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Abstract 

Background The equilibrium of the scalp microbiome is important for maintaining healthy scalp conditions, includ‑
ing sebum secretion, dandruff, and hair growth. Many different strategies to improve scalp health have been reported; 
however, the effect of postbiotics, such as heat‑killed probiotics, on scalp health remains unclear. We examined the 
beneficial effects of heat‑killed probiotics consisting of Lacticaseibacillus paracasei, GMNL‑653, on scalp health.

Results Heat‑killed GMNL‑653 could co‑aggregate with scalp commensal fungi, Malassezia furfur, in vitro, and the 
GMNL‑653‑derived lipoteichoic acid inhibited the biofilm formation of M. furfur on Hs68 fibroblast cells. The mRNA of 
hair follicle growth factors, including insulin‑like growth factor‑1 receptor (IGF‑1R), vascular endothelial growth factor, 
IGF‑1, and keratinocyte growth factor was up‑regulated in skin‑related human cell lines Hs68 and HaCaT after treat‑
ment with heat‑killed GMNL‑653. For clinical observations, we recruited 22 volunteer participants to use the shampoo 
containing the heat‑killed GMNL‑653 for 5 months and subsequently measured their scalp conditions, including 
sebum secretion, dandruff formation, and hair growth. We applied polymerase chain reaction (PCR) to detect the 
scalp microbiota of M. restricta, M. globosa, Cutibacterium acnes, and Staphylococcus epidermidis. A decrease in dandruff 
and oil secretion and an increase in hair growth in the human scalp were observed after the use of heat‑killed GMNL‑
653‑containing shampoo. The increased abundance of M. globosa and the decreased abundance of M. restricta and C. 
acnes were also observed. We further found that accumulated L. paracasei abundance was positively correlated with 
M. globosa abundance and negatively correlated with C. acnes abundance. S. epidermidis and C. acnes abundance was 
negatively correlated with M. globosa abundance and positively correlated with M. restricta. Meanwhile, M. globosa 
and M. restricta abundances were negatively associated with each other. C. acnes and S. epidermidis abundances were 
statistically positively correlated with sebum secretion and dandruff, respectively, in our shampoo clinical trial.

Conclusion Our study provides a new strategy for human scalp health care using the heat‑killed probiotics GMNL‑
653‑containing shampoo. The mechanism may be correlated with the microbiota shift.
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Introduction
Human scalp is covered with high density of hair growing 
from hair follicles with connection to sebaceous glands, 
creating a lipid-rich hydrophobic niche that harbors a 
variety of microorganisms [1]. Cutaneous microorganism 
of fungi and bacteria are strongly associated with scalp 
disorders and diseases, including dandruff, seborrheic 
dermatitis (SD), scalp psoriasis, folliculitis decalvans, and 
alopecia [2]. Fungal Malassezia is one of the etiologic 
factors in the progression of dandruff [3] and the source 
of oxidative damage that leads to premature hair loss [4] 
and plays a role in the pathogenesis of alopecia [5]. Bac-
teria Cutibacterium and Staphylococcus also contribute 
to scalp inflammation, hair-follicle associated disorders, 
and hair diseases [6]. Metagenomic analysis showed that 
Malassezia, Cutibacterium, and Staphylococcus are the 
main fungal and core bacterial genera found on healthy 
and dandruff scalps, and the species of M. restricta, M. 
globosa, C. acnes, and S. epidermidis are further identi-
fied [7–9]. Furthermore M. restricta and M. globosa 
display contrary roles in scalp health, and C. acnes and 
S. epidermidis are reciprocally inhibited bacteria on the 
scalp [7, 8]. The role of scalp microbiota diversity in caus-
ing scalp disorders and diseases has been highlighted 
and investigated. For example, the diversity of microbial 
composition in hair follicle contributes to the pro-inflam-
matory environment in chronic inflammatory scalp dis-
ease [10]. High bacterial diversity was detected in the 
lesions of patients with psoriasis and SD compared with 
that in the healthy controls [11]. The intraspecific diver-
sity of Malassezia from the scalp microbiota was found 
in patients with SD [12]. Scalp microorganisms can also 
affect the scalp situation through microbial cell–host 
interaction. The fungal microbiome is majorly implicated 
in cell–host adhesion in dandruff scalp, and the bacterial 
microbiome is related to the synthesis of biotin, vitamins, 
and other nutrients in healthy scalp [8].

Several bio-oils and plant extracts, including anti-
dandruff and hair growth stimulating agents, are used 
as scalp-related products to maintain scalp health and 
hygiene [13–15]. Recent evidence has shown the ben-
eficial effects of probiotics for skin health, such as 
maintaining barrier integrity, tissue homeostasis, and 
microbiome balance and inhibiting pathogen growth, 
biofilm formation, and local inflammation [1, 16, 17]. 
The beneficial effects of probiotic intake on modulating 
cell cycles in hair follicles and promoting hair growth 
have also been reported [18, 19]. Live probiotics and 
the compounds from bacteria or their metabolites play 
important role in skin care. For example, the fermenta-
tion metabolites of commensal S. lugdunensis could sup-
press fungi overgrowth, providing novel therapeutics for 
C. parapsilosis-associated infection in human dandruff 

[20]. The glycolipopeptide of Lactiplantibacillus pento-
sus and Lacticaseibacillus paracasei has anti-adhesion 
and anti-microbial activity against pathogen in the skin 
microflora [21]. Our previous studies demonstrated that 
heat-killed Lactobacilli preparations from L. plantarum 
GMNL-6 and L. paracasei GMNL-653 promote skin 
wound healing and preventing excessive fibrosis by sup-
pressing TGF-β/pSmad signaling [22]. Lipoteichoic acid, 
the major cell wall component of GMNL-6, has a benefi-
cial effect on skin care [23]. Heat-killed GMNL-653 also 
exhibits anti-osteoporotic effects by regulating the gut 
microbiota dysbiosis [24]. Given the safety concern of 
live probiotics in immunosuppressive populations, the 
preparations of inanimate microorganisms or their com-
ponents have potential benefits and l applications for skin 
care [25]. In the present study, we investigated the poten-
tial role of heat-killed L. paracasei GMNL-653 in human 
scalp health using in vitro cell lines and recruiting human 
participants.

