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Abstract
Commensal microorganisms live in association with the mucosal surfaces of all vertebrates. The
skin of teleost fish is known to harbor commensals. In this study we report for the first time the
presence of an intracellular Gram positive bacteria, Staphylococcus warneri that resides in the skin
epidermis of rainbow trout (Oncorhynchus mykiss). S. warneri was isolated from healthy hatchery
trout skin epithelial cells. In situ hybridization confirmed the intracellular nature of the bacterium.
Skin explants exposed in vitro to S. warneri or the extracellular pathogen Vibrio anguillarum
show that S. warneri is able to induce an anti-inflammatory cytokine status via TGF-β 1b
compared to the pro-inflammatory responses (IL-1β , IL-6 and TNF-α) elicited by V. anguillarum.
In vivo experiments showed that S. warneri is not pathogenic to rainbow trout when injected
intraperitoneally at high concentrations. However, S. warneri is able to stimulate V. anguillarum
growth and biofilm formation on rainbow trout scales. Our results demonstrate that rainbow trout
skin commensals such as S. warneri have the potential to become indirect pathobionts by
enhancing growth and biofilm formation of pathogens such as V. anguillarum. These results show
that fish farming practices (i.e. handling and other manipulations) can alter the skin microbiota
and compromise the skin health of rainbow trout.
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1. Introduction
Commensal microorganisms provide metabolic, developmental and immunological
functions to the host (Sommer and Bäckhed, 2013). but they are, however, not always
innocuous. When homeostasis is breached, invasive symbionts, or pathobionts, prompt
abnormal inflammatory responses potentially causing disease (Chow et al., 2011; Belkaid et
al., 2013; Kamada et al., 2013). Pathobionts are overrepresented during dysbiosis situations,
which arise from genetic predispositions, exposure to environmental or metabolic stressors,
or alteration of the normal microbial communities (Round and Mazmanian, 2009; Packey
and Sartor, 2009).
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The delineation between pathogens and commensals is not always easy to make and it is
mostly defined by the immune responses they trigger. One of the current dogmas establishes
that successful colonization by a commensal microorganism relies on the induction of anti-
inflammatory responses, often mediated by the cytokine TGF-β (Detournay et al., 2012) that
leads to tolerance of the commensal by the host. Other theories point to the opposite,
postulating that commensals must generate a stereotypical inflammatory cascade when
establishing a symbiosis with their host (Nussbaum and Locksley, 2012).

In teleost fish, the gills, gut and skin are the main mucosal surfaces harboring diverse
microbial communities. The skin is thought to be the largest immunologically active organ
and commensals may often assist in the homeostasis of this barrier and contribute to the
hosts’ repertoire of immune defense mechanisms against pathogens. In fish, the skin is
composed of a layer of living epithelial cells, with no keratinization and abundant mucus-
secreting cells. Teleost SALT (skin-associated lymphoid tissue) is continuously exposed to
diverse microbial stimuli (including commensals and pathogens) as well as environmental
and mechanical stressors (Salinas et al., 2011; Esteban, 2012) and it is able to mount gut-like
immune responses (Xu et al., 2013).

The Gram positive Staphylococcus spp. can be pathogenic to their fish hosts, causing
exophthalmia and septicaemia-like symptoms in fish that have been infected (Shah and
Tyagy, 1986), although they have also been reported from fish in the absence of disease
(Spangaard et al., 2000; Cantas et al., 2012). S. warneri includes several strains reported as
pathogenic to humans (Campoccia et al., 2010). Moreover, S. warneri has been isolated and
grown from discolored kidneys and livers of diseased rainbow trout (Oncorhynchus mykiss)
that displayed ulcerations on the fins and exophthalmia, along with ascetic fluid in the
abdomens (Gil et al., 2000). In this study, we identify for the first time S. warneri as a
resident commensal of rainbow trout skin. The aim of the study was to examine the role S.
warneri as a possible pathobiont for rainbow trout as well as the interactions between S.
warneri and the common Gram negative pathogen, Vibrio anguillarum.

