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ABSTRACT

On-farm culture (OFC) systems facilitate pathogen-
based mastitis management and can facilitate anti-
microbial stewardship on dairy farms. Interpretation 
of the results, however, may present a challenge for 
those with limited microbiology experience. Here, we 
compared results of 3 OFC systems interpreted by 
trained and untrained observers against results of a 
standard laboratory reference method (aerobic culture 
and mass spectrometry). Milk samples (280 quarter 
and 60 composite) were selected from submissions for 
routine diagnostic testing to Quality Milk Production 
Services (Cornell University, Ithaca, NY) between Au-
gust 2017 and January 2018. Samples were cultured 
simultaneously using the standard laboratory reference 
method and 3 commercially available OFC systems 
that varied in detail of pathogen identification (pro-
vided in parentheses) as follows: (1) Minnesota Easy 
Culture System II Bi-plate (University of Minnesota 
Laboratory for Udder Health, St. Paul; gram-positive, 
gram-negative), (2) Minnesota Easy Culture System 
II Tri-plate (gram-positive, gram-negative, some ge-
nus level), and (3) FERA Diagnostics and Biologicals  
AccuMast plate (Ithaca, NY; genus level, some species 
level). After 18 to 24 h of incubation, OFC plates were 
interpreted by 1 trained observer (>10 yr of experience 
in milk microbiology) and 6 untrained observers with 
no previous milk microbiology training, using only the 
manufacturers’ instructions for guidance. Strength of 
agreement (κ) between observer groups and the refer-
ence method was determined for the available outcomes 
of each system. Interpreted by the trained observer, 
agreement was moderate for identifying gram-positive 
organisms (Bi-plate, κ = 0.56) and substantial for 
Streptococcus spp. (Tri-plate, κ = 0.64, AccuMast κ 

= 0.61). Interpretation by untrained observers resulted 
in fair agreement (κ = 0.29–0.37) for these organisms. 
Moderate agreement (κ = 0.43–0.59) was found across 
all 3 OFC for the identification of gram-negative or-
ganisms (Bi-plate), non-aureus staphylococci (Tri-plate 
and AccuMast), Lactococcus spp., and Enterococcus 
spp. (AccuMast) when interpreted by the trained ob-
server, and fair to moderate agreement was found (κ 
= 0.31–0.53) among untrained observers. Across all 3 
OFC, agreement was almost perfect (κ = 0.80–0.89) 
for Staphylococcus aureus for the trained observer, and 
moderate to substantial (κ = 0.56–0.61) for untrained 
observers. We concluded that all 3 OFC appeared suit-
able to support pathogen-based mastitis management 
when operated by trained observers. Training beyond 
the instruction manual is a prerequisite to make OFC 
systems useful for pathogen-based mastitis manage-
ment.
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Short Communication

On-farm culture (OFC) systems are widely used 
to facilitate pathogen-based mastitis management on 
dairy farms (Lago and Godden, 2018). Their implemen-
tation has been shown to reduce antimicrobial usage 
without adversely affecting cow health and performance 
(Vasquez et al., 2017; McDougall et al., 2018). Among 
commercially available products, the Minnesota Easy 
Culture System II Bi-plate and Tri-plate (University 
of Minnesota Laboratory for Udder Health, St. Paul;), 
and the AccuMast plate by FERA Diagnostics and 
Biologicals (Ithaca, NY) represent OFC using selec-
tive (Bi- and Tri-plate) and chromogenic (AccuMast) 
media-detection mechanisms (Ganda et al., 2016; Lago 
and Godden, 2018). The systems vary in detail of 
pathogen identification from broad distinction between 
gram-positive and gram-negative organisms (Bi-plate) 
to genus specific (Tri-plate) and species level identifica-
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tion for some organisms (AccuMast). A detailed de-
scription of the diagnostic capacities for the 3 different 
OFC systems is provided in Supplemental File S1 and 
Supplemental Table S1 (https:​/​/​figshare​.com/​articles/​
dataset/​Supplemental​_tables​_S1​-S4​_docx/​13703413). 
Despite the differences in identification detail, the 3 
systems have one thing in common: they all share the 
need of correct interpretation of the OFC results to 
allow appropriate treatment decision making (Pinzón-
Sánchez et al., 2011). The primary objective of our 
study was to compare the performance of these 3 com-
monly used OFC systems with the standard laboratory 
procedures of aerobic culture followed by MALDI-TOF 
analysis of bacterial growth. Because few studies have 
included observers with limited microbiology experi-
ence (Royster et al., 2014; Griffioen et al., 2018), a 
secondary objective was to describe the influence of 
microbiology experience on the interpretation of OFC 
results. This group was intended to represent an aver-
age farm employee who would be reading plates in a 
typical on-farm situation.

