
Potential use of Bacillus thuringiensis bacteriocins to control
antibiotic-resistant bacteria associated with mastitis in dairy goats

A. J. Gutiérrez-Chávez1,3 & E. A. Martínez-Ortega1 & M. Valencia-Posadas1,3 &

M. F. León-Galván2,3
& N. M. de la Fuente-Salcido4 & D. K. Bideshi5,6 &

J. E. Barboza-Corona2,3

Received: 27 November 2014 /Accepted: 19 May 2015 /Published online: 29 May 2015
# Institute of Microbiology, Academy of Sciences of the Czech Republic, v.v.i. 2015

Abstract Mastitis caused by microbial infections in dairy
goats reduces milk yield, modifies milk composition, and po-
tentially contributes to morbidity in herds and consumers of
dairy products. Microorganisms associated with mastitis in
dairy goats are commonly controlled with antibiotics, but it
is known that continued use of these chemical agents pro-
motes antibiotic resistance among bacterial populations. Re-
cently, it has been shown that bacteriocins of Bacillus
thuringiensis inhibit growth of food-borne pathogens and also
bacteria associated with bovine mastitis. However, there is no
report on their ability to inhibit microorganisms linked to mas-
titis in dairy goats. In this study, using 16S rDNA and ITS
regions of rDNA, we identified nine bacterial isolates and an

encapsulated yeast associated with mastitis in dairy goats.
Enterococcus durans, Brevibacillus sp., and Staphylococcus
epidermidis 2 were resistant to, respectively, 75, ~67, ~42, and
~42 % of the antibiotics screened. In addition, 60 % of the
bacterial isolates were resistant to penicillin, ampicillin, van-
comycin, and dicloxacillin. Importantly, 60 % of the isolates
were inhibited by the bacteriocins, but S. epidermidis 1,
Enterobacter sp., Escherichia vulneris, and Cryptococcus
neoformans were not susceptible to these antimicrobial pep-
tides. Using Brevibacillus sp. and Staphylococcus
chromogenes as indicator bacteria, we show that peptides of
~10 kDa that correspond to the molecular mass of bacteriocins
used in this study are responsible for the inhibitory activity.
Our results demonstrate that multiple antibiotic-resistant bac-
teria associated with subclinical mastitis in dairy goats from
Guanajuato, Mexico, are susceptible to bacteriocins produced
by B. thuringiensis.

Introduction

Goats are an important commodity as they contribute to the
economy of many family farmers worldwide. In 2012, the
total goat milk production in the world was approximately
16.2 billion liters, and Asia was the highest producer, followed
by Africa, Europe, and America. In Latin America, Mexico
and Brazil are the main dairy goat-producing countries. It is
interesting to note that most of the goat milk produced in Asia
and Africa is used for self-consumption, whereas a minor
percent, mainly in Europe and Latin America, is marketed as
fresh liquid and manufactured as cheese and candies
(Escareño et al. 2013). Unfortunately, mastitis caused by mi-
crobial infections in dairy goats represents an important eco-
nomic problem because it reduces milk yield, modifies its
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composition, and could spread infection among animals,
herds, and consumers (Barron-Bravo et al. 2013). It has been
observed that goats with subclinical mastitis show neither ud-
der symptoms nor abnormal milk, a factor that delays rapid
identification of disease (Haenlein 2002). Currently, different
protocols are used to determine the occurrence of subclinical
mastitis. These include biomarker (enzymes, DNA) detection,
identification of etiological microorganisms, the use of sensor-
based platforms, and indirect measurements of somatic cell
count with the California Mastitis Test (CMT). The last pro-
tocol is probably the most applicable method to determine the
incidence of herd mastitis (Leitner et al. 2004; Bernacka 2006;
Raynal-Ljutovac et al. 2007; Viguier et al. 2009; Persson and
Olofsson 2011).

