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Abstract Skin microbiome main cultivable aerobes in human
are coagulase-negative staphylococci and lipophilic
corynebacteria. Staphylococcus strains (155) belonging to 10
species and 105 strains of Corynebacterium belonging to nine
species from the skin swabs of healthy male volunteers were
investigated to determine their enzymatic activity to main
metabolic substrates: carbohydrates, proteins, lipids, and re-
sponse to factors present on the skin such as osmotic pressure,
pH, and organic acids. The results showed that lipophilic
corynebacteria have different capacity for adaptation on the
skin than staphylococci. Most of Corynebacterium spp.
expressed lack of proteinase, phospholipase, and saccharolytic
enzymes activity. Corynebacteria were also more sensitive
than Staphylococcus spp. to antimicrobial agents existing on
human skin, especially to low pH. These characters can ex-
plain domination of Staphylococcus genera on healthy human
skin. It can be suggested that within these two bacterial genus,
there exists conceivable cooperation and reciprocal protection
which results in their quantitative ratio. Such behavior must be
considered as crucial for the stability of the population on
healthy skin.

Introduction

Interactions of commensal microbes and host undergo exten-
sive research in many laboratories nowadays (Arumugam
et al. 2011). Examination of metagenome, including charac-
teristics of genome, mRNA, proteins, and products of metab-
olism gives a novel trend in the research of human physiolog-
ical flora which has been recently called microbiome
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(Turnbaugh et al. 2007). Natural flora plays an important role
in a process of preventing colonization of the skin by patho-
genic organisms known as colonization resistance of the skin.
This consists of a number of mechanisms such as non-specific
immune system stimulation, production of inhibitory sub-
stances by bacteria, competitive inhibition on binding sites
and competition for nutrients, and acidification by organic
acids or release of fatty acids (Fredricks 2001). These mech-
anisms also have influence on maintaining diverse resident
populations characteristic for each person. The study of phe-
notypic features of the skin microflora can lead to a better
understanding of these mechanisms. Among aerobic bacteria
Staphylococcus and Corynebacterium genera are the major
residents on healthy human skin. In this paper, features of
Staphylococcus and lipophilic Corynebacterium strains which
determine their coexistence on healthy human skin are
presented.

Materials and methods
Bacterial strains

Strains of Staphylococcus (155) belonging to species
Staphylococcus epidermidis, Staphylococcus capitis subsp.
capitis, Staphylococcus capitis subsp. ureolyticus,
Staphylococcus lugdunensis, Staphylococcus haemolyticus,
Staphylococcus warneri, Staphylococcus hominis,
Staphylococcus caprae, Staphylococcus auricularis,
Staphylococcus xylosus, and Staphylococcus simulans
identified according to Freney et al. (1999) and our previous
study (Kazmierczak and Szewczyk 2004) and 105 strains of
Corynebacterium belonging to species Corynebacterium
Jjeikeium, Corynebacterium tuberculostearicum, Corynebac-
terium afermentans subsp. lipophilum and Corynebacterium
urealyticum, Corynebacterium accolens, Corynebacterium
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diphtheriae var. intermedius, Corynebacterium
kroppenstedtii, Corynebacterium macginleyi, and Coryne-
bacterium pseudogenitalium isolated from the skin of the
forehead and the back of five healthy men were investi-
gated. Corynebacteria were identified using numerous
biological and biochemical characters (colony and cell
morphology; lipophilism; nitrate reduction; CAMP; and
utilization of urea, esculine, glucose, maltose, sucrose,
mannitol, and lactose) (Kazmierczak et al. 2005). The
number of strains from particular species among genera
corresponded to quantitative occurrence of these bacteria
on the skin swabs (Kazmierczak and Szewczyk 2004).
To avoid potential bias, morphological, biochemical fea-
tures, and susceptibility to antibiotics were considered
(Kwaszewska et al. 2009, unpublished data). Cultivation
was performed in the following conditions: staphylococ-
ci—BHI (Difco) plates supplemented with 5 % sheep
blood at 37° for 24 h, corynebacteria—TYT80 medium
(Tryptic Soy Agar (Graso), 0.3 % Yeast Extract (Difco)
and 0.05 % Tween 80 (Biomedicals INC), and 5 % (v/v)
sheep blood) for 48 h in ambient air (Kazmierczak and
Szewczyk 2004).

