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ABSTRACT

Matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS) is a
fast and reliable method to identify the most common
pathogenic bacteria in humans and animals. The goals
of this study were to amend a commercial database
with additional species, evaluate the amended database
for identification of bacterial genera and species caus-
ing bovine mastitis, and describe the plethora of species
involved. In total, 500 udder pathogenic isolates were
subjected to MALDI-TOF MS using bacterial or fungal
colony material; 93.5% could be identified to the spe-
cies level, and 6.5% were identified only to the genus
level. Isolates identified to the genus level required fur-
ther identification to the species level by conventional
methods or 16S rDNA sequencing. Mass spectra from
verified species were used to expand the MALDI-TOF
MS database to improve future identification ability. A
total of 24 genera and 61 species were identified in this
study. Identified isolates were mainly staphylococci,
streptococci, Enterobacteriaceae, and coryneforme bac-
teria. In conclusion, MALDI-TOF MS is a powerful,
rapid, and reliable technique to identify the most com-
mon microorganisms causing bovine mastitis, and the
database can be continuously expanded and improved
with additional species.
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INTRODUCTION

Bovine mastitis is the most important infection in
dairy cows and is an increasing problem partly due
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to selection for higher milk yield and use of broad-
spectrum antibiotics (Valde, 2004; Hand et al., 2012;
DANMAP, 2014, 2017). Bovine mastitis reduces animal
health and welfare and causes severe economic losses to
the dairy industry. It is defined by an increased neutro-
phil concentration in the glandular tissue of the udder,
manifested either as abnormal-looking milk secretions,
such as discoloration or clots (clinical mastitis; CM)
or as an increase in SCC with normal appearance of
the milk (subclinical mastitis, SCM) (Barkema et al.,
1998; Vanderhaeghen et al., 2010). Bacteria causing
mastitis are traditionally divided into 3 main groups:
contagious, opportunistic, and environmental bacteria.
The most common contagious bacteria are Staphylococ-
cus aureus and Streptococcus agalactiae (Gianneechini
et al., 2002) and, less frequently, Mycoplasma bovis. The
opportunistic teat skin bacteria include the non-aureus
(usually coagulase-negative) staphylococci, which are
considered minor pathogens but are emerging as a
major concern (Gianneechini et al., 2002; Tenhagen et
al., 2006; Mahmmod et al., 2018). Among the envi-
ronmental pathogens, Escherichia coli, Klebsiella spp.,
streptococci, and Trueperella pyogenes are often found
(Todhunter et al., 1991; Gianneechini et al., 2002; Bi et
al., 2016) along with a large number of less frequently
occurring species, such as FEnterococcus spp., Bacillus
spp., Lactococcus spp. Corynebacterium spp., Pasteu-
rella multocida, Pseudomonas spp., and various Entero-
bacteriaceae, some of which can be difficult to identify
correctly using conventional methods (Tenhagen et al.,
2006; Botrel et al., 2010). The environmental strepto-
cocci are considered a major cause of bovine mastitis.
From a veterinary perspective, the sooner the correct
antibiotic treatment for a bovine mastitis infection is
initiated, the better the prognosis for the cow (Leit-
ner, 2012). In Denmark during the past decade, the
use of third- and fourth-generation cephalosporins has
decreased significantly for intramammary treatment,
whereas use of aminoglycoside-benzyl penicillin com-
binations has increased. The usage of first-generation
cephalosporins has not changed significantly, whereas
the use of penicillin has been increasing (DANMAP,
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2017). To ensure rapid initiation of correct treatment
and prudent use of antimicrobials, timely and accurate
identification of the causative agent of bovine mastitis
is crucial.