2. Materials and methods
2.1. Isolation and identification of S. warneri

The bacterium was isolated from the skin of healthy adult triploid rainbow trout (mean
weight 250g) obtained from Lisboa Springs Hatchery, Pecos, New Mexico where fish were
maintained in concrete raceways with continuous water flow. Fish were sampled during the
months of November and December when the water temperature is between 8 – 13° C.
Health status was only evaluated based on external signs: no ulcers, no bleeding, lack of
external parasites, active swimming and feeding behavior. No further tests were conducted
to assess presence of internal infections. Both skin mucus samples and skin samples without
mucus were used for bacterial isolation. Bacteria present in the mucus were isolated as
explained elsewhere (Xu et al., 2013). Ten µ l aliquots were plated in Luria broth (LB) agar
plates or Tryptic Soy Agar (TSA) plates. Additionally, three fish were used to isolate
possible bacteria living in the skin. To that end, after the mucus had been scraped, the skin
was sprayed with 70% ethanol and a 2 cm2 section of skin was immediately dissected and
placed in HBSS containing penicillin and streptomycin (100 U/ml and 100 µg/ml,
respectively). After shaking at room temperature for 2 h, the skin sample was transferred to
a Petri dish containing HBSS without antibiotics. At this point the skin was finely minced
(over 100 times) and cells were further lysed using a 1 ml syringe with a needle. The
suspension was vortexed and then centrifuged at 3000 g, 10 min. The pellet was
resuspended in sterile PBS and plated in either LB or TSA plates.
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After 72 h, three different types of colonies could be observed. One of these was sub-
cultured onto TSA plates. Colonies were small, pale yellow with round, smooth edges. The
cultures matched the definition of S. warneri according to Bergey’s Manual of Systematic
Bacteriology (2011). The same type of colony was found in the mucus- derived cultures.
The pure isolate culture was identified at the Tricore laboratories (Albuquerque, New
Mexico) by means of Gram stain and MALDI-TOF. These tests revealed that the isolate was
a Gram positive cocci, S. warneri. The identity was further confirmed by PCR using S.
warneri specific 16s rDNA primers (Table 1) (Iwase et al., 2007), cloning and sequencing.
PCR used the following cycles: 94°C for 5 min, then 30 cycles of 94°C for 30 s, 50°C for 30
s, 72°C for 1.5 min and a final extension of 72 °C for 10 min. All PCR products were cloned
and sequenced to confirm their identity as explained previously (Tacchi et al., 2013). The
obtained sequence had a homology of 100% with S. warneri.

2.2. Fish and stress experiments
Rainbow trout (n=6) were either sampled directly from the hatchery rafts or after a 5 h
transport from the Lisboa Spring hatchery to Tingley beach, Albuquerque. The transport was
conducted in a truck, using raceway water from the hatchery without any sedation.

2.3. Localization of S. warneri by Fluorescent in situ hybridization (FISH)
In order to investigate the localization of S. warneri in the skin of rainbow trout, a FISH
probe was designed. The probe (Eurofins MWG Operon) was labeled with Cy5 in the 5’ end
and targeted the superoxide dismutase A (sodA) gene of S. warneri. Control trout skin
cryosections (n=6) (5 µ m-thick) were fixed in formalin for 10 min, permeabilized overnight
in 70% ethanol, hybridized at 37° C with the S. warneri probe, stained with the nuclear stain
DAPI and then observed under a Nikon Ti fluorescent microscope. Images were analyzed
using Nis Elements Advanced Research software.

2.4. Quantification of S. warneri in the skin of control and stressed rainbow trout by PCR
The presence of S. warneri in the skin of rainbow trout was quantified by qPCR using a
standard curve made of serial dilutions of a pure S. warneri culture. The standard curve
ranged from 109 to 10 S. warneri colony forming units (cfu). Total DNA was obtained from
skin tissue samples of control or stressed rainbow trout. The sodA gene of S. warneri was
amplified according to Iwase (2007) using specific primers (Table 1). 100 ng of S. warneri
or trout skin DNA were amplified by qPCR. The qPCR was performed as previously
described (Tacchi et al., 2013).