Enzymatic activity
Proteolytic activity

Gelatine hydrolysis was conducted on SM-110 medium
(Difco) with 10 % gelatine. After 48 h of incubation at
37 °C, culture was covered with saturated solution of
diammonium sulfate. Casein utilization was analyzed on P
agar with 10 % skimmed milk. For corynebacteria, both media
were supplemented with 0.1 % Tween 80 (INC Biomedicals).
Proteolytic activity was indicated by the appearance of trans-
parent zone around inoculation streaks.

Lipolytic activity

Lipase production was investigated on plates with Triolein
(INC Biomedicals) and Rhodamine B (Sigma) according to
Kouker and Jaeger (1987) after 48 h of incubation at 37 °C.
Orange fluorescence in UV light at 350 nm was considered as
positive test for utilization of triolein. Esterase activities were
tested on agar plates supplemented with 0.01 % CaCl,-H,O
and 1 % of the following substrates (for each type of esterase
respectively): Tween 20 (International Enzymes Ltd.), Tween
40 (Fluka), Tween 60 (Fluka), Tween 80 (INC Biomedicals),
and Tween 85 (INC Biomedicals). Determination of lecithin-
ase was performed on egg yolk agar (Gunn 1994). After 48 h
of incubation at 37 °C, esterase and lecithinase activities were
characterized by a turbid zone around the growth area.
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Saccharolytic activity

Carbohydrate and sugar alcohols’ (sucrose, mannitol, and
glycerol) utilization by staphylococci was tested according
to recommendations of International Committee on System-
atic of Procaryotes (Freney et al. 1999). Corynebacteria were
determined on a liquid medium G-P (according to API-
Coryne—BioMe¢érieux) supplemented by inactivated horse se-
rum (3 %) with addition of 1 % of examined substrate
(Kazmierczak et al. 2005). In this case, results were observed
for a 2-week incubation period at 37 °C.

Urease activity

Standard method was used for staphylococci (Freney et al.
1999), whereas for corynebacteria examination, urea broth
(Gunn 1994) was enriched with 0.05 % Tween 80 (INC
Biomedicals) and incubation time at 37 °C was 48 h.

Susceptibility to factors present on the skin

Fresh cultures from solid media were suspended in 0.85 %
NaCl standardized to 0.5 McFarland, and 5 uL of each was
inoculated onto all types of media (for corynebacteria
enriched with 0.1 % Tween 80). To determine the minimal
inhibitory concentration (MIC) of palmitic acid, bacterial
suspensions were diluted 50 times. Appropriate media without
limiting factors were used as strains growth control.
Media used are the following:

—  With uric acid: Mueller-Hinton broth (BioM¢érieux) with
uric acid to final concentrations 0.05, 0.067, 0.084, and
0.10 mg/mL.

—  With lysozyme: Bacto Pepton (Difco) (1.0 g); yeast ex-
tract (Difco) (0.5 %); NaCl (0.5 %); glucose (0.1 %); and
Bacto Agar (Difco) (1.5 %) with lysozyme added to
concentrations 0.1, 0.2, 0.4, 0. 6, and 0.8 mg/mL.

— To generate osmotic stress: Mueller-Hinton broth
(BioMérieux) with the addition of NaCl to receive con-
centrations (w/v): 3,5, 7, and 10 %.

—  With low pH: Mueller-Hinton broth (BioMérieux) acidi-
fied with 10 % (v/v) HCl solution up to pH from 3.5 t0 6.0
every 0.5.

—  With organic acids: Mueller-Hinton broth (BioMérieux)
acidified with propionic or lactic acid to receive: pH 5.0,
pH 5.5, and pH 6.0.

