

subjected to end repair, adapter ligation, and PCR amplification to generate sequencing-ready 

library. Quality of the library was checked using Agilent D1000ScreenTape. Sequencing was 

performed using the Illumina® HiSeq 4000 (Paired-End) Cluster kit on the cBot 2 System, 

generating paired end 150 bp reads. Quality of pair-ended reads was assessed using FastQC 

v0.11.7 (Andrews, S. (2010). FastQC A Quality Control Tool for High Throughput Sequence 

Data. Available at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). rRNA reads 

were discarded using SortMeRNA v4.2.0(Kopylova, E., Noe, L., and Touzet, H., 2012) and the 

remaining rRNA reads were trimmed using Trimmomatic v0.38 (Bolger, A. M., Lohse, M., & 

Usadel, B. (2014). Trimmomatic: A flexible trimmer for Illumina Sequence Data. 

Bioinformatics, btu170.) and mapped against the reference genomes (GenBank) using HISAT2 

v2.2.1 (Kim, D., Paggi, J.M., Park, C. et al. Graph-based genome alignment and genotyping 

with HISAT2 and HISAT-genotype. Nat Biotechnol 37, 907–915 (2019)). Aligned data were 

sorted with SAMTools v1.13(Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, 

N., et al. (2009). The sequence alignment/map format and SAMtools. Bioinformatics 25, 2078–

2079. doi: 10.1093/bioinformatics/btp352) and then used as input for the feature counts 

function (Yang Liao, Gordon K Smyth and Wei Shi. featureCounts: an efficient general-

purpose program for assigning sequence reads to genomic features. Bioinformatics, 30(7):923-

30, 2014) from the Rsubread v2.4.3 package (Liao Y, Smyth GK, Shi W (2019). “The R 

package Rsubread is easier, faster, cheaper and better for alignment and quantification of RNA 

sequencing reads.” Nucleic Acids Research, 47, e47. doi: 10.1093/nar/gkz114.) to generate a 

matrix of annotated genes with their corresponding raw counts. An average of 93.25% reads 

were successfully mapped to the reference genome. The count data were then analyzed to look 

for differential gene expression levels and statistical significance using DESeq2 v1.30.1 (Love 

MI, Huber W, Anders S (2014). “Moderated estimation of fold change and dispersion for RNA-

seq data with DESeq2.” Genome Biology, 15, 550. doi: 10.1186/s13059-014-0550-8). Genes 

with absolute value of Log2 fold change (Log2FC) ≥1.5 and adjusted p-value <=0.05 were 

considered as differential expressed genes (DEGs) in comparative analysis. RNA sequencing 

data is uploaded to NCBI (Accession no. pending). 

15. Metabolomics 

Untargeted metabolomics analysis of the samples was carried out using capillary-

electrophoresis time of flight mass spectroscopy (CE-TOFMS, Human Metabolome 

Technologies inc.). Samples were prepared according to the procedure and reagents provided 

by the service provider. Briefly, cells or biofilms were concentrated using centrifugation 
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(10,000 xg for 10 minutes), followed by washing the pellet using sterile Milli-Q water and 

resuspended in 1.6 ml of ethanol and ultrasonicated for 30 seconds. An ‘internal standard 

solution’ provided by the service provider was added to the lysate in methanol and the 

metabolites were isolated from cell debris by centrifugation coupled with filtration as specified 

by the service provider and sent for metabolomics analysis in dry ice.   

16. Anti-dandruff formulation and clinical study 

 A mono-center, randomized, matched control, double blinded, clinical study with 57 

volunteers exhibiting moderate to severe dandruff (total dandruff score > 4.5 in 0 to 5 scale) 

was conducted. Volunteers were randomly classified into treatment and control groups. 