2.5. In vitro exposure of skin explants to S. warneri
Control rainbow trout skin explants (n=5) (0.5 cm2) were surface sterilized and placed in 24-
well plates. Explants were exposed to 0, 102, 104 or 106 S. warneri cells or 106 V.
anguillarum cells for 6, 24 or 48 h. At each time point, explants were collected and placed in
Trizol for RNA extraction. cDNA synthesis was performed using 1 µ g of total RNA, which
was denatured (65°C, 5 min) in the presence of 1 µl of oligo-dT17, 1 µl dNTP
(deoxynucleoside triphosphate mix 10 mM each (Promega) and RNA/DNA free water
(Sigma) in a volume of 13 µ l. Synthesis was carried out using 1 µ l Superscript III enzyme
reverse transcriptase (Invitrogen) in the presence of 5 µ l of 5x first strand buffer, 1 µ l 0.1 M
DTT (final volume of 25 µ l) and incubated at 55°C for 1 h.

2.6. qPCR studies: expression of pro-inflammatory and anti-inflammatory cytokines
The expression of the pro-inflammatory cytokines IL-1β , Il-6 and TNF-α as well as the
anti-inflammatory cytokines TGF-β 1a and TGF-β 1b was studied by RT-qPCR using
specific primers (Table 1). The qPCR was performed as described above using 3 ìl of a
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diluted cDNA template. Rainbow trout elongation factor EF-1α was used as control gene for
normalization of expression. The relative expression level of the genes was determined
using the Pfaffl method (Pfaffl, 2001) as previously described (Tacchi et al., 2013). The
sequences of all the PCR products amplified by qPCR were further confirmed by cloning.

2.7. Effect of S. warneri on the growth of the pathogen Vibrio anguillarum
GFP-V. anguillarum was grown in the presence or absence of S. warneri. V. anguillarum
was grown for 24 h in LB at 24°C and cultures were adjusted to an absorbance of 1.4 at 600
nm for a concentration of 8.4x108 cfu/ml. A total of 104 cfu were added to each well of 96-
well plates in triplicate. S. warneri cultures grown for 24 h (also in LB) were added to the
wells at 10, 102, 104 or 106 cfu/well. Positive control consisted of wells containing V.
anguillarum only, while negative controls consisted of wells containing S. warneri only and
LB only. GFP fluorescence was measured at 3, 6, 21 and 29 h in a Synergy H1 plate reader
at an excitation wavelength of 485 nm and emission wavelength of 538 nm.

2.8. Effect of S. warneri on Vibrio anguillarum biofilm formation
Biofilm formation on rainbow trout scales was assayed as described previously by Croxatto
et al., 2007. Briefly, scales were collected from the lateral line and kept at 12°C for 48 h
before infection. GFP-expressing V. anguillarum was added (104 cells/well) as well as S.
warneri (in dilutions of 102, 104, 106 cells/well). After 48 h the media was removed and the
scales were fixed with 100% methanol, air-dried and mounted. The images acquired were
analyzed using NIS Elements Advanced Research software. The mean green fluorescence
intensity of each captured image was divided by the surface area value. This ratio was used
was used to quantify the mean relative biofilm formation value for each treatment.

2.9. In vivo injection of S. warneri
S. warneri was grown overnight in LB, washed in PBS and injected intraperitoneally (i.p)
into healthy rainbow trout (mean weight=3 g). Rainbow trout (n=40) were obtained from
Clear Springs Foods Inc. (Buhl, Idaho) and received a 50 µ l intraperitoneal (i.p) injection
containing 1×107, 3×108 or 1×109 S. warneri cfu/fish. Control group received an i.p
injection of PBS. Fish were monitored for any signs of disease or mortality for four weeks
after the injection.

2.10. Statistical analysis
Data is presented as mean ± standard error (SE). qPCR measurements were analyzed by t-
test by comparing values with the control group. One-way ANOVA analysis followed by
Tukey’s posthoc test was used to identify differences between treatments in the biofilm
formation experiments. p-values < 0.05 were considered significant.

3. Results
3.1. Localization of S. warneri in the skin of rainbow trout

FISH staining on rainbow trout skin cryosections revealed the presence of S. warneri both in
the mucus (Fig. 1A) and in the skin tissue, mostly in the dermis compartment (Fig. 1B).

