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‘Abstract

The corneous layer of reptilian epidermis contains bacteria of
Gram+ and Gram- types. The ultrastructural study indicates that
both intact and damaged bacterial cells are present on the surface
of the corneous layer but only damaged bacterial cells are observed
among corneocytes present 2-3 layers underneath the surface.
The immunolabeling for three beta-defensins and 1 cathelicidin of
lizard or turtle origin shows that these antimicrobial peptides are
present among superficial corneocytes and on the surface of the
stratum corneum. Moreover, the labeling is also concentrated on
bacterial cells found on the epidermal surface or among superficial
corneocytes. Some bacterial cells appear damaged in their
membranes, cytoplasm and nucleoid region. The present
observations suggest that keratinocytes during their migration and
differentiation into corneocytes release small amounts of peptides
within the epidermis creating an antimicrobial epidermal barrier
in pre-corneous and corneous layers, especially in regenerating
epidermis. It is likely that bacteria that penetrate inside the
corneous layer encounter an efficient antibiotic barrier and are
eventually destroyed. The presence of a diffuse anti-microbial
barrier in the epidermis is important for survival of these ectothermic
vertebrates in the dirty and decay environments where they naturally
live. The study suggests that reptilian anti-microbial peptides should
be tested for their anti-microbial activity and potential pharmacolog-
ical applications.
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Introduction

The epidermis constitutes a physical and chemical barrier against
water transpiration, mechanical lesion, and biochemical insults,
including a resistant anti-microbial barrier against proteolytic
enzymes used by bacteria to penetrate into the body [1]. Aside the
formation of a continuous physical barrier, the epidermis also
utilizes epidermal/dermal-derived Antimicrobial Peptides (AMPs)
that in mammals are mainly stored within the lamellar granules of
the granular layer [2-5]. Among AMPs two groups, the defensins [5,6]
and the cathelicidins [7] have been particularly studied in mammals
and reptiles [8].

The resistance of reptiles to bacterial invasion is high and these
amniotes live in variably polluted or decay environments where they
usually are poorly affected by infections. Reptiles also efficiently
resist to infections after wounding or toe clipping without any
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pharmacological treatment. One of the key factors for their
anti-microbial resistance is doubtless their scaled epidermis that
undergoes to an intense cornification [9-12]. In addition to
mechanical factors and tissue structure, recent researches have
characterized a number of AMPs present in reptilian tissues, in
particular in white blood cells, epidermis, and oral cavity in normal
and regenerating conditions [8,13-24]. These studies have also
indicated the formation of an efficient granulocyte barrier localized
underneath the scab or lizard wound and in the scab itself.

The above studies have suggested the present electron microscop-
ic survey over the epidermis of representative of all reptilian groups,
lepidosaurians, chelonians and crocodilians, in order to determine
whether the presence of an antimicrobial barrier in the epidermis in
reptiles can justify their high microbial resistance. Electron microsco-
py represents a potent tool for determining the cell alterations leading
to the death in bacteria [25]. During past studies on the skin of reptiles
it was frequently observed the presence of a number of bacterial cells
on the external corneous layer or even within the 2-3 external layers of
the epidermis, and their localization was recorded to form the present
survey. The present ultrastructural study has been integrated with the
immunodetection of specific beta-defensins and cathelicidins
previously characterized in reptiles [17-19].

Materials and Methods

The present observations derive from previous studies carried on
the skin structure of different species of reptiles and immunolabel-
ing for AMPs [12,21,22,26,27]. The study utilized 2 by 3 mm pieces
of limb or tail skin (normal or regenerating) from the lizards Anolis
carolinensis, Podarcis muralis, and Hemidactylus turcicus. Also skin
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biopsies from the trunk of the snake Natrix natrix, from normal and
regenerating tail of tuatara Sphenodon punctatus [26], and from the
ventral scales of the crocodile Crocodylus niloticus and Crocodylus
porosus, were also collected as indicated above. Finally, also
skin/scales pieces from the carapace, limb and neck regions of the
turtles Chrysemys picta, Pseudemys nelsoni and Apalona spinifera
previously utilized were re-utilized for the present survey. Some skin
samples were fixed in 2.5 % glutaraldehyde in 0.1 M Phosphate buffer
at pH 7.2 for 5-8 hours osmicated and embedded in Epon resin for
the study of the plain ultrastructure of the skin. Other skin fragments
were instead fixed at 0-4°C in fresh 4% paraformaldehyde in 0.1 M
Phosphate buffer at pH 7.4 for 7-8 hours, rinsed in buffer, dehydrated
in alcohol, and embedded in the acrylic resin Bioacryl under UV light
[28], that allow ultrastructural immunolabeling.