Bacteria are important etiological agents of animal mastitis
(Barboza-Corona et al. 2009) and are frequently controlled
with antibiotics (Moroni et al. 2005) despite the potential for
promoting resistance to these widely used agents. Indeed, the
development of resistance to multiple antibiotics among clin-
ical isolates has stimulated the search for alternative methods
to control mastitis in animals. In this regard, potent antimicro-
bial peptides such as bacteriocins have a high potential for use
in treating mastitis. Bacteriocins are ribosomally synthesized,
and from an applied perspective, an additive advantage is that
their structural genes could be manipulated to produce novel
derivatives with improved activity and specificity against
multidrug-resistant microbes (Cotter et al. 2013; Yount and
Yeaman 2013). Recently, it has been shown that bacteriocins
synthesized by Staphylococcus aureus, S. epidermidis and
Streptococcus gallolyticus, and lacticin 3147 produced by
Lactococcus lactis subsp. lactis can inhibit bacteria associated
with mastitis in dairy cows (Ryan et al. 1998; Twomey et al.
2000; Varella-Coelho et al. 2007; Pieterse et al. 2008). How-
ever, to our knowledge, only nisin, another bacteriocin syn-
thesized by L. lactis, has been developed for commercial use
to prevent animal mastitis (Ryan et al. 1998; Cotter et al.
2013).

In previous studies, we have also shown that bacteriocins
produced by different strains of Bacillus thuringiensis, a bac-
terium used worldwide to control lepidopteran pests of agri-
culture and medically important dipteran vectors of viral and
parasitic diseases (Federici 2005), are able to inhibit growth of
food-borne pathogens and also bacteria associated to bovine
mastitis, including multiple antibiotic-resistant strains of
S. aureus (Barboza-Corona et al. 2007, 2009; de la Fuente-
Salcido et al. 2008, 2012). However, in spite of the potential of
these bacteriocins to efficiently control pathogenic bacteria,
their prospective applied use in treating mastitis in dairy goats
has not been reported previously. In this work, we isolated and
evaluated antibiotic-resistant bacteria associated with subclin-
ical mastitis in dairy goats and demonstrated that they are
susceptible to bacteriocins synthesized by Mexican strains of
B. thuringiensis. Our study suggests that these bacteriocins

could be of potential utility in integrated protocols to manage
mastitis in dairy goats.

Materials and methods

Geographical area of the study and milk sample collection

The study was conducted in four herds of the United Goat
Farmers of Guanajuato AC. Herds are located in the central
region of Mexico, in the municipality of BApaseo El Grande^
(20° 31′ North latitude and 100° 48′ West longitude), Guana-
juato, Mexico. The breed that prevails in the flocks was Saa-
nen (~85 % of the animals), and the rest were Alpine, Tog-
genburg, and Nubia breeds. Goats were maintained in a stall
free feeding system in an intensive form to produce milk.
Milking was mechanical, two times a day. About 80 % of
the milk produced by the herds is utilized to make cheese.
This region has a semidry climate with rain in summer.
CMT (Viguier et al. 2009; Islam et al. 2012) was performed
at milking time for 650 lactating goats (650 tests total), and
milk samples were taken for bacterial culture from those goats
that showed a clear reduction of the parenchyma from any half
of the udder and/or that showed an alteration in milk or whose
reaction to CMT was intense (grade=3). Based on the CMT
(grade=3), a total of 40 milk samples (i.e., samples from 40
goats) were collected, stored at 4 °C, and transported to the
laboratory, where they were cultured on Tryptic soy agar
(TSA) (BD Bioxon, Mexico) at 37 or 20 °C for 24–72 h for
bacteria and fungi identification, respectively.

Microbial molecular typing

Fragments of the 16S rDNA and ITS regions of rDNA were
amplified by colony PCR and used for bacterial or yeast iden-
tification (Table 2). A bacterial or yeast colony was selected
and inoculated into a PCR mix reaction containing the IProof
fidelity enzyme (Bio-Rad, Hercules CA, USA) and 10 pmol of
the oligonucleotides UBF and 1492 (León-Galván et al. 2009)
or ITS1 and ITS4 (Fujita et al. 2001) (Table 1), for bacterial or
yeast identification, respectively. Bacterial rDNA was ampli-
fied using the following conditions: 5 min at 95 °C, 30 cycles
of 30 s at 95 °C, 30 s at 58 °C, and 90 s at 72 °C and a final
extension of 5 min at 72 °C. ITS amplicons from yeast were
obtained using an initial denaturation of 10 min at 94 °C;
30 cycles of 30 s at 94 °C, 45 s at 55 °C, and 90 s at 72 °C
and a final extension of 5 min at 72 °C. To confirm sequence-
specific amplification, 5 μL of PCR samples were electropho-
resed in 1 % (w/v) agarose gels and then stained with ethidium
bromide (0.5 μg/mL), and amplicons were sequenced at the
Molecular Cloning Laboratories (MCLAB; San Francisco,
CA, USA). Once sequences were obtained, the ambiguous
bases from the 5′ and 3′ terminals were deleted, and the
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resultant sequences were analyzed with the BioEdit software
(www.mbio.ncsu.edu/bioedit/page2.html) and compared to
both the Ribosomal Database Project (http://rdp.cme.msu.
edu/seqmatch/seqmatch_intro.jsp) and GenBank nucleotide
database (www.ncbi.nlm.nih.gov).