3.2. The numbers of S. warneri cfu in the skin increase during a transport event
Using a standard curve and a qPCR assay, we were able to quantify the number of cfu
present in the skin of rainbow trout before and after a transport event. As Fig. 2 shows, the
numbers of S. warneri cfu present in the skin of rainbow trout were significantly higher in
the “handled” group (post transport) compared to the control group.
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3.3. Expression of pro-inflammatory and anti-inflammatory cytokines in rainbow trout skin
explants exposed to S. warneri or V. anguillarum

The expression of three pro-inflammatory (IL1β , TNFα and IL6) and two anti-inflammatory
cytokines (TGFβ 1a and TGFβ 1b) was measured in the skin of rainbow trout at three
different time points following in vitro exposure to three different concentrations of S.
warneri. As shown in Fig. 3A-D, the commensal S. warneri and the pathogen V.
anguillarum induced different cytokine expression profiles in the skin of rainbow trout. At 6
h, S. warneri stimulated cells showed a suppression of the inflammatory response with all
the pro-inflammatory molecules (and TGFβ 1a) down-regulated and the down-regulation
decreased with increasing concentrations of the commensal. However, the anti-inflammatory
cytokine TGF1β b was found to be up-regulated significantly at 6 h (P values < 0.05) when
cells were stimulated with S. warneri. V. anguillarum, on the other hand, induced the
expression of IL1β , TNFα, IL6 and TGFβ 1a and a suppression of TGF1β b. 24 h following
stimulation, both bacteria induced a dramatic up-regulation of IL1β, TNFα, IL6 and TGFβ
1a (in a dose dependent manner in S. warneri stimulated cells), whilst TGF1β b was not
modified in expression. At 48 h, a significant down-regulation of the genes studied was
observed in the treatment with the lowest concentration of S. warneri (P value < 0.05) and in
the V. anguillarum treatment (P value < 0.01). The suppression was more evident in V.
anguillarum-stimulated skin explants compared to S. warneri stimulated skin explants.

3.4. Direct effects of S. warneri on the growth of GFP-V. anguillarum
The growth of V. anguillarum in the presence of different S. warneri concentrations was
measured over a period of 29 h. Four concentrations of S. warneri were tested. The lowest
dose (10 cfu/ml) had no effect on V. anguillarum growth but the rest of the concentrations
tested, all enhanced V. anguillarum growth (Fig 4A-D). The greatest enhancement occurred
after 29 h of culture although the two highest concentrations tested already had an effect
after 21 h. At 29 h, V. anguillarum growth was > 4 times, 7 times and 6 times higher in the
presence of 102, 104 and 106 S. warneri cfu/ml, respectively, compared to V. anguillarum
alone.

3.5. Effect of S. warneri on V. anguillarum biofilm formation on trout scales
We measured the ability of GFP-V. anguillarum to form biofilms on the scales of control
rainbow trout in the presence or absence of S. warneri. Biofilm formation was enhanced
after 48 h by the presence of S. warneri at all doses tested (Fig. 5).

3.6. S. warneri is not pathogenic to rainbow trout
Challenge experiments using three different doses of S. warneri by i.p injection caused no
mortality or morbidity in rainbow trout over a period of four weeks. Only one fish died at
the highest assayed dose (109 cfu/fish) 6 days post-injection. Bacterial colonies with similar
morphological characteristics to S. warneri were recovered on TSA plates from the kidney
of the only fish that died. The ID of the bacterial colonies was confirmed by 16s rDNA
sequencing (sequence homology 100%).

Discussion
Commensal microorganisms bring many benefits to the vertebrate host colonizing different
compartments within the mucosal epithelia but they are not always innocuous to the host if
homeostasis is breached at the mucosal barriers.

In the present study, we report for the first time the presence of a Gram positive bacterium,
S. warneri that resides in the skin of hatchery-reared rainbow trout in New Mexico. S.
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warneri is a common resident of the human skin that can cause disease or even be fatal in
immunocompromised patients and infants (Campoccia et al., 2010). Interestingly, in the
present study, S. warneri was not only found in association with the mucus but also inside
the skin. This was shown both by FISH staining with an S. warneri specific probe and also
by culturing lysates of skin cells on agar plates. Other Staphylococcus spp, such as S.
aureus? has been shown to invade host cells, replicating in the cytoplasm or in the
phagolysosome of phagocytes (Fraunholz and Sinha, 2012), and can also internalize within
keratinocytes (Kintarak et al., 2004). From our current study, it appears that S. warneri has
similar abilities of internalizing within host; specifically in rainbow trout skin epithelial
cells. We found that S. warneri is both present in the skin mucus and the skin tissue of
rainbow trout.