Between August 2017 and January 2018, 340 milk 
samples (280 quarter samples, 60 composite samples) 
were selected from routine submissions to Quality Milk 
Production Services (Cornell University, Ithaca, NY) 
by commercial dairy farms for mastitis pathogen iden-
tification services. Samples were selected after aerobic 
culture and MALDI-TOF identification and stored 
at −20°C until used for the study. We attempted to 
represent a sufficient number and variety of commonly 
observed culture outcomes and selected samples identi-
fied with major and minor mastitis pathogens, contam-
inated samples, and samples with no bacterial growth. 
When samples were cultured on the OFC systems, the 
reference method was repeated, and OFC results were 
compared with the second time the reference method 
was performed to best represent contemporaneous com-
parison to the reference test.

An experienced laboratory technician, who was not 
assigned to read out plates, performed all aerobic bac-
teriologic inoculation of the milk samples according to 
the Laboratory Handbook on Bovine Mastitis (NMC, 
2017). Briefly, samples were thawed, mixed, and plated 
on the respective culture medium using a sterile cotton 
swab (Puritan Medical Products Co., Guilford, ME; 
cotton swab dimensions, 16 × 5 mm), which resulted in 
approximately 30 μL of milk per medium section. One 
sheep blood agar plate (Northeast Laboratory, Water-
ville, ME) per sample was used for the reference meth-
od of aerobic culture with subsequent MALDI-TOF 
identification. For the OFC systems, 1 cotton swab per 
medium section was used to inoculate the sample. All 
plates were incubated at 37°C. On-farm culture plates 
were read after 18 to 24 h; blood agar plates for the ref-

erence method were incubated and were read after 18 
to 24 h and again after 48 h. Samples were cultured in 
sets of 20 per session. The OFC plates were numbered 
1 to 20 such that the number assigned to each sample 
was different on each OFC system to avoid compari-
son between the 3 systems by the observers. That is, 
sample 1 on the Bi-plate did not correspond to sample 
1 on the Tri-plate or AccuMast plate in an attempt to 
control bias during each diagnostic session and have 
independence in diagnosis among all 3 OFC systems.

For the reference method, culture results were in-
terpreted following Quality Milk Production Services 
standard protocols adapted from Dohoo et al. (2011). 
Cultures were considered positive if there was ≥1 cfu 
of Staphylococcus aureus or Streptococcus agalactiae, 
≥6 cfu of NAS, or ≥3 cfu for all other organisms. 
Subsequently, a representative colony was submitted 
for MALDI-TOF analysis using the MALDI Biotyper 
Microflex LT (Bruker Daltonics, Billerica, MA). Adap-
tion and maintenance of the MALDI-TOF library, 
sample preparation, and interpretation of the MALDI 
score were performed as described by Randall et al. 
(2015). In brief, the instrument reports a logarithmic 
score between 0 and 3, quantifying similarity to known 
database entries. A log (score) ≥1.7 was the threshold 
for the genus level identification, and a log (score) ≥2.0 
was the set threshold for a match at the species level. If 
there were ≥3 phenotypically different organisms pres-
ent, the sample was considered contaminated, and no 
MALDI-TOF analysis was performed.

