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Bacterial communities on various parts of the human body are distinct. We were the first to report the existence of a stable 
bacterial community on human scalp hair and demonstrated that an analysis of its structure by terminal restriction fragment 
length polymorphism (T-RFLP) is helpful for individual discrimination. However, the ecology of the bacterial community on 
human scalp hair has not yet been elucidated in detail. We herein investigated the mode, quantity, and phylogeny of bacterial 
communities on the human hair shaft and root and showed the results obtained from one representative individual. Direct SEM 
observations of hair, without a pretreatment, confirmed the ubiquitous presence of bacteria-like coccoids and rods on the shaft 
and root of hair from the human scalp, with 105–106 cells cm–2 of hair and 107 cells cm–2 of hair, respectively. These values 
corresponded to the 16S rRNA gene copy numbers obtained by qPCR. These numbers were not significantly affected by 
detergent washing. These results represented those obtained from many individuals with different hair lengths, ages, and gender. 
The major OTUs on the human scalp hair shaft and root were the same and included two species of Pseudomonas (phylum 
Proteobacteria), Cutibacterium and Lawsonella (phylum Actinobacteria), and Staphylococcus (phylum Firmicutes). These 
results suggest that major bacteria on the human hair shaft are indigenous and derived from the hair root.
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The human microbiome has been actively studied with the 
aims of characterizing its structure and elucidating its role in 
host health (28, 30). Previous studies that characterized the 
human microbiomes of skin (8, 13, 14), the gut (19), oral 
cavity (27), and vagina (24) by a 16S amplicon analysis 
revealed that bacterial community structures were specific for 
each body site and individual (11). Furthermore, relationships 
have been reported between the microbiomes of the gut (23) 
and oral cavity (36) and human disease.

Culture-dependent approaches have been widely used to 
isolate targeted bacteria and analyze bacterial community 
structures (16, 25). However, culture-dependent approaches 
are considered to detect less than 1% of all bacteria in the 
general natural environment, and, thus, may only have the 
ability to identify a portion of the bacterial community (1). 
Similarly, the number of bacterial species that may be cultured 
on human skin currently remains unknown, although culture-
dependent approaches have been reported (12). Therefore, 
culture-independent approaches have become more commonly 
used to analyze bacterial communities. A high-throughput 
16S rRNA gene analysis using next-generation sequencing 
(NGS), also referred to as 16S amplicon sequencing, has been 
recognized as a powerful and high-resolution method that 
shows not only the diversity of the bacterial community 
structure from mega-sequence data, but also phylogenetic 
information for major and minor bacteria (15).

There are several skin sites with human hair, including the 
scalp, pubis, armpits, and legs. The bacterial community 
structures of scalp hair have been reported in previous studies 

(29, 33). Tridico et al. analyzed bacterial community struc-
tures on pubic and scalp hair shafts using a 16S amplicon 
analysis and showed that two families in Firmicutes, 
Corynebacteriaceae and Tissierellacea, were predominant 
on scalp hair (29). However, they focused on differences in 
the community structures on pubic hair between sexes. In 
contrast, we previously reported a specific individual bacterial 
community structure on the roots and shafts of scalp hairs by 
terminal restriction fragment length polymorphism (T-RFLP); 
however, this method does not provide precise phylogenic 
information on the community structure (21). Quantitative 
PCR (qPCR) of bacteria on the shafts and roots of scalp hairs 
suggest the presence of an indigenous bacterial community.

To elucidate the number, mode, and phylogenetic bacterial 
community structures on human scalp hair, we directly observed 
bacterial cells on scalp hairs using a scanning electron micro-
scope (SEM), quantified their numbers by qPCR, and analyzed 
bacterial community structures by the 16S amplicon sequencing 
of scalp hair samples from both the shafts and roots. We herein 
present the results obtained from a representative individual.