MIC of palmitic acid (C;¢) was determined on Mueller-
Hinton 2 Agar (BioMérieux) plates with palmitic acid (50 g/L
predissolved in ethanol) in final concentrations from 0.1 to
4.0 mg/mL every 0.25 mg/mL (Waldon et al. 2002). Bacterial
suspensions were spot inoculated (5 pL). The lowest
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concentration of palmitic acid inhibiting bacterial growth was
considered as the MIC value.

Statistics

Statistical differences were analyzed by applying the Yates’s
chi square test. Probability levels of 0.05 or less were consid-
ered significant.

Results
Substrates for biochemical activity determination

Almost all Staphylococcus strains utilized proteins, but only
few corynebacteria strains had this ability (Fig. 1). Activity of
strains belonging to particular species was shown in Table 1.

Gelatinase activity was expressed mainly by S. epidermidis
strains. Both substrates (gelatine and casein) were utilized by
S. capitis subsp. ureolyticus. Three strains of
Corynebacterium spp. utilized gelatine—
C. tuberculostearicum (two strains) and C. pseudogenitalium
(one strain). The latter one also utilized casein.

Among the investigated genera, most staphylococci pro-
duced urease including all strains of S. epidermidis and
S. capitis subsp. ureolyticus. The enzyme was produced only
by a few strains of Coryenbacterium (9 %) that belonged to
C. urealyticum and C. pseudogenitalium rarely represented on
the skin (Table 1).

Lipolytic properties of strains were evaluated by detection
of esterases, lipase, and phospholipase (lecithinase). Esterases
were detected on medium containing polyoxyethylene
sorbitan monolaurate (Tween 20), monopalmitate (Tween
40), monostearate (Tween 60), monooleate (Tween 80), and
trioleate (Tween 85). Esters of laurate, oleate, and palmitate
acids were hydrolyzed more frequently by corynebacteria, but
more strains of Staphylococcus than Corynebacterium utilized
Tween 60 and Tween 85 (Fig. 2).

Lipase activity with triolein as a substrate was present in
the majority of staphylococci and all of corynebacteria. Phos-
pholipase activity was indicated in a greater number of staph-
ylococci (mainly in S. epidermidis) than corynebacteria. Only
two strains of C. jeikeium produced this enzyme (Table 1).
C. jeikeium and S. epidermidis produced lipolytic enzymes of
the broadest spectrum of substrates activity. Ten strains of
S. epidermidis utilized all substrates used in this study.

Apart from being the source of fatty acids, triglycerides are
also the source of glycerol. Only staphylococci had the ability
to utilize glycerol, and all examined strains expressed this
ability. Also, other substrates (sucrose and mannitol) were
utilized mainly by staphylococci. Strains of corynebacteria
presenting complete lack of saccharolytic activity belonged
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Fig. 1 Proteolytic properties of the skin bacteria

to C. jeikeium and C. afermentans subsp. lipophilum (Table 1).
The same species were not able to utilize proteins. All differ-
ences in biochemical activity between Staphylococcus and
Corynebacterium strains were statistically significant.

Influence of factors present on the skin

Changes of pH in range from pH 3.5 to 6.0 did not
significantly inhibit the growth of staphylococci. Adjust-
ment of pH below 6.0 inhibited the growth of
corynebacteria significantly. A type of acid-causing acid-
ification was crucial, as when performed with propionic
acid at pH 6.0, the growth of over 80 % of
corynebacteria and at pH 5.0 about 15 % of staphylo-
cocci were inhibited (Table 2). Corynebacteria most fre-
quently isolated from the skin—C. jeikeium,
C. tuberculostearicum, and C. macginleyi—presented
the highest tolerance to propionic acid. Acidification by
lactic acid caused the reduction of the growth of
Corynebacterium strains, but C. jeikeium multiplied at
pH 5.5 (Table 2, Fig. 3). The differences in results in
pH below 6 were statistically significant.