Identification and isolation of microbes have tradi-
tionally relied on biochemical and physiological tests
that are laborious and time consuming; for example,
bacterial culture, enzymatic tests, and presence of
metabolic pathways, such as sugar fermentation or
amino acid decarboxylation. However, experience in the
hospital system has shown mass spectrometry to be an
applicable method in clinical contexts for identification
of bacterial isolates cultured on agar or directly from
positive blood cultures (Seng et al., 2009; Benagli et al.,
2011; Nonnemann et al., 2013). Matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) has been introduced as a powerful
new tool in the clinical diagnostic laboratory for identi-
fication of bacterial and some fungal microbes causing
infections. This technique represents a cost-effective
alternative to classical phenotypic and biochemical as-
says and has been used for nearly a decade in routine
clinical microbiology laboratories (Eigner, 2009; Seng
et al., 2009; Bizzini et al., 2010; Cherkaoui et al., 2010;
van Veen et al., 2010; Bader et al., 2011). As few as
5 x 10* cfu per sample are sufficient to attain species
identification by the MALDI-TOF technique (Hsieh
et al., 2008). The challenge in using this technique is
the extent and accuracy of the reference databases and
whether isolates can be matched to reference spectra
in a database. Such databases have been evolving and
refined over the last few years but with an emphasis
on human pathogens. Each isolate is compared with
the 10 closest reference spectra in the database in the
mass range (2-20 kDa), representing predominantly
ribosomal proteins obtained from whole bacteria cells
or crude bacterial extracts (Suh et al., 2005). Each spe-
cies has a variable number of reference entries, from 1
to 14, depending on how a large variation is known for
the specific species. The diversity of the spectra can
vary within a species depending on the origin of the
bacteria, as demonstrated by Mahmmod et al. (2018).
The Biotyper 3.1 software (Bruker Daltonics, Bremen,
Germany) provides a log score with a cut-off log score
of 2.0 for identification at species level and a score of
1.7 for identification at the genus level. The MALDI-
TOF technique is also gaining ground for bacteria of
veterinary importance, originating from bovine, ovine,
porcine, and avian sources and, to a lesser extent, of
canine, caprine, and equine provenance (Randall et al.,
2015). Several researchers have applied the technique to
bacterial groups causing bovine mastitis, such as group
B streptococci (Barreiro et al., 2010), group D strep-
tococci (Werner et al., 2012), non-aureus staphylococci
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(Barreiro et al., 2010; Cameron et al., 2017; Mahm-
mod et al., 2018), Enterobacteriaceae (Rodrigues et al.,
2017; Savage et al., 2017), and even lactational mastitis
in humans (Marin et al., 2017). Classical phenotypical
and biochemical tests have limitations—they typically
take from one to several days to perform and read, and
misidentification of bacteria is not uncommon (Bes et
al., 2000; Taponen et al., 2006). The consequence is
erroneous diagnoses, which may lead to incorrect treat-
ment of bovine mastitis and additional consumption of
antibiotics. For almost a decade, the MALDI-TOF MS
technique has shown the potential as a fast and reliable
bacterial identification method in the hospital sector,
although this assay has yet to be implemented in the
veterinary sector for bovine mastitis in most laborato-
ries as a routine test.

The goals of this study were to amend a commercial
database with additional species, evaluate the amended
database for identification of bacterial genera and
species causing bovine mastitis, and to describe the
plethora of species involved.

MATERIALS AND METHODS
Bacterial Cultures and Culture Conditions

A total of 530 bacterial cultures were examined, of
which 30 were reference strains from a national mastitis
proficiency test (Table 1). Four hundred thirteen cul-
tures were isolates from CM or SCM cases submitted
by veterinary practitioners for laboratory investigation
either as mastitis secretions (in milk samples) or pure
cultures on nutrient agar plates (Table 2). These sam-
ples were collected as a diagnostic service for practicing
veterinarians as part of a validation of MALDI-TOF
for identification of mastitis bacteria. Eighty-seven
cultures were subclinical bovine mastitis samples (SCC
>200,000 cells/mL at the DHI test before sampling)
collected in a research project on Staph. aurecus and
Strep. agalactiae mastitis.

Upon arrival at the laboratory, all microorganisms
received on primary agar plates were subcultured on
Columbia blood agar (Oxoid A/S, Roskilde, Denmark)
supplemented with 5% calf blood, and mastitis secre-
tions were inoculated onto blood agar. All plates were
incubated aerobically for 18 to 20 h at 37°C and acqui-
sition for mass spectra for identification was performed.

Isolates for the Technical University of Denmark,
National Veterinary Institutes Main
Spectrum Database

Single colonies from sequence-verified stains searched
using the BLAST tool of the GenBank Database (https:
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//blast.ncbi.nlm.gih.gov), as described by Strube et al.
(2018), were subcultured onto blood agar and incu-
bated overnight aerobically at 37°C. All isolates for the
Technical University of Denmark, National Veterinary
Institutes Main Spectrum Database (DTU-Vet MSP
Database) in this study were stored at —80°C in Luria
Bertani broth with 15% glycerol.

