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Mammalian �-defensins are small cationic peptides possessing broad antimicrobial and physiological
activities. Because dogs are particularly resilient to sexually transmitted diseases, it has been proposed that
their antimicrobial peptide repertoire might provide insight into novel antimicrobial therapeutics and treat-
ment regimens. To investigate this proposal, we cloned the full-length cDNA of three canine �-defensin
isoforms (cBD-1, -2, and -3) from canine testicular tissues. Their predicted peptides share identical N-terminal
65-amino-acid residues, including the �-defensin consensus six-cysteine motif. The two longer isoforms, cBD-2
and -3, possess 4 and 34 additional amino acids, respectively, at the C terminus. To evaluate the antimicrobial
activity of cBD, a 34-amino-acid peptide derived from the shared mature peptide region was synthesized.
Canine �-defensin displayed broad antimicrobial activity against gram-positive bacteria (Listeria monocyto-
genes and Staphylococcus aureus; MICs of 6 and 100 �g/ml, respectively), gram-negative bacteria (Escherichia
coli, Klebsiella pneumoniae, and Neisseria gonorrhoeae; MICs of 20 to 50, 20, and 50 �g/ml, respectively), and
yeast (Candida albicans; MIC of 5 to 50 �g/ml) and lower activity against Ureaplasma urealyticum and U.
canigenitalium (MIC of 200 �g/ml). Antimicrobial potency was significantly reduced at salt concentrations
higher than 140 mM. All three canine �-defensins were highly expressed in testis. In situ hybridization
indicated that cBD-1 was expressed primarily in Sertoli cells within the seminiferous tubules. In contrast,
cBD-2 was located primarily within Leydig cells. The longest isoform, cBD-3, was detected in Sertoli cells and
to a lesser extent in the interstitium. The tissue-specific expression and broad antimicrobial activity suggest
that canine �-defensins play an important role in host defense and other physiological functions of the male
reproductive system.

The mucosal physical barrier is an important component
protecting luminal surfaces from bacteria. Discovery of epithe-
lium-derived antimicrobial peptides with activity at mucosal
surfaces extends luminal protection from the traditional bar-
rier effect to innate immune capabilities. These endogenous
peptides are natural antibiotics that are widely distributed in
nature and represent an important mechanism of innate de-
fenses against microbial infection (1, 5). Among these naturally
occurring antimicrobial peptides, defensins form a unique fam-
ily of cysteine-rich, small cationic peptides (17).

The defensin family is large and has been documented in
mammals, plants, insects, and mollusks (6, 27, 29, 39, 47). In
mammals, defensins are subdivided into �-, �-, and �-defensins
based on the organization of conserved six-cysteine motifs (43,
50). With the exception of bovine neutrophils, �-defensins are
synthesized primarily in epithelial tissues (18, 27). Because
epithelia of the male reproductive tract are essentially isolated
from adaptive immune capabilities and because the luminal
contents of the testis and epididymis are of vital importance for
the preservation of the species, it follows that these epithelia
have developed immediate and rapid mechanisms to counter-
act urogenital pathogens.

Sexually transmitted diseases and infections of the urinary

and reproductive tracts remain important public health prob-
lems worldwide. Although �-defensins have been identified in
the urogenital tract of several species, including humans (4, 12,
19, 27, 33, 38, 42, 52), mice (12, 32), rats (3, 9, 15, 36, 52), and
nonhuman primates (2, 4), their existence in dogs has not been
documented. Because of the clinical similarities in urinary tract
infections between humans and dogs, this is a significant omis-
sion. For example, urinary tract infections are the most com-
mon infections in human hospitals and the second most com-
mon infections observed in the general population (13).
Escherichia coli and Klebsiella pneumoniae represent the caus-
ative agents of 70 to 90% of all urinary tract infections in
humans (16, 35, 40). This clinical feature is almost identical in
dogs, where these two bacteria cause more than 80% of urinary
tract infection cases reported in this species (26, 30, 44). In-
formation on the antimicrobial peptide capabilities of the ca-
nine urogenital system may provide basic comparative knowl-
edge for the development of novel therapeutic agents and
treatments for urogenital infections.

Here we report the molecular cloning and identification of
three �-defensins from canine testicular tissues. These newly
identified antimicrobial peptides effectively kill gram-positive
and -negative bacteria and yeast in a salt-dependent manner.
The presence of these antimicrobial peptides in the testicular
tissue of a species that is remarkably resilient to sexually trans-
mitted diseases strongly suggests that �-defensins play a pivotal
role in host defense mechanisms of the canine urogenital sys-
tem.
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MATERIALS AND METHODS

Cloning of cBD cDNA. To begin our identification of cBDs, the conserved
cysteine-motifs of hBD-5 and hBD-6 were used as a query sequence to search the
National Center for Biotechnology Information GenBank expressed sequence
tag (EST) database. This search resulted in a partial sequence of one cDNA
(accession number BM537999) from the Canis Testicular cDNA Library (Cold
Spring Harbor Laboratory, NY). Based on this EST sequence, two pairs of
primers were designed (Table 1). To obtain full-length cDNA sequences, a
modified rapid amplification of 5� cDNA ends (5�-RACE), which selects for
nontruncated 5�-capped mRNAs, was used, (FirstChoice RLM-RACE kit; Am-
bion, Inc., Austin, TX). Briefly, 10 �g of total RNA from canine testes were
treated with calf intestinal phosphatase, followed by the addition of tobacco acid
pyrophosphatase to remove the cap structure. T4 RNA ligase was used to ligate
the 45-bp RNA adapter, and the RNA was reverse transcribed with Moloney
murine leukemia virus reverse transcriptase and random decamers. cDNAs were
amplified with nested primers to the RNA adapter and an antisense gene-specific
outer primer. The first PCR product was reamplified by using a nested inner
RNA adapter primer (RLM-RACE kit; Ambion) and a gene-specific inner
primer. A similar nested PCR strategy was also used for 3�-RACE to obtain the
3�-terminal cDNA sequences. In this case, the 3�-adapter was directly annealed
to mRNA by its poly (T) tail and used as the primer for nonspecific reverse
transcription of mRNA. Two rounds of nested PCR were then conducted with
outer- and inner-adapter primers paired with the outer and inner sense gene-
specific primers, respectively.