Results
Heat‑killed GMNL‑653 has beneficial effects 
on co‑aggregation with M. furfur and inhibitory effects 
on the biofilm formation of M. furfur
We aimed to clarify whether heat-killed probiotics 
GMNL-653 has effects on scalp pathological microbes 
in  vitro. First, we evaluated the ability of heat-killed 
GMNL-653 to co-aggregate with fungus M. furfur, a 
common pathological inhabitant on human scalp. We 
found that when mixed in a test tube, heat-killed GMNL-
653 aggregated with M. furfur (Fig. 1A) and increased fol-
lowing times (Fig. 1B). The co-aggregation of heat-killed 
GMNL-653 and M. furfur was also confirmed by SEM 
(Fig.  1C). Furthermore, we evaluated whether GMNL-
653-derived LTA, the major cell wall component, influ-
ence the biofilm formation of M. furfur on human scalp. 
The results showed that GMNL-653-derived LTA inhib-
ited the biofilm formation of M. furfur on Hs86 cells in 
a dose-dependent manner (Fig.  1D). Owing to its capa-
bilities of co-aggregating with M. furfur and reducing the 
biofilm formation of M. furfur, heat-killed GMNL-653 
potentially has beneficial effects on scalp health.

Heat‑killed GMNL‑653 up‑regulates the expression 
of growth factors in skin cell lines
Next, we examined the effect of heat-killed GMNL-653 
on the expression of growth factors in human skin cells. 
The mRNA expression of growth factor genes in Hs68 
cells and HaCaT cells, human immortal keratinocytes, 
was determined. The results showed that the mRNA 
expression of IGF-1R (Fig. 2A), VEGF (Fig. 2B), and KGF 
(Fig. 2D) was up-regulated in Hs68 cells after treatment 
with heat-killed GMNL-653 in a dose-dependent manner. 
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IGF expression was also up-regulated, though the differ-
ence was not statistically significant (Fig.  2C). We also 
observed that heat-killed GMNL-653 up-regulated the 
mRNA expression of IGF-1R (Fig.  3A), VEGF (Fig.  3B), 
and IGF (Fig. 3C) in HaCaT keratinocytes. Basing on the 
up-regulation of these growth factors, we suggested that 
heat-killed GMNL-653 could improve scalp hair growth.

Beneficial effects of heat‑killed GMNL‑653 on human scalp 
in a clinical trial
Owing to the ability of heat-killed GMNL-653 to sup-
press M. furfur biofilm formation and induce growth 
factors in skin cells, we examined the beneficial effects 
of heat-killed GMNL-653-containing shampoo on scalp 
conditions by conducting a.clinical trial as illustrated 
in Fig.  4. Twenty-two participants with age ranging 
30–45 years and including 8 males and 14 females were 
recruited. At the first visit, all participants underwent 
baseline examinations, including oil counts, hair vol-
ume, dandruff, and microbiota determination. The base-
line of scalp conditions among enrolled participants is 

summarized in Table 1. At the beginning, all participants 
were asked to wash their hair by using control shampoo 
without heat-killed GMNL-653 for 1  month and then 
change to the tested shampoo with heat-killed GMNL-
653 for hair washing for 4 months. Data on oil count, hair 
volume, dandruff and scalp microbiota were collected 
from participant scalp according to the timing from 
the beginning (0M) to the 5th month (5M) as shown in 
Fig. 4A. The value of oil count was showed by the sum of 
the three regions (front, middle and back scalp) in each 
participant, and the value of hair volume was the average 
from the three regions (Fig. 4B). The samples of dandruff 
and microbiota were collected from the whole scalp by 
tape and wet swab, respectively (Fig. 4C), using the meth-
ods described in materials and methods.

We next performed subgroup analysis according to 
several scalp conditions, namely, oil situation, dandruff 
formation, or hair volume. Among the participants, 
two cases with missing data during the collection 
time-points were removed. Relative to that at the 
beginning (0M), the oil count of scalps of 20 subjects 

Fig. 1 Heat‑killed GMNL‑653 causes co‑aggregation with M. furfur and inhibits its adhesion to Hs86 cells. A, B Heat‑killed GMNL‑653 (2 ×  109 
cells/ml), live M. furfur (2 ×  109 cfu/ml), or mixtures of heat‑killed GMNL‑653 and live M. furfur with the ratio of 1:1 were added into tubes and 
stand at room temperature for 40 min to observe the formation of precipitates (A). Liquids of the suspended area from the tubes of M. furfur 
alone, GMNL‑653 alone, and M. furfur‑GMNL mixture were collected after mixing for 0, 20, and 40 min. The liquid was detected by the absorbance 
at a wavelength of 590 nm (B). The aggregation ability was quantified by the formula described in the Materials and Methods section. C The 
aggregation of GMNL‑653 and M. furfur from (A) was visualized by SEM. D M. furfur were seeded into wells of a 96‑well‑plate with or without adding 
25, 50 µg/ml GMNL‑653 derived LTA for 24 h. The biofilm was visualized after staining with 0.1% crystal violet, dissolved with DMSO, and quantified 
by the absorbance at a wavelength of 590 nm. *, p < 0.05
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Fig. 2 Treatment of heat‑killed GMNL‑653 in Hs68 fibroblasts increases the mRNA expressions of growth factors. 1.5 ×  105 cells/well of human 
fibroblast Hs68 cells were seeded in wells of 6‑well‑plate for attachment and then cultured with serum free medium for 24 h. Cells were treated with 
indicated concentration of heat‑killed GMNL‑653 for 24 h. The mRNA expression of IGF‑1R (A), VEGF (B), IGF‑1 (C), and KGF (D) were determined by 
quantified RT‑PCR (n = 5). Data were presented as the relative fold changes (mean ± SEM) in compared to non‑GMNL‑653 treatment control (Ctrl) 
after normalization with the house‑keeping of β‑actin. *p < 0.05

Fig. 3 Heat‑killed GMNL‑653 increases the mRNA expressions of growth factors in HaCaT keratinocytes. Human epidermal keratinocyte HaCaT 
cells were seeded in 6‑well‑plate as a cell density of 3 ×  105 cells/well and cultured with serum free medium after attachment for 24 h. Cells were 
treated with the indicated concentrations of heat‑killed GMNL‑653 for further 24 h. The mRNA expressions of IGF‑1R (A), VEGF (B), and IGF‑1 (C) were 
determined by qRT‑PCR. Data were presented as the relative fold changes (mean ± SEM) in compared to non‑GMNL‑653 treatment control (Ctrl) 
after normalization with the house‑keeping of β‑actin. *p < 0.05
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after using control shampoo for 1  month (Ctrl; 1M) 
was not statistical different but was significantly 
decreased after using heat-killed GMNL-653-contain-
ing shampoo for the following 1–4  months (GMNL-
653; 2M, 3M, and 5M) (Fig. 5A). Considering that the 
recruited volunteers initially had various scalp situa-
tion, we further classified them into two subgroups of 
high oil and normal oil depending on their oil situation 