16S rDNA Sequencing

Isolates that did not meet the criteria for proper spe-
cies identification by MALDI-TOF MS, log score 2.0,
were subjected to further identification by 16S rDNA
sequencing before inclusion in the local DTU-Vet MSP
database of potential animal pathogens as reference
spectra (Table 1). The method used was essentially as
described by Mahmmod et al. (2018), with modifica-
tions. Bacterial colony material was suspended in 1 mL
of PBS and centrifuged for 5 min at 10,000 x g. The
supernatant was removed and the pellet resuspended in
100 pL of water. The sample was boiled for 10 min and
immediately placed on ice. The lysate was centrifuged
for 30 s at 10,000 x g. The 16S rDNA gene was amplified

by PCR in 3 separate products with following primer
sets: 10Fx-1509R, (5'-AGAGTTTGATCMTGGCTC-3'
and 5-GTTACCTTGTTACGACTTCAC-3'), 10Fx-
804Rx (5-AGAGTTTGATCMTGGCTC-3' and
5-GACTACCNGGGTATCTAATCC-3') and 519Fx-
1509R (5'-CCAGCAGCCGCGGTAATA-3" and 5'-GT-
TACCTTGTTACGACTTCAC-3'), where M = A or C;
and N = A, T, C, or G. The amplification program
was run as follows: denaturation at 94°C for 6 min,
35 cycles of 94°C for 60 s, 56°C for 60 s, and 72°C for
90 s, and final extension 72°C for 10 min in a reaction
volume of 50 pL. Amplified PCR products of expected
lengths of 1,499, 990, and 794 bp, respectively, were
verified by E-Gel (Invitrogen, Carlsbad, CA). Forty
microliters of PCR product was purified with MinElute
PCR purification kit (Qiagen, Copenhagen, Denmark)
and eluted in 10 to 20 pL of elution buffer. The ampli-
fied 16S rDNA gene was sequenced on an ABI 3130
Genetic analyzer using BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystem, Foster City, CA)
according to the manufacturer’s protocol, and then the
resulting sequences were compared with the described
sequences by BLAST search against the GenBank

Table 1. Test of known microorganisms causing bovine mastitis

Characterized isolate

MALDI-TOF MS

(n = 30) No. identification Score'
Bacillus® 1 Bacillus licheniformis >2
Enterococcus faecalis 1 Enterococcus faecium >2
Enterococcus faecium 1 Enterococcus faecalis >2
FEscherichia coli 2 FEscherichia coli >2
Klebsiella pneumoniae 2 Klebsiella pneumonia >2
Micrococcus® 1 Micrococcus luteus No ID
Staphylococcus aureus 2 Staphylococcus aureus >2
CNS 2 Staphylococcus epidermidis >2
Streptococcus agalactiae 2 Streptococcus agalactiae >2
Streptococcus bovis. 1 Streptococcus lutetiensis® >2
Streptococcus canis’® 1 Streptococcus canis <2
Streptococcus canis 1 Streptococcus canis >2
Streptococcus dysgalactiae 2 Streptococcus dysgalactiae >2
Streptococcus uberis 1 Streptococcus uberis >2
Streptococcus uberis® 1 Streptococcus uberis <2
Trueperella pyogenes 2 Trueperella pyogenes >2
Yeast” 1 Candida kefyr >2
Yeast® 1 Candida krusei >2
Staphylococcus hyicus 1 Staphylococcus hyicus >2
Staphylococcus chromogenes 2 Staphylococcus chromogenes >2
Staphylococcus spp. 1 Staphylococcus xylosus >2
Pasteurella multocida 1 Pasteurella multocida >2

'A log score between 0 and 3 is calculated by the Biotyper algorithm (Bruker Daltonics, Bremen, Germany).
Log scores <1.7 provide no identification. Log score 1.7 > x < 2.0 indicates genus identification, and log score
>2 indicates species identification. All identifications >2.0 expressed specific species identification. Next closest
score always specified the same species if the score was >2.0.