The nested PCR products were purified with a column-based PCR purification
kit (Qiagen Inc, Valencia, CA) and cloned into plasmids with pGEM-T Easy
Vector Systems (Promega Co., Madison, WI), followed by transformation into E.
coli (JM109; Stratagene Co., La Jolla, CA) and colony screening with PCR. The
primers used for PCR clone screening were the sense and antisense gene-specific
primers. Plasmids were extracted from bacterial culture derived from identified
single colonies, and the inserts were sequenced with SP6/T7 vector primers
(Promega) on an automated ABI 3700 DNA analyzer at the Kansas State
University Sequencing and Genotyping Facility (Manhattan, KS). Each cDNA
sequence was generated from the sequencing results of at least five identical
plasmid extracts from individual colonies. The full-length cDNA sequence was
then generated by ligation of the 5� and 3� sequences and deletion of the adaptor
and overlapped region.

Synthesis and preparation of a cBD peptide. A 34-amino acid peptide (KC
WNLRGSCREKCIKNEKLYIFCTSGKLCCLKPK) spanning the cBD cysteine
motif was chemically synthesized (AC Scientific, Inc., Duluth, GA). The material
eluted as a single peak on reverse-phase high-pressure liquid chromatography,
and the peptide identity was confirmed by mass spectroscopy. The final purity of
the peptide was 93% with a mass of 3,994.95 Da. The peptide was lyophilized and
dissolved in 0.01% acetic acid at 2 mg/ml (�0.5 mM) as a stock solution and
stored at �135°C until use. Formation of the three disulfide bonds was induced
by air oxidation catalyzed by Cu2� (52). Briefly, the peptide (2 mg/ml) was
dialyzed in a 500-�l dialysis tube (molecular mass cutoff, 3,500 Da; Spectrum
Laboratories, Inc., Rancho Dominguez, CA) at 4°C in 1 liter of 50 mM Tris-HCl
(pH 8.0), 1 mM EDTA, and 1 mM dithiothreitol overnight. Dialysis bags were

then transferred to 1 liter of 0.1 M NaHCO3, containing10 mM cysteine and 10
�M CuCl2. Oxidized peptides were dialyzed against 1 liter of 0.01% acetic acid
for 4 h at 4°C and passed through a 0.2-�m-pore-size filter. The peptide con-
centration was determined with a BCA protein assay (Pierce, Inc., Rockford, IL).
Human serum albumin (Sigma Aldrich, St. Louis, MO) was added to the peptide
solution to achieve a final concentration of 0.1% immediately before the peptide
was used.

Three-dimensional structure analysis of cBD. Structural models were gen-
erated for cBD via homology modeling. The target structure was predicted via
alignment to a set of three human �-defensin templates (isoforms 1, 2, and 3,
respectively) for which experimental structural characterization was available
(24, 42). Canine �-defensin sequences were aligned to the human templates
via the CLUSTALW program (48), using the Blosum 30 substitution matrix,
a gap-opening penalty of 10, and a gap-extension penalty of 0.1. These
resulted in multiple alignments, and the corresponding three-dimensional
human �-defensin peptide structures were then processed via the Modeller
program (41) to yield structural predictions for the canine �-defensin target.
Modeller’s default simulated annealing cycles were used for structural refine-
ment. Analysis of the peptide secondary structure and surface characteristics
was carried out on the resulting structures via SYBYL (SYBYL6.9.2,;TRI-
POS, Inc., St. Louis, MO).

Antimicrobial activity. Candida albicans ATCC 11006 and 14053, Escherichia
coli ATCC 25922 and 700336, Klebsiella pneumoniae ATCC 10031, Neisseria
gonorrhoeae ATCC 10150, Listeria monocytogenes ATCC 19115, Staphylococcus
aureus ATCC 10832, Ureaplasma canigenitalium ATCC 51252, and U. urealyti-
cum ATCC 27619 were used for the microbicidal assays. C. albicans was grown
overnight (35°C) to stationary phase on potato dextrose agar and managed as
described by the NCCSL standards (33). U. canigenitalium and U. urealyticum
were stored frozen (�20°C) in urea broth 10B (per American Type Culture
Collection specifications) and thawed at 5°C for 2 h before assay. N. gonorrhoeae
was regularly maintained on chocolate agar, single strength BBL GC II agar base
(Becton Dickinson, Sparks, MD) with 2% hemoglobin (BBL) and incubated at
37°C in 5% CO2. All other bacteria were maintained on Trypticase soy agar
(Difco, Detroit, MI) plates at 37°C. N. gonorrhoeae and other bacteria were
cultured to mid-logarithmic phase by transferring single cell colonies grown
overnight into GC II agar base broth (36) or Trypticase soy broth (Difco),
followed by incubation and shaking for 3 h at 37°C. Subcultures were centrifuged
for 10 min at 4°C at 900 	 g, and the bacterial pellets were washed once and
suspended in 10 mM sodium phosphate buffer (PB [pH 7.4], [Na�] 
 17.83 mM).