Bacteriocin production

B. thuringiensis subsp.morrisoni (LBIT 269),B. thuringiensis
subsp. kurstaki (LBIT 287), B. thuringiensis subsp. kenyae
(LBIT 404), B. thuringiensis subsp. entomocidus (LBIT
420), and B. thuringiensis subsp. tolworthi (LBIT 524) were
used to produce the bacteriocins Morricin 269, Kurstacin 287,
Kenyacin 404, Entomocin 420, and Tolworthcin 524, respec-
tively. The five strains belong to a Mexican bacterial stock
collection held at CINVESTV, Irapuato, Mexico (Barboza-
Corona et al. 2007, 2009). Each producer strain was cultivated
in Tryptic soy broth (TSB) for the length of time where the
highest bacteriocin activity was detected in kinetic studies, as
previously described (Barboza-Corona et al. 2007). Cultures
were centrifuged at 10,000g for 15 min; then, the supernatants
were filtered through a 0.20-μm filter and proteins concentrat-
ed by salting out with ammonium sulfate to 80 % saturation
with constant stirring at 4 °C. Precipitated proteins were
pelleted by centrifugation at 16,000g for 30 min at 4 °C and
resuspended in 100 mmol/L phosphate buffer (pH 7.0). Salts
were eliminated by dialysis overnight against the same buffer
using a mini-dialysis kit with a 1-kDa cutoff (Amersham Bio-
sciences, Pittsburgh, USA). Preparations were stored at
−20 °C for subsequent studies.

Antibiotic resistance

Bacteria associated with mastitis in dairy goats were cultured
in 5 mL of TSB for 2 to 6 h at 37 °C to achieve an absorbance
at 600 nm of ~0.5 (i.e., ~1 to 2×108 cells per mL), based on
the McFarland standard. Bacterial cultures were distributed
uniformly on Mueller-Hinton agar (Difco, BD, Sparks, MD)
by using sterile swabs, and susceptibilities to an assortment of
antibiotics were determined by standard disk-diffusion assays
(MultiBac I.D., Mexico DF). Zones of inhibition (in millime-
ters) were recorded after 18 h of incubation at 37 °C, and
values were compared with interpretative standards (resistant,

R; intermediate, I; sensitive, S) (MultiBac I.D., Mexico DF).
The antibiotics used to test the susceptibility of each group of
bacteria were chosen according to the manufacturer (MultiBac
I.D., Mexico DF), 12 for Gram-positive and 12 for Gram-
negative bacteria (i.e., each bacterium was assayed with 12
antibiotics). Some antibiotics were used to test both Gram-
positive and Gram-negative bacteria, so that the total sum of
antibiotics was of 18 and not 24. Erythromycin (E), penicillin
(PE), tetracycline (TE), clindamycin (CLM), vancomycin
(VA), dicloxacillin (DC), amikacin (AK), carbenicillin (CB),
chloramphenicol (CL), netilmicin (NET), nitrofurantoin (NF),
and norfloxacin (NOF) were assayed against five bacteria
(Gram positive or Gram negative) whereas ampicillin (AM),
cefotaxime (CFX), ciprofloxacin (CPF), sulfamethoxazole–
trimethoprim (SXT), cephalothin (CF), and gentamicin (GE)
were tested against ten bacteria (five Gram positive and five
Gram negative) (see Table 3). Antibiotics, with their resistance
values shown in parenthesis, were E, 15 μg (≤13 mm); PE,
10 U (14–28 mm); TE, 30 μg (≤14 mm); AM, 10 μg (11–
28 mm); CFX, 30 μg (≤14 mm); CPF, 5 μg (≤15 mm); CLM,
30 μg (≤14 mm); SXT, 25 μg (≤10 mm); VA, 30 μg (14 mm);
CF, 30 μg (≤14 mm); DC, 1 μg (10 mm); GE, 10 μg
(≤12 mm); AK, 30 μg (≤14 mm); CB, 100 μg (13–18 mm);
CL, 30 μg (≤12 mm); NET, 30 μg (≤12 mm); NF, 300 μg
(≤14 mm); and NOF, 10 μg (≤12 mm) (Castañeda-Ramirez
et al. 2011).

