


Abundance of cutaneous bacteria in European amphibians

Weak effect of repeated swabbing on bacterial load

A GLMM for log-transformed bacterial load as response
variable and individual salamander as random effect sup-
ported a weakly significant influence of swabbing event
on bacterial load (DF = 1; DFDen = 85.7; F-ratio = 4.44; P
= 0.0379). Visual inspection of these values (Fig. 6A) in-
dicates a clear decreasing trend of bacterial load with suc-
cessive swabbing in the non-rinsed salamanders where
especially the first swabbing event yielded substantial-
ly higher bacterial loads than the subsequent swabbing
events. This trend was not clearly recognizable in the
salamanders that were rinsed before swabbing (Fig. 6B)
which overall had lower bacterial loads, although the
GLMM only revealed a tendency for significance of the
rinsed/not rinsed variable (DF = 1; DFDen = 22.4; F-ra-
tio = 3.22; P = 0.0863).

Discussion

At what densities do bacteria populate the skin of amphib-
ians? This at first glance simple question proves to be diffi-
cult to answer, due to numerous methodological uncertain-
ties. These extend from bacteria being removed during skin
fixation and sample preparation for SEM to swabbing effi-
ciency, variable 16S rDNA copies per bacterial genome, and
presence of environmental DNA in qPCR-based approach-
es. In the following, we will discuss these uncertainties and
highlight future studies necessary for an improved absolute
quantification of the amphibian cutaneous microbiome.
The most immediate way of quantifying cutaneous bac-
teria is through microscopy. In particular, SEM, consider-
ing sample topology, has often been used to illustrate the
presence or absence of bacteria on the skin surface of am-
phibians (e.g., LAUER et al. 2007, BLETZ et al. 2018, VAELLI

Figure 3. Scanning electron microscope (SEM) pictures of the dorsal skin of three individuals of Bufo bufo, showing high variation of
bacterial density and locally high bacterial density in these amphibians. Each row of two panels corresponds to one toad individual. (A,
B) Dense agglomerations of bacteria mixed with mucus matrix in a fold possibly corresponding to a separation of two skin tubercles.
(C, D) Example of a specimen without bacteria on large parts of the skin (C) but agglomerations of numerous bacteria locally (D).
(E, F) Example of specimen with skin densely covered with mucus and bacteria underneath or within this mucus layer.
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etal. 2020). Our SEM pictures revealed that in many cases,
these microorganisms appear to superficially colonize the
amphibian skin (e.g., Fig. 2E), but we also observed bacte-
ria more deeply embedded in the mucus (Fig. 2F). There-
fore, on the one hand, bacteria and/or mucus might be
washed away during the preparation of skin samples for
SEM, although we performed all fixation steps with the ut-
most care (which still might be optimized using alternative
fixation protocols, e.g. to better preserve anionic polysac-
charides; HAMMERSCHMIDT & ROHDE 2019). On the other
hand, bacteria that are more deeply embedded in the mu-
cus could be missed in the visual inspection of SEM pic-
tures, although this might occur less frequently. Both is-
sues could lead to an underestimation of SEM-based bacte-
rial counts on skin samples. Here, the development of light
microscopical (LM) techniques on integumental surfaces
could certainly overcome the issue of losing bacteria. Fluo-
rescent staining of DNA and 3D microscopy would allow
to enumerate bacteria, or, if combined with specific probes

as done in FISH, might also enable species identification.
Clearing protocols in combination with light sheet micros-
copy might also be used to analyse the whole skin surface
(e.g., PINHEIRO et al. 2021, SUBIRAN ADRADOS et al. 2021).
However, FISH and light sheet microscopy will again in-
clude washing steps risking the loss of bacteria, and the
same might be true for alternative fixation protocols for
SEM. Furthermore, both SEM and high resolution LM
examination require samples of freshly dead specimens
which creates ethical and conservation concerns if larger
sample sizes are to be studied. In the future, field micro-
scopes (standalone or coupled to smartphones), applicable
directly on a freshly collected tiny skin sample, or non-in-
vasively on a living animal, might become an ideal tool to
tackle these challenges — once such instruments allow reso-
lutions down to the level of bacteria.

Determining the abundance of microbiota via qPCR al-
lows processing of large sample sizes using a reliable and
well-established technique. While this approach is power-

Figure 4. Scanning electron microscope (SEM) pictures with typical views of the dorsal skin of a fire salamander (Salamandra salaman-
dra), with no recognizable bacteria (A-C). The small globules in the duct of the skin gland in C (zoomed in from A) likely represent
secretion droplets but could also represent coccus-shaped bacteria. (D) shows one of the few instances where a small agglomeration

of rod-shaped bacteria was observed on the fire salamander skin.
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ful in comparing abundances among group of samples, e.g.
among host species (Fig. 1), translating the obtained data
into absolute densities of cutaneous bacteria is impeded by
numerous uncertainties.