MIC of palmitic acid was determined at range 0.1—
4.0 mg/mL. Strains were divided into three groups: sensi-
tive (MIC <2.0 mg/mL), intermediate (4.0 mg/mL>MIC>
2.0 mg/mL), and resistant (MIC >4.0 mg/mL). Most
corynebacteria strains were sensitive or intermediate
(83.8 %), whereas staphylococci were mainly resistant
and intermediate (74.2 %). Difference in the number of
resistant strains in both groups was statistically significant
(»p=0.019) (Table 2). All corynebacteria and staphylococci
were resistant to uric acid. All strains of staphylococci were
resistant to high salt concentration, whereas 25.7 % of
Corynebacterium strains were sensitive to high osmotic
pressure. Only 12.4 % of corynebacteria were sensitive to
lysozyme, and these strains belonged to C. jeikeium,
C. tuberculostearicum, and C. afermentans subsp.
lipophilum species (Table 2).

@ Springer



Folia Microbiol (2014) 59:495-502

498

183} arenbs 1Yo s s Aq PazA[eur SUIRLS WNLIIIDGIULIO)) PUR $120020]AYdDIS USIMID] SOURDLIUTIS [RONSHRIS

supjnuis g pue ‘SnsojAx g SLUDMILIND “§ ‘avadpd g SOy S LUIDM Sq

1Gpu13oow *) pue ‘mpapsuaddo.ny <) ‘smpautidpul “TeA anLyydip <) ‘Suajodov ) ‘wnoydpain - ‘wnyvpua3opnasd wnLonqaulioy) ,

0000 (Lo o szt sz 1 (g€e) € 0 0 ('19) 9¢ 61T 0 0 0 (S9)g  ourpag
v000  (0'16) 1¥I (S°L8) 71 (SL8) L (001 6 0088 (0+8) 1T (€ve)z8 (001 o1 0o1) 91 (001) 01 oo 8y (00D 1€ UIR[OLI],
1100 (9°09) ¥6 s ¥ (0'sL)9 (€9 ¢ 009 e (k11 L)Ly Q¢ 9 (881 € 009 S 009) v (TSH vl sgueamL
0000 O11) 81 0 0 0 0 0 (L02) 81 (1'8L) 28 (€99) 6 009 9 968) € (VLU YT 08 UM,
0000 (I'Ly) €L (€196 0s0 ¢ (€9 € 0D 1 (X4 (0°69) 09 Ls9 (szne (oo 1 0 L6)e 09 uvom],
€700 (1'9¢) 95 0sOv STl ((aeaks 0 o)1 (Tso) 8y (S6h) T €196 009 € (€89)87  (919)91 Ot ueom,
0000 (8°59) z0l (€99) 6 ()RS (L'99)9 0 09D ¥ Le8)8L  (€€6)86  (S'L8) ¥l 0°06) 6 (866)9F  (§€6) 6T 0T uoIM]
0000 (001) SST (001) 91 (00D 8 (00D 6 (001) 01 (0o1) ST (001) L8 0 0 0 0 0 [010941D
0000 9°1) 6% (S, 9 (00D 8 0 (001) 01 (0o1) st 0 0 0 0 0 0 JojuueIA
0000  (1'86) TSI (€18) €1 (0o1) 8 001) 6 (001 01 (001) ST oo L8 (19 ¥S (sLe)9 0 (001) 8% 0 asorng (seroads
0000 (8Pl (SL8) ¥l 0 (959 s (00D o1 0 00D L8 086 (€996 0 0 0 vaIn Mﬁ%%
0000  (Oonzo (s Tl ©005) ¥ Wb v (o)L (08DL (Tee) e (6T (€91 0 o1 0 QULSED)  yoIg Surzin
0000 (L'L9) SO1 (8¢v) L szt Wb v (0066 (08 (rL8) 9L (60 ¢ €91 0 Tre 0  PUBEPD  SUEDS JO JquUInN
(unys ay) uo
soroads oy Jo
uornejuasadar ot
Jo o8epudorad)
(001) SS1 (€01) 91 (T9)8 896 c9or (19nsc (199) L8 (00D so1  (TS1) 91 (s'6) 01 sy sy (560 1€ surens Jo JoquinN
(Sa10ads suidvo winjydodiy
aanedou snondjoa.n ‘dsqns ‘dsqns WNI1IDAIS
-ose[ngeoo snondjowany sisuaunp3ny ‘dsqns sy1dno siprutiapido Soads supjuaULID -omo.agny wniayial
nv 00 N S syudvo g S N nv PO D D 0 soradg
Lon[eA
d §122020]Aydp)g wnL21onqaulI0) BIDUAD)