*Isolate was exposed to the extraction procedure due to rapid spore formation.
*Isolates were identified by API (Biomérieux, Ballerup, Denmark) or sequenced for 16S RNA before being

submitted as local spectra to the database.

*Streptococcus lutetiensis was not proposed as a species until 2002; prior to 2002, it would have been classified

as Streptococcus bovis.
PAll yeasts were exposed to the extraction procedure.
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Table 2. Bacterial isolates from clinical or subclinical bovine mastitis identified by MALDI-TOF MS
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Bacteria

No.

Comment

Gram-positive
Aerococcus viridians
Bacillus cereus™’
Bacillus licheniformis®
Bacillus pumilus®
Bacillus safensis®
Bacillus sphaericus’
Bacillus spp.”
Corynebacterium bovis
Corynebacterium glutamicum
Corynebacterium spp.
Corynebacterium zerosis
Enterococcus faecalis
Enterococcus hirae
Helococcus ovis
Kocuria carniphila
Lactococcus garvieae
Lactococcus lactis
Lycinibacillus fusiformis
Lycinibacillus sphaericus
Micrococcus luteus
Staphylococcus arlettae
Staphylococcus aureus
Staphylococcus chromogenes
Staphylococcus cohnii
Staphylococcus epidermidis
Staphylococcus equorum
Staphylococcus haemolyticus
Staphylococcus hyicus
Staphylococcus saprophyticus
Staphylococcus sciuri
Staphylococcus simulans
Staphylococcus succinus
Staphylococcus xylosus
Staphylococcus warneri
Streptococcus agalactiae
Streptococcus dysgalactiae
Streptococcus parauberis
Streptococcus uberis
Streptococcus lutetiensis
Trueperella pyogenes

Total gram-positive

Gram-negative
Acinetobacter haemolyticus®
Acinetobacter johnsonii’
Acinetobacter spp.’
Aeromonas hydrophila
Citrobacter braakii
Citrobacter freundii
Citrobacter koseri
Escherichia coli
Enterobacter cloacae
Klebsiella pneumoniae
Klebsiella ozytoca
Morganella morganii
Pantoea agglomerans
Pantoea spp.
Pasteurella multocida
Proteus mirabilis
Proteus penneri
Proteus vulgaris
Pseudomonas aeruginosa
Pseudomonas libanensis
Pseudomonas putida
Pseudomonas proteolytica
Pseudomonas rhodesiae
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Identified only to genus level

Identified only to genus level
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1 isolate only identified to genus level

1 isolate only identified to genus level
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Identified only to genus level

Continued



MALDI-TOF MS FOR IDENTIFICATION OF MASTITIS BACTERIA

2519

Table 2 (Continued). Bacterial isolates from clinical or subclinical bovine mastitis identified by MALDI-TOF MS

Bacteria No. Comment
Pseudomonas spp. 1
Pseudomonas taetrolens 1
Raoultella ornithinolytica 1
Serratia liquefaciens 2
Serratia marcescens 1
Total gram-negative 119

Identified only to genus level

!'Bacillus cereus cannot be distinguished from Bacillus anthracis by MALDI-TOF MS.
Bacillus spp. and Acinetobacter spp. were all submitted to the ethanol:formic acid protocol by default.

database (http://www.ncbi.nlm.nih.gov) as previously
described (Strube et al., 2018).

MALDI-TOF

Species or genus identification was performed by us-
ing the Biotyper 3.1 software combined with the DTU-
Vet MSP database (Supplemental Table S1; https://
doi.org/10.3168/jds.2018-15424). Mass spectra were
obtained using an Autoflex Speed instrument (Bruker
Daltonics, Billerica, MA) calibrated with the FEscherich-
ia coli DH5a Bacterial Test Standard (BTS). The ma-
jority (n = 473) of the mastitis isolates were identified
by application of a thin smear from pure cultures onto
a target plate, covered by a-cyano-4-hydroxycinnamic
acid (HCCA) and submitted to MALDI-TOF MS
identification. The remaining samples (n = 27) were
extracted, following the ethanol:formic acid:acetonitrile
protocol, into crude bacterial extracts, as described by
Bizzini et al. (2010). One microliter of crude bacterial
extract was applied in triplicate onto the MALDI target
plate, air-dried at room temperature (RT; 20-22°C),
and covered by HCCA matrix before acquisition was
performed.