The embedded tissues were sectioned using an ultramicrotome,
and semithin sections (2-3 mm thick) were collected, stained with
1% toluidine blue for the histological examination or were utilized
for the immunohistochemical study. Sections obtained from Bioacryl,
Lowecryl or LR-White resins were utilized for the immunocytochem-
ical study at the light or electron microscope. The antibodies against
beta-defensins from lizard (AcBD15, AcBD27) or turtle (TuBD1)
or against a lizard cathelicidin (AcCATH]1) were raised in rabbits as
previously specified [21,22].

Light microscope immunocytochemistry was performed
incubating the sections overnight at 0-4°C with the rabbit antibodies
diluted 1: 200 in Buffer (Tris 0.05 M at pH 7.6 containing 1% BSA).
In control sections, the primary antibodies were omitted. After rinsing
in buffer, the sections were incubated for 60 min at room temperature
in a fluorescein-conjugated (green) or rhodamine conjugated (red)
anti-rabbit antibodies, rinsed in buffer, mounted in 10% glycerol in
PBS, and observed under a fluorescence microscope. Ultrastructur-
al immunolabeling was carried out on thin sections of 50-90 nm in
thickness that were collected on Nickel grids, and the sections were
incubated for 10 min in the Tris buffer containing 1% Cold Water
Fish Gelatin to block non-specific binding sites, then the grids were
incubated overnight at 0-4°C in the primary antibodies (dilution
1: 200). After rinsing in the Buffer, a 5 or 10 nm gold conjugated
anti-rabbit secondary antibodies were applied for one hour at room
temperature, the grids were rinsed in buffer and stained for 4 min in
2% aqueous uranyl acetate, rinsed and observed with a Zeiss 10C/10
CR electron microscope. In control sections, the primary antibodies
were omitted.

Other samples for the ultrastructural and immunogold labeling
derived from bacteria sampled from microbiological cultures af-
ter treatment with beta-defensins or cathelicidins, as it is detailed
elsewhere [29]. The analysis of the bacteria present in the culture
samples (in vitro) was utilized to compare the study in vivo (skin
samples) in order to detect possible alterations in bacterial cells.
Briefly, spots of the bacterial culture of Escherichia coli or
Streptococcus aureus exposed to different concentrations of TuBD1 (a
beta-defensin from the soft-shelled turtle Apalona spinifera, see [17])
or to AcChatl (a cathelicidin from the lizard Anolis carolinensis, see
[19]) that produced visible decrement in the culture on Petri dish were
selected [29].

From bacterial colonies of E. coli or S. aureus that showed
inhibition of growth, some samples of 1-2 mm were collected with
their agar support, and they were fixed in 4% paraformaldehyde and

processed for embedding in the Resin Bioacryl as specified above. The
sections of the damaged bacterial cultures were sectioned, they were
immunostained as indicated above for the two peptides, and were
observed under the electron microscope Zeiss 10C/10 CR operating
at 60kV.

Results
General Epidermal histology

The epidermis of normal scales in lizards consists in a thin but
thought and inflexible corneous layer indicated as beta-layer, under
which a softer alpha-layer and a viable epidermis are present
(Figure 1A). In the dermis, particularly in pigmented scales, numerous
melanophores (brown-stained pigment cells) are seen. After injury of
the skin or amputation of the tail that lead to regeneration, the
epidermis becomes more stratified (wound epidermis) and scales
are regenerated (Figure 1B). Initially beneath the scab, consolidated
during the first 2-4 day after injury, a connective tissues rich in
granulocytes, erythrocytes and numerous bacteria is present, but in
the following 8-12 days post-injury a new wound epidermis is formed
underneath the scab (Figure 1C). In lizards and snakes the normal
epidermis is periodically shed and this process follows a renewal
phase in which the outer epidermal layers, destined to be sloughed,
are replaced by a new epidermis [10,11]. This process in both lizards
and snakes occurs with the formation of an inner beta-layer made of
spindle-shaped cells, generated underneath the corneous alpha-layer
and the external corneous beta-layer (Figure 1D).