Materials and Methods

Sample information
Scalp hair samples were collected from six healthy Japanese and 

Chinese adults of both sexes (4 males and 2 females), ranging in age 
between 21 and 62 years old, who consented to take part in this 
study (Table 1). None of the volunteers were taking medication 
during the experimental period. Hair samples from a 28-year-old 
Japanese male (volunteer #001) were used as representative data. 
Samples of plucked or cut hairs were collected while wearing nitrile 
gloves. Hair shaft samples from three volunteers (#001, #004, and 
#006, nine hairs in total) were also tested for the effects of detergent 
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on bacterial DNA recovery. Hair samples were immersed for 30 s 
without shaking in 100 mL of Triton X-100 (Sigma-Aldrich, St. Louis, 
MO, USA) solution (0.01, 0.1, and 0.5%, respectively). After immersion 
in the detergent, hairs were thoroughly rinsed with distilled water.

To investigate the distribution of bacteria over the length of the 
hair, samples were separated into four sections: the hair root and 
three portions (each 30 mm in length) of the hair shaft, i.e., the base, 
middle, and tip; Fig. 1). Since the hair lengths of three volunteers 
(#002, #003, and #005) were too short to divide into three portions, 
only the root and whole hair shaft were sampled. Samples from each 
section were obtained on at least three occasions to analyze cell 
numbers and bacterial community structures. This research was 
performed with permission from the Research Ethics Committee of 
the Graduate School of Bioscience and Biotechnology at Kyushu 
University.

SEM observations of bacteria on scalp hair without a pretreatment 
under a low vacuum

We examined three scalp hairs from two volunteers (six in total). 
After separation into four portions, as described above, scalp hairs 
were attached to double-coated carbon conductive tape (Fig. 1). 
Scalp hairs were scanned using a SU3500 scanning electron microscope 
(Hitachi, Tokyo, Japan) at an acceleration voltage of 10.0–15.0 kV 
under a low vacuum (50 Pa) without any surface treatment, such as 
metal coating or dehydration. After SEM observations of scalp hair, 
the density of bacterial cell-like objects was assessed in three different 
micrographs of each portion of each sample.

Extraction of bacterial DNA from scalp hairs
Approximately 5-mm-long pieces from the distal end were cut 

with sterilized scissors and used as the hair root sample. The remaining 
hair shafts were divided into three portions and cut into 5-mm-long 
pieces with sterilized scissors. Whole hair shaft samples were pre-
pared by cutting 5-mm-long sections from whole hair shafts without 
separation. Bacterial DNA was extracted using the Nucleo Spin® 
Tissue kit (MACHEREY-NAGEL, Duren, Germany) according to 
the manufacturer’s instructions, with a slight modification. Chopped 
scalp hair samples were immersed in 100 μL of lysozyme solution 
(20 mg mL–1 lysozyme derived from egg white [Wako Pure 
Chemical, Osaka, Japan] in 20 mM Tris-HCl and 0.2 mM EDTA, 
pH 8.0) at 37°C for 30 min, as previously reported (20), and the 
DNA extracts (100 μL) obtained were stored at –20°C until used.

Quantification of bacterial cells on scalp hairs by qPCR
The number of bacterial cells on the hairs of six volunteers was 

quantified by real-time PCR (CFX Connect System, BIO-RAD, 
Hercules, CA, USA) using universal primers for a portion of the 
bacterial 16S rRNA gene. Each 10-μL reaction mixture consisted of 
2 μL of KOD SYBR qPCR Mix (TOYOBO, Osaka, Japan), 0.1 μL 
of each primer (357F [5ʹ-CCT ACG GGA GGC AGC AG-3ʹ] [10] 
and 518R [5ʹ-ATT ACC GCG GCT GCT GG-3ʹ] [31]), and 2 μL of 
bacterial DNA. The amplification program included an initial dena-
turation step at 95°C for 5 min followed by 40 cycles of denaturation 
at 95°C for 5 s, annealing at 64°C for 20 s, and elongation at 72°C 
for 20 s. The DNA extract from Escherichia coli DH5α was used as 
a standard to generate a calibration curve. After amplification, the 
copy numbers of the 16S rRNA genes per hair sample were calculated 
cm–1 of hair and converted to cm–2 of hair. The following equation 
was used for this calculation:

Copies cm–2 of hair=qPCR copies cm–1 of hair×hair diameter (cm)×π

The diameter of scalp hair was measured using a stereoscope.