at the beginning (Start, 0M). We found that the oil 
count was significantly decreased only in the subgroup 
of high oil (Fig.  5B), but no statistical difference was 
observed in the normal oil subgroup (Fig.  5C) after 
the use of heat-killed GMNL-653-containing sham-
poo for 1–4  months (GMNL-653; 2M, 3M, and 5M). 
Among the participants, four cases with missing data 
during the collection time-points were removed. Rela-
tive to that at the beginning (0M), the dandruff forma-
tion of 18 subjects statistically increased when they 
used control shampoo for 1  month (Ctrl; 1M) but 
significantly decreased when they changed to heat-
killed GMNL-653-containing shampoo for 0.5  month 
(GMNL-653; 1.5M) when compared to the situation at 
1  month using control shampoo (Ctrl; 1M) (Fig.  6A). 
In the subgroup comparisons, dandruff formation 
was significantly reduced only in the subgroup with 
high dandruff (Fig.  6B) but not in the subgroup with 
normal dandruff (Fig.  6C) after the use of heat-killed 
GMNL-653 shampoo for 0.5  month (GMNL-653; 

Fig. 4 The design of a clinical trial with the application of heat‑killed GMNL‑653‑containing shampoo and examinations of scalp conditions among 
recruited participants. A All participants were requested to use the shampoo without heat‑killed GMNL‑653 (control shampoo) for the first month. 
Then, heat‑killed GMNL‑653‑containing shampoo was used for the following 4 month. The collection time points of scalp conditions and scalp 
microbiota data were indicated by tick. B Data of oil count and hair volume were collected from front, middle, and back of scalp using Sebumeter 
815 and Aram TSII. C Data of dandruff were collected from whole scalp by dandruff tapes and analyzed by Image J. Scalp samples for microbiota 
analysis were collected from whole scalp by wet cotton swabs containing 1 ml PBS buffer with 0.1% Triton X

Table 1 Baseline scalp conditions of enrolled participants

All subjects (N = 22)

Age (years) 37 ± 6.2
Gender (male/female) 8/14
Scalp conditions
hair volume (normal/low) 12/10
oil count (normal/high) 13/9
dandruff (normal/high) 12/10
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1.5M) compared with that at the beginning (0M) and 
using control shampoo for 1  month (Ctrl; 1M). For 
hair volume analysis, only 19 subjects were analyzed 
after removing 3 cases with missing data during the 
collection time-points. The hair volume statistically 
increased after using heat-killed GMNL-653 shampoo 
for 2 and 4  months (GMNL-653; 3M, 5M) compared 
with that at the beginning (0M) among all subjects 
(Fig. 7A). In the subgroup analysis, the increase in hair 
level with time caused by using heat-killed GMNL-653 
shampoo was observed only in the subgroup with low 
hair abundance (Fig.  7B) but not in the subgroup of 
normal hair abundance (Fig. 7C).

Changes of microbiota in human scalp after using 
heat‑killed GMNL‑653‑containing shampoo
We focused on the two bacteria, C. acnes and S. epi-
dermidis, and two fungi, M. restricta and M. globosa, to 
analyze the scalp microbial level of participants by quan-
titative PCR before or after using control and heat-killed 
GMNL-653 shampoo. First, we confirmed that the level 
of L. paracasei from the scalp samples of all participants 
significantly increased after using heat-killed GMNL-653 
shampoo relative to that at the beginning (Start) and after 
using the control shampoo (Ctrl) using (Fig. 8A). We fur-
ther observed that the abundance of C. acnes statistically 
decreased (Fig.  8B) and that of M. globosa statistically 

Fig. 5 The sebum secretion is decreased in human scalp after using heat‑killed probiotics GMNL‑653‑containing shampoo. Oil counts were 
collected from all participants scalp at the beginning (0 M), after using control shampoo (Ctrl) for 1 month (1 M), and followed using GMNL‑653 
containing shampoo (GMNL‑653) for 1, 2, and 4 months (2 M, 3 M, and 5 M). Oil counts of the front, middle, and back regions of scalp were detected 
from each participant and calculated the sum values. A Oil counts of all participants (n = 20) were shown. B Oil counts of 7 participants scalp with 
high oil condition (> 400 µg/cm2) in the beginning were shown. C Oil counts from 13 participants with normal oil condition in the beginning were 
shown.* p < 0.05 compared with 0 M group. # p < 0.05 compared with the Ctrl group

Fig. 6 Dandruff formation is decreased in human scalp after using heat‑killed GMNL‑653‑containing shampoo. Dandruff from participants 
were collected using dandruff tapes in the beginning (0M), after using control shampoo for 0.5 and 1 month (0.5M and 1M), and followed using 
heat‑killed GMNL‑653 shampoo for 0.5, 1, and 2 months (1.5M, 2M, 3M). A Dandruff level from all participant (n = 18) were shown. B Dandruff level 
of 8 participants with high dandruff condition (> 0.1%) at the beginning were shown. C Dandruff level of 10 participants with normal condition at 
the beginning were shown. * p < 0.05 compared with 0 M group. # p < 0.05 compared with the Ctrl group
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increased (Fig.  8D) after using heat-killed GMNL-653 
shampoo relative to that at the beginning (Start). How-
ever, the level of S. epidermidis (Fig. 8C) and M. restricta 
(Fig. 8E) among all scalp samples did not show statistical 
differences. The decreasing level of C. acnes (Fig. 8B) and 
the increasing level of M. globosa (Fig. 8D) were observed 
in the group using control shampoo (Ctrl) relative to 
that at the beginning (Start), indicating that the control 
shampoo had the same effect as heat-killed GMNL-653 
shampoo on the abundance of C. acnes or M. globose. 
We further analyzed the microbial abundance relative 
to that at the beginning scalp condition after classify-
ing the participants into weak and normal subgroups as 
described above. In the three kinds of scalp situations 

(dandruff, oil secretion, and hair volume), the increased 
accumulation of L. paracasei was observed in the three 
normal subgroups (Supplementary Figs.  1A, C, and 
E) and in the subgroup with less hair (Supplementary 
Fig. 1F) after the use of heat-killed GMNL-653 shampoo. 
The abundance of M. restricta was not different among 
all subjects (Fig.  8E) but statistically decreased in the 
subgroup of high dandruff after the use of heat-killed 
GMNL-653 shampoo (Supplementary Fig.  1B). In addi-
tion, a decrease in C. acnes in the high dandruff subgroup 
and normal subgroups of oil and hair (Supplementary 
Figs. 1B, C, and E) and an increase in M. globosa in the 
normal subgroups of dandruff, oil, and hair (Supplemen-
tary Figs. 1A, C, and E) were observed regardless of using 