In the sphenodontidae lepidosaur Sphenodon punctatus the
epidermis is also covered by a resistant but thin beta-layer, followed
by an alpha-layer and living epidermal layers (Figure 1E), After
scale injury the epidermis forms a stratified wound epidermis [26].
In crocodilians, a thick stratum corneum covers most of the scale
outer (dorsal) surface while it appears thinner with desquamating
cells in the hinge regions (Figure 1F). In the shell of turtles a thick
corneous layer is generally present and, in some species, its external
part can be shed in some periods along a shedding layer (Figure 1G).
This is not the case for the shell epidermis of soft-shelled turtles
where instead a thinner corneous layer is more or less continuously
exfoliated in its superficial part, like in the other regions of the skin
(Figure 1H).

Ultrastructure of the corneous layer

The ultrastructural survey over the corneous layers of normal or
regenerating scales of different reptilian species shows the presence
of numerous bacterial cells, clustered or isolated, that can also be
identified among the mores superficial 2-6 layers of corneocytes
(Figure 2). Most bacteria are not capsulated and resembles bacilli
surrounded by a cell wall (Figures 2B,C,E) while others show a
round shape (coccus) and can be single cells or associated in pairs
(diplococcus, Figures 2A,D) or tetrads (sarcines), the latter generally
surrounded by an electron-paler capsule (Figures 2F). Bacteria cells
generally remain extracellular, but while the more superficial
bacterial cells are integral with a continuous cell membrane or
capsula, numerous of those present among corneocytes appear
damaged, with cytoplasmic vacuoles and rupture of the cell
membrane, or containing denser cytoplasmic clumps (Figures 2C,D).
In the corneous layer of the soft-shelled turtle (Apalona spinifera) also
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Figure 1: Histology of the epidermis of representative reptiles A: normal dorsal
scale in the lizard Anolis carolinensis with intensely pigmented dermis. Bar 20 pm.
B: regenerating stratified epidermis of the lizard Podarcis muralis, bar 10 um.
C: regenerating wound epidermis in a limb wound of P. muralis. A degenerating
tissue composed of granulocytes mixed to bacteria is present underneath the scab.
Bar 10 um. D: epidermis in renewal phase showing formation of a new beta-layer
(arrow) in a trunk scale of the snake Natrix natrixz. Bar 10 um. E: regenerating tail
scale of Sphenodon punctatus, showing a multilayered epidermis beneath the corneous
layers. Bar 10 um. F: detail of the hinge region between two ventral scales of the
Nile crocodile Crocodylus niloticus showing the thick stratum corneum and
desquamating corneocytes (arrows). Bar 20 um. G: thick corneous layer of the
carapace in the turtle Pseudemys nelsoni. The arrow indicates the splitting lane where
shedding will take place. Bar 10 um. H: multilayered epidermis of the carapace of the
soft-shelled turtle Apalone spinifera. Bar 10 um. Legends: a: alpha-layer (corneous);
b: beta-layer (corneous); c¢: corneous layer; d: dermis; dg: degenerating granulocyte/
bacterial layer. e: epidermis; ec: external part of the corneous layer; h: hinge region;
ic: internal part of the corneous layer; o: oberhautchen layer; p: pigment cell
(melanophore); sb: scab; w: wound (regenerating) epidermis; wk: wound
keratinocytes.

intracellular bacteria are commonly present in the first 2-3 extermal
layers, but not in the deeper corneocytes (Figure 2G).