Analysis of the bacterial community structure on scalp hair by NGS
To analyze the bacterial community structure of hairs from six 

volunteers using the MiSeq platform (Illumina, San Diego, CA, 
USA), a three-step PCR method was employed using extracted 
DNA samples. In first-step PCR amplification, a universal primer set 
for the V4 region (515f, 5ʹ-GTG CCA GCM GCC GCG GTA A-3ʹ 
and 806r, 5ʹ-GGA CTA CHV GGG TWT CTA AT-3ʹ) (4) was used. 
The 25-μL reaction mixture consisted of 12.5 μL of the Kapa HiFi 
HotStart Ready Mix (Kapa Biosystems, Wilmington, MA, USA), 
0.5 μL of each primer (10 pM), and 11.5 μL of extracted bacterial 
DNA. The amplification program included an initial denaturation 
step at 95°C for 3 min followed by 40 cycles of denaturation at 98°C 
for 30 s, annealing at 56°C for 30 s, and elongation at 72°C for 30 s. 
After electrophoresis through a 1.5% (w/v) agarose gel, the targeted 
bands were excised from the gel with sterilized cutters, and DNA 
was extracted using the FastGeneTM Gel/PCR Extraction Kit 
(NIPPON Genetics, Tokyo, Japan), according to the manufacturer’s 
instructions. DNA concentrations were measured using a NanoDrop 
2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, 
USA). In the preparation of 16S amplicon sequencing with MiSeq, 
templates are given tail, adapter, and index sequences in two-step 
PCR. Therefore, long-tailed primers are required for preparation, 
which makes amplification difficult. Direct amplification in two-step 
PCR was not successfully performed in the present study, and we 
attributed this to the amount of bacterial DNA obtained from 
3-cm-long hair being very small. Therefore, we performed 1st PCR 
using the universal primer set without artificial sequences. We suc-
cessfully obtained sufficient template fragments with a minimum 
number of reaction cycles.

In 2nd PCR, a universal primer set for the V4 region of the bacterial 
16S rRNA gene and tailed sequences for MiSeq sequencing were 
used (1-515F, 5ʹ-TCG TCG GCA GCG TCA GAT GTG TAT AAG 
AGA CAG GTG CCA GCM GCC GCG GTA A-3ʹ and 1-806R, 
5ʹ-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA 
GGG ACT ACH VGG GTW TCT AAT-3ʹ) (2). The 25-μL reaction 
mixture consisted of 1.0 μL of each primer (5 μM), which was heat-

Fig. 1. Sampling of a hair portion.

Table 1. Details of human scalp hair samples in six volunteers.

Volunteer Gender Age Hair length (mm) Hair diameter (μm) Hair dye* Hair wax
#001 Male 28  92 (±16) 84 – –
#002 Male 39 37 (±6) 111.4 + –
#003 Male 62 42 (±4)  61.8 – –
#004 Female 35 370 (±82)  70.8 – –
#005 Male 25 66 (±2)  87.1 – –
#006 Female 21 348 (±98)  68.4 + –

* Volunteers #002 and #006 had dyed their hair more than 2 weeks before sampling.
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shocked at 95°C for 5 min, 12.5 μL of the Kapa HiFi HotStart Ready 
Mix, 12.5 ng of the DNA of the first-step PCR amplicon, and sterilized 
ultrapure water. The amplification program included an initial 
denaturation step at 95°C for 3 min followed by 20 cycles of dena-
turation at 98°C for 30 s, annealing at 55°C for 30 s, and elongation 
at 72°C for 30 s. PCR products were purified using the FastGeneTM 
Gel/PCR Extraction Kit according to the manufacturer’s instructions.

In third-step PCR, a primer set with flow cell adapter sequences, 
index sequences, and tailed sequences was used (Forward primer, 
5ʹ-AAT GAT ACG GCG ACC ACC GAG ATC TAC AC-Index 
sequence-TCG TCG GCA GCG TC-3ʹ and Reverse primer, 5ʹ-CAA 
GCA GAA GAC GGC ATA CGA GAT-Index sequence-GTC TCG 
TGG GCT CGG-3ʹ). The third-step PCR mixture (25 μL) comprised 
12.5 μL of the Kapa HiFi HotStart Ready Mix, 0.5 μL of each primer 
(10 pM), and 11.5 μL of the second-step PCR amplicon. The ampli-
fication program included an initial denaturation step at 95°C for 
3 min, followed by 8 cycles of denaturation at 98°C for 30 s, annealing 
at 55°C for 30 s, and elongation at 72°C for 30 s. After electropho-
resis on a 1.5% (w/v) agarose gel, the target bands were excised with 
sterilized cutters, and DNA was extracted using the FastGeneTM Gel/
PCR Extraction Kit as described above. The DNA concentrations of 
third-step PCR amplicons were quantified using the Qubit dsDNA 
HS Assay Kit (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Purified PCR products from each sample were 
mixed, denatured, and sequenced with an Illumina MiSeq System 
(Illumina) using MiSeq Reagent Kit v3 (300×2 cycles with pair-ends; 
Illumina), according to the manufacturer’s instructions. We obtained 
good coverage values (>0.95) for all hair samples using the DNA 
extraction kit and PCR conditions described above, indicating that 
the results obtained contained meaningful information (Table S1). 
Good coverage values were calculated using QIIME 1.9.1 (3).