We quantified the number of S. warneri cfu in the skin of control and “handled” rainbow
trout following a 5h transport event. Our results clearly indicate that transport causes
important changes in some skin commensal bacteria. In the case of S. warneri, numbers
were considerably higher following transport than before indicating that this commensal has
the ability to grow better when the host is under stress. Our results are in agreement with a
previous report on rainbow trout hindgut microbiota, which showed that acute stress alters
the concentration of Staphyloccocus spp. (Olsen et al., 2005). In contrast to our results,
Staphylococcus spp. concentrations decreased compared to the increased concentrations
reported here. Our observations in the skin have important implications for the management
of hatcheries and any other fish farming facilities, where transport events are common and
therefore the composition of fish skin-associated bacteria is likely to change.

Pathogens and commensals are known to induce different signatures of cytokine production
by the host (Maehr et al., 2013). Whilst pathogens induce pro-inflammatory responses,
commensals, in turn, elicit anti-inflammatory cytokines. In rainbow trout, there are two
isoforms of the cytokine TGF-β1 currently known, TGF-β1a and TGF-β1b. Whether TGF-β
plays a role in the skin of rainbow trout in response to commensals or pathogens had not
been investigated to date. In order to test our hypothesis that anti-inflammatory and pro-
inflammatory cytokines may be differentially modulated in response to commensal or
pathogen colonization, we studied the expression of five cytokines in skin explants exposed
to S. warneri or V. anguillarum in vitro. Our results show that the skin of rainbow trout
responds to commensals and pathogens in a different way, by inducing the expression of
different cytokine subsets. Generally speaking, the pathogen V. anguillarum induces a pro-
inflammatory cytokine signature whereas the commensal S. warneri induces anti-
inflammatory cytokines (TGF-β1b) when present at low concentrations. High S. warneri
concentrations, in turn, led to induction of IL1-β expression mirroring an inflammatory
response against the commensal similar to that of the pathogen. Interestingly, the two TGF-
β1 forms studied behaved in different fashions, with TGF-β1a displaying a more pro-
inflammatory like response, and TGF-β1b being the stereotypical anti-inflammatory
cytokine. These results highlight the delicate line that divides commensals and pathogens
and how, if present at high concentrations, commensals evoke pathogen-like responses.

Extensive studies have revealed that disruption of the host commensal communities
increases host susceptibility to pathogenic infections (Belkaid et al., 2013; Kamada et al.,
2013). Our results indicate that the presence of S. warneri has a direct effect on V.
anguillarum growth. This may be due to production of certain metabolites by S. warneri that
are beneficial for V. anguillarum, although the exact mechanism for this interaction remains
to be elucidated. Next, we examined whether V. anguillarum biofilm formation on rainbow
trout scales may be affected by S. warneri in vitro. Biofims contain complex polysaccharide
polymers within its matrix and can be produced by various bacteria. Biofilm formation can
be tolerated and sometimes beneficial to the host (Visick, 2009), but overproduction,
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especially in the case of pathogens, may lead to increase bacterial colonization and disease
(Wahl et al., 2012). Our results show that in the presence of S. warneri the ability of V.
anguillarum to form biofilms was significantly enhanced. Together, these experiments
demonstrate that the skin residing commensal, S. warneri, can act as a catalyst for the
growth and biofilm formation of the pathogen V. anguillarum, likely increasing infection
success.

Staphyloccocus spp. such as S. aureus and S. epidermidis have been associated with the
aquatic environment and diseased aquatic organisms (Kusuda and Sugiyama, 1981).
Furthermore, S. warneri was once isolated from diseased rainbow trout in Spain (Gil et al.,
2000). The isolate in that study, Y-13-L, was tested for pathogenicity in brown trout exposed
to a high temperature stress (20°C). However, pathogenicity was not tested in rainbow trout.
According to the present study, S. warneri is not pathogenic (or has a very low
pathogenicity) to rainbow trout (at least to the strain here used) even when injected at very
high concentrations (109/fish). The differences between both studies may be due to
differences between the bacterial isolates, the hosts (brown versus rainbow trout) and/or the
challenge conditions (temperature stress versus thermal comfort).