Evaluation of antibacterial activity by well-diffusion assay

Twenty-five milliliters of TSB with soft agar 0.7 % (w/v) was
mixed with 50 μL (~1×109 cells per mL) of indicator bacteria
and plated. Wells, 7 mm in diameter, were dug into the agar
and stored for 2 h at 37 °C to dry the humidity. Then, 100 μL
of crude bacteriocin samples were added to each well and
incubated for 12 h at 4 °C to allow the diffusion of samples,
followed by an additional incubation at 28 °C for 1 day before
diameters of zones of inhibition were measured. The mini-
mum detectable zone measured for analytic purpose was
1 mm beyond the well diameter. The external diameter (D1,
diameter of the well plus halo) and the internal diameter (D2,
diameter of the well) were measured in millimeter, and the
area (A, mm2) of inhibition was calculated using the formula:
A=πr2=π(D/2)2=π(D1/2)

2− (D2/2)
2=π[(D1

2/4)− (D2
2/4)].

Table 1 Primers used for 16S
rDNA and ITS of rDNA from
bacteria and yeast, respectively,
isolated from goat milk

Primer Sequencea Reference

UBF F: 5′-AGAGTTTGATCCTGGCTGAG-3′ León-Galván et al. 2009

1492 R: 5′-GGTTACCTTGTTACGACTT-3′ León-Galván et al. 2009

ITS1 F: 5′-TCCGTAGGTGAACCTGCG-3′ Fujita et al. 2001

ITS4 R: 5′-TCCTCCGCTTATTGATATGC-3′ Fujita et al. 2001

a Forwad (F) and reverse (R) primers
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Assays were repeated in triplicate, and the average was re-
corded. For analytic purposes, we defined one unit of bacteri-
ocin activity as equal to 1 mm2 of the zone of inhibition of
growth of the indicator bacterium (Delgado et al. 2005;
Barboza-Corona et al. 2007). To corroborate the proteina-
ceous nature of bacteriocins that showed the inhibitory effect,
crude samples were treated with proteinase K (STRATEC
Molecular GMBH, Berlin, Germany), at a final concentration
of 1 mg/mL in 10 mmol/LTris–HCl (pH 7.5) and incubated at
42 °C for 2 h. Then, activity was evaluated by the well-
diffusion assay as previously described (Castañeda-Ramirez
et al. 2011).

Antimicrobial activity by overlay gel assay

Equal amounts of crude bacteriocin samples treated in
Laemmli’s buffer without β-mercaptoethanol were boiled
for 5 min and loaded into two 15 % continuous sodium
dodecylsulfate (SDS)-polyacrylamide gel for electrophoresis
(SDS-PAGE). One gel was stained with Coomassie blue using
standard protocols, and the other was washed for 30 min with
25% (v/v) isopropanol and 10% (v/v) acetic acid. The gel was
washed with double-distilled water for 1 h and then equilibrat-
ed for 10 min in phosphate buffer (pH 6.5). The gel was
aseptically placed in a sterile petri dish and overlaid with
TSB with soft agar 0.7 % (w/v) containing the reporter bacte-
rium, then incubated at 28 or 37 °C for 1 day. The zones of
inhibition were examined, photographed, and marked with a
micropipette tip. Soft agar containing the reporter bacterium
was removed with double-distilled water, and then, the gel
was stained with Coomassie blue. This gel was comparedwith
the replica initially stained. Standard protein molecular
markers (the polypeptide SDS-PAGE standards, Bio-Rad,
Hercules CA, USA) were used to estimate the molecular
masses of the antimicrobial peptide elaborating the inhibitory
effect (Barboza-Corona et al. 2007).