Bioinformatic analysis of MiSeq sequence data
A bioinformatic analysis of sequence data was performed using 

Usearch V8.1.1861 (9) and QIIME 1.9.1. The index and universal 
sequences of each read were checked, and reads with complete index 
sequences were selected as valid sequences. Usearch V8.1.1861 
software was used to merge pair-end reads and remove chimeric 
sequences. After the chimera check, reads were grouped into opera-
tional taxonomic units (OTUs) at >97% similarity. Alpha diversity 
(observed OTUs and Shannon index) was evaluated at a 1% OTU 

distance using the QIIME software package. In the taxonomy-based 
analysis, representative sequences for each OTU were analyzed with 
EzBioCloud (6).

Accession number
Illumina raw read sequences and the top 50 most abundant OTU 

sequences were deposited in the DDBJ/ENA/GenBank database 
under BioProject ID PRJDB8176 and accession numbers 
LC458617–LC458666, respectively.

Results

Direct observation and quantification of bacterial cells on 
scalp hair using SEM

Fig. 2 shows images of the surface of human scalp hair 
obtained by SEM without any sample pretreatment. These 
images showed the presence of bacteria-like rods and coccoids 
all over the cuticle, not only at the base, but also at the tip. 
The average numbers of bacteria-like cells on each site of the 
hair shaft were 1.0 (±0.3)×106 cells cm–2 of hair at the base 
(Fig. 2b), 2.2 (±0.7)×106 cells cm–2 of hair in the middle (Fig. 
2c), and 1.6 (±0.7)×105 cells cm–2 of hair at the tip (Fig. 2d). 
These results indicated that bacteria were stably attached on 
all sites of the scalp hair shaft. The average number of 
bacteria-like cells on the root was 1.3 (±0.1)×107 cells cm–2 of 
hair (Fig. 2a), which was significantly higher than the number 
present on the shaft (ANOVA, P<0.05).

Quantification of bacterial cell numbers on scalp hair by qPCR
To confirm the results of the direct SEM observations 

described above, quantitative PCR targeting the bacterial 16S 
rRNA gene was performed using DNA extracted from scalp 
hair samples. The values (copies cm–2 of hair) estimated by 
qPCR were compared to those (cells cm–2 of hair) obtained by 
SEM (Fig. 3). The qPCR analysis yielded similar values at 
each position in the three tested scalp hair samples. A strong 

Fig. 2. Observation of bacteria on hair by SEM. (a) The hair root, (b) base of the hair shaft, (c) middle of the hair shaft, (d) tip of the hair shaft.
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correlation was observed between SEM and qPCR results 
(correlation coefficient: 0.91, P<0.0001). The values from the 
hair shaft were uniform, with an average of 5.0 (±1.9)×105, 
4.2 (±1.3)×105, and 5.1 (±1.5)×105 copies cm–2 of hair at the 
base, middle, and tip, respectively (Fig. 3). The average value 
at the root was 3.5 (±1.0)×107 copies cm–2 of hair. A signifi-
cantly higher number of cells was found at the hair root than 
on the shaft (ANOVA, P<0.05). The results obtained by the 
qPCR method corresponded well with the values obtained by 
the SEM method, which indicated the uniform presence of 
bacteria on the hair shaft.