Fig. 7 The hair volume is increased in human scalp after using heat‑killed GMNL‑653‑containing shampoo. Hair level from participants were 
collected at the beginning (0M), after using control shampoo for 1 month (1M), and followed using GMNL‑653 containing shampoo for 2 and 
4 months (3M and 5M). The front, middle, and back regions of scalp in each participant were detected by Aram TSII. Hair volumes were presented 
as the sum of value of front, middle, and back scalps from each participant. A Hair volumes from all participant (n = 19) were shown. B Hair volumes 
of the 10 participants with less hair condition (< 125 hairs/cm2) at the beginning were shown. C Hair volumes of the 9 participants with normal hair 
condition (> 125 hairs/cm2) at the beginning were shown. * p < 0.05 compared with 0 M group. # p < 0.05 compared with the Ctrl group

Fig. 8 The abundance of fungal and bacterial microbiota on human scalp after using heat‑killed GMNL‑653‑containing shampoo. Microbiota 
samples of each participant were collected from the whole scalp by wet cotton swabs with 0.1% Triton X /PBS buffer at the beginning (Start), after 
using control shampoo for 1 month (Ctrl), and followed using GMNL‑653 shampoo for 1 months (GMNL‑653). The liquid samples in cotton swabs 
were centrifuged to collect the pellets followed by extracting DNA for microbiota analysis. The accumulation of L. paracasei (A) and the abundance 
of C. acnes (B), S.epidermidis (C), M. globosa (D), and M. restricta (E) in Start, Ctrl, and GMNL‑653 groups were quantified by qPCR method. The relative 
quantified data of L. paracasei, C. acnes, and S. epidermidis were normalized with total bacteria value (A‑C) and M. globosa and M. restricta were 
normalized with total Malassezia value (D‑E). * p < 0.05, and ** p < 0.01 compared with Start group. # p < 0.05 compared with the Ctrl group
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control or heat-killed GMNL-653 shampoo. However, 
the abundance of C. acnes in the subgroups of normal 
dandruff, high oil, and less hair (Supplementary Figs. 1A, 
1D, and 1F) and the abundance of M. globosa in the three 
weak subgroups of high dandruff, high oil, and less hair 
(Supplementary Figs. 1B, D, and F) showed no statistical 
difference after the use of heat-killed GMNL-653 sham-
poo. These results suggest that the beneficial effects of 
heat-killed GMNL-653 shampoo on human scalp health 
may be related to the changes of scalp microbiota.

Correlation between microbial species in human scalp 
microbiota after using heat‑killed GMNL‑653 shampoo
We then investigated the association between the 
increase in L. paracasei on the scalp and four commen-
sal microbes, namely, M. restricta, M. globosa, C. acnes, 
and S. epidermidis. Sixty-six data entries collected from 
three different time points of 0, 1, and 2  months dur-
ing the clinical trial were used for analysis. The results 
showed that L. paracasei level was negatively correlated 
with that of C. acnes and positively correlated with that 
of M. globosa but was not statistically correlated with that 
of S. epidermidis and M. restricta (Table  2). We further 
observed the correlations in the normal and weak sub-
groups of the three scalp conditions, namely, hair growth, 
oil secretion, and dandruff. Similarly, L. paracasei abun-
dance was negatively correlated with that of C. acnes 
and positively correlated with that of M. globosa in the 
normal subgroups of hair, oil, and dandruff. L. paracasei 
abundance was statistically positively correlated with that 
of S. epidermidis in the high dandruff subgroup. How-
ever, no statistically correlation was observed between 
the abundances of L. paracasei and M. restricta even in 

all subgroups (Table 2). Next, we determined the correla-
tions among the two fungal and two bacterial species in 
the clinical trial of using heat-killed GMNL-653 sham-
poo. Table  3 lists 66 collected data used to observe the 
correlation between bacteria and fungus. S. epidermidis 
abundance was negatively correlated with that of M. glo-
bosa and positively correlated with that of M. restricta. 
C. acnes abundance was negatively correlated with that 
of M. globosa but not statistically correlated with that 
of M. restricta according to the 66 data observation. In 
the subgroup observation, S. epidermidis abundance was 
negatively correlated with that of M. globosa in the weak 
subgroup of low hair. A positive correlation between S. 
epidermidis and M. restricta abundance and a negative 
correlation between C. acnes and M. globosa abundance 
were observed in the weak subgroup of low hair and in 
the normal subgroups of oil and dandruff. For the cor-
relation between two fungi, M. globosa abundance was 
positively correlated with that of M. restricta in the high 
dandruff subgroups. However, no statistical correla-
tion was found between bacterial S. epidermidis and C. 
acnes abundance in total data and in the subgroups of 
three scalp conditions. These data suggest that the use 
of heat-killed GMNL-653 shampoo could change the 
scalp microbiome to achieve its beneficial effects on scalp 
health.

Potential role of bacterial shifts in human scalp health
We investigated whether the microbiota shift modu-
lated by heat-killed GMNL-653 influences the scalp 
condition and health. By analyzing the correlations of 
microbial abundance with the three scalp conditions, 
namely, hair growth, sebum secretion and dandruff, 

Table 2 Correlations of L. paracasei level with C. acnes, M. globosa, S. epidermidis, or M. restricta in the shampoo clinical trial

*  means P < 0.05 and ** means P < 0.01, *** means P < 0.001

Correlation between All (n = 66) Hair Oil Dandruff

Normal (n = 36) Low (n = 30) Normal (n = 45) High (n = 21) Normal (n = 42) High (n = 24)

L. paracasei and C. acnes

 Pearson’s r ‑0.29 ‑0.405 ‑0.019 ‑0.311 ‑0.226 ‑0.312 ‑0.257

 P value 0.018* 0.014* 0.919 0.037* 0.332 0.044* 0.225

L. paracasei and M. globosa

 Pearson’s r 0.417 0.453 0.273 0.489 0.045 0.524 0.047

 P value 0.001** 0.006** 0.152 0.001** 0.85  < 0.001*** 0.832

L. paracasei and S. epidermidis

 Pearson’s r ‑0.095 0.21 ‑0.36 ‑0.207 0.384 ‑0.218 0.526

 P value 0.446 0.218 0.051 0.172 0.086 0.166 0.008**

L. paracasei and M. restricta

 Pearson’s r ‑0.078 0.055 ‑0.164 ‑0.09 ‑0.178 ‑0.1 0.32

 P value 0.537 0.748 0.396 0.557 0.453 0.53 0.136
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we found that the abundance of bacterial C. acnes and 
S. epidermidis was positively correlated with sebum 
secretion and dandruff, respectively, after the use of 
GMNL-653 shampoo for 2  months (Fig.  9). However, 
the two bacteria were not correlated with hair growth 
of the 3rd and 5th months (Supplementary Table S2). 
The abundance of fungi M. restrica and M. globosa did 
not show statistical correlations with sebum secre-
tion, hair growth, and dandruff (Supplementary Table 
S2). These results indicate that the beneficial effects of 
heat-killed GMNL-653-containing shampoo on sebum 

secretion and dandruff are correlated with the changes 
of C. acnes and S. epidermidis.