The detailed observations on superficial, apparently intact
bacteria shows the integrity of the cell membrane, cell wall and
capsula when this is present (Figures 3A,B,C). Intracellular bacteria
do not have a capsule and appear as Gram-, but their cell wall seems to
be directly in contact with the corneous cytoplasm of the corneocyte
(Figures 2G,3D). Based on the general ultrastructural characteristics
of the different bacterial cells they appear to belong to Escherichia or
Salmonella sp while the oval or roundish bacteria surrounded by a
capsula include Staphylococcus sp (the more common), Streptococcus,
Sarcina or even Mycobacterium (with thick cell walls). However the
ultrastructural characteristics are not sufficient to identify genus or
species that are, however, beyond the scope of the present and general
survey.

Immunodetection of AMPs in the epider-
mis and bacterial cells

As indicated above, the antibodies here utilized tag specific
epitopes present in the studied beta-defensins and cathelicidins that

Figure 2: Ultrastructural details of the superficial area of the corneous layer in
different reptilian species. A: diplococcus-like bacteria resting on the beta-layer of a
digit scale in the gecko Hemidactylus turcicus. The arrow indicates possible capsular
material. Bar 500 nm; B: Staphylococcus like cells in division (arrow) and Bacillus/
Salmonella-like cells (arrowhead) on a scale surface of the snake Natrix natriz. Bar
250 nm. C: bacilli (arrow) and coccus (arrowheads) present among corneocytes of
the tail wound epidermis of Sphenodon punctatus. Double arrowheads indicate bacilli
with internal degeneration. Bar 500 nm; D: other Diplococcus-like bacteria on the
surface of the beta-layer in tail scale of S. punctatus. The arrows show membrane
loss while the arrowheads point to possible degenerated bacterial bodies. Bar 250 nm.
E: apparently viable bacterium (arrow), possible a Samonella or Escherichia sp.,
detected on the surface of the corneous layer in Crocodylus porosus. Bar 200 nm;
F: aggregates of capsulated (arrowheads) bacteria, resembling Mycobacterium or
Sarcina sp. on the surface of the corneous layer in the carapace of the turtle Chrysemys
picta. Bar 500 nm; G: intracellular Salmonella-like bacteria (arrows) in the external
corneocytes of the limb epidermis of the soft-shelled turtle Apalone spinifera. Bar 250
nm. Legends: Bc: beta-corneous layer; c: corneous layer; k: keratin filaments.

we previously characterized in lizard and turtles. No or a weak
immunoreactivity is observed in the normal epidermis of lizard
while in the wound and regenerating epidermis of lizards and in
normal epidermis of turtles some positive immunostaining for both
beta-defensins and cathelicidin-1 are present (Figure 4). After skin
injury in the tail or in tail/limb scales of lizard, a clot is formed over
the damaged tissue separating the inner tissues from the external
environment and its microbial populations. One to two days after
skin injury in the tail of the lizard P. muralis or A. carolinensis, a scab
is formed, mainly composed by degenerating erythrocytes and few
trapped leucocytes, coagulated within a fibrin matrix. Immunofluo-
rescence controls indicate that while erythrocytes are autofluorescent,
the surrounding fibrin matrix shows some specific labeling for both
Ac-beta-defensin-15 -27, Ac-cathelicidin-1
(Figure 4A-C).

and and for

The normal epidermis of the shell, neck and limbs in the
hard-shelled turtles Chrysemys picta or Pseudemys nelsoni, and of the
soft-shelled turtle A. spinifera shows small roundish granules, better
identified under the electron microscope as bacterial cells, on the
surface of the corneous layer or even infiltrated among the superficial
layers of the corneous layer (Figure 4D). In the stratum corneum of
the carapace and in the softer limb epidermis in the soft-shelled turtle
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Figure 3: Ultrastructural details of viable cells on the surface of the corneous layer.
A: Possible Mycobacterium cells showing active cell division (double arrows indicate
the forming septa), mesosomes (arrows), cell wall (double arrowheads), and capsu-
lar material (arrowheads) C. picta epidermis. Bar 200 nm. B: two Gram+ bacteria (n,
nucleoid) surrounded by an integral membrane (arrows) and cell wall (arrowheads)
close to a corneocyte (c) of the turtle 4. spinifera. Bar 200 nm. C: Gram- bacterium
resembling Pseudomonas sp (n, nucleoid) on the epidermal surface of a normal scale
of 8. punctatus. Bar 200 nm. D: intracellular bacterium (Escherichia like, the arrow
points the Gram- cell wall) in A. spinifera corneocytes. Bar 200 nm. In the inset the
membrane of a cross-sectioned bacterium (arrowhead) is directly in contact with the
cytoplasm of the corneocyte (c). Bar 100 nm.