Results

Isolation and bacterial identification

Milk samples with CMT grade 3 were cultured, and a prelim-
inary selection of bacterial strains was carried out using colo-
ny morphology, color, and Gram stain. Genomic DNA of the
selected microorganisms was used to amplify 16S rDNA and
ITS regions of rDNA to identify the genus and species.
Amplicons of ~1.5 and ~0.5 kb, corresponding to 16S rDNA
and ITS regions, were obtained, subsequently sequenced, and
used to identify five Gram-positive (Staphylococcus
chromogenes, S. epidermidis strain 1, S. epidermidis strain
2, Enterococcus durans, and Brevibacillus sp.) and four
Gram-negative (Enterobacter sp., Escherichia vulneris,

Pantoea sp., Pantoea brenneri) bacteria (Table 2). In addition,
using ITS, we identified Cryptococcus neoformans, an encap-
sulated yeast frequently associated with infections of immu-
nocompromised patients (Bose et al. 2003) (Table 2).

Antibiotics susceptibility patterns

We tested the susceptibility of microorganisms (Table 2)
against different antibiotics. Most of the bacteria were suscep-
tible to at least three antibiotics, but S. epidermidis strain 1 and
E. vulneris were susceptible to all antibiotics. E. durans,
Brevibacillus sp., and S. epidermidis 2 were less susceptible,
showing ~67, ~42, and ~42 % of antibiotic resistance, respec-
tively. Although fungi are not screened with antibiotics used
here, we produced an antibiogram for C. neoformans. The
yeast was resistant to nine of 12 (75 %) of the antibiotics
assayed, being susceptible only to cefotaxime, sulfamethoxa-
zole–trimethoprim, and ciprofloxacin (Table 3); we did not
test this organism against standard antifungal agents. Impor-
tantly, 60 % (three of five) of the Gram-positive bacteria were
resistant to penicillin, vancomycin, and dicloxacillin, whereas
80 % (four of five) of the Gram-negative bacteria were resis-
tant to ampicillin, antibiotics commonly used to treat mastitis
in animals. According to the results, the most useful antibi-
otics to control pathogenic microorganisms isolated in this
study were erythromycin and ciprofloxacin for Gram-
positive bacteria and cefotaxime, ciprofloxacin, sulfamethox-
azole–trimethoprim, amikacin, chloramphenicol, netilmicin,
nitrofurantoin, and norfloxacin for Gram-negative bacteria
(Fig. 1, Table 3).

Inhibitory activity of bacteriocins against potential
pathogenic bacteria

To determine the susceptibility to antimicrobial peptides of
B. thuringiensis, crude bacteriocin samples were tested using
the well-diffusion method against microorganisms associated
with mastitis in dairy goats. Sixty percent of the potentially
pathogenic microorganisms were inhibited by the bacteriocins
of B. thuringiensis (Table 4); only S. epidermidis 1,
Enterobacter sp., E. vulneris, and C. neoformans were not
susceptible to one of the five bacteriocins. S. epidermidis iso-
late 2was resistant to 42% of the antibiotics but susceptible to
the five bacteriocins. In addition, E. durans, one of the most
antibiotic-resistant Gram-positive bacteria, was susceptible to
the Kenyacin 404, Entomocin 420, and Tolworthcin 524, but
not susceptible to Morricin 269 and Kurstacin 287. It is im-
portant to note that assays with bacteriocins treated with pro-
teinase K did not show inhibitory effect, demonstrating that
inhibition was a consequence of the presence of proteinaceous
compounds (bacteriocins) in the crude bacterial extract
(Barboza-Corona et al. 2007).
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Detection of the inhibitory activity in one-dimensional
polyacrylamide gel electrophoresis

In previous studies, we have shown that bacteriocins of
~10 kDa are responsible for inhibiting the growth of Bacillus
cereus (Barboza-Corona et al. 2007). We resolved the bacte-
riocin from the secretome of B. thuringiensis strains and de-
termined the molecular mass of the protein responsible for the
inhibitory activity against two potential pathogenic bacteria
isolated in this study, Brevibacillus sp. and S. chromogenes
(Fig. 2a–b). As we showed previously, using B. cereus