Discussion
Reygagne et al. [26] reported that orally consumed active 
probiotics L. paracasei NCC2461 ST11 could restore 
human severe dandruff by modulating the scalp micro-
biota. Topical cream containing heat-killed L. platarum 
GMNL-6 also improves human skin health [23]. We 
previously demonstrated that the treatment of smeared 
gel containing heat-killed L. platarum GMNL-6 and L. 

Table 3 Correlations among the fungal and bacterial species in the shampoo clinical trial

*  means P < 0.05, ** means P < 0.01, *** means P < 0.001

Correlation between All (n = 66) Hair Oil Dandruff

Normal (n = 36) Low (n = 30) Normal (n = 45) High (n = 21) Normal (n = 42) High (n = 24)

S. epidermidis and M. globosa

 Pearson’s r ‑0.258 ‑0.104 ‑0.377 ‑0.263 ‑0.22 ‑0.298 ‑0.166

 P value 0.038* 0.547 0.044* 0.081 0.351 0.055 0.449

S. epidermidis and M. restricta

 Pearson’s r 0.586 ‑0.032 0.654 0.683 0.184 0.612 0.063

 P value  < 0.001** 0.851  < 0.001***  < 0.001*** 0.436  < 0.001*** 0.766

C. acnes and M. globosa

 Pearson’s r ‑0.337 ‑0.306 ‑0.431 ‑0.322 ‑0.377 ‑0.325 ‑0.365

 P value 0.006** 0.069 0.019* 0.031* 0.101 0.035* 0.086

C. acnes and M. restricta

 Pearson’s r ‑0.1 ‑0.011 ‑0.167 ‑0.135 0.586 ‑0.125 ‑0.13

 P value 0.426 0.948 0.386 0.376 0.007** 0.431 0.555

M. globosa and M. restricta

 Pearson’s r ‑0.107 ‑0.058 ‑0.147 ‑0.129 0.07 ‑0.137 0.451

 P value 0.395 0.739 0.446 0.398 0.768 0.388 0.031*

C. acnes and S. epidermidis

 Pearson’s r 0.135 ‑0.008 0.316 0.088 0.204 0.147 0.119

 P value 0.278 0.965 0.089 0.563 0.376 0.354 0.579

Fig. 9 The correlations of C. acnes or S. epidermidis to human scalp conditions after using heat‑killed GMNL‑653‑containing shampoo. The levels of 
C. acnes and S. epidermidis of all participants in three time points after using heat‑killed GMNL‑653 shampoo (0, 1, 2 months, n = 66) were used for 
analyzing the Pearson correlation coefficient (R) to oil counts. R and the p value were calculated by SPSS statistics
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paracasei GMNL-653 on wounded mouse tails exhib-
ited excellent healing ability and the capacity to prevent 
excessive fibrosis through the suppression of TGF-β/
pSmad signaling in the skin wound repair [22]. In the cur-
rent study, we found that heat-killed L. paracasei GMNL-
653 could ameliorate damaged human scalp health for 
the first time. Improvements in human scalp conditions 
including decreased oil secretion and dandruff formation 
and increased hair volume were observed after the use 
of heat-killed GMNL-653-containing shampoo (Figs.  5, 
6 and 7). In particular, the effect of heat-killed GMNL-
653 shampoo on improving scalp health was observed for 
the participants with weak scalp condition at the begin-
ning, such as the weak subgroups of high oil (Fig.  5B), 
high dandruff (Fig.  6B), and less hair (Fig.  7B), but not 
apparent for the participants with the healthy scalp con-
dition (Figs. 5C, 6C, and 7C). The results suggest that the 
beneficial effect of the heat-killed GMNL-653 shampoo 
is more significant for the people with weak scalp condi-
tions than for those with healthy conditions.

We also showed that heat-killed L. paracasei GMNL-
653 could co-aggregate with M. furfur, and GMNL-
653-derived LTA could inhibit the biofilm formation 
of M. furfur in our in  vitro study (Fig.  1). Adherence, 
hydrophobicity, and biofilm formation are important 
virulence factors to change skin M. furfur from com-
mensal status to pathogen status [27], and the patho-
logical role of M. furfur is strongly correlated with 
dandruff formation in human scalp [28]. However, our 
in vivo studies for M. furfur could not demonstrate the 
correlation (data not shown). This phenomenon can be 
attributed to the fact that our clinical project recruited 
participants with healthy scalp condition rather than 
those with scalp diseases. Other studies showed that 
the distribution of Malassezia species in scalps of dif-
ferent populations could vary depending on factors 
such as differences of scalp disease, age, gender, body 
site, and resident region [29–31]. For example, one 
study found that the isolation frequency of M. fur-
fur was 13% in healthy subjects, 25% in patients with 
SD, 10% in patients with atopic dermatitis, and 52.5% 
in patients with pityriasis versicolor [29]. The specific 
population of recruited participants must be consid-
ered to study the correlation of M. furfur with scalp 
condition in the future. Our in  vivo observation also 
showed that the scalp microbial abundance of fungus 
M. restricta and M. globosa or bacteria C. acnes and S. 
epidermidis was observed after the participants with 
normal scalp condition at the beginning used heat-
killed GMNL-653 shampoo (Fig. 8). M. restricta and M. 
globosa are the predominated species in human scalp 
Malassezia colonization. In particular, M. restricta 
has a critical role in the pathogenesis of dandruff and 

SD among the different species of Malassezia [32–
35]. Recent studies from French, Indian, Chinese, and 
Korean populations demonstrated that M. restricta is 
more abundant in scalps with dandruff disease than in 
healthy scalps [8, 36–38]. M. restricta lipases of MrLip1 
or MrLip2 could hydrolyze mono- and diacylglyc-
erol, and MrLip3 could hydrolyze mono-, di, and tri-
acylglycerol [39]. MrLip5 lipase plays an essential role 
in M. restricta-host interfere during disease progres-
sion, and the MrLip5 lipase encoded by the genome of 
M. restricta shows stable activity and high expression 
under alkaline condition [40]. In our study, the abun-
dance of M. restricta was not statistically different 
among the scalp samples collected before and after the 
use of heat-killed GMNL-653 shampoo in all subjects 
(Fig. 8E). However, subgroup analysis revealed that M. 
restricta abundance was statistical decreased in the 
weak subgroup of high dandruff after the use of heat-
killed GMNL-653 shampoo (Supplementary Fig.  1B), 
suggesting that GMNL-653 could decrease pathogenic 
fungus in dandruff scalp. Although the role of M. glo-
bosa in the scalp is inconsistent [41–43], it has benefi-
cial effect on dandruff scalp [8, 15, 42]. In this study, we 
found that M. globosa abundance was up-regulated in 
all subjects (Fig.  8D) and in the normal subgroups of 
scalp conditions (Supplementary Figs. S1A, C and E) 
after the use of heat-killed GMNL-653 shampoo. This 
finding indicates that M. globosa plays a beneficial role 
in scalp health in our shampoo model. How heat-killed 
GMNL-653 can positively and negatively regulate dif-
ferent Malassezia species in the scalp must be investi-
gated in the future.