Apalone spinifera, some bacteria are also seen externally to the
superficial corneocytes, as later confirmed using the electron
microscope. The epidermis shows immunofluorescence, especially
in the external stratum corneum for a turtle beta-defensin (TuBD1;
Figure 4E), a location where also bacterial cells are seen (see later for
its ultrastructure). Controls sections show absence of fluorescence
over most of the corneous layer (Figure 4F).

Ultrastructural observations using immunogold particles of
5 or 10 nm in diameter show a diffuse immunolabeling for AcCathl,
AcBD27 and AcBD15, especially visible along the membranes and
in the inter-cellular spaces between corneocytes of the regenerating
wound epidermis of the lizards Podarcis muralis and Anolis
carolinensis (Figures 5A,B), and in the soft-shelled turtle Apalona
spinifera (Figure 5C). Sparse 0.3-0.5 pum large granules present in
the cytoplasm of pre-corneous cells also show a diffuse but specific
labeling (inset of Figure 5C). After scale or tail/limb injury a blood clot
is formed on the surface of the wound and gives rise to a scab within
1-2 days. At 4-7 days post-injury the scab is progressively separated
by the underlying healing connective by the infiltration of migrating
keratinocytes that eventually determine the detachment of the scab
at 8-12 days post-injury (Figure 1C, see details in [27,30]). The
ultrastructural immunolabeling for AcBD15 and AcBD27 of the
scab confirms the previous light microscope immunolabeling

Figure 4: Immunoreactivity for some anti-microbial peptides on the surface of the
skin in the lizard P. muralis A-C: histology on hard-shelled turtle P. nelson D: and
immunohistochemistry on the soft-shelled turtle 4. spinifera E, F: Bars in all figures
indicate 10 pm. A: labed scab (sb) for lizard defensin 27 (LD27) on the tail stump
(st) of P muralis at 2 days post-injury. B: labeled scab (sb) for lizard cathelicidin 1
(LCATT1) at 2 days post-injury (st, stump) in P. muralis. C: control section showing
loss of immunofluorescenze in the scab P. muralis. aside in sparse autofluorescent red
cells. D: localization of clusters of bacteria (arrow, see magnification in the inset)
seen within the thick stratum corneum (c) of the carapace of the turtle P. nelsoni
(e epidermis; d, dermis). E: immunofluorescence in the stratum corneum (c) of limb
epidermis. Dashes underline the basal layer (d, dermis) in 4. spinifera. F: immunoneg-
ative control (¢, stratum cornum; d, dermis).

(Figures 3A-C). The scab is derived from degenerated erythrocytes
and granulocytes in addition to dead epidermal cells, coagulated
within a fibrin material. The degraded cells in the scab at 4-7 days
post-injury results poorly identified and most of the scab appears
composed by a mix of granular, amorphous and dense material
alternated with paler roundish areas that are diffusely labeled
(Figure 6). Control sections where the primary antibody was omitted
do not show immunolabeling (Figure 6D).

The observations over the corneous layer of normal and
regenerating epidermis in the lizards A. carolinensis and P. muralis
show roundish or bacillar cells, resembling Gram- Escherichia or
Salmonella sp that result immunolabeled for AcBD15, AcBD27 and
AcCathl (Figure 7). The gold particles are present in the cytoplasm,
nucleoid region, and along the plasma membrane. These bacterial
cells however appear altered, featuring membrane ruptures or lacking
a continuous membrane. They also show the presence of vacuolated
areas and cytoplasmic clarification, and these cells contain few
ribosomes in their cytoplasms (Figures 7B-D), all indications of cell
degeneration (see comparison with cells isolated from microbiological
bacterial culture).