Treatment group was provided with a hydroalcoholic lotion as the vehicle containing 1% 

sodium propionate and 3% ascorbyl glucoside. The control group was provided with the 

vehicle formulation. The volunteers were asked to use the formulation every day on their scalp 

with the usage of a neutral shampoo 2 to 3 times a week for up to 28 days. Scalp swab samples 

were collected (as described above) from the volunteers on Day 0 and Day 28 of the study 

period. These samples were subjected to DNA extraction followed by quantification of 

Malassezia, Cutibacterium, and Staphylococcus using quantitative real time PCR using genus 

specific probes and primers (M&M_Table 3). PCR reactions were performed in 10 ul reaction 

volume with SsoADV Univer Probes Supermix 2500 Rx (Bio-Rad). 0.4 ul of the DNA sample 

was used in the reaction together wth 400 nM of each primer. PCR was performed with initial 

denaturation for 2 minutes followed by 40 cycels of 95oC for 10 seconds and 55oC (60oC for 

M. restricta) for 5 seconds.  Copy numbers were calculated using the Biorad CFX Manger 

program by single threshold method using standard curves established using 7 known amounts 

of the purified DNA projects (1 to 106 copies/reaction). 

17. Statistical analysis 

Statistical analyses were conducted in R and in MS Excel software. Correlation analyses were 

performed using Pearson correlation test and evaluated using the associated p-values. Students 

t-test was used to evaluate the significance of difference between two sets of data. p-value less 

than 0.05 was considered as statistically significant.  
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M&M_Table 1. Species specific probe sequences used for FISH. 

Probe Probe sequence (5’ → 3’) 5’ fluorophore 

tag 

Target 

organism 

S. epidermidis CCATGCGGTTCAATATATTA Alexa Fluor 

488 

 

S. 

epidermidis S. epidermidis 

Helper 1 

CCGTCTTTCACTATTGAA - 

S. epidermidis 

Helper 2 

TCCGGTATTAGCTCCGGT - 

C. acnes CCGACCCCAAAAGAGGCACA Cy3  

C.acnes C. acnes 

Helper 1 

CCCATCTCTGAGCACTCC - 

C. acnes 

Helper 2 

CCATGCACCACCTGTGAA - 

M. restricta TAGGTAGCGCAGGCAGAGGCACCC Cy5 M. restricta 

 

M&M_Table 2. Primers used for gene expression analysis. 

Target genes Forward Primer Reverse Primer 

SE 16S CACGTCTTGACGGTACCTAATC 
CGCTTTACGCCCAATAATT

CC 

MLQ ACACAAAGAGAAGATGGCAAATG ACCGCCAGCACCAATAAA 

CAT ACGTGGAGCAGCAGATTTAG 
AAACTGGCGTATTGTTAC

CTACT 

GLU ACTATGGTGTGACTTTCCCTATTC 
CATACCTTTAGCAGCGTTT

GTT 

THIO TTAGGAGGACGTGGAGTAAGT 
CCTTCTTCTACCGCTGAAT

CTC 

P16S AAGCGTGAGTGACGGTAATG 
GAGCCCTTTACGCCCAAT

AA 

 

M&M_Table 3. Primers and probes used for quantification of the microbes in clinical 

samples 

Organism C. acnes S. epidermidis M. restricta 

Probe 

FAM-

CGTAAAGGGCTCGT

AGGT-BHQ1 

FAM- 

CTGTAACTGACGCT

GATGTG-BHQ1 

FAM- 

TTCATCTTTCCCTCA

CGGTAC-BHQ1 

Forward 

primer 

CGAGCGTTGTCCGG

ATTT 
GGAGGAACACCRG

TGGCGAA 

CTAAATATCGGGGA

GAGACCGA 

Reverse 

primer 

CACTTCCGACGCGA

TCAA 
GCGTGAACTACCAG

GGTATCTAA 

GTACTTTTAACTCTC

TTTCCAAAGTGCTT 

 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 3, 2024. ; https://doi.org/10.1101/2024.05.02.592279doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.02.592279
http://creativecommons.org/licenses/by-nd/4.0/


 .CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 3, 2024. ; https://doi.org/10.1101/2024.05.02.592279doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.02.592279
http://creativecommons.org/licenses/by-nd/4.0/