Initial bacterial concentrations were determined as previously described (12).
N. gonorrhoeae at 108 CFU/ml was obtained at an optical density of 0.1 at 620 nm;
the same initial population was estimated for the other bacterial cultures at an
optical density of 0.1 at 600 nm. C. albicans were suspended in 10 mM PB to a
McFarland standard of 0.5 for an initial 108 CFU/ml according to NCCLS
recommendations (33), except that the recommended 0.85% saline solution was
replaced with 10 mM PB. All microbial working dilutions were in 10 mM PB
thereafter.

To determine the antimicrobial activity of cBD, a broth microdilution method
adapted from the NCCLS methods (12, 33) was used as previously described

TABLE 1. RACE and RT-PCR primers for canine �-defensins

Primer type and name Primer sequence Location in
cDNA (nt)a

Product
size (bp)

GenBank
accession no.

RACE primers
Sense outer primer 5�-GCTTGTCACTTCGTCAAGACCAGA-3� 90–113 BM537999
Antisense outer primer 5�-AATGCTTCCAGCTTTGTTCTTC-3� 428–407 339
Sense inner primer 5�-CCTGAAGACATGAAGGCTTT-3� 131–150
Antisense inner primer 5�-TTCCAGCTTTGTTCTTCTTTATCA-3� 423–400 293

RT-PCR primers
cBD-1 (sense) 5�-CCTGAAGACATGAAGGCTTT-3� 46–65 AY169790
cBD-1 (antisense) 5�-TGAGATCAGACTTGGGACAGG-3� 313–293 268
cBD-2 (sense) 5�-CCTGAAGACATGAAGGCTTT-3� 47–66 AY169791
cBD-2 (antisense) 5�-TTCCAGCTTTGTTCTTCTTTATCA-3� 409–386 363
cBD-3 (sense) 5�-CCTGAAGACATGAAGGCTTT-3� 46–65 AY169792
cBD-3 (antisense) 5�-AATGCTTCCAGCTTTGTTCTTC-3� 343–322 298
GAPDH (sense) 5�-TGGYATCGTGGAAGGRCTCAT-3� 561–581 BC025925
GAPDH (antisense) 5�-RTGGGWGTYGCTGTTGAAGTC-3� 930–910 370

a nt, nucleotides.
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(46). Briefly, 50 �l of the CBD working stocks were added to the wells of a
microtiter plate in which 25 �l of 30 mM sodium PB (pH 7.4, [Na�] 
 53.49
mM), 25 �l of H2O, and 50 �l of the microbial suspension had been previously
combined. Microtiter plates were incubated at 37°C for 2 h in a shaking incubator
(100 rpm), followed by the addition of 150 �l of the corresponding nutritive
broth. Growth inhibition was determined by measuring MICs, defined as the
lowest concentration in which microbial growth was prevented, as indicated by
the lack of turbidity or color change (urea broth 10B) after 24 h of incubation at
37°C. Because N. gonorrhoeae does not show turbidity as evidence of growth in
GC broth and because of its high autolytic activity in liquid medium, 50 �l was
spotted onto chocolate agar and the MIC was defined as the lowest concentra-
tion at which no colonies developed after 24 h of incubation at 37°C in 5% CO2.

To determine the salt sensitivity of cBD bactericidal activity, two representa-
tive bacteria (one gram-negative and one gram-positive bacteria) were used; E.
coli ATCC 25922 and L. monocytogenes ATCC 19115, respectively. The final
sodium concentrations of the bactericidal mixture were adjusted to 15, 30, 50,
140, and 300 mM with NaCl. All assays were performed in triplicate.

Tissue expression of cBD mRNA. To determine the tissue expression of cBD
genes, samples were obtained from healthy dogs according to procedures ap-
proved by the Kansas State University Institutional Animal Care and Use Com-
mittee, placed immediately in liquid nitrogen, and stored at �135°C until use.
Testicular tissues were collected from three clinically healthy dogs. All dogs had
a thorough clinical examination and preoperative screening, including hematol-
ogy, blood chemistry, and urinalysis. All clinical laboratory results were within
normal limits. No clinical signs of urogenital disease (i.e., urethral secretion,
orchitis, balanitis, and cystitis) were present at time of the elective surgical
procedure. Total RNA was extracted with TRI reagent (Sigma-Aldrich) after
frozen tissues were ground in liquid nitrogen. A one-step reverse transcription-
PCR (RT-PCR) was used to detect expression of cBD mRNA. Briefly, total
RNA was treated with RQ1 RNase-free DNase I (Promega), and RNA samples
(250 ng) were then used in a 25-�l RT-PCR mixture with 0.1 �M concentrations
of each sense and antisense primer (Table 1). Conventional one-step RT-PCR
was performed by using an AccessQuick RT-PCR System kit (Promega). Com-
plementary DNA synthesis and predenaturation were performed for 1 cycle at
48°C for 45 min and 95°C for 3 min; amplification was carried out for 40 (cBD)
or 25 (glyceraldehyde 3-phosphate dehydrogenase [GAPDH]) cycles at 95°C for
30 s, 55°C for 30 s, and 72°C for 30 s, and the final extension was at 72°C for 10
min in a 25-�l reaction mixture. After amplification, 10 �l of each reaction
mixture was subjected to electrophoresis on 2% agarose gels, and bands were
visualized by ethidium bromide staining. The efficiency of the RT procedure was
standardized by assurance of comparable levels of the house-keeping gene
GAPDH, amplified with PCR (51). For Southern analysis, RT-PCR products of
cBDs were subjected to electrophoresis on 1.5% agarose gels and then capillary
transferred overnight onto nylon membranes. Hybridization was performed with
32P-labeled cDNA probes generated from related fragments in the sequence-
confirmed cBD cDNA clones. Probes were labeled with Prime-a-Gene Labeling
System (Promega), and visualization of the signal was by exposure of X-ray films
to the hybridized membrane.