Also Gram+ bacterial cells, detected on the corneous surface
of the regenerating and normal scales of lizard, snake and turtle
epidermis, often appear degenerated (Figures 8A-B). Cells identified
as Staphylococcus or Bacillus sp, show cytoplasmic vacuolization and
formation of clumped cytoplasmic granules, and some of these cells
result completely degenerated, empty and they are surrounded by a
residual but discontinuous cell wall (Figures 8A). The immunolabel-
ing with TuBD1 shows that these cells contain immunolabeled areas of
the cytoplasm, nucleoid and along the cell perimeter, indicating that
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Figure 5: Immunogold labeling in the wound epidermis of the regenerating scales
in lizards (A, B) and in the normal epidermis of the soft-shelled turtle (C). Bars
indicate 100 nm in all the figures A: diffuse distribution of gold particles detecting
AcCath1 (LCATT1) in a pre-corneous alpha-cell cytoplasm (pa, arrowhead) and in the
wound epidermis (arrow) of A. carolinensis. Bar 100 nm. B: other immunolabeling
(arrows) for AcBD27 (LBD27) in the wound epidermis of P. muralis (pa, pre-corneous
alpha-layer). C: TuBD1 immunolabeling of the surface of a-corneocytes
(arrowheads) and in the intercellular spaces (arrows) present in the corneous layer

Figure 7: Labeled bacteria found on the corneous layer of the lizard 4. carolinenss.
Bars indicate 100 nm in all the figures. A: immunolabeled nucleoid for AcBD27
(LBD27, arrow) in a Gram- bacterium located on the surface of the wound epidermis.
B: other labeled bacterial cell (LBD27) with vacuolated area (arrow) and un-distinct
membrane (arrowheads) detected on the epidermis of a normal digital scale.
C: AcCath1 (CAT1) immunolabeled bacterium with a vacuolated central cytoplasm
and undistinct plasma membrane, present on the surface of the wound epidermis.
D: two CAT1 immunolabeled, Salmonella or Escherichia-like bacteria located on the
surface of the beta-layer of a normal scale.

of the limb epidermis of the turtle 4. spinifera. The inset shows a large granule of a \ J
pre-corneous cell that is labeled for TuBD1. these regions are targets of this anti-microbial peptide (Figure
- L 8B). Other bacterial cells, immunolabeled for TuBD1, appear as

protoplasts, namely cells devoid of a cell wall, and they feature
numerous ruptures along the plasma membrane (Figure 8C) or even
they do not possess most of the plasma membrane (Figure 8D).

Figure 8: Bacterial cells localized on the limb (A-C) and neck (D) epidermis in the
soft-shelled turtle 4. spinifera. Bars indicate 100 nm in all the figures. A: damaged
coagulated bacterial cells (arrowheads) of Staphylococcus sp. The arrow points to the
remnant of a cell wall. B: TuBD1 intracellular labeling in a bacterium
(n, nucleoid) with discontinuous plasma membrane (arrow). C: TuBBD1 labeling
(arrow) in the nucleoid region (n) of a bacterium with discontinuous plasma
membrane (arrowheads) soft epidermis limb. The double arrow points to one
vacuolated area. D: TuBD1 labeling (arrow) in the scaffold material of the nucleoid
(n). Arrowheads point to the incomplete membrane located along the cell perimeter.

Figure 6: Immunogold labeling for AcBD15 (LBD15) in the scab of lizards at about 4

days post-injury. Bars indicate 100 nm in all the figures. A: immunolabeled reticulate

granules (arrows) present among non-structured scab material in A. carolinensis.