The OFC plates were interpreted by 1 trained milk 
microbiologist and 6 veterinary students with no previ-
ous specific milk microbiology training who represented 
untrained observers, as would be typical of on-farm 
employees. To facilitate consistent focus and prevent 
mental fatigue of observers, we allocated the samples 
into 17 sessions. Untrained observers were provided 
with the manufacturer’s instructions for the respective 
system (MN Easy Culture System User’s Guide 2016 
(https:​/​/​www​.vdl​.umn​.edu/​sites/​vdl​.umn​.edu/​files/​
mn​-easy​-culture​-system​-ii​-users​-guide​-english​.pdf) and 
AccuMast culture identification chart). Observers were 
masked to each other’s results, as well as to the result 
of the reference method.

Outcomes were evaluated based on the diagnostic 
capacity of the respective OFC system (Supplemental 
Table S1). Observers were expected to identify mixed 
growth according to the capacity of the respective 
OFC. The identification of Staph. aureus was priori-
tized in mixed samples, and observers were expected 
to identify Staph. aureus among 2 organisms for all 3 
OFC systems.

The trained observer conducted all sessions, whereas 
attendance of untrained observers varied. To compile a 
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complete set of observations from untrained observers 
and give each observation equal weight in the analyses, 
we randomly selected results from 1 untrained observer 
per session using an open source random number gen-
erator (Haahr, 2020) in an attempt to simulate an aver-
age on-farm employee and maintain independence of 
each analysis. There was no comparison among the 
untrained observers, and each untrained observer was 
independent and identical to the others. Data were 
maintained in spreadsheet software (Microsoft Office 
Excel 2016; Microsoft Corporation, Redmond, WA). 
Before statistical analyses, we screened the data for 
missing and erroneous values. Statistical analyses were 
performed in JMP Pro 14 (SAS Institute Inc., Cary, 
NC). Sensitivity (Se), specificity (Sp), and positive 
and negative predictive values (PPV and NPV, re-
spectively) were calculated according to Dohoo et al. 
(2009) for all available outcomes of the respective OFC 
and grouped by trained and untrained observers, using 
MALDI-TOF results as the reference method. The κ 
statistics were calculated to measure agreement beyond 
chance between observer groups and the reference 
method. We interpreted κ values according to the 
guideline established by Landis and Koch (1977). A 
value of >0.80 was considered as almost perfect, >0.60 
to 0.80 as substantial, >0.40 to 0.60 as moderate, >0.20 
to 0.40 as fair, >0.00 to 0.20 as slight agreement, and 
≤0.00 as poor agreement. For Se, Sp, PPV, and NPV, 
values >0.80 were interpreted as high, >0.60 as inter-
mediate, and ≤0.60 as low according to Royster et al. 
(2014). The 95% confidence intervals for Se, Sp, PPV, 
NPV, and κ values were calculated as a ± 1.96 × stan-
dard error (SE) where SE = −( )a a n1 / ,  with a = the 

test proportion or κ value and n = the sample size.
A total of 340 samples interpreted by the trained 

observer and untrained observers on all 3 OFC in 17 
sessions were available for analysis. Following random 
selection, 3 untrained observers contributed 2 sessions 
each, and 1 untrained observer each contributed 1, 4, or 
6 sessions, respectively, to the final data set. Thirteen 
observations were missing, resulting in a total of 2,027 
records across all 3 OFC available for final analyses. The 
frequency distribution of culture outcomes determined 
by the reference method for the individual samples is 
summarized in Table 1. Table 2 summarizes κ statistics 
stratified by OFC system and observer group. Values 
for Se, Sp, PPV, and NPV are summarized in Supple-
mental Tables S2 through S4, respectively.