To validate the RT-PCR and Southern analysis data, a two-step real-time
RT-PCR assay was conducted. Briefly, RT was performed in 25-�l reactions by
using optimal MgCl2 (�4 mM) in the first-strand buffer containing 50 mM
Tris-HCl (pH 8.3) and 75 mM KCl. The priming oligonucleotides (40-pmol
gene-specific primers) were annealed to 2.5 �g of total RNA in a total volume of
13 �l, incubated at 65°C for 5 min, and then cooled to 4°C. RT was performed
by adding 7 �l of the RT mix such that the final concentration was 1	 first-strand
buffer, 0.5 mM deoxynucleoside triphosphate, 5 mM dithiothreitol, 40 U RNase
inhibitor, and 200 U of superscript III reverse transcriptase (Invitrogen, Carls-
bad, CA), and the mixture was incubated at 50°C for 60 min, heated to 70°C for
15 min, and cooled to 4°C. The reaction mixture of the subsequent PCR con-
sisted of cDNA (250 ng), 0.5 �M concentrations of each primer, 1.5 �l of
LightCycler Fast Start DNA Master SYBR Green 1 mix (Roche Diagnostics),
and 4 mM MgCl2 in a total volume of 25 �l. Quantitative PCR was performed
by using a SmartCycler system (Cepheid, Inc., Sunnyville, CA) and the following
profile: stage 1, 95°C for 10 min; and stage 2, 95°C for 30 s and 58°C for 30 s,
followed by an extension at 72°C for 40 s with the optic on at the primer
annealing step. Stage 2 was repeated for 40 cycles. Stage 3 involved a melt curve
assay that determined the specificity of the amplified PCR product. Analysis of
amplification utilized increased fluorescence intensity of the reporter dye, SYBR
Green, which was plotted against the cycle number. Threshold cycle (CT) was
determined by exponential product amplification and determined from subse-
quent increased fluorescence intensity above background. The data were pro-
cessed by using a standard curve generated with a series of doses of identical
targets amplified at the same time.

In situ hybridization. To localize cBD expression in canine testes, in situ
hybridization was performed on tissues collected at the Kansas State University
Veterinary Medical Teaching Hospital by using procedures approved by the
Institutional Animal Care and Use Committee. Testicles were collected from
clinically healthy dogs undergoing elective surgery (castration). All dogs were
between 6 and 12 months of age. Briefly, testes were cut into �0.5-cm3 blocks,
placed in 4% paraformaldehyde diethyl pyrocarbonate (DEPC)-treated phos-
phate-buffered saline (PBS; pH 7.5), and incubated at 4°C for 2 to 4 h with two
changes of the same fixative solution. Fixed tissues were transferred to 30%
sucrose-buffered, DEPC-treated PBS at 4°C overnight. Tissues were then stored
in a freezing compound at �80°C until sectioning. Sections (15 �m) were pre-
pared with a cryostat and attached to precoated slides (Fisher Scientific, Inc.).
Cryosections were immediately postfixed with 400 �l of fixative on the slide for
5 min at 22°C. Sections were washed twice for 5 min each with DEPC-PBS and
then permeabilized with 0.5 mg/ml of proteinase K (Roche Diagnostics) at 22°C
for 10 min. Sections were then washed twice as described above and incubated in
2 mg/ml of glycine and PBS for 5 min. Tissues were treated with 0.1 M trietha-
nolamine-HCl–0.25% acetic anhydride (vol/vol) for 10 min and equilibrated for
15 min in 5	 SSC (0.75 M NaCl, 0.075 M sodium citrate). Prehybridization was
conducted for 2 h at 55°C in prehybridization mixture (50% formamide, 5	 SSC,
1 mg/ml of yeast tRNA, 200 �l/section).

To generate probe templates, 3�-RACE products of cBDs in the pGEM-T
vector (Promega) were treated with HindIII and SpeI (Promega) resulting in the
T7 polymerase promoter sequence linked to the isoform-specific 3�-terminal
sequences at 180, 322 and 314 bp for cBD-1, cBD-2, and cBD-3, respectively. The
remaining �80-bp shared regions after HindIII restriction were then removed by
exonuclease III by using an Erase-a-Base System (Promega). The linearized
plasmids were purified from agarose gel with a QIAquick gel extraction kit
(Qiagen). Isoform-specific antisense probes were generated by using T7-poly-
merase (Roche Diagnostics) and sense probes were generated by using SP6-
polymerase (Roche Diagnostics). Hybridization was carried out with the addition
of 0.5 �g of labeled probe/�l in prehybridization solution at 55°C in a humidified
chamber for 24 h. Slides were subsequently rinsed in 2	 SSCT (2	 SSC con-
taining 0.1% Tween 20) twice at 50°C for 30 min each and then washed in 0.2	
SSCT at 50°C for 30 min. Sections were blocked in 1% blocking reagent (wt/vol;
Roche Diagnostics) in malate buffer (100 mM maleic acid, 150 mM NaCl [pH
7.5]) for 10 min, followed by incubation for 2 h with an anti-digoxigenin antibody
conjugated to alkaline phosphatase (Roche Diagnostics) diluted 1:1,000 in block-
ing solution at room temperature. After a wash with 0.02% Tween-PBS (vol/vol)
twice for 30 min, sections were equilibrated in color development buffer (50 mM
Tris-HCl [pH 9.5], 100 mM NaCl, 50 mM MgCl2) for 5 min. The location of cBD
transcripts was visualized by using antibody-conjugated alkaline phosphatase to
catalyze the Fast Red TR-aphthol substrate (Sigma Fast AS-MX tablets; Sigma-
Aldrich) at 22°C for 2 h. Slides were washed three times with DEPC-H2O for 10
min each, counterstained with probe-hematoxylin (Biomeda, Foster City, CA)
for 2 min, and mounted with crystal-mount (Biomeda).