B: other area of the scab in 4. carolinensis, likely derived from a dead granulocyte and

containing a diffuse labeling (arrows) around a vesicle. C: labeling in two pale areas

(arrows) localized among the scab material in P. muralis. D: immunonegative control
section (CO) of an area of the scab.
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The ultrastructural comparison of the damaged bacterial cells
found in the corneus layer of reptiles, with those isolated from
bacterial cultures treated with TuBD1 or AcCath1 [29], show similar
alterations. These consist in membrane ruptures, cytoplasm
clarification with loss of ribosomes, and vacuolization in both the
microbiological cultures of Escherichia coli and Staphylococcus aureus
(Figure 9). Also the nucleoid region and the protein scaffolding
filaments have decreased or appear altered in comparison to the
normal euchromatic nucleoid. These damages are associated with
the immunolocalization of the peptides within the cells, along their
perimeter and in the nucleoid area (Figure 9D,E,H).

Figure 9: Ultrastructural images of Escherichia coli (A-E) and Staphylococcus aureus
(F-H) bacteria in culture in normal conditions and after treatment with antimicrobial
peptides. Bars indicate 100 nm in all figures. A: normal control bacterium. B: treated
with AcCath1 for 8 hours. Most cytoplasm is empty, large part of the cell membrane
is lacking (arrow) and dense, likely coagulated protein granules are seen (arrowhead).
C: other damaged bacterial cell after 8h incubation with TuBD1 showing membrane
ruptures (arrows), ribosome paucity, disassembling of nucleoid (n) scaffolds filaments
(arrowhead). D: detail on TuBD1 immunogold labeling on the discontinuous plasma
membrane (arrow) and within the cytoplasm (arrowhead) 3 h after treatment.
E: immunolabeling along the interrupted plasma membrane (arrow) and diffusely
in the cytoplasm (arrowheads) 8 hours post-incubation with AcCath1. F: untreated
control bacterium. G: three hours after exposition to TuBD1 the cytoplasm is empty
and the membrane (arrow) is largely disappeared. H: immunolabeling for TuBD1
shows the gold particles along the broken plasma membrane and cell wall (arrow) but
also in the core cytoplasm (arrowhead).

Discussion

The present qualitative ultrastructural survey on the epidermis of
all reptilian representatives (lepidosaurians, crocodilians and turtles)
documents the almost constant presence of Gram+  bacteria,
possessing a thick cell wall (Staphylococcus sp or possible Bacillus
or Mycobacterium sp), and Gram- bacteria with a thinner cell wall
(especially Salmonella or Escherichia sp). These bacteria are not only
observed on the surface of the corneous layer but are also localized
in the extracellular space of the more superficial 2-3 or even deeper
layers of the reptilian stratum corneum, as also noted in the human
epidermis [1]. Various species of bacteria have been found on the skin
or oral and anal cavities in turtles, lizards, and snakes in normal or

pathological conditions, such as Salmonella [31], Pseudomonas [32],
Mycobacterium and Clamydia [33], Staphylococcus and many others
[34]. Bacteria have been also observed among corneocytes in shed
molts of numerous species of snakes and lizards (Alibardi,
unpublished observations).

The study shows some morphological alterations in these bacteria
of the stratum corneum, especially in the deeper regions of the
corneous layer, where they appear largely degenerated [22]. The
progressive cell destruction as the bacteria penetrate inside the
stratum corneum is strengthened from the comparison of the
alterations observed in vivo and similar alterations occurring in
microbial tests (Figures 8,9) [29]. The latter consists in the rupture
of small regions of the plasma membrane and cell wall, lowering in
ribosome number, increase of the cytoplasmic vesiculation with the
clarification of the cytoplasm, the protein clumping and clarification
of the nucleoid, and by the complete degradation of the cell wall and
plasmalemma. The latter process is followed by the fragmentation of
the bacterial cell in both Gram- and Gram+ bacteria [29]. Therefore
both the membranes and the DNA or scaffolding proteins of the
nucleoid region can be directly or indirectly affected from these
peptides. Similar ultrastructural alterations or the destruction of
bacterial cells of the genus Escherichia, Staphylococcus, Streptococcus,
Moraxella, Hemophilus, Salmonella, Lactobacillus, Pseudomonas,
Helicobacter, were seen in various studies using traditional antibiotics
[35-37] or antimicrobial peptides of mammalian [38-42] or reptilian
[20,43] origin. Other antimicrobial test on Pseudomonas aeruginosa
have indicated that antimicrobial peptides penetrate into the cell of
bacteria, and show a similar membrane or nuclear localization as here
reported before the disruption of the bacterial cell [40,44].