A minor issue that needs to be taken into account is that
the approach quantifies bacteria indirectly via the num-
ber of sequences of the 16S rRNA gene of which bacterial
genomes can contain between 1-15 copies, with an average
of 2-3 copies in Proteobacteria, the group with highest fre-
quency in amphibian cutaneous microbiomes (VETROVSKY
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Figure 5. Diagram showing bacterial load determined from skin
swabs of fire salamanders (Salamandra salamandra) from Sterk-
rader Wald (wild) and Kruppwald (captive) in Essen, Germany,
using qPCR. Due to amplification failure of standards in the plate
with captive samples (see text), quantification cycle (Cq) values
rather than number of 16S rDNA copies are given. Note that Cq
axis is reversed to better illustrate that low Cq values indicate
high bacterial abundances. The boxplot shows median (horizon-
tal line), 25" and 75" quantiles (box), minimum and maximum
(lines), and one outlier (black dot). Dots are single data points.
Three white rhomboids in the wild salamander category are sam-
ples analysed on the same qPCR run as the captive samples. All
pairwise comparisons among categories were significantly differ-
ent (Tukey’s post-hoc tests after ANOVA, P < 0.001). All speci-
mens were swabbed after rinsing with MQ.

& BALDRIAN 2013). The total number of living bacterial cells
can thus be expected to be lower than the 16S copy values
detected by qPCR, perhaps between 30-50% the number
of 16S copies. A more substantial concern is that the gPCR
approach will also detect DNA remains of dead bacteria
or bacterial spores, which means that, at least theoretically,
the number of living bacteria actively producing secondary
metabolites and thus of relevance for the amphibian’s im-
mune system could be substantially lower than the num-
ber of detected gene copies. One option to overcome this
latter issue would be the use of RNA instead of DNA as a
template for the qPCR, as RNA decays more rapidly than
DNA and therefore would allow quantifying of metaboli-
cally active bacteria only. In addition, a pre-treatment with
propidium monoazide could be used to reduce the number
of non-viable bacteria within the sample before DNA ex-
traction (e.g., KOMMERIEN et al. 2017).

A further, substantial uncertainty derives from the indi-
rect quantification of cutaneous bacteria via swabbing. This
approach relies on the assumption that intensive swabbing
will capture most or all bacteria associated to the mucus
layer of a particular skin surface. Contrary to that, our re-
peated-swabbing experiment (Fig. 6) suggests that this is
not the case: repeated swabbing only partially depleted the
population of cutaneous bacteria in fire salamanders, and
even after four consecutive swabbing events, a substantial
portion of these bacteria (or of their DNA) remain (Fig. 6).
This means that the swabs contain only a fraction of those
bacteria present on the swabbed skin surface, and that the
actual density has to be higher than what could be estimat-
ed from the qPCR of a single swab.

A final uncertainty is also revealed from our multiple
swabbing evidence, where a depletion of cutaneous bac-
teria can be observed in non-rinsed specimens but not in
specimens rinsed before the initial swabbing event (Fig. 6);
and from the many outliers having much higher-than-av-
erage bacterial loads in different amphibian species (Fig. 1).
These findings confirm that transient bacteria, and espe-
cially bacteria attached to dirt particles or mud, can strong-
ly bias the quantification of the cutaneous microbiome via
swabbing approaches - a full removal of such biases via
gentle rinsing might not always be possible (as in the outli-
ers in Fig. 1).

Given these many uncertainties, at this point the at-
tempt to estimate the bacterial density on the amphibian
skin remains highly speculative. We here venture into this
exercise, not to provide detailed values but to illustrate the
associated problems more clearly. To provide minimum
numbers, from our SEM results, we can confidently state
that in frogs the bacterial density can reach at least ~43,000
per mm? (Fig. 2D) - which might be an underestimation
if some bacteria had been removed during the sample fix-
ation and preparation. In B. bufo we saw densely packed
groups of bacteria, and bacteria partly embedded in or
covered a mucus matrix, making it impossible to reliably
count them from SEM pictures (Fig. 3), but the microscop-
ic data are in accordance both with substantial individual
differences among toads detected by qPCR, and with high
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bacterial loads in some toads. We can also state that in fire
salamanders, the bacterial density is probably substantially
lower, as the respective SEM pictures revealed much few-
er to no visible bacteria. For gPCR quantification, in our
study we swabbed the entire ventral surface which amounts
to ~2000 mm?® in adult fire salamanders; obtaining an av-
erage load per swab of 5.35 x 10% this would yield densities
of < 300 rDNA copies per mm?®. This corresponds to < 150
bacteria per mm? if assuming an average 2 rDNA copies
per bacterial genome; the actual density might be high-
er because it is unlikely that we captured all bacteria with
a single swab, or it might be lower since our swab might
also have captured environmental bacterial DNA. Studying