(Barboza-Corona et al. 2007) (Fig. 2c) as the indicator bacte-
rium (here used as a control), bacteriocins (Morricin 269,
Kurstacin 287, Kenyacin 404, Entomocin 420, Tolworthcin
524) of ~10 kDa elicited inhibitory effect against
S. chromogenes and Brevibacillus sp. (Fig. 2a–b). It is impor-
tant to note that activity of Tolworthcin 524 (Fig. 2a–c, lane 5)
was weakly detected in the SDS-PAGE. However, its inhibi-
tory effect using the same samples was demonstrated by the
well-diffusion assay. A correlation of the signal intensity in the
overlay gel assay (Fig. 2a–c) with the inhibition of the bacte-
riocins in the well-diffusion assay was observed (Fig. 2d–f).

Table 2 Microbial pathogens identified by 16S rDNA and ITS of rDNA associated with mastitis in dairy goats

Bacteria Gram Type of microorganism Goat breed

Staphylococcus chromogenes + Bacterium Nubian

Staphylococcus epidermidis 1 + Bacterium Saanen

Staphylococcus epidermidis 2 + Bacterium Saanen

Enterococcus durans + Bacterium Saanen

Brevibacillus sp.a + Bacterium Saanen

Enterobacter sp. – Bacterium Saanen

Escherichia vulneris – Bacterium Saanen

Pantoea sp. – Bacterium Saanen

Pantoea brenneri – Bacterium Alpine

Cryptococcus neoformansb ± Encapsulated yeast Saanen

aGram-positive and Gram-negative strains have been reported (Thomas 2006)
b Gram-positive and Gram-negative strains have been reported. This yeast may appear either as round cells with gram-positive granular inclusions or as
gram-negative lipoid bodies (Bottone 1980)

Table 3 Potential microbial pathogens isolated from dairy goats and their susceptibility to antibiotics

Microorganism Antibioticsa

E PE TE AM CFX CPF CLM SXT VA CF DC GE AK CB CL NET NF NOF

Gram positive

Staphylococcus chromogenes S R I R I S S I I I I I – – – – – –

Staphylococcus epidermidis 1 S S S S S S S S S S S S – – – – – –

Staphylococcus epidermidis 2 S S I S S S I R R R R R – – – – – –

Enterococcus durans S R R S I R S R R R R R – – – – – –

Brevibacillus sp. I R I R S S R S R I R S – – – – – –

Gram negative

Enterobacter sp. – – – R S S – S – I – S S S S S S S

Escherichia vulneris – – – S S S – S – S – S S I S S S S

Pantoea sp. – – – R S S – S – I – S S S S S S S

Pantoea brenneri – – – R S S – S – I – S S S S S S S

Cryptococcus neoformans – – – R S I – S – R – R R R R R R R

Antibiotics to test Gram positive or Gram negative microorganisms were chose in agreement with the manufacturer instructions

R resistant, S susceptible, I intermediate
a Erythromycin (E), penicillin (PE), tetracycline (TE), ampicillin (AM), cefotaxime (CFX), ciprofloxacin (CPF) clindamycin (CLM), sulfamethoxazole–
trimethoprim (SXT), vancomycin (VA), cephalothin (CF), dicloxacillin (DC), gentamicin (GE), amikacin (AK), carbenicillin (CB), chloramphenicol
(CL), netilmicin (NET), nitrofurantoin (NF), norfloxacin (NOF)
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Discussion

In recent reports, we demonstrated that crude preparations of
bacte r ioc ins synthes ized by Mexican st ra ins of
B. thuringiensis were able to inhibit both Gram-negative and
Gram-positive etiological agents of human diseases, and in
particular S. aureus associated with mastitis in cows
(Barboza-Corona et al. 2007, 2009; de la Fuente-Salcido
et al. 2008; Castañeda-Ramirez et al. 2011). In the present
study, our primary interest was to determine whether these
bacteriocins in crude samples are able to control pathogenic
microorganisms associated with mastitis in dairy goats as the-
se animals are of economical importance, not only in the state
of Guanajuato, Mexico, but also in other regions in the world,
including Taiwan, Sweden, Italy, Kenya, and Algeria
(Ndegwa et al. 2001; Moroni et al. 2005; Barboza-Corona
et al. 2007; Chu et al. 2012; Bourabah et al. 2013). To our

knowledge, no previous reports have been published on the
use of bacteriocins of B. thuringiensis to control pathogenic
bacteria associated with mastitis in dairy goats.