In conclusion, S. warneri is part of the resident microbiota of the trout skin. At low
concentrations, S. warneri appears to be innocuous to the host inducing anti- inflammatory
cytokines. However, dysbiosis or any other break down of skin homeostasis may lead to
overgrowth of this commensal. In this situation, an inflammatory response in the skin takes
place. Despite the facts that S. warneri does not appear to be a direct pathobiont in rainbow
trout (causing disease if reaching the systemic circulation) it acts as an indirect pathobiont
aiding pathogens (in this case V. anguillarum) to grow and colonize the host. The present
study underscores the delicate balance between the fish mucosal immune system and its
associated commensal microbial communities and highlights the potential role of
commensals in the onset of aquatic skin diseases.
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Figure 1.
Localization of S. warneri in hatchery rainbow trout skin by FISH. Skin cryosections were
hybridized with a S. warneri specific probe labeled with cynanine 5 (magenta). DAPI-
stained cell nuclei are shown in blue. The fluorescent images were overlaid with a
differential interference contrast (DIC) image of the same field. A) S. warneri is present in
the dermis layer of the skin B) S. warneri is present in the mucus layer of rainbow trout.
Arrows point S. warneri cells. CHR: chromatophores, EC: epithelial cells.
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Figure 2.
Quantification of the number of S. warneri colony forming units in the skin (both mucus and
tissue) of rainbow trout before (control) or after a transport event by qPCR (n=6).
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Figure 3.
Expression of pro- and anti-inflammatory cytokines in rainbow trout skin explants following
incubation with S. warneri or V. anguillarum at different concentrations by qPCR. A)
Cytokine expression levels after 6 h B) Cytokine expression levels after 24 h C) Cytokine
expression levels after 48 h D) Visual summary of all results from A, B and C. Expression
levels were put into eight different categories according to the figure legend. Asterisks
indicate significant differences compared with the control treatment.

Rami et al. Page 14

Vet Microbiol. Author manuscript; available in PMC 2015 February 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
V. anguillarum growth curves in the presence of absence of S. warneri at A) 10 cfu/ml, B)
102 cfu/ml, C) 104 cfu/ml and D) 106 cfu/ml. Growth was measured by quantifying the GFP
fluorescence units at each time point in a plate reader. Results are representative of three
independent experiments.
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Figure 5.
V. anguillarum biofilm formation on rainbow trout skin is enhanced by the presence of S.
warneri. A) Results are shown as the mean +/− SE of the GFP fluorescence units per unit of
area after analyzing ten different scales per experimental group by fluorescence microscopy.
B) Fluorescent microscopy image and DIC overlay of a control scale incubated with S.
warneri for 48 h. C) Fluorescent microscopy image and DIC overlay of a scale incubated
with GFP-V. anguillarum for 48 h. D) Fluorescent microscopy image and DIC overlay of a
control scale incubated with GFP-V. anguillarum and S. warneri (102 cfu/ml) for 48 h.
Different letters indicate significantly different groups.
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Table 1

Primers used in the present study

Gene Primer Sequence (5'–3') Application

IL1β IL1bF ACATTGCCAACCTCATCATCG qPCR

IL1bR TTGAGCAGGTCCTTGTCCTTG qPCR

TNFα TNFα F GGGGACAAACTGTGGACTGA qPCR

TNFα R GAAGTTCTTGCCCTGCTCTG qPCR

IL6 IL6F ACTCCCCTCTGTCACACACC qPCR

IL6R GGCAGACAGGTCCTCCACTA qPCR

TGFβ 1a TGFb1aF CTCACATTTTACTGATGTCACTTCCTGT qPCR

TGFb1aR GGACAACTGCTCCACCTTGTG qPCR

TGFβ 1b TGFb1bF CATGTCCATCCCCCAGAACT qPCR

TGFb1bR GGACAACTGTTCCACCTTGTGTT qPCR

EF-1α EF-1aF CAACGATATCCGTCGTGGCA qPCR

EF-1aR ACAGCGAAACGACCAAGAGG qPCR

Swar 16S SwarF TGTAGCTAACTTAGATAGTGTTCCTTCT RT-PCR

SwarR CCGCCACCGTTATTTCTT RT-PCR
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