Database Upgrade

Single pure colonies (n = 2-5) were transferred to
individual 1.5-mL Eppendorf Safe-Lock Tubes (Sigma-
Aldrich, Brgndbyvester, Denmark) containing 300 pL
of water, ultra-HPLC grade (Merck, Hellerup, Den-
mark), using sterile 1.0-pL disposable plastic inoculat-
ing loops. Tubes were vortexed briefly to create a ho-
mogeneous suspension followed by addition of 900 pL
of 100% ethanol, liquid chromatography solvent grade
grade (Merck) and an additional 15 s of vortex mixing.
Tubes were centrifuged for 3 min at 12,200 x g at RT,
supernatants were poured and discarded, and tubes
centrifuged again for 3 min at 12,200 x g at RT. The
remaining ethanol/water was carefully aspirated using
a micropipette. Cell pellets were air-dried for 3 min
before the addition of an appropriate volume (15-50

pL) of 70% formic acid. The optimal volume of formic
acid was determined by visually sizing the pellet. After
up to 3 min, an equal volume of 100% acetonitrile was
added to each sample and mixed carefully. Samples
were centrifuged for 3 min at 12,200 x ¢ at RT. Eight
1-pLL volumes of supernatant were carefully placed on a
ground steel target plate and allowed to air dry before
each spot was overlaid with 1.0 pL of HCCA matrix
(Bruker Daltonics) dissolved in 50% acetonitrile with
2.5% trifluoroacetic acid (Sigma-Aldrich) (Nonnemann
et al., 2013; Cameron et al., 2017).

Evaluation of Bruker Daltonics Database
and Improvement of DTU-Vet MSP Database

This evaluation was done in 2 steps. First, we tested a
collection of previously identified microorganisms (n =
30) originally used in the national mastitis proficiency
test (Table 1) using the BDAL database (Bruker Dal-
tonics) and the local DTU-Vet MSP database (National
Veterinary Institute, Lyngby, Denmark) (Supplemental
Table S1; https://doi.org/10.3168/jds.2018-15424). A
total of 123 custom main spectra covering 15 genera
were created according to Cameron et al. (2017) and
Nonnemann et al. (2013). Most of the isolates used to
create the main spectra belonged to the Diagnostic Unit
at the Danish Technical University Veterinary Institute,
Frederiksberg, Copenhagen (now Diagnostic unit at the
Danish Technical University, Lyngby). Culturing was
done as described above and MALDI-TOF identifica-
tion, using either the direct smear or the extraction
protocol, was done as described by Bizzini et al. (2010).
Lack of identification of these isolates by the Biotyper
software led to identification by 16S rDNA sequencing
and finally addition to the DTU-Vet MSP Database as
reference spectra for this study.

Upgrade of DTU-Vet MSP Database

Before acquisition of spectra and inclusion of refer-
ence spectra, the instrument was calibrated with the
BTS, achieving a log score of 2.2. Acquisition of each
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isolate was performed in 8 spots on the target plate,
which were run in triplicate resulting in 24 spectra us-
ing the flexControl 3.4 (Bruker Daltronics). All spectra
files were submitted to flexAnalysis 3.4 and Biotyper
OC 3.1 (Bruker Daltonics). Spectra were smoothed and
baseline subtracted before assessment. If the internal
control displayed a log score <2.2, all raw spectra from
the particular run were discarded.

Low-intensity and outlier spectra were identified and
manually discarded until a minimum of 20 individual
spectra could be used for custom main spectra creation.
In cases where intensities or frequencies did not meet
the minimum standard of 20 spectra, the ethanol:formic
acid:acetonitrile method and spectrum acquisition were
reviewed and repeated.

RESULTS

The isolates from veterinary practice (CM or SCM,
n = 413) displayed a variety of different bacteria:
19.1% (79/413) Staph. aureus, 23.7% (98/413) strepto-
cocci, 15.6% (64/413) E. coli, 15.6% (64/413) non-au-
reus staphylococci, 3.4% (14/413) Klebsiella spp., 2.9%
(12/413) Corynebacterium spp., and 2.4% (10/413) Ba-
cillus spp., of which 1.5% (6/413) were Bacillus licheni-
formis; other bacteria constituted approximately 17%
of the isolates. Among the bovine isolates, the Strep-
tococcus group, consisting of nearly 24% of the isolates
from veterinary practices, 12.1% (50/413) were Strep.
uberis and 7.5% (31/413) were Strep. dysgalactiae. The
isolates from SCM samples obtained from the research
project on Staph. aureus and Strep. agalactiae (n = 87)
revealed 52% (45/87) Staph. aureus, 39% (34/87) Strep.
agalactiae, and 9% (8/87) Staph. haemolyticus.