We then measured the 16S rRNA copy number cm–2 of 
hair on scalp hairs from the five volunteers (Fig. S1). No 
significant differences were noted between the three portions 
of hair shaft from #004 and #006 (ANOVA, P<0.05). The 
values of copies cm–2 of hair from cells on the hair root were 
significantly higher than from those on the hair shaft in all 
volunteers (ANOVA, P<0.05). The copy number cm–2 of hair 
from cells on the hair root was similar among individuals, 
while that from cells on the hair shaft varied (105–106 copies 
cm–2 of hair).

Partial 16S amplicon sequencing
In the partial 16S amplicon sequencing of 60 samples, 

1,889,776 total reads were generated, yielding 1,393,788 
reads after the chimera check. The average read per sample 
was 31,496 reads (pre-filtered) and 23,230 (post-filtered), 
with a range of 1,427–101,093 reads per sample (Table S1). 
Samples were rarefied through a core diversity analysis to 
1,000 reads per sample.

Bacterial community structures on the scalp hair shaft at the 
phylum level

Fig. 4 shows selected representative data from a 28-year-
old male, which illustrate the overall bacterial community 
structure in scalp hair samples from each position at the phylum 
level. Three major phyla on scalp hair that were common at 
all positions of the root and shaft were Proteobacteria, 
Actinobacteria, and Firmicutes, with average abundance of 

69.7, 24.6, and 3.5%, respectively. The Kruskal-Wallis test 
revealed no significant differences in the abundance of these 
three major phyla at the different positions along the scalp 
hair. These results indicate that the bacterial community on 
scalp hair from the root to the tip had a stable structure at the 
phylum level in volunteer #001. Furthermore, similar structures, 
which included these three phyla, were observed for five 
other volunteers (Fig. S2).

Alpha diversity of bacterial community structures on scalp 
hairs

Table 2 and S2 show the two indexes of alpha diversity, 
observed OTUs, and the Shannon index. The observed OTUs 
and Shannon index of volunteer #001 were significantly 
lower on the root than on the shaft. Among the three portions 
of the hair shaft, there was no significant difference in 
observed OTUs, although the base of the hair shaft showed a 
higher Shannon index (Table 2). A statistical analysis of the 
two indexes of alpha diversity in six volunteers showed that 
some volunteers (#001, #002, and #006) had higher observed 
OTUs on the hair shaft and a higher Shannon index (#001, 
#002, and #003) (Table 2 and S2).

Analysis of effects of washing with detergent
The effects of washing scalp hair shafts with detergent 

were analyzed (Table 3 and S3), and the results obtained 
showed that the number of bacterial cells present before and 
after washing did not significantly differ. This result indicated 
that bacteria are tightly attached to the hair shaft. After washing, 
the bacterial community was still composed of the three 
aforementioned major phyla. The Kruskal-Wallis test revealed 
no significant differences in the abundance of the three major 
phyla among the washed hair samples. We also analyzed the 
observed OTUs and Shannon index of washed hair samples. 
Significant differences were only detected between water-
rinsed and 0.5% TritonTM X-100-washed samples. These results 
suggested that some of the bacterial OTUs were weakly 
attached and susceptible to the detergent treatment.

Fig. 3. Quantification of the bacterial cell number on 5 portions of scalp hairs by qPCR of the 16S rRNA gene copy and by SEM observations.



Watanabe et al.256

Bacterial community structures on scalp hairs at the species level
Based on the results obtained from one person, we assigned 

the top 50 most abundant OTU sequences to the most closely 
related bacterial species. Of these, 22 were present both at the 
roots and shafts, and the other 28 were found only on the shafts.

We selected 50 OTUs and classified them into two groups 
based on abundance: major, ≥1% relative abundance at any 
position (11 OTUs, Fig. 5a); and minor, ≤1% relative abundance 
at any position (39 OTUs, Fig. 5b). Eleven OTUs in the  
major group were dominant, with >90% relative abundance 
at each position of scalp hair. Of these, four OTUs (Phylum, 