un[s UBWNY UO SUIPISAI SUTRNS $100000]Aydpg pue wintiaongaud.io) Jo sidjoerey) | dqeL

pringer

Qs



Folia Microbiol (2014) 59:495-502

499

Discussion

The skin is the human’s biggest body ecosystem. Although the
knowledge of human microbiome is constantly expanding,
there are still some areas to discover in this issue (Cogen
etal. 2008). Conditions present on the skin enable inhabitation
of a quite small variety of bacteria. These are mainly gram-
positive bacteria from genus Staphylococcus,
Corynebacterium, Propionibacterium as well as
Brevibacterium, Dermabacter, and Micrococcus. Their cell
wall compositions strengthen resistance to environmental fac-
tors. The skin is protected against pathogen colonization by
several physiological factors such as low pH, secretion of
lipids, lysozyme, and multiple cytokines and skin-associated
lymphoid tissue (SALT) (Chiller et al. 2001; Cogen et al.
2008). The phenomenon of colonization resistance is also
important because the presence of natural flora protects the
skin from being colonized by pathogens (Cogen et al.
2008). The main types of cultured bacteria that form the
skin microbiome are coagulase-negative staphylococci and
lipophilic corynebacteria and Propionibacterium (The
Human Microbiome Project Consortium 2012). The knowl-
edge of corynebacteria residing on the skin is particularly
limited and even sometimes erroneously discussed in the
context of the skin flora with the characteristics of staphy-
lococci. During our experiments, it was proved that lipo-
philic corynebacteria have different capacity for adaptation
on the skin than staphylococci. It was previously discussed
that the distribution of representatives of taxons inhabiting
the skin depends on the presence of sebaceous and sweat
glands in certain regions of the body (Bojar and Holland
2002; Fredricks 2001). Nutrients present on the skin are
triglycerides, diglycerides, monoglycerides, glycerol, cho-
lesterol, and its esters, phospholipids and glycoproteins,

Fig. 2 Lipolytic properties of the 100
skin bacteria
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urea, amino acids, peptides, and uric acid. Exfoliation of
the epidermis is the source of protein. Many of these com-
ponents are products of enzymatic degradation of larger
molecules (Bojar and Holland 2002). Our work attempted
to determine the association between available nutrients
and the bacterial residence capability. The results indicated
lack of ability to utilize macromolecular compounds such
as proteins or polysaccharides by corynebacteria and simul-
taneously high efficiency of staphylococci in this respect. It
may be assumed that the latter ones provide themselves as
well as corynebacteria with the products of their enzymatic
activities. It is known that to sustain growth, the skin
staphylococci need arginine, cysteine, methionine, valine,
and aromatic amino acids which are present on the skin as
the products of their proteolytic activities (Bojar and
Holland 2002). There is no doubt that it is beneficial for
corynebacteria on the principle of cross-feeding as for
them, amino acids are also the primary nutrients (Bojar
and Holland 2002).

Proteolytic properties of bacteria have a protective role
since they inactivate antibacterial proteins from the host or-
ganism (Thwaite et al. 2006). Additionally, most bacteriocins
secreted by the gram-positive bacteria are hydrolyzed by
proteolytic enzymes (Bojar and Holland 2002; Chiller et al.
2001). According to Funke et al. (1997), secretion of proteo-
lytic enzymes by Propionibacterium might have a protective
effect by providing secure position among the skin flora. The
lack of these abilities expressed by the skin corynebacteria
weakens their position among the bacterial residents and
makes them dependent on other coinhabiting bacteria like
staphylococci.