In our study, 93.5% (386/413) of the isolates from
veterinary practitioners presented a log score >2.00
and were identified to the species level. The remaining
6.5% were identified only to the genus level (log score
1.7-2.0), of which 2.4% (10/413) were assigned only as
genus in the database with a log score less than 2.0. All
isolates from the Staph. aureus and Strep. agalactiae
project (n = 87) were identified to the species level.
A fraction of the isolates from the national mastitis
proficiency test collection (Table 1; n = 3) were not
identified by MALDI-TOF MS, either due to lack of
reference spectra or because the isolate, calculated by
the Biotyper algorithm, displayed too large of a dis-
tance from the reference spectra in the database (log
score <2.0). The Biotyper algorithm compares the 10
closest reference spectra and calculates the log score
(distance) between the sample spectrum and the ref-
erence spectrum. Fifteen percent (8/53) of “Staph.
aureus” isolates from SCM samples (n = 87) identi-
fied correctly by the MALDI TOF MS technique were
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previously misidentified as Staph. aureus by routine
veterinary examination before being submitted to our
laboratory, where they were identified as Staph. hae-
molyticus. Table 2 summarizes the range of identified
bacteria causing bovine mastitis in this study. Three of
the Staph. aureus isolates were small colony variants
(SCV). In total, we identified 26.4% (132/500) strep-
tococci, 24.8% (124/500) Staph. aureus, 14.4% (72/500)
non-aureus staphylococci, and 12.8% (64/500) E. coli as
the main pathogenic bacteria causing bovine mastitis.
To create a sufficient range of reference spectra cov-
ering the most frequently appearing bacteria causing
mastitis, 3 isolates (Streptococcus canis, Strep. uberis,
and Micrococcus luteus) were added (Table 1).

DISCUSSION

Table 2 summarizes the diagnosed bacteria causing
bovine mastitis in this study. Staphylococcus aureus, E.
coli, Strep. uberis, and Strep. dysgalactiae are consid-
ered the most important bacteria in bovine mastitis
(Bradley, 2002; Cervinkova, 2013), which is supported
by our findings; they were the 4 most frequently identi-
fied species in our study (Table 2). Minor contributors,
supported by Gongalves et al. (2014), were Corynebac-
terium spp., a group known for its heterogeneity and
inconclusive species discrimination by classical methods
(Watts et al., 2000).

One crucial requirement for MALDI-TOF is the
use of pure culture specimens. It is not yet possible
to identify polymicrobial samples. Suspected polymi-
crobial samples must be streaked and bacteria isolated
and grown as pure cultures. Another is the applicabil-
ity of the database for the bacteria causing mastitis.
Currently, 16 non-aureus staphylococcal species along
with 3 coagulase-positive staphylococcal species have
been isolated from CM or SCM (Capurro et al., 2009).
Tomazi et al. (2014) and Elbehiry et al. (2016) dem-
onstrated that MALDI-TOF is a reliable technique for
identifying non-aureus staphylococci specifically known
to cause IMI, although Mahmmod et al. (2018) and
Banach et al. (2016) argued that, currently, the BDAL
database from Bruker Daltonics is not sufficient to es-
tablish identification of non-aureus staphylococci asso-
ciated with bovine mastitis. In particular, the bacteria
that colonize the teat apex were challenging to identify
using MALDI-TOF MS due to limited coverage of the
database entries. However, in Mahmmod et al. (2018),
several isolates were identified by 16S rDNA sequencing
and the spectra used to amend the database with addi-
tional non-aureus staphylococcus species (Mahmmod et
al., 2018). In the present study, we identified 14 Staphy-
lococcus species and only a few of the isolates had scores
below that required to identify at the species level. We