Interpreted by the trained observer, the “gram-
positive” outcome on the Bi-plate system, the genus 
specific gram-positive outcomes “Streptococcus spp. or 
Streptococcus-like organisms (SLO)” on the Tri-plate 
system, and outcome “Streptococcus spp.” on the Ac-

cuMast system showed substantial agreement and 
intermediate Se (0.76, 0.67, and 0.77, respectively). 
Streptococcus spp. and SLO are the most frequently 
treated mastitis pathogens (Neeser et al., 2006). Based 
on previous reports (Royster et al., 2014; Lago and God-
den, 2018), we expected better test statistics with less 
complex OFC systems. However, our data suggested 
that all 3 OFC were equally suitable to support treat-
ment protocols based on the detection of gram-positive 
organisms or Streptococcus spp. if results were inter-
preted by a trained observer. Detection of Enterococcus 
spp. and Lactococcus spp. (EL) was only possible with 
the AccuMast system and had a low Se for the trained 
(0.34) and untrained (0.47) observers in this study. 
Ferreira and colleagues (2018) reported a higher Se 
(0.95) for the outcome EL. Our results suggested that 
an auxiliary laboratory, using either biochemistry or 
MALDI-TOF, might be necessary to provide support 
for the reliable detection of these pathogens. We found 
that untrained observers had only fair agreement and 
low Se (0.58) for the outcome “gram-positive” in the 
Bi-plate system compared with the trained observer. 
Identification of gram-positive pathogens on genus level 
using the Tri-plate and AccuMast system was simi-
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Table 1. Frequency distribution of culture outcomes from 340 
prospectively selected milk samples using aerobic culture and MALDI-
TOF

Culture result Number Percent1

No growth 77 22.6
Gram-positive 172 50.5
  Staphylococcus aureus 32 9.4
  Staphylococcus spp. 31 9.1
  Streptococcus dysgalactiae 29 8.5
  Streptococcus uberis 18 5.3
  Streptococcus spp. 10 2.9
  Streptococcus agalactiae 4 1.2
  Lactococcus spp. 24 7.1
  Enterococcus spp. 8 2.4
  Trueperella pyogenes 7 2.1
  Gram-positive bacillus 9 2.6
Gram-negative 39 11.5
  Escherichia coli 18 5.3
  Klebsiella spp. 12 3.5
  Enterobacter spp. 3 1.0
  Citrobacter spp. 1 0.3
  Serratia spp. 3 1.0
  Gram-negative bacillus 2 0.6
Mixed2 20 5.9
Other 18 5.3
Yeast 10 2.9
Prototheca spp. 6 1.8
Mold 2 0.6
Contamination3 14 4.1
1Percentages do not add up to 100% because of rounding error.
2Sample grew 2 distinct organisms, neither of them Staph. aureus or 
Strep. agalactiae.
3Sample grew 3 or more different organisms and no contagious patho-
gen such as Staph. aureus or Strep. agalactiae were present.
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larly challenging for untrained observers. Strength of 
agreement was fair and Se was low (<0.50) in the Tri-
plate system for Streptococcus spp. or SLO, and in the  
AccuMast system for Streptococcus spp. and EL. For 
NAS, both trained and untrained observers showed 
moderate to fair strength of agreement, and compa-
rable, low Se (≤0.55) and PPV (≤0.52) on Tri-plate 
and AccuMast system.

Interpreted by the trained observer, all 3 OFC sys-
tems performed comparably well in detecting Staph. 
aureus, with almost perfect (Bi- and Tri-plate system) 
to substantial agreement and overall high Se (>0.80 
for Bi- and Tri-plate) to intermediate Se (0.78 for  
AccuMast). These findings are consistent with previous 
studies that show substantial agreement and high Se 
for the Bi-and Tri-plate system (McCarron et al., 2009; 
Royster et al., 2014). For the AccuMast system, Ganda 
and colleagues (2016) reported a higher Se (1.00), albeit 
based on a very low number of Staph. aureus positive 