A (no rinsing)
6,000,000

captive salamanders (which according to our results might
have higher cutaneous bacterial abundances than wild in-
dividuals; Fig. 5), BLETZ et al. (2018) used thorough swab-
bing of limited skin surfaces and estimated 5700 rDNA
copies per mm?>. Thus, it overall seems that bacterial densi-
ties range from a few hundreds to a few thousands of bac-
teria per mm?, while these values can be at least one order
of magnitude higher based on both qPCR (Fig. 1) and SEM
(Fig 2) data. We suggest that future studies should use very
thorough swabbing of small and clearly delimited skin sur-
faces to obtain more reliable estimates, although it remains
unlikely that a swab could take up all of the bacterial rDNA
copies even from such a limited surface.
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Figure 6. Diagrams showing bacterial load (number of 16S rDNA copies per skin swab) of fire salamanders (Salamandra salamandra)
from Sterkrader Wald (Essen, Germany) determined using qPCR, for five consecutive swabbing events of each salamander. Data are
shown for (A) eleven salamanders that were directly swabbed upon capture in the wild and (B) twelve salamanders that were rinsed
with MQ water before the first swabbing event. Note that bacterial load axis is logarithmic. The boxplot shows median (horizontal
line), 25" and 75" quantiles (box), minimum and maximum (lines), and outliers (black dot). Dots are single data points.
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The composition of the cutaneous microbiome is in-
fluenced by numerous environmental factors, but is also
influenced by the host. For instance, at the Kleiwiesen lo-
cality where many of our samples originated, drastic dif-
ferences were found among microbiomes of co-occurring
frogs and newts (BLETZ et al. 2017), and in another case
study, aquatic and terrestrial phases of the same newt spe-
cies also differed substantially in relative bacterial abun-
dances (SABINO-PINTO et al. 2017). Here, we demonstrate
that these differences in microbiome species composition
are also paralleled by differences in absolute abundances
of cutaneous bacteria (Fig. 1). Although sample sizes were
too low in many cases, L. vulgaris newts had significantly
higher bacterial loads than P. kl. esculentus frogs that were
caught in the same pond and swabbed on the same day.
The highest average bacterial loads were found in B. bufo
toads; we hypothesize that the highly expressed skin tex-
ture of these anurans may allow for a better attachment
of bacteria, and perhaps simply leads to increased bacte-
rial abundances due to overall higher colonizable surfaces,
compared to the very smooth skin of terrestrial salaman-
ders (Figs. 2-3). The strong differences observed among in-
dividuals of B. bufo (Figs. 1, 3) and other amphibians al-
most certainly are also related to skin sloughing which is
known to reduce the number of cultivable cutaneous bac-
teria by up to 100% in amphibians (MEYER et al. 2012).
This might exacerbate the risk of losing external bacteria
in sample preparation procedures for SEM: these protocols
include up to 10 washing steps, and it might be possible
that the skin shortly after sloughing is smoother and with
less fissures, with higher risk of bacteria and indeed great
parts of the mucus layer being washed away.

BLETZ et al. (2018) found average bacterial abundances
of 1.4-6.4 x 10*16S rDNA copies per swab in four wild pop-
ulations of fire salamanders. In our study, we found values
of one order of magnitude higher in the Sterkrader Wald
population (average 5.35 x 10°) which we hypothesize might
be related to differences in the amount of debris attached to
the specimens; salamanders collected during heavy rain-
fall usually have very clean skin, while those just emerg-
ing from their shelters often have mud and soil particles on
their skin that are not fully removed by rinsing. Six of the
26 swabs taken from salamanders in the wild had bacte-
rial loads within the range of the average values of BLETZ
et al. (2018), suggesting the overall differences are not due
to methodological differences or artefacts. In any case it
remains true that in our study, the bacterial loads of fire
salamanders are lower than those of many other terrestrial
amphibians, and in part even lower than in amphibians in
their aquatic phase when much less mud and debris with
associated bacteria attach to the animal’s skin.

While overall, fire salamanders appear to have a low
bacterial density on their skin, our data demonstrate a sub-
stantial increase of bacterial abundances in individuals in-
fected by Bsal. In amphibians, Bd infection is known to
alter the composition of the cutaneous microbiome (e.g.,
JANT & BRIGGS 2014), and the same is true for Bsal infec-
tion where microbiome changes are associated with sep-

ticaemic events (BLETZ et al. 2018). It is likely that these
fungal pathogens influence the balance between the mi-
crobiota and the host’s immune system. This might ren-
der commensals into opportunists or pathogens, as it has
been found with disease and other stress scenarios in fishes
(KELLY & SALINAS 2017). The steep rise of cutaneous bac-
terial density in Bsal-infected salamanders detected in our
samples is in agreement with a scenario where opportun-
istic taxa among the cutaneous or transient microbiota un-
dergo fast blooming events on the damaged skin of their
hosts, thereby causing secondary infections that might
substantially contribute to the lethality of Bsal.
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