MALDI-TOF MS FOR IDENTIFICATION OF MASTITIS BACTERIA

therefore conclude that MALDI-TOF MS with the
amended database is very reliable for identification of
staphylococci. Savage et al. (2017) also concluded that
MALDI-TOF MS was superior in both accuracy and
cost efficacy for identification of gram-positive cocci.
Cost efficacy includes both consumables and labor
costs. A study by Schabauer et al. (2014) confirmed
that MALDI-TOF MS was suitable for differentiation
of Streptococcus species associated with bovine masti-
tis. We identified 5 Streptococcus species to the species
level. Gram-positive bacteria tend to be slightly more
difficult to identify to the species level by the direct
smear method but when isolates are subjected to the
ethanol:formic acid:acetonitrile method, identification
can be increased by more than 10% (Schulthess et al.,
2013). An overall rate of more than 75% species iden-
tification using direct smear application (Bizzini et al.,
2010; McElvania-TeKippe et al., 2013) is supported by
the findings of the current study (93.5%). It is notewor-
thy that application of 70% formic acid as a layer on
top of the colony material before applying matrix can
increase the identification rate (McElvania-TeKippe et
al., 2013; Ge et al., 2017). When a yeast infection is
suspected, the direct smear approach is not sufficient,
as described by Cassagne et al. (2013); it requires the
ethanol:formic acid:nitrile protocol. Furthermore, the
ethanol:formic acid:nitrile protocol is necessary for spe-
cies identification of Bacillus spp. and Acinetobacter
spp., although the direct smear approach can be used
on colonies of Bacillus licheniformis <18 h, whereas
more mature colonies require the former protocol (our
unpublished results).

In the present study, MALDI-TOF MS was an efficient
technique for identification of streptococci, staphylo-
cocci, and Enterobacteriaceae, although species identi-
fication was less certain in some genera. For example, 4
of 6 Acinetobacter, 2 of 9 Corynebacterium, and 2 of 11
Bacillus were identified only to the genus level (Table
2). This is in accordance with observations of Savage
et al. (2017) and suggests an improvement of databases
for those genera. For several years, 16S rDNA sequenc-
ing has been superior to other automated identification
systems for microbial identification, even phenotypical
identification, although like the MS technique, the suc-
cess of 16S rDNA sequencing relies on a well-developed
database (Bizzini et al., 2010; Schrottner et al., 2014).
Even though the MS database from Bruker Daltonics
consists of more than 7,000 reference spectra, there
seems to be a difference in the spectra depending on
the source of isolates (e.g., intermammary glands vs.
teat apex; Mahmmod et al., 2018). Since there is a
difference in spectra depending on the source, there
is a constant demand for evolving and applying the
MALDI-TOF MS technique in new diagnostic subar-
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eas within microbial identification, such as mastitis
pathogens, fish pathogens, or environmental microbial
isolates (Timperio et al., 2017), an ongoing expansion
of such databases is required. Isolates attaining log
scores between 1.7 and 2.0 (i.e., identification only to
the genus level) indicate that the current database is
inadequate for species identification and requires either
other identification methods or an addition of refer-
ence spectra in the database. The BDAL database and
Biotyper software from Bruker Daltonics is a frequently
used setup for identification of bacterial and fungi
pathogens, although it is not the only system used. The
VITEK MS system from bioMérieux (Marcy I’Etoile,
France) is a valid platform used for both human and
animal pathogens (Kérpénoja et al., 2014; Deak et al.,
2015; Marin et al., 2017), although different databases
are used in the MS assays developed by Bruker Dal-
tonics and bioMérieux. Well-developed databases are
of utmost importance for optimal performance of the
MALDI-TOF MS technique.