Nucleotide accession numbers. The nucleotide sequences reported here have
been registered in GenBank under accession numbers AY169790, AY169791,
and AY169792.

RESULTS

Identification of three cBDs. After a canine EST was located
by using query sequences from hBD-5 and hBD-6, 5�- and 3�-
RACE were used to identify three cBDs from testes (Fig. 1A).
Full-length cDNA sequences for cBD-1 (361 bp), cBD-2 (503 bp),
and cBD-3 (494 bp) have been deposited under GenBank acces-
sion numbers, AY169790, AY169791, and AY169792, respec-
tively. All three isoforms have an identical 249-bp 5�-terminal
sequence, including 5�-terminal untranslated regions (UTR) and
the entire open reading frame (ORF) of the shortest isoform,
cBD-1. However, the isoforms are diverse at the 3�-terminal se-
quences including the 3�-UTR and part of the ORF of cBD-2 and
cBD-3 (Fig. 1A). The predicted pre-proproteins of cBD-1, -2, and
-3 are composed of 65, 69, and 99 amino acid residues, respec-
tively. All of the cBD isoforms contain the typical �-defensin
consensus with a cysteine spacing pattern in their cysteine motif of
6-3-9-5-0 (Fig. 1B). The putative mature peptides of the cBDs
contain nine positively charged residues (arginine, lysine, and
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histidine), which is an average number of all identified �-de-
fensins (43). The cBD-1 precursor, which contains 65 amino acid
residues, provides a putative backbone for the three cBD iso-
forms. In addition to this N-terminal 65-amino acid segment,
cBD-2 and cBD-3 possess 4 and 34 additional amino acids at their
C-terminal (Fig. 1B), respectively. It is noteworthy that the 34-
amino-acid C terminus of cBD-3 contains seven positively
charged residues, a ratio that is comparable to the mature peptide
region (Fig. 1B). Prediction by the SignLP program in ExPASy
(http://us.expasy.org/tools/) indicates that the cBD precursors

have a signal peptide cleavage site between amino acid residues
22 and 23 from their N terminus, suggesting that they are secre-
tory peptides. The cBDs share a common feature found in all
previously identified �-defensins, i.e., the adjacent carboxyl-ter-
minal amino acid residue of the second cysteine is lysine (Fig. 1B).

Comparison of cBDs with �-defensins from other species.
The primary peptide sequence of the three isoforms of cBD
show some similarity to �-defensins isolated from other spe-
cies. Figure 2 shows the putative mature peptide regions of
cBD aligned with several identified �-defensins that share the

FIG. 1. cDNA and predicted amino acid sequences for canine �-defensins. (A) Canine �-defensin cDNA sequences showing their identical 249
bp 5�-terminal regions (shaded black) and diversity at their 3�-terminal ends. ORFs are indicated with start (ATG) and stop (TGA) codons
highlighted in red in each sequence. (B) Alignment of predicted pre-proprotein sequences of three canine �-defensins. Identical amino acids are
indicated as periods in cBD-2 and cBD-3. The cleavage site for a signal peptidase is indicated by the arrow. Conserved cysteine residues are boxed.
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6-3-9-5-0 cysteine spacing pattern in their cysteine motifs. In
the aligned regions, cBD is 71% identical to a predicted human
DEFB-22, and 51% identical to a putative human DEFB-23
(43). All other aligned �-defensin peptides represent a group
of testis- or epididymal-specific �-defensins such as hBD-4, -5,
-6, and -18, murine Defb-12, and testis defensin-like peptide,
all showing identities to cBD of 20 to 41% (52). Several other
epididymus-specific �-defensins, including human EP2 gene
encoded �-defensin variants C, D, and E and Bin1-b, a rat
epididymis-specific �-defensin, show ca. 20% identity to cBD
(15, 57). Using the basic local alignment search tool against
cBD peptides identified three human �-defensins, DEFB-25,
-27, and -28, which are encoded by three of five novel �-de-
fensin genes (DEFB25 to DEFB29) clustered on chromosome
20p13 and functional within different segments of epididymis
(38). cBD has ca. 40% identity to DEFB-25, -27, and -28 in
their putative mature peptide region; however, these three
novel human �-defensins have a cysteine spacing pattern dif-
ferent than cBD peptides (43).

Three-dimensional structural analysis of synthetic cBD pep-
tide. The predicted three-dimensional structure of cBD dis-
playing 3-disulfide bonds (Cys2-Cys29, Cys9-Cys23, and Cys13-
Cys30) was modeled based on the three human �-defensins
hBD1, -2, and -3 for which experimental structural character-
ization was available (4). cBD forms a short N-terminal am-
phipathic alpha-helix (Trp3-Arg6) and three-stranded twisted
antiparallel beta-sheets formed by Cys9-Glu11, Ile21-Cys23, and
Leu28-Cys30, respectively (Fig. 3A). The three-dimensional
structure model revealed that the cBD peptide possesses
three-stranded antiparallel beta-sheets with a short helical seg-
ment near the N-terminal segment. This finding was in agree-
ment with other previously reported human beta-defensin
structures (42). The electrostatic analysis of cBD (Fig. 3B)
demonstrated that the distribution of the basic and acidic
amino acids seen on the solvent accessible surface model was
in agreement with the amphipathic properties of other previ-
ously reported defensins. This regional concentration of basic
and hydrophobic amino acids displayed by all mammalian
�-defensins has been suggested to play an important role in
their antimicrobial activity (43).