relative abundance, pairwise similarity) were predominant 
species, with >7% relative abundance at all positions: OTU1, 
related to Pseudomonas alcalophila (Proteobacteria, 18.7–
28.5%, 99.7%); OTU4, related to P. caricapapayae 
(Proteobacteria, 27.0–37.0%, 99.0%); OTU2, related to 
Cutibacterium acnes (Actinobacteria, 6.8–14.2%, 99.7%); and 
OTU3, related to Lawsonella clevelandensis (Actinobacteria, 
8.3–14.2%, 99.7%). In contrast, OTU10, related to 
Staphylococcus argenteus (Firmicutes, 0.5–5.3%, 99.7%), 
showed higher abundance at the roots. Another six OTUs, 
which were related to the genera Pseudomonas, Enhydrobacter, 
and Delftia (Proteobacteria, 0–3.3%, 98.3–99.7%) were rare 
at the root; OTU8, related to Delftia acidovorans (Proteobacteria, 
0.03–2.4%, 99.7%); OTU14, related to P. beteli (Proteobacteria, 
0–2.7%, 99.7%); and OTU21, related to Enhydrobacter 
aerosaccus (Proteobacteria, 0.1–1.1%, 99.3%).

Of the 39 OTUs in the minor group, only 11 (OTU 47, 81, 
100, 143, 172, 179, 181, 213, 293, 525, and 536) were present 
at both the roots and shafts, whereas the other 28 OTUs were 
not found at the hair root. This result suggested that more than 
half of the minor OTUs originated from outside the scalp 
hair, whereas the major bacteria on the hair shaft were indig-
enous and derived from the hair root.

Fig. 4. The relative abundance of major phyla in the bacterial community structure on each portion of scalp hair.

Table 2.  Alpha diversity of hair samples based on observed OTUs 
and the Shannon index. These values were obtained from the 
clustering of 1,000 reads per sample.

Hair portion Observed OTUs Shannon
Base  49.8 (±11.7)b 3.5 (±0.3)d

Middle 47.2 (±4.7)b    2.9 (±0.04)ab

Tip 45.9 (±6.7)b 3.0 (±0.3)b

Whole hair shaft 52.8 (±6.2)c 3.2 (±0.2)c

Hair root 30.8 (±3.5)a 2.7 (±0.2)a

P<0.05

Table 3. Bacterial copy number, phylum level abundance, and alpha diversity after the treatment of human scalp hair.

Treatment Copy number 
cm–2 of hair

Phylum level abundance (%) Alpha diversity
Proteobacteria Actinobacteria Firmicutes Others Observed OTUs Shannon

No treatment 7.2 (±1.6)×105 70.3 (±3.7) 26.6 (±2.8) 2.2 (±0.6) 0.9 (±0.5)  57.7 (±8.3)ab 3.1 (±0.3)b

Rinse with water 7.1 (±0.6)×105 64.7 (±3.4) 31.3 (±3.0) 3.0 (±1.4) 1.0 (±0.2) 57.9 (±5.7)b 3.1 (±0.1)b

Rinse with Triton X-100 (0.01%) 7.6 (±1.2)×105 67.2 (±8.7) 29.3 (±7.0) 2.5 (±1.5) 0.9 (±0.4)    56.8 (±11.2)ab    3.1 (±0.5)ab

Rinse with Triton X-100 (0.1%) 8.3 (±1.4)×105 76.3 (±3.8) 21.8 (±3.5) 1.5 (±0.2) 0.4 (±0.2)   53.7 (±5.8)ab 2.9 (±0.2)a

Rinse with Triton X-100 (0.5%) 9.4 (±1.4)×105 78.5 (±3.8) 19.7 (±3.5) 1.5 (±0.4) 0.3 (±0.1) 51.9 (±4.7)a 2.8 (±0.2)a

P<0.05
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Discussion
Investigations on the human microbiome on skin showed 

diversity in bacterial community structures, not only between 
individuals, but also among body sites (8, 13, 14). Relationships 
have also been reported between bacterial community structures 
and human health (26). In contrast, limited information is 
currently available on the bacterial community structure on 
human scalp hair. In the present study, we aimed to elucidate 
the structure of the bacterial community on human scalp hair, 
both on the shaft and at the root, using SEM, qPCR, and NGS.

Direct observations by SEM revealed the ubiquitous presence 
of bacteria-like rods and coccoids on human scalp hairs not 
only at the roots, but also on the shafts (Fig. 2). To the best of 
our knowledge, this is the first study of bacteria-like cells on 
the shafts and roots of scalp hair, with an unexpectedly high 
density. Mase et al. observed scalp hair shafts by SEM after 
immersion in a bacterial suspension (17). Yun et al. reported 
bacterial contamination on sampled hair shafts maintained 
under a room air atmosphere for 1 week (35). Matard et al. 
found bacterial biofilms on natural scalp hair follicles in both 
patient and control groups (18).