C. acnes and S. epidermidis are the most abundant 
commensal bacteria in human scalp, and their diversities 
are strongly correlated with scalp disorder and diseases. 
Grimshaw et al. [9] found that the abundance of C. acnes 
is associated with healthy scalp and that of S. epidermidis 
is associated with dandruff scalp. They also found that the 
ratio of C. acnes to S. epidermidis abundance is higher in 
healthy scalp than in dandruff scalp. However, our results 
showed that C. acnes abundance was down-regulated 
after the use of heat-killed GMNL-653 shampoo (Fig. 8B). 
We suggest that the role of C. acnes in our model of heat-
killed GMNL-653 shampoo treatment might be contrary 
and different from that in the dandruff scalp. Other stud-
ies also provided evidence that the role of C. acnes is cor-
related with hair growth disorder [44–47]. For example, 
elevated C. acnes in the middle and lower compartments 
of hair follicles are associated with elevated immune 
response in patients with alopecia areata [45, 46]. A sig-
nificant increase in C. acnes and a decrease in S. epider-
midis were also observed in patients with alopecia areata 
[44] and androgenetic alopecia [47] compared with those 
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in control. Further investigation of the potential role of C. 
acnes in the regulation of scalp hair growth under heat-
killed GMNL-653 treatment using an in vitro culture of 
human hair follicles or in mouse models is necessary.

Microbiome dysbiosis is significantly correlated with 
skin disease [48, 49], indicating that a balanced microbi-
ome is important to maintain the local cutaneous health. 
Although Xu et  al. [7] indicated that bacteria (Cutibac-
terium and Staphylococcus) and fungi (Malassezia) did 
not show a close association with each other in dan-
druff scalp, our study shows new evidence that bacteria 
could be associated with fungus on scalp. In our clinical 
observation, we found that the abundance of S. epider-
midis was negatively correlated with that of M. globosa 
and positively correlated with that of M. restricta. The 
same trends were observed for C. acnes with M. globosa 
and M. restricta (Table  3). Another study reported the 
interaction between bacteria and fungus. The co-colo-
nization of two dominant scalp microbes, M. restricta 
and C. acnes, in 3D reconstructed human epidermis 
model could establish a community and a homeosta-
sis interaction with host, improving the barrier damage 
and structural degradation that happened in the single 
colonization of M. restricta [50]. The correlation between 
bacteria and fungusmay serve as the indicator for micro-
biome balancing and equilibrium in the scalp after the 
use of heat-killed GMNL-653 shampoo. Our study also 
found a negative correlation between L. paracasei and 
C. acnes abundance and a positive correlation between 
L. paracasei and M. globosa abundance (Table  2). This 
finding suggests that L. paracasei GMNL-653 may regu-
late skin microbiota network through direct or indirect 
manner. However, we only recruited a small number of 
participants with healthy scalp to observe the correla-
tion among the four predominant microbes (M. restrica, 
M. globosa, C. acnes, and S. epidermidis). Other bacteria 
or fungus may also be changed after application of heat-
killed GMNL-653-containing shampoo. Next-generation 
sequencing of bacterial 16S rRNA or fungal Internal 
Transcribed Spacer rRNA amplicons should be applied 
in the future to identify the whole change of microbiome 
involved in the beneficial effect of heat-killed GMNL-653 
on scalp health.

Our finding showed that LTA purified from GMNL-
653 inhibited the biofilm formation of M. furfur (Fig. 1D), 
which was consistent with our previous studies on 
Staphylococcus aureus [22, 23]. The LTA structure varies 
among different bacterial species [51]. LTAs from various 
L. plantarum strains also have different effects on anti-
biofilm for dental pathogenic bacteria [52]. Our previous 
study observed that GMNL-653 uniquely expresses six 
genes involved in cell wall/membrane/envelop biogen-
esis compared with the other two L. paracasei strains 

(GMNL-855 and BCRC 16100). These genes are involved 
in glycan biosynthesis and metabolism, lipopolysac-
charide cholinephosphotransferase, and fructoselysine 
6-phosphate deglycase [24]. Whether these six uniquely 
expressed genes are involved in the strain-specific struc-
ture of GMNL-653 LTA that contributes to the anti-bio-
film activity against scalp pathogens is worthy of further 
investigation.

On the basis of our in vitro observations presented in 
Figs. 2 and 3, the direct treatment of heat-killed L. para-
casei GMNL-653 on human skin cells up-regulated the 
gene expressions of hair follicle growth factors includ-
ing IGF-1R, VEGF, KGF, and IGF, which are involved in 
the regeneration system of hair follicle cycling [53]. The 
benefits of heat-killed GMNL-653 were also observed in 
the in vivo clinical trial, indicating that the accumulation 
of L. paracasei was positively correlated with the hair 
volume after the participants used heat-killed GMNL-
653 shampoo for 2 and 4  months (Supplementary Fig. 
S2). These findings suggest that heat-killed L. paracasei 
GMNL-653 has the potential to improve scalp condi-
tion and enhance hair growth. Several studies reported 
that an increase in C. acnes abundance is strongly associ-
ated with hair growth disorders, such as alopecia areata 
and androgenetic alopecia [44, 46, 47]. Our results also 
showed that the use of heat-killed GMNL-653 sham-
poo could decrease the abundance of C. acnes in scalp 
(Fig. 8D). The reduction in C. acnes abundance caused by 
heat-killed GMNL-653 shampoo would be the key point 
to regulate the hair growth and improve the hair loss in 
scalp.

Conclusions
We demonstrate that the application of heat-killed L. 
paracasei GMNL-653-containing shampoo in the scalp 
could improve the scalp condition and modulate scalp 
microbiota. The changes of microbiota diversity induced 
by heat-killed GMNL-653 could be a potential mecha-
nism in regulating the scalp conditions, such as the con-
trol of sebum secretion, dandruff generation, and hair 
growth.