Antimicrobial activity of synthetic cBD peptide. To evaluate
the antimicrobial activity of cBD, a 34-amino-acid sequence
corresponding to the putative mature peptide region conserved
among all three cBD isoforms was used as a template to chem-
ically synthesize a cBD peptide. As shown in Table 2, synthetic

cBD displayed bactericidal activity against nonuropathogenic
E. coli, uropathogenic E. coli (ATCC 25922), and K. pneu-
moniae with MICs of 20, 50, and 20 �g/ml, respectively. cBD
also possessed bactericidal activity against L. monocytogenes,
N. gonorrhoeae, and S. aureus with MICs of 10, 50, and 100
�g/ml, respectively. The cBD peptide had broad antimicrobial
activity as shown by inhibition of growth of C. albicans (ATCC
11006 and 14053; MICs of 5 and 50 �g/ml, respectively) and U.
canigenitalium and U. urealyticum (MIC of 200 �g/ml for both
bacterial species).

Similar to �-defensins in other species, the antimicrobial
activity of cBD was highly dependent on salt concentration
(Fig. 4). The bactericidal activity observed at a low salt con-
centration (�15 mM NaCl), with MICs of 20 and 10 �g/ml for
E. coil and L. monocytogenes, respectively, was inhibited at
higher salt concentrations. At 140 mM [Na�] in the assay
mixture, the MIC of cBD (for both bacteria) increased 10- to
40-fold. These findings are in agreement with those of the salt
sensitivity evaluations of other �-defensins (3, 19, 32, 52).

Gene expression profiles of cBDs. cBD-1 was predominantly
expressed in testis, with lower expression in lung and intestinal
tissues such as jejunum, ileum, and duodenum (Fig. 5A). Ex-
pression of the two longer isoforms, cBD-2 and cBD-3, were
testis specific. Measurable expression of cBDs was not ob-
served in any of the other tissues evaluated, including kidney,
liver, spleen, lung, and bone marrow. To confirm our Southern
analysis data, real-time RT-PCR was conducted on the same
tissues. As shown in Fig. 5B, cBD-1 is highly expressed in testis,
with an absolute value of 0.1 ng/250 ng of RNA, which is ca.
10-fold higher than that present in lung and 1,000- to 6,000-
fold higher than in other tissues.

In situ localization of cBD mRNA in testes. To localize cBD
mRNA in testes, in situ hybridization was conducted. cBD-1
was highly expressed in Sertoli cells within the seminiferous
tubules extending from the basement membrane to the tubular
lumen (Fig. 6B and C). In contrast, cBD-2 was primarily de-
tected in interstitial tissue within Leydig cells, with no overt
expression in the seminiferous tubules (Fig. 6E and F). cBD-3
expression was detected in Sertoli cells primarily adjacent to
the basement membrane (Fig. 6H and I).

DISCUSSION

Our understanding of the cellular and molecular mecha-
nisms that comprise innate defense mechanisms of the mam-

FIG. 2. Comparison of deduced peptide sequences of canine �-defensin mature peptide with congeners from humans and mice. Conserved
cysteine residues are boxed. GenBank accession numbers are as follows: cBD1, -2, and -3, AY169790, AY169791, and AY16979, respectively;
hBD-4, AJ314834; hBD-5, AB089180; hBD-6, AB089181; hBD-18, AY122471; hBD-22, AY122474; hBD-23, AY122475; Tdl (testis defensin-like),
NP660139; and mBD-12, AB089182.
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malian male reproductive tract is rudimentary. In the present
study we describe for the first time the identification and char-
acterization of three novel �-defensins in the canine testis.

Typically, �-defensin genes are comprised of two exons and
an intermediate intron. The first exon encodes the prepro-
region, and the second exon encodes the mature peptide (43).
The pre-proproteins are processed into the mature peptides,
which are generally composed of 36 to 47 amino acids. How-
ever, two groups of �-defensins do not fit this pattern. One
group is comprised of the three alternate splicing variants of
the human HE2/EP2 gene, EP2C, EP2D, and EP2E, which all
share the conserved cysteine motif of �-defensins. Their pep-
tide precursors are composed of 113, 133, and 80 amino acid
residues, respectively (9, 14, 15, 43). The second group resides
among the five newly identified human �-defensin genes

FIG. 3. Secondary structure assignment and surface analysis for human and canine �-defensins. (A) The leftmost column depicts ribbon
diagrams showing �-helix (purple), �-sheet (yellow), and coil (turquoise) secondary structure elements for the four peptides. (B) The two rightmost
columns depict front and back views of peptide solvent accessible surfaces. Acidic (anionic) residues are red, basic (cationic) residues are blue, and
hydrophobic residues are yellow.