Historically, bovine mastitis has been treated onsite
based on clinical observations, rather than on identifi-
cation and susceptibility of the pathogen. Antimicro-
bial intervention at an early stage is a precautionary
measure against the risk of losing function of one or
more quarters and to prevent lower yield during the
rest of the lactation period (Espetvedt et al., 2013).
However, bacterial culture carried out in veterinary
laboratories or on farm may not achieve high accuracy
in species identification. Accurate species identifica-
tion enables targeted use of antibiotics and species-
specific mastitis control plans. Rapid identification
of the pathogen will, to some extent, limit the use of
broad-spectrum antibiotics based on prior experience
and knowledge about the bacteria without the need for
susceptibility tests, and contribute to the reduction in
use of broad-spectrum antibiotics. There is a push to
use narrow-spectrum antibiotics, to reduce the use of
antibiotics that are critical for humans, and, preferably,
to treat after only laboratory diagnosis and susceptibil-
ity testing (Anonymous, 2013). In that respect, 8 of
the Staph. haemolyticus isolates in this study had first
been misidentified by routine examination (i.e., by he-
molysis of the blood agar plate) as Staph. aureus. Later,
these isolates were verified by routine standards in our
laboratory. Previously, Staph. haemolyticus was not re-
garded a major bovine mastitis pathogen, but this CNS
has now evolved to be an important pathogen (Pyorala
and Taponen, 2009; Fessler et al., 2010). Therefore,
such misinterpretations can lead to improper treatment
and overuse of antibiotics or an erroneous prognosis
for the cow. The SCV phenotype is frequently seen in
Staph. aureus, causing the bacteria to be misidentified
by classical methods. The SCV are slow-growing, whit-
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ish, pinpoint colonies (>10-fold smaller than regular
Staph. aureus) and express a delayed coagulase reac-
tion, lesser hemolysis, and decreased sensitivity toward
aminoglycosides and bacterial toxins (Youmans et al.,
1937; von Eiff et al., 1997; Biswas et al., 2009). By
their appearance on blood agar, the colonies can easily
be misidentified as hemolytic streptococci, which could
lead to the wrong choice of treatment. Staphylococcus
aureus SCV have often been associated with chronic
or recurrent infections, and the SCV state allows the
bacterium to be better adapted to intracellular survival
(von Eiff et al., 2000). It is noteworthy that MALDI
TOF MS was still able to identify SCV correctly. At
present, Denmark does not surveille critical bovine
mastitis bacteria or the development of antibiotic resis-
tance. The antibiotic resistance scheme in Denmark is
evolving (DANMAP, 2014, 2017), but not up to date for
bovine mastitis. Such investigations would contribute to
greater knowledge to the literature, but are beyond the
scope of the present study. Attempts to type bacteria
using MALDI TOF MS or predict antimicrobial resis-
tance have been somewhat successful but still need con-
siderable development. Elbehiry et al. (2016) detected
higher intensities of 3 specific biomarker peaks (3.993,
4.121, and 5.845 Da) in methicillin-resistant Staph. au-
reus (MRSA) isolates causing bovine mastitis. These
particular peaks were not seen in methicillin-sensitive
Staph. aureus (MSSA) isolates. However, insufficient
ability to type Staph. aureus and Enterococcus faecium
was demonstrated using MALDI-TOF MS by Lasch et
al. (2014). Whether or not these conflicting results rely
on different pre-analytical conditions, uniform guide-
lines could improve the performance of MALDI-TOF
MS-based typing methods considerably, as suggested
by Sauget et al. (2017).

To use the MALDI-TOF MS method for rapid diag-
nosis of bovine mastitis bacteria, agar plates or secreta
sent to the laboratory preferably on agar plates or as
a milk sample, respectively. Veterinarians can draw a
milk sample, plate it on an agar plate, and send the
plate by mail to the laboratory, and the diagnosis is
often ready on the day of arrival at the laboratory. If
subculture is required, the diagnosis will be available
18 to 22 h later. Although promising, this method of
diagnosis has its shortcomings, primarily in the pre-
diagnostic phase. Bovine mastitis samples are drawn
from live animals and the risk of contamination with
environmental microorganisms exists. Additionally,
the possibility of contamination and overgrowth with
Proteus spp. exists, mainly during summer or when a
sample is in transit to the laboratory for several days.
In the diagnostic phase, selection of the suspected
pathogen for identification; for example, from plates
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carrying several bacterial species, still relies upon quali-
fied personnel.

CONCLUSIONS

We amended a commercial MALDI-TOF MS data-
base to accommodate additional species for identifica-
tion of udder pathogens. We demonstrated the appli-
cability of MALDI-TOF MS technology for mastitis
diagnostics, and found it rapid and cost efficient in
terms of materials and labor costs. With MALDI-TOF
applied to 500 isolates, 24 genera and 61 different spe-
cies were identified.
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