The present survey further supports the hypothesis that the high
resistance to infection in normal skin integrity and after disruption of
the skin barrier following injury in lizards, snakes, and likely in other
reptiles, is largely due to the release of AMPs in the corneous layer
or within the consolidating scab that form a chemical antimicrobial
barriers aside the mechanical barrier role (Figure 10). The epidermis
makes likely the main immunological organ of the body in terms
of extension [4,6]. While the carapace epidermis of turtles and the
beta-layer of lizard epidermis do not show immuno-detectable
peptides, their detection occurs in the regenerating epidermis and
in the soft-shelled carapace and limb epidermis. The detection of
immunolabeling for beta-defensins and cathelicidins observed
among corneocytes and inside bacterial cells present in the more
superficial corneous layers in turtle epidermis suggests that these
peptides are constitutively released among corneocytes at low
concentration, reaching the superficial surface of the corneous layer.

When AMPs encounter bacteria, they enter in their cells
determining damage and eventually killing those that penetrate
some corneous layers below the surface. The intense immunolabeling
of scabs and in the regenerating epidermis present at the surface of
wounds indicate the formation of a solid antimicrobial barrier, as it
is also seen in mammalian wounds [45-47]. The study also confirms
that the scab covering wounds incorporates and likely maintains
for sometime the AMPs, contributing to the formation of a lasting
anti-microbial barrier while the underlying re-epithelization is
completed [27,30].

The expression of AMPs is also correlated with the stimulation
of epithelial proliferation in addition to their antimicrobial activity.
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Figure 10: Schematic representation featuring the current interpretation of the
antimicrobial barrier in reptilian epidermis. A: section of a generalized epidermis.
B: detail of the stratification of the corneous layer. C: further detail showing the
progressively more damaged bacterial cells as they penetrate more internally among
corneocytes of the stratum cornum. D: summarizing drawing depicting the possible
secretion of antimicrobial peptides (AMPs) among suprabasal keratinocytes.
Legend: b: basal layer of the epidermis; n: nuclear remnants; s: suprabasal layers.

Migrating or stimulated mammalian keratinocytes have been shown
to express high levels of cathelicidins and beta-defensins that later
decrease at complete re-epithelization [41,45]. Whether, in addition
to the AMPs, also the keratins or the corneous beta-proteins
(beta-keratins) of reptilian corneocytes may also release
antimicrobial peptides after their degradation in the stratum
corneum [48] remains to be evaluated. After large amputations that
would instead kill many mammals or birds (homeotherms) from
excessive bleeding or septicemia, many reptiles heal with no severe
infections. Since reptiles in general posses a less efficient adaptive
immunity in comparison to homeotherms [49], their high resistance
to infections suggests that they possess potent innate immunity in
the epidermis and other epithelia. The production of effective an-
ti-microbial proteins or peptides that function at variable and low
temperatures in addition to macrophages [50] is likely advantageous
for the microbe resistance in reptiles. This is particularly shown after
tail amputation in lizards that induces a small inflammatory reaction
and is followed by the regeneration of this organ [27,30]. It is likely
that the limited inflammation determined by the presence of
autotomy planes (anatomical pre-formed planes of amputation) also
is coupled with the rapid activation of antimicrobial mechanisms
with the production of antimicrobial molecules that act at lower
temperatures, below 10°C [50]. In this way reptilian AMPs are active
when the bacterial proliferation is relatively low, so that the spreading
of infections is diminished under these conditions.

In conclusion, the presence of anti-microbial peptides in the
epidermis of reptiles and in bacterial cells localized on the surface
of the corneous layer or among the superficial corneocytes, suggests
that an antimicrobial barrier stops microbe penetration (Figure 10).
In case of wounding the antimicrobial barrier is initially made by

the scab that contains these peptides derived from the degradation
of granulocytes, until re-epithelialization with active AMP secretion
is re-established underneath the scab. The potential antimicrobial
activity of reptilian AMPs for medical application remains to be fully
explored [8,29].
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