Materials and methods
Bacterial culture and heat‑inactive preparations
L. paracasei GMNL-653 (BCRC-910721, CCTCC 
M2016226) were provided by GenMont Biotech (Tainan, 
Taiwan). GMNL-653 was cultured in 1 ml of MRS broth 
(Neogen Corporation, Lansing, MI, USA) at 37 °C for 20 h 
and subcultured at the ratio of 1:100 in MRS medium at 
37 °C for another 20 h. The cells were then centrifuged at 
13,000  rpm for 1  min, and cell pellets were washed with 
PBS and finally suspended in PBS. The cell number of bac-
teria was adjusted to the concentration of 2 ×  109–1 ×  1010 
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cells/ml for further experiments. Malassezia furfur 
(BCRC-22243, obtained from Bioresource Collection and 
Research Center, Hsinchu City, Taiwan) was cultured on 
modified Leeming–Notman agar plate at 30 °C incubator 
for 2  days and then subcultured. After secondary activa-
tion, the bacteria were collected from agar plates and sus-
pended in PBS with the concentration adjusted to 2 ×  109 
cells/ml. For the heat-killed preparation of GMNL-653, 
bacterial cells were suspended as 1 ×  1010 cells/ml and sub-
jected to an autoclave at 121 °C for 15 min.

Purification of lipoteichoic acid (LTA)
After PBS washing and centrifugation, the cell num-
ber of GMNL-653 was adjusted to the concentration of 
1 ×  1010 cells/ml, followed by heat-inactive preparation 
using autoclave at 121  °C for 15  min. GMNL-653 cells 
were then disrupted by the machine of ultrasonic dis-
ruptor (ultrasonic instrument model W-220F, Bioventus 
LLC., Farmingdale, NY, USA) and then centrifuged. The 
bacteria were reconstituted in the mixture of chloro-
form–methanol-water (1:1:0.9), and the aqueous phase 
containing LTA was collected. The LTA-containing solu-
tion was injected into Octyl-Sepharose CL-4B column 
(Sigma-Aldrich, Saint Louis, MO, USA) and Q-Sepharose 
column (Sigma-Aldrich) for further purification, fol-
lowed by freeze-drying. The LTA powder was then dis-
solved in water at a concentration of 5  mg/ml, filtered 
using a 0.22 μm syringe filter (Sigma-Aldrich), and stored 
at − 20 °C.

Co‑aggregation test and scanning electron microscopy 
(SEM)
Heat-killed preparation of GMNL-653 (2 ×  109 cells/ml) 
was mixed with M. furfur (2 ×  109 colony-forming unit 
(CFU)/ml) in the ratio of 1:1 in test tube. After mixing 
for 30  min, the fibrous-like aggregates became visible. 
Aggregation in each of the mixtures was observed at 0, 
20, and 40  min. Co-aggregation ability was calculated 
as described by Fukao et  al. [54] with slight modifica-
tion. After GMNL-653 was incubated with M. furfur at 
different durations, the OD of 590  nm from the super-
natant of each tube was detected. The  OD590 of superna-
tant from M. furfur alone tube, GMNL-653 alone tube, 
and M. furfur-GMNL mixture tube was represented 
as  ODM. furfur,  ODGMNL-653, and  ODMixture, respectively. 
Co-aggregation ability was measured using the follow-
ing equation: Co-aggregation ability  (OD590) =  ODM. 

furfur +  ODGMNL-653 −  ODMixture. The co-aggregated pel-
lets of heat-killed GMNL-653 and lived M. furfur were 
rinsed with PBS buffer to remove unattached cells. After 
fixation, dehydration, and coating with gold, the aggre-
gated samples were detected by SEM in the Instrument 

Center in National Cheng Kung University (Tainan City, 
Taiwan).

Cell culture
Human foreskin fibroblast Hs68 cells and human epider-
mal keratinocyte HaCaT cells were obtained from Ameri-
can Type Culture Collection (ATCC, Manassas, VA, 
USA) and cultured in Dulbecco’s modified Eagle medium 
supplemented with 10% fetal bovine serum, 100 U/ml 
penicillin, and 100  μg/ml streptomycin under steady-
state conditions at 37  °C and 5%  CO2 in the humidified 
incubator.

Biofilm formation assay
M. furfur was seeded into the wells of a 96-well-plate 
(2 ×  108  CFU/well) with or without GMNL-653-derived 
LTA (25 or 50  μg/ml) for 24  h. After the supernatants 
were removed, the wells were gently washed twice with 
PBS to remove unattached bacterial cells. The biofilm 
was fixed with 95% ethanol for 10 min and stained with 
0.1% crystal violet for 15  min. After being washed with 
PBS three times, the crystal violets were dissolved with 
10% acetic acid quantified by the absorbance at a wave-
length of 590 nm.