Lipolytic properties of the skin corynebacteria and staphy-
lococci investigated in this paper confirm their act of
commensality. Their abilities in this area are clearly
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Fig. 3 The growth of 100
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complementary and provide the opportunity to benefit from a
large variety of compounds. Lipophilic corynebacteria are
fatty acid auxotrophs because of the lack of fatty acid synthase
(Tauch et al. 2008). In most species, these acids are inserted
directly into the cell structures and transformed into
corynemycolic acids of the cell wall (Tauch et al. 2005). The
coexistence of active lipolytic staphylococci can be helpful for
them. Glycerol released after hydrolysis of triacylglycerols
cannot be utilized by the lipophilic corynebacteria though it
is a good substrate for staphylococci. According to James
et al. (2004), this substrate together with lactic, acetic, and
propionic acids are the substrates for the formation of volatile
fatty acids in nonlipophilic corynebacteria.

The skin inhabitancy capacity was also analyzed in
terms of susceptibility to the environmental skin condi-
tions. Secretion of sweat glands generates significant
osmotic pressure due to salt present in sweat. Sweat
consists of a number of mineral salts—sodium and
potassium chloride, calcium, magnesium, and iron salts
as well as phosphates—which substantially influence the
number of bacterial cells. Over 25 % of investigated
Corynebacterium strains were sensitive to high concen-
trations of NaCl in contrast to staphylococci.

Low skin pH inhibits the growth of pathogenic microor-
ganisms, regulates the integrity of the stratum corneum, pro-
motes the activity of (-glucocerebrosidase and acid
sphingomyelinase, and inhibits the serine proteinase activity
(Behne et al. 2002; Fluhr et al. 2010; Mauro et al. 1998). A
number of endogenous mechanisms and metabolism of skin-
resident bacteria are responsible for maintaining low pH of the
skin (Lambers et al. 2006; Mauro et al. 1998; Tauch et al.
2005, 2008).

It has been frequently reported that the acidity of normal
healthy skin varies in the range pH 5-6. Lambers et al. sug-
gested that this value is much lower—approximately 4.7
(Lambers et al. 2006). According to others, a reduction to

B Staphylococcus O Corynebacterium

4.0-4.5 pH value promotes adhesion of the resident flora to
the surface of the skin (Bojar and Holland 2002). In in vitro
experiment performed during this study, it was shown that at
pH value c.a. 5.5 corynebacteria did not multiply. Moreover, it
was indicated that the type of the acid used for establishment
of pH was essential. The most noticeable growth of inhibition
properties were observed in case of propionic acid; lipophilic
corynebacteria growth was inhibited at pH 6.0, and at lower
pH, some strains of staphylococci did not multiply. These
results are partly contrary to the claims of Ushijima et al.
(1984) that propionic acid is one of the factors determining
the dominance on the skin not only of its major producer
Propionibacterium spp. but also coagulase-negative
staphylococci.

The skin secretions also contain lysozyme and fatty
acids in which 45 mol% is made of saturated ones
including palmitic acid (Lieckfeldt et al. 1995). Over
12 % of corynebacteria investigated in this study were
sensitive to lysozyme while staphylococci were naturally
resistant. Corynebacteria were also more sensitive to
palmitic acid than staphylococci. Strains with the activ-
ity of esterase capable to hydrolyse palmitic acid from
Tween 40 were sensitive to the lowest concentration of
this acid used in experiments, which was a phenomenon
difficult to explain.

In general, corynebacteria indicated higher sensitivity to
environmental factors than staphylococci. It can be compen-
sated by other capabilities of these bacteria such as production
of bacteriocins directed against staphylococci (Kwaszewska
and Szewczyk 2007).

The existence of microorganisms in a common niche
is not only a competition and a constant struggle for
their position but also a cooperation and a reciprocal
protection which develop their quantitative ratio and
must be considered as crucial for the stability of the
population on healthy skin.
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