samples (n = 2). Specificity and PPV for Staph. aureus 
were high for all 3 OFC (Sp = 0.99, PPV = 0.80–0.93) 
for the trained observer. Considering the consequences 
of false-positive results (e.g., segregation or culling of a 
diagnosed cow), it is advisable to support results that 
are positive or suspect for Staph. aureus with a confir-
matory test (Lago and Godden, 2018). The detection 
of Staph. aureus on the Bi- and Tri-plates was more 
difficult for untrained observers, as shown by lower Se 
(0.63 and 0.47 respectively) and lower κ values com-
pared with the trained observer. The colorimetric ap-
proach of the AccuMast system appeared to be better 
for detection of samples positive for Staph. aureus for 
untrained observers (Se 0.80). The untrained observ-
ers’ Sp and PPV for this outcome, however, were lower 
(0.93 and 0.55 respectively) for the AccuMast system, 
and the Bi-and Tri-plates had higher Sp (>0.95) and 
PPV (>0.65). Our results showed that relying solely 
on the manufacturer’s instructions potentially increases 
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Table 2. Strength of agreement beyond chance (κ statistics) with the reference method of aerobic culture and MALDI-TOF for 3 different on-
farm culture systems 

Outcome2

Bi-plate 
(95% CI)

 

Tri-plate 
(95% CI)

 

AccuMast 
(95% CI)

Trained Untrained Trained Untrained Trained Untrained

No growth 0.57 0.48   0.55 0.51   0.51 0.47
(0.48–0.67) (0.38–0.59)   (0.46–0.65) (0.41–0.61)   (0.42–0.61) (0.34–0.57)

Gram-negative 0.59 0.42   0.41 0.40    —3 —
(0.44–0.74) (0.26–0.58)   (0.26–0.57) (0.24–0.56)

Gram-positive 0.56 0.36   — —   — —
(0.48–0.65) (0.26–0.46)

Staphylococcus aureus 0.89 0.61   0.85 0.56   0.80 0.61
(0.81–0.98) (0.46–0.76)   (0.76–0.95) (0.39–0.72)   (0.69–0.92) (0.47–0.74)

Streptococcus spp. or SLO — —   0.64 0.37   — —
(0.55–0.74) (0.25–0.48)

Streptococcus spp. — —   — —   0.61 0.29
(0.51–0.72) (0.16–0.43)

NAS or other gram-positive — —   0.44 0.32   — —
(0.30–0.57) (0.19–0.45)

NAS — —         0.43 0.31
(0.25–0.60) (0.13–0.49)

Escherichia coli — —   — —   0.46 0.10
(0.22–0.71) (−0.10–0.28)

KES — —   — —   0.15 0.32
(−0.05–0.35) (0.09–0.55)

EL — —   — —   0.49 0.53
(0.30–0.67) (0.36–0.70)

Mixed 0.28 0.10   0.16 −0.01   0.17 0.04
(0.14–0.55) (−0.01–0.20)   (−0.02–0.31) (−0.1–0.08)   (0.03–0.31) (−0.06–0.14)

Contamination 0.08 NA4 0.07 −0.04   −0.02 NA
(0.00–0.17) (−0.10–0.24) (−0.05 to −0.02)   (−0.04 to −0.01)

1On-farm culture systems: Minnesota Easy Culture Bi-plate and Tri-plate systems (University of Minnesota Laboratory for Udder Health, St. 
Paul, MN) and the AccuMast system (FERA Diagnostics and Biologicals, Ithaca, NY)]; the κ values and 95% CI were calculated for all inter-
pretable outcomes of each system and stratified by trained and untrained observers, respectively.
2SLO = Streptococcus-like organisms including Enterococcus spp. and Lactococcus spp.; other gram-positive = gram-positive bacillus and 
Trueperella pyogenes; KES = Klebsiella spp., Enterobacter spp., Serratia spp.; EL = Enterococcus spp. or Lactococcus spp.; mixed = sample grew 
2 distinct organisms, neither of them Staph. aureus or Streptococcus agalactiae; contamination = sample grew 3 or more different organisms and 
no contagious pathogen such as Staph. aureus or Strep. agalactiae were present.
3— = outcome not available on respective OFC.
4NA = not applicable. Outcome was not identified by untrained observers.
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the risk of both false-negative and false-positive results. 
This can lead to an increased risk of transmission (in 
the case of false-negative results) or needless segrega-
tion, treatment, or removal from the herd (in the case 
of false-positive results).