Analysis of the expression of growth factors 
by RNA isolation and quantitative reverse 
transcription‑polymerase chain reaction (qRT‑PCR)
Hs68 cells (1.5 ×  105 cells/well) or HaCaT cells (3 ×  105 
cells/well) were cultured in six-well plates for 24  h. 
After being washed twice with PBS, the cells in the wells 
were cultured with serum-free medium for 24  h and 
then treated with different concentrations of heat-killed 
GMNL-653 (ranged from 0.3125 ×  108 to 5 ×  108 cells/
well) for 24 h. Total cellular RNA was extracted by TRIzol 
reagent (Thermo Fisher Scientific, Waltham, MA, USA). 
In brief, 5 μg of RNA was used for cDNA synthesis with 
RevertAid RT Reverse Transcription Kit (Thermo Fisher 
Scientific). qRT-PCR was employed to analyze the mRNA 
expression of hair-associated growth factors including 
IGF-1R, IGF-1, VEGF, and KGF with the following steps: 
the reaction mixtures were prepared by adding 5  μl of 
2 × Rotor-Gene SYBR Green PCR Master Mix (204,076; 
QIAGEN, Hilden, Germany), 2  μl of cDNA and 3  μl of 
forward and reverse primers to a final volume of 10  μl. 
The reaction mixtures were analyzed on the Roter-Gene 
Q 2plex machine (QIAGEN). Quantitative values were 
calculated from the threshold cycle (Ct) number with the 
equation as  2−△△Ct, where △△Ct is △Cttreatment group – 
△Ctcontrol group. □-actin (ACTB) was used as the house-
keeping gene. Control group indicated that the cells were 
treated without heat-killed GMNL-653. The sequences of 
primers (5’ to 3’) are listed in Table S1.
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Study design of clinical trial
A 5-month clinical study was approved by the Insti-
tutional Review Board in Antai-Tian-Sheng Memo-
rial Hospital (TSMH IRB No./ Protocol No. 20–040-A, 
approval date: 06/07/2020), Antai Medical Care Coop-
eration, Donggang Township, Pingtung County, Taiwan) 
and performed in accordance with the relevant guide-
lines and regulations. Informed consent was obtained 
from all subjects and/or their legal guardians. The study 
was registered at ClinicalTrials.gov with approval num-
ber NCT04566549 (first posted date: 28/09/2020), and 
the data were collected at Chia Nan University of Phar-
macy and Science (Tainan, Taiwan). Twenty-two healthy 
adults (age: 37 ± 6.2  years old; 8 males and 14 females) 
were recruited (Table  1). The participants underwent 
examinations including oil count, hair volume, dandruff, 
and scalp microbiota, the primary outcomes of this trial, 
according to the time points of using shampoo shown in 
Fig. 4. In the first month, all participants used the base-
line control shampoo without heat-killed probiotics 
GMNL-653 to wash their hair. The ingredients of control 
shampoo contained aqua, sodium lauryl ether sulphate, 
cocamidopropyl betaine, cocoamide DEA, sodium, poly-
quaternium-10, disodium EDTA, acrylates copolymer, 
citric acid, phenoxyethanol, and fragrance. Afterward, 
the participants washed hair with heat-killed probiot-
ics GMNL-653-containing shampoo for 4  months. This 
shampoo contained 0.5% heat-killed L. paracasei and 
the same ingredients found in the control shampoo. The 
frequency of hair washing would be once in each day or 
twice each day depending on their personal habits. For 
the checking of subjects’ compliance, the average use 
dosage of control shampoo was 152 ± 69.8 g/month and 
GMNL-653-containing shampoo was 161.5 ± 56.2  g/
months. The application status of two kinds of sham-
poos in 22 subjects were similar (P-value = 0.812). The 
value of oil count was the sum of three regions of scalp 
(front, middle, and back) analyzed by Sebumeter 815 
(Courage + Khazaka electronic GmbH, Köln, Germany) 
in each participant. The hair volume was the average of 
three scalp regions (front, middle, and back) analyzed 
and measured by Aram TSII (Visia Complexion Analy-
sis, Canfield Scientific, Inc., Parsippany, NJ, USA). For the 
test of dandruff, the flakes were collected from the whole 
scalp by dandruff D-Squame tape (Clinical and Derm 
LLC., Dallas, TX, USA). The dandruff was evaluated by 
measuring the percentage of flakes in the total area of 
dandruff tape using Image J software (version 1.53n 7, 
National Institutes of Health, Bethesda, Maryland, USA). 
The scalp conditions of hair volume, oil secretion, and 
dandruff were classified into normal and weak subgroups 
according to the scalp situation at the beginning without 

shampoo treatment. The subgroups of hair volume (nor-
mal: > 125 hairs/cm2; weak: > 125 hairs/cm2), oil secretion 
(normal: < 400 μg/cm2; weak: > 400 μg/cm2), and dandruff 
(normal: < 0.1%; weak: > 0.1%) were defined. Each value of 
oil level was the sum of three measured sites from front, 
middle, and back scalp.

DNA extraction and analysis of scalp microbiota 
by quantitative PCR (qPCR)
For the analysis of scalp microbiota, samples of whole 
scalp were collected by wet cotton swab containing 1 ml 
of PBS buffer with 0.1% Triton X-100. The separate areas 
of scalp including front left, front right, back left, back 
right, edge of the hair line, and behind the ears were 
swabbed following the Z line back and forth at least three 
times. The swab head was placed in a 1.5 ml Eppendorf 
tube to vortex for 30 s and incubated in room tempera-
ture for 15  min. After incubation, the swab head was 
centrifuged at 13,000  rpm for 10  min and then trans-
ferred to sterile  H2O. The samples were dissolved and 
released out by swirling and snapping the swab. After 
the swab was removed, the liquid sample was centrifuged 
at 13,000  rpm for 5  min and the supernatant was then 
removed. DNA from the pellets was extracted by Quick-
DNA fungal/bacterial kit (Zymo Research Corporation, 
Irvine, CA, USA). The reaction mixtures were prepared 
by 5 μl of 2 × Rotor-Gene SYBR Green PCR Master Mix 
(QIAGEN), 2 μl DNA from scalp extract and 3 μl of for-
ward and reverse primers. The primer sequences of tar-
get microbes and internal control (total bacteria for L. 
paracasei, C. acnes, or S. epidermidis or total Malasse-
zia for M. globose or M. restricta) are shown in part B 
of Table S2. The reaction mixtures were analyzed on the 
Roter-Gene Q 2plex machine (QIAGEN). The relative 
quantification of changes in specific bacterial species 
were calculated by the equation   2−△Ct, where △Ct is 
 Cttarget bacteria –  Cttotal bacteria. The relative quantification of 
changes in specific Malassezia species were calculated by 
the equation   2−△Ct, where △Ct is  Cttarget malassezia – Ct 
malassezia.

Statistical analysis
All data were presented as mean ± SEM. Comparisons 
between two groups were determined using unpaired 
t-test, and comparisons among three groups or above 
were performed by one-Way ANOVA and Tukey’s 
post hoc tests. Pearson correlations between two 
microbiota variables were computed by PASW Sta-
tistical 18 Software (SPSS Inc., Chicago, IL, USA). A 
p value less than 0.05 was considered as statistically 
significant.
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The online version contains supplementary material available at https:// doi. 
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Additional file 1: Table S1. The primer sequences of hair follicle growth 
factor‑related genes (A) and hair follicle microbiota‑related genes 
(B). Table S2. Correlations of the fungus or the bacteria with scalp condi‑
tions in the shampoo clinical trial. Figure S1. Heat‑killed L. paracasei 
GMNL‑653 modulates microbiota diversity in the subgroups of normal 
dandruff (A), high dandruff (B), normal oil (C), high oil (D), normal hair (E), 
and less hair (F). Start group (Start) described as the scalp in the begin‑
ning without any shampoo treatment. Control group (Ctrl) represented as 
the use of control shampoo without adding heat‑killed GMNL‑653 for 1 
month. GMNL‑653 group (GMNL‑653) meant the use of heat‑killed GMNL‑
653 shampoo for 1 month after using Ctrl shampoo. * p < 0.05 compared 
with Start group. # p < 0.05 compared with the Ctrl group. Figure S2. Hair 
volume is positive‑correlated with accumulation of L. paracasei in human 
scalp after using heat‑killed GMNL‑653 shampoo for 2 months (A) and 
4 months (B). Pearson correlation coefficient (R) and p value were calcu‑
lated by SPSS statistics. 
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