The densities of the bacteria present on several sites of the 
human body have been reported, including 102 cells cm–2 on 
dried skin and 107 cells cm–2 on wet skin (12), 106 cells mL–1 
in saliva (27), and 1010 cells g–1 of the intestinal content (19). 
We previously showed the amount of bacterial DNA obtained 
from scalp hairs (both roots and shafts) (21), but not cell 
densities. In the present study, we quantified bacterial cell 
densities on scalp hairs both by counting on SEM and qPCR, 
revealing high densities of ca. 107 cells cm–2 at the roots and 
106 cells cm–2 on the shafts (Fig. 3). It is important to note that 
bacterial cell density on the scalp hair shaft is of the same order 
as those on wet skin and in saliva (11, 27). Another important 

point is that bacterial densities on the shaft of scalp hair were 
similar from the bottom to the top in the three volunteers 
tested. Furthermore, the number of bacteria on the whole hair 
shaft from three volunteers tested did not significantly change 
even after washing with detergent (Fig. S1 and Table S3). 
The electrostatic attraction and hydrophobic properties of 
hair appear to contribute to robust bacterial adhesion (17, 35). 
Scalp hair cuticles are suspected to be favorable sites for the 
adhesion of bacteria. Based on their ubiquitous distribution 
and high density on the hair shaft, bacteria may adhere via 
unknown biological interactions with the scalp hair shaft.

We identified three predominant phyla on scalp hair shafts: 
Proteobacteria (avg. 53.0%), Actinobacteria (avg. 34.6%), 
and Firmicutes (avg. 9.6%) (Fig. 4). Similar phylum struc-
tures and abundance, which were consistent with the present 
results, were previously reported on hair roots (8, 29). 
Actinobacteria (71–78%) and Firmicutes (22–26%) are two 
major phyla on scalp skin (7, 32, 34). On the other hand, 
Perez et al. (22) showed that Actinobacteria (avg. 27%), 
Firmicutes (avg. 62%), and Proteobacteria (avg. 5%) are 
three major phyla found on scalp skin. The differences 
observed in dominance at the phylum level in these studies 
may have been due to differences in the DNA extraction 
methods used, such as enzyme treatments. Although a few 
studies have already reported structures at the family level (8, 
29), we initially clarified structures at the genus and species 
levels. Four major OTUs commonly found on both the shafts 
and roots belonged to the genera Pseudomonas, Cutibacterium, 
Lawsonella, and Staphylococcus (Fig. 5a). This result supports 
our previous findings showing that major OTUs on the scalp 
hair shaft were indigenous and originated from the hair root. 
Several bacteria on skin belonging to these genera are considered 
to proliferate using sebum and sweat as nutrients, and their 
role in the degradation of lipids in human skin has been sug-

Fig. 5a.

Fig. 5.  Phylogenetic tree of top 50 most abundant OTUs. The top 50 most abundant OTUs were classified into major and minor groups. Major 
group, OTUs show an abundance higher than 1% at any hair portion (Fig. 5a). Minor group, OTUs show an abundance less than 1% at all 
hair portions (Fig. 5b).
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Fig. 5b.
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gested (5). These major bacteria may interact with scalp hair. 
In contrast, minor bacterial OTUs were more varied, with 
more than two-thirds being found on the hair shaft only in 
volunteer #001.

In conclusion, we showed the ubiquitous distribution of 
bacterial cells on the shaft and root of human scalp hair, both 
by low pressure SEM and qPCR. The major bacteria detected 
on hair samples collected from several volunteers were com-
mon not only at the hair root, but also on the shaft. They were 
classified into two species of the genus Pseudomonas (phylum 
Proteobacteria), Cutibacterium and Lawsonella (phylum 
Actinobacteria), and Staphylococcus (phylum Firmicutes). 
As described above, we hypothesized that bacterial community 
structures on the scalp hair shaft originate not only from the 
surrounding environment, but also from the human scalp hair 
root. Further studies to investigate general and specific bacterial 
community structures on scalp hairs from more individuals 
are currently ongoing.
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