Detection of gram-negative pathogens showed overall 
low Se (≤0.50) for both observer groups. Strength of 
agreement was moderate to fair for the Bi- and Tri-
plate system, and moderate to slight for the AccuMast 
system. The benefits of treating mastitis caused by 
gram-negative organisms are controversially discussed 
(Schukken et al., 2011; Fuenzalida and Ruegg, 2019). 
A common management strategy is to only treat severe 
clinical cases (Constable et al., 2009; Lago et al., 2011). 
Failure to identify gram-negative growth due to a mis-
classification of “no growth” would not lead to a differ-
ent decision for this management strategy. However, 
among untrained observers, growth of gram-negative 
organisms was frequently misclassified as growth in all 
parts of the OFC plates, especially for the AccuMast 
system. This could result in an increase of intramam-
mary antimicrobial use, consequently increasing treat-
ment costs, risk of bulk tank antibiotic residue viola-
tions, and possibly the transfer of antibiotic resistant 
bacteria to the food supply. Griffioen and colleagues 
(2018) found similar results for OFC systems using 
other chromogenic media.

Both observer groups performed comparably in 
identifying the outcome “no growth” across all 3 OFC, 
showing moderate agreement for all 3 OFC systems and 
low PPV. A similarly high rate of false-positive results 
for this outcome was shown by others (Royster et al., 
2014; Ferreira et al., 2018). From a practical point of 
view, this would mean that the farm management could 
miss cows that should have been treated.

Mixed growth was hard to correctly identify across 
all 3 OFC for both trained and untrained observers, 
with only fair to poor agreement and low Se (<0.60). 
In scoring mixed growth, we strictly adhered to the 
respective OFC system’s capacity, which means we ex-
pected observers to distinguish between Streptococcus 
spp. or SLO and growth of other gram-positive organ-
isms for the Tri-plate system, and between the various 
options for gram-negative and gram-positive pathogens 
groups in the AccuMast system. As a result, the Bi-
plate system showed the best test statistics for this 
category, considering that the only detectable mixed 
growth was a mix of gram-negative and gram-positive 
growth. Royster and colleagues (2014) found similar Se 
and Sp for mixed growth in the Bi- and Tri-plate sys-
tems, albeit paired with a higher PPV. This is mostly 
due to a higher prevalence of mixed samples in their 
study (>20%) compared with our study (5.9%).

The outcome “contamination” had only slight to poor 
agreement across all 3 OFC. Untrained observers did 
not interpret any growth as “contaminated” using the 
Bi-plate or the AccuMast system, although this culture 
outcome is described in the manual of the Minnesota 
Easy Culture System. Difficulties to recognize contami-
nated cultures were also described by others (Royster 
et al., 2014; Griffioen et al., 2018). Together, these 
results emphasized the importance of proper sampling 
procedures to minimize the frequency of contaminated 
samples, as well as the need for additional targeted 
training for this specific culture result.

A limitation of our study was the selection of samples 
based on their results from prior culture and MALDI-
TOF and freezing them until they were used for the 
study. We intended this to be an advantage of our study 
so that we could have a representative selection of diag-
nostic results for mastitis as well as contemporaneously 
evaluate the reference and test methods. However, as 
reported by Schukken and colleagues (1989), freezing 
can lead to a decrease of colony-forming units in gram-
negative organisms, which helps explain why not all 
gram-negative organisms could be recovered from the 
enrolled samples when cultured for our study. This in-
creased the number of samples with “no growth”; how-
ever, with an overall prevalence of 22.6%, our study is 
still within the range of prevalence for no bacteriologic 
growth reported by others (Lago and Godden, 2018).

Our data show that experience in milk microbiology 
substantially improved interpretation of OFC culture 
results, indicating that specific, hands-on training be-
yond the use of the manufacturer’s instruction is crucial 
to facilitate appropriate management decisions. When 
interpreted by a trained observer, all 3 tested OFC 
systems showed comparable performance and appeared 
suitable to support common mastitis treatment proto-
cols. Our results further suggest that for certain organ-
isms, confirmation (e.g., Staph. aureus) or supportive 
diagnostics (e.g., EL, gram-negative organisms) by an 
auxiliary laboratory service is recommended.
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