To this end, we analyzed milk samples from dairy goats
with grade 3 subclinical mastitis as determined by CMT and
isolated and identified potential pathogenic microorganisms.
Although the type of bacteria isolated from goats depends on
geographical region, members of the Enterobacteriaceae,
S. aureus, S. epidermidis, Staphylococcus lentus, and
S. caprae are most commonly reported (Ndegwa et al. 2001;
Moroni et al. 2005; Persson and Olofsson 2011; Chu et al.
2012). Many of the bacteria isolated in this study
corresponded to those previously reported. However, we also
identified bacteria that are infrequently associated with masti-
tis in goats, such as E. durans, P. brenneri, Pantoea sp., and
Brevibacillus sp. (Thomas 2006). An encapsulated yeast,
C. neoformans, which was reported in 1976 as etiological

Fig. 1 Susceptibility to antibiotics of microorganisms potentially
associated with mastitis in dairy goats. Percent was calculated using the
total of antibiotics tested against each microorganism according to the
data of Table 3. a Antibiotics tested against five microorganisms, Gram
positive or Gram negative. b Antibiotics tested against ten
microorganisms, Gram positive plus Gram negative. E Erythromycin,

PE penicillin, TE tetracycline, AM ampicillin, CFX cefotaxime, CPF
ciprofloxacin, CLM clindamycin, SXT sulfamethoxazole–trimethoprim,
VA vancomycin, CF cephalothin, DC dicloxacillin, GE gentamicin, AK
amikacin, CB carbenicillin, CL chloramphenicol, NET netilmicin, NF
nitrofurantoin, NOF norfloxacin. The black column indicates resistant,
white column susceptible, and gray column intermediate

Table 4 Inhibitory activity (Ua) of partially purified bacteriocin determined by the well-diffusion method against potential microbial pathogens
associated with mastitis in dairy goats

Indicator microorganismb Bacteriocins

Morricin 269 Kurstacin 287 Kenyacin 404 Entomocin 420 Tolworthcin 524

Staphylococcus chromogenes 151 365 177 208 195

S. epidermidis-1 0 0 0 0 0

S. epidermidis-2 82 264 296 296 264

Enterococcus durans 0 0 385 393 481

Brevibacillus sp. 121 300 168 182 195

Enterobacter sp. 0 0 0 0 0

Escherichia vulneris 0 0 0 0 0

Pantoea sp. 45 126 264 233 233

Pantoea brenneri 426 522 526 544 565

Cryptococcus neoformans 0 0 0 0 0

aOne unit is defined as 1 mm2 of the zone of inhibition as determined by the well-diffusion method (see text). Data are the average of triplicate assays. A
value of "0" indicated no inhibition
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agent in caprine mastitis (Pal and Randhawa 1976) was also
isolated.

Most of the bacterial isolates were resistant to at least one
antibiotic, but penicillin, vancomycin, and dicloxacillin were
the least effective against Gram-positive and ampicillin to
Gram-negative (Fig. 1, Table 3) bacteria. Resistance to these
antibiotics was not unexpected as they are used extensively to
control mastitis in farm animals (Barboza-Corona et al. 2009).
In general, the Gram-negative bacteria were the most suscep-
tible to the antibiotic tested in this work. In particular, whereas
erythromycin and ciprofloxacin were the most effective anti-
biotics against Gram-positive bacteria, cefotaxime, ciproflox-
acin, sulfamethoxazole–trimethoprim, amikacin, chloram-
phenicol, netilmicin, nitrofurantoin, and norfloxacin were the
most active against Gram-negative bacteria, suggesting that
these should be critically considered and administered for
controlling mastitis in dairy goats in the state of Guanajuato,
Mexico.