TABLE 2. Antimicrobial activity of canine �-defensin

Microorganisma ATCC no. MIC
(�g/ml)b

Candida albicans (hematogenous) 14053 50
Candida albicans (vaginal epithelium) 11006 5
Escherichia coli� (generic) 25922 20
Escherichia coli� (uropathogenic) 700336 50
Klebsiella pneumoniae� 10031 20
Listeria monocytogenes† 19115 10
Staphylococcus aureus 10832 100
Neisseria gonorrhoeae 10150 50
Ureaplasma canigenitalium 51252 200
Ureaplasma urealyticum 27619 200

a �, Enterobacteriaceae; †, non-Enterobacteriaceae.
b The MIC was determined by a broth microdilution method adapted from the

NCCLS (12, 33).
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(DEFB25 to DEFB29) clustered on chromosome 20p13; the
longest, DEFB-29, is 183 amino acids, and DEFB-25 to �28
are at 156, 111, 99, and 93 amino acids, respectively (38). The
additional length of these �-defensin isoforms is generated
mostly through extensions in the carboxy terminus following
the consensus cysteine motifs. The three cBDs reported here
exhibit similar C-terminal extensions. In comparison to other
�-defensins, cBD-1 and cBD-2 are within the average length of
most; however, cBD-3 is longer due to its 34 additional amino
acids at the C terminus. The function of these additional C-
terminal amino acids is unknown. One possibility is that they
serve as a regulatory domain to promote the attachment of the
antimicrobial peptide to the membrane of bacteria. Alterna-
tively, the two longer isoforms, i.e., cBD-2 and cBD-3, might be
testis-specific storage antimicrobial peptides. We theorize that
they may act as endogenous antimicrobial molecules by pro-
viding immediate access to a gene product that could be rap-
idly processed into a shorter active isoform, i.e., cBD-1, when
it is required. In this case, the C-terminal extension may, in
fact, protect the stored peptides from degradation or unnec-
essary antimicrobial activity.

The structural analysis revealed that the global folding of
cBD assumes all of the common features of the �-defensin
family, such as three disulfide bonds, three antiparallel
�-sheets and an �-helix usually located near the N-terminal of
the peptide (Fig. 3A). cBD also displayed another essential
feature common in all �-defensins which was the high concen-
tration of cationic residues (Fig. 2). The number of positively
charged residues (Arg, Lys, and His) reported in the mature
peptides of other mammalian �-defensins (range, 6 to 14;
average, 9) (43) was in good agreement with the number of
cationic amino acid residues (6 Lys, 2 Arg; n 
 8) found in the
cBD sequence (Fig. 2 and 3B). It has been proposed that this
high cationic charge density enables �-defensins to bind and
insert into the cellular membrane, leading to the killing of the

microorganism by forming multiple membrane pores (55). Our
findings on the surface analysis of the cBD (Fig. 3B) estab-
lished three well-defined cationic areas that may allow potent
electrostatic interactions with bacterial membranes, furnishing
cBD with the broad antimicrobial spectrum demonstrated in
the in vitro assays.

Bacteria used in the present study were selected based on
their ability to produce urinary tract infections (uropathogenic
E. coli and K. pneumonia) and sexually transmitted diseases (N.
gonorrhoeae, C. albicans, U. urealyticum, and U. canigeni-
talium). The antimicrobial effect of cBD was also evaluated
against L. monocytogenes, S. aureus, and E. coli according to
previous reports that have used these bacteria in assays of
antibacterial activity for novel antimicrobial peptides (25, 34,
52). cBD effectively killed gram-positive and -negative bacte-
ria, yeast, and Ureaplasma spp. The antimicrobial activity of
cBD was comparable to that reported for other synthetic or
natural �-defensin peptides, such as mBD-12, hBD-1, and

FIG. 4. Effect of sodium chloride on antimicrobial activity of ca-
nine �-defensin. A broth microdilution method was used to determine
the MIC of cBD against two strains of bacteria, gram-negative E. coli
(ATCC 25922) and gram-positive L. monocytogenes (ATCC 19115) in
various salt concentrations. The final sodium concentration of the
bactericidal mixture was adjusted to 15, 30, 50, 140, and 300 mM with
NaCl. All assays were performed in triplicate.

FIG. 5. Tissue expression of canine �-defensins. (A) Fragments of
cDNA were amplified from total RNA (250 ng) with one-step RT-PCR
(40 cycles) with the primers listed in Table 1 and hybridized with
32P-labeled probes generated from cloned cDNA with the same prim-
ers. cDNA fragments of GAPDH were amplified (25 cycles) with the
same RNA samples as a control. (B) Real-time RT-PCR of cBD-1
mRNA. Total RNA (250 ng) was reverse transcribed into cDNA and
quantified with a SYBR Green-based PCR on a SmartCycler. Specific
amplicon concentrations were normalized by using threshold cycle
values against standard curves generated by using the same PCR con-
ditions with serial dilutions of the cloned cBD-1 cDNA fragments.
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hBD-3 (22, 49, 52). More importantly, synthetic cBD was more
effective in killing C. albicans isolated from vaginal epithelium
than one isolated from hematogenous origin, strongly suggest-
ing that cBD plays an essential role as an epithelium-derived
antibiotic that functions as an immediate line of defense
against genital pathogens. The MIC for cBD for C. albicans is
in agreement with previous reports (7, 23). Similar to other
�-defensins (17), the bactericidal activity of cBD is dependent
on the salt concentration used in the in vitro assay (52). Fur-
thermore, our data suggest that the C termini of cBD-2 and
cBD-3 may not be necessary for antimicrobial activity. Future
studies will be required to determine differences in antimicro-
bial activities of the cBD isoforms and to investigate their
individual role in relation to urogenital infections.