The potential use of bacteriocins of B. thuringiensis ap-
pears to be promising as these peptides were able to inhibit
the growth of 60 % of the isolates, particularly those that
demonstrated multidrug resistance (Tables 3 and 4) associated
withmastitis in dairy goats. It is interesting to note that the five
bacteriocins inhibited S. epidermidis strain 1 and
S. chromogenes, but none showed activity against
S. epidermidis strain 2. We do not have a clear explanation
for this observation, but it has been shown that within the
same genus or strains of the same species, microorganisms
can differ in their susceptibilities to a particular bacteriocin

(Paik et al. 1997; Ukuku and Shelef 1997; Cladera-Oliva
et al. 2004; Barboza-Corona et al. 2009; Castañeda-Ramirez
et al. 2011). For example, S. aureus strains isolated from dairy
cow mastitis (Barboza-Corona et al. 2009) and Salmonella
strains isolated from lettuce (Castañeda-Ramirez et al. 2011)
showed different susceptibilities to the five bacteriocins used
in this study, which might be related to the development of
bacteriocin resistance. Bacteriocins utilize different mecha-
nisms to inhibit or destroy bacteria; nonetheless, many bacte-
ria have acquired the ability to respond in different ways to
resist the effects of bacteriocin, including a reduction of the
accessibility to the receptors or diminishing the expression of
cell-envelope-associated receptors that bind bacteriocin, mod-
ifying the extracellular targets, reducing membrfane potential,
and by releasing proteases to destroy bacteriocins (Yount and
Yeaman 2005; Cotter et al. 2013). In addition, we showed that
the processed active peptides (~10 kDa) inhibited growth of
S. chromogenes and Brevibacillus sp. (Fig. 2), confirming that
Morricin 269, Kurstacin 287, Kenyacin 404, Entomocin 420,
and Tolworthcin 524 are responsible for the inhibitory activity
against these potential etiological agents of mastitis. It is im-
portant to note that because of the proteinaceous nature of
bacteriocins and the use of crude samples (i.e., the whole
secretome of B. thuringiensis) in our well-diffusion assays, it
is difficult to establish whether bacteriocins used in this study
are as efficacious as antibiotics. In this regard, more extensive
future studies will be required using purified bacteriocins. To
date, we have shown the potential of bacteriocins produced by
B. thuringiensis to inhibit food-borne pathogenic bacteria (De
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Fig. 2 Direct inhibitory detection using gel screening and the well-
diffusion assays. Direct detection after SDS-PAGE. Gel was overlaid
with a Brevibacillus sp., b Staphylococcus chromogenes (both isolated
from goats with mastitis), and c B. cereus 183 (control). Lanes 1 represent
Morricin 269, lane 2 Kurstacin 287, lane 3 Kenyacin 404, lane 4
Entomocin 420, and lane 5 Tolworthcin 524. The arrow indicates the
relative position (~10 kDa) of the growth inhibition zones.

Polypeptide SDS-PAGE standards (BioRad) were used to estimate the
molecular masses of bacteriocins. In well-diffusion assay, d
Brevibacillus sp., e S. chromogenes, and f B. cereus 183 were used as a
control reporter bacterium.Wells 1, 2, 3, 4, and 5 represent Morricin 269,
Kurstacin 287, Kenyacin 404, Entomocin 420, and Tolworthcin 524,
respectively
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la Fuente-Salcido et al. 2008) and also as therapeutic agents to
control bacteria associated with mastitis in both dairy cows
(Barboza-Corona et al. 2009; León-Galván et al. 2015) and
dairy goats. Nevertheless, further work is required to establish
whether these antimicrobial peptides have practical applica-
tions as therapeutic agents for use in integrated management
programs to control or prevent mastitis in animals. Toward
this end, we are focusing on cloning these bacteriocin genes
for hyperexpression and purification of their peptide products
for in vitro and in vivo and safety efficacy testing.

Conclusions

We have shown that microorganisms associated with mastitis
in dairy goats from Guanajuato, Mexico are resistant to con-
ventional antibiotics. Importantly, we have established that
many of these microbes are susceptible to crude preparations
of bacteriocins synthesized by B. thuringiensis. Although we
have shown previously the utility of these bacteriocins to con-
trol Staphylococcus strains (Barboza-Corona et al. 2009) and
other bacteria associated with mastitis in cows (León-Galván
et al. 2015), we plan to conduct a significantly more expansive
study to characterize a wider variety of bacteria associated
with mastitis in dairy goats and to determine their susceptibil-
ity to these bacteriocins in an effort to develop prophylactic or
curative formulations for applied use.
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