The biological activity of �-defensins is not limited to direct
killing of microorganisms (1, 5, 6, 9, 43). These epithelium-
derived molecules also participate actively in other aspects of
adaptive immunity, including chemotactic effects on immature
dendritic cells and memory T cells exerted through the CCR6
receptor pathway (53, 54). Despite the lack of information
about the RNA expression pattern of cBDs in other epithelial
surfaces of the canine urogenital tract, the results from the
present study allow us to propose a speculative scenario. Con-
sidering that the expression of the shortest isoform, cBD-1, was
not restricted to the testis, it is likely that this �-defensin may
work in conjunction with other epithelial components of the

mucosal barrier of the collecting ducts, ureters, bladder, and
urethra to counter bacterial invasion of the urogenital tract.
Conversely, the two longer cBD isoforms (cBD-2 and cBD-3)
may diffuse to the site of infection, actively orchestrating che-
motactic signals that direct the migration of circulating cells
needed to initiate an adaptive immune response at the site of
inflammation. The fact that uropathogenic E. coli and K. pneu-
moniae (the two bacterial strains that account for up to 90% of
the urinary tract infections in humans and dogs) were sensitive
to cBD supports the hypothesis that this epithelium-derived
defensin may be also expressed in urinary tract epithelia.

The existence of multiple �-defensin isoforms in the male
reproductive tracts of humans, rats, and mice (10, 20, 28, 52)
suggests that these antimicrobial cationic peptides might spe-
cifically and cooperatively contribute to protect the reproduc-
tive system against pathogenic microbes. The presence of three
different testis-specific cBDs isoforms suggests synergistic pep-
tide function might also occur in the male dog. cBD-1, which
displayed a more ubiquitous tissue expression pattern, could be
the primary endogenous antibiotic line of defense against bac-
terial invasion in testis and other epithelial surfaces (i.e., lung,
and small intestine). The two testis-specific �-defensins (cBD-2
and cBD-3) could possibly interact with cBD-1, providing a
synergistic antimicrobial effect, thus rendering enhanced local
protection to the canine reproductive system.

It is worth noting that only a few bacterial sexually transmit-

FIG. 6. Localization of canine �-defensin mRNA in normal canine testes. Frozen sections of canine testes were analyzed by in situ hybridization
with digoxigenin-labeled antisense (A to I) and sense (J and K) probes. Panels C, F, and I are higher-magnification images of the framed regions
in panels B, E, and H, respectively. Red precipitates are the products of anti-digoxigenin antibodies conjugated with alkaline phosphatase
catalyzing Fast Red (Sigma-Aldrich) substrates and indicate locations of hybridized mRNA by the cBD probes. (L) RNase-treated control. The
sections were counterstained with hematoxylin. T.A., tunica albuginea; S.T., seminiferous tubules; S., septa; S.C., Sertoli cells; L.C., Leydig cells.
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ted diseases (Mycoplasma, Ureaplasma, and Brucella spp.) oc-
cur with any frequency in male dogs. Moreover, a direct rela-
tionship between these pathogens and clinical signs has not
been fully documented and remains controversial (8, 11, 21).
Our results clearly showed that cBD possesses broad antibac-
terial effects against the sexually transmitted disease pathogens
used in the present study. cBD also effectively killed two strains
of C. albicans; however, Ureaplasma spp. appeared to be resis-
tant to cBD. This fact may be explained by the cell membrane
composition of Ureaplasma spp. Ureaplasma spp. are among
the few bacteria that possess a higher concentration of choles-
terol within their cell membranes, protecting them from the
antibacterial activity of defensins (21, 37). It has been sug-
gested that eukaryotic cells are more resistant to the pore-
forming effects of defensins due to the presence of cholesterol
in the cellular membrane (56). The lack of cBD killing effect
may explain why Ureaplasma is commonly isolated from the
canine genital tract, where it is present as normal microflora
(21).

Previous studies have reported that N. gonorrhoeae is very
sensitive to protregrins (antimicrobial peptides derived from
porcine neutrophils) but resistant to several human �-de-
fensins (45). Our results conclusively showed that N. gonor-
rhoeae is killed by cBD. This inconsistency could reflect spe-
cies-specific differences or more likely the site of defensin
production; cBD is of epithelial origin (the first site of contact
for a sexually transmitted disease pathogen), whereas most
�-defensins are produced by circulating blood cells, which
most likely are not the primary contact tissue for genital patho-
gens.

Several microbial pathogens are able to invade and colonize
reproductive tract tissues and semen. If successful, they may
cause serious clinical consequences to the reproductive status
of the individual. Therefore, innate immunity should play a
crucial role against bacterial invasion of the urethra, epididy-
mis, and testes to protect and preserve the spermatozoa. An-
atomically, the epididymis is the continuation of the urethra,
exposing it to a permanent risk for ascending microbial infec-
tions. Our in situ hybridization results clearly showed that
cBD-1 and cBD-3 are expressed in Sertoli cells (supporting
cells for the developing spermatozoa), suggesting that these
epithelium-derived peptides may actively participate as local
antimicrobial molecules keeping the environment sterile for
adequate sperm development and maturation. Moreover,
these results are in agreement with previous reports showing
the expression of �-defensins in the epididymis and seminifer-
ous tubules, chiefly Sertoli cells, of the reproductive tract of
rats (10, 31).

In summary, we have cloned the full-length cDNA of three
canine �-defensins—cBD-1, cBD-2, and cBD-3—from testicu-
lar tissues. Canine �-defensin has broad antimicrobial activity,
particularly against pathogens of the urogenital tract. The ex-
pression pattern of cBDs in Sertoli and Leydig cells of the
testis suggests that they play a role in host defense of the male
reproductive tract. In light of the pattern of expression and
activity of canine �-defensins, further studies are warranted to
investigate the role of �-defensins in host defense and the
physiological function of the male reproductive system.
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