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The hot spots in bovine mastitis research

to address problems with high TBC and ensure the delivery 
of good quality milk to the dairy.   

At last, Yang et al. (2018) described a study aimed at 
investigating the prevalence and characterization of extend-
ed-spectrum β-lactamase (ESBL)-producing Escherichia 
coli isolated from bovine mastitis cases in China.  The study 
noted high prevalence and rates of antimicrobial resistance 
of ESBL-producing E. coli isolates from bovine mastitis 
cases in China.

We genuinely believe that the articles in this special 
focus could be interested by the readers of the Journal of 
Integrative Agriculture, and we want to express our deep 
appreciation to all authors for their high-quality contributions 
and efforts.

Guest editors  LI Xiu-bo
XU Fei

National Feed Drug Reference Laboratories
Feed Research Institute 

Chinese Academy of Agricultural Sciences
Beijing 100081, P.R.China
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The 2017 International Bovine Mastitis Conference & The 
National Mastitis Council Regional in China was success-
fully held in Beijing on August 25–27, 2017.  Nearly 650 
participants from more than eight countries (regions) and 
international organizations attended this conference.  The 
conference provided an communication platform for inter-
national counterparts, and the content was closely related 
to all aspects of dairy cow health, including dairy mastitis 
pathogens, diagnose, therapeutics, management, residue, 
bacterial resistance and milk safety.  Here we are pleased to 
have the opportunity to organize a special focus and provide 
the most updated knowledge of the given topics.

The first article from De Vliegher et al. (2018) gave an 
overview of multifactorial approach of mastitis manage-
ment and prevention with a focus on milking, bedding and 
data-analysis.  Mastitis is a complex, multifactorial disease.  
Prevention and control of mastitis is based on multiple prin-
ciples that have been known for a long time.  To implement 
them successfully, they should be put forward by a motivated 
and motivating advisor that transfers the existing knowledge 
to the farmer.  

The second article from Kang et al. (2017) investigated 
the residue elimination of ceftiofur hydrochloride in milk of 
postpartum cows after intramammary infusing at dry-off.  An 
ultra-high performance liquid chromatography-tandem mass 
spectrometry (UPLC-MS/ MS) method was developed and 
validated to detect ceftiofur hydrochloride residue in milk.
The study provided guidance for the clinical applications of 
ceftiofur hydrochloride intramammary infusion (dry cow).  

 The purpose of the third study from Katholm et al. (2017) 
was to evaluate a new qPCR test to identify the organisms 
causing high total bacterial count in bulk tank milk.  The 
TBC 4 qPCR detects four target groups, Pseudomonas, 
Streptococci, Enterobacteriacea/Enterococcus, and Bacil-
lus/Clostridia.  The TBC 4 qPCR test showed to be a strong 
and fast tool for farmers, advisors and service technicians 
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Management and prevention of mastitis: A multifactorial approach 
with a focus on milking, bedding and data-management
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Abstract
Mastitis is a complex, multifactorial disease.  Pathogens, cows and farmers (via management) all play a role.  It is costly and 
annoying for the farmer and threatens the image of the entire dairy industry.  Prevention and control of mastitis is based on 
multiple principles that have been known for a long time.  To implement them successfully, they should be put forward by a 
motivated and motivating advisor that transfers the existing knowledge to the farmer.  When the changes are data-driven, 
applied by an encouraged farmer through a farm-specific implementation, prevention and control of mastitis will be successful 
and result in happy cows, happy farmers, happy advisors, happy consumers, and a happy industry.  Nationwide projects 
focussing on communication and transfer of existing knowledge in prevention and control are very helpful in reaching high 
numbers of farmers and advisors and harmonizing the message brought by different parties.  This paper gives an overview 
of multifactorial approach of mastitis management and prevention with a focus on milking, bedding and data-analysis.

Keywords: dairy cattle, data-analysis, mastitis, milking machine, multifactors

in a clinical and subclinical form.  Clinical mastitis is 
characterized by abnormal milk and swelling or pain in the 
udder and may be accompanied by systemic signs such as 
elevated rectal temperature, lethargy and anorexia (Harmon 
1994).  Subclinical mastitis is the form in which there is no 
detectable change in the udder and there are no observable 
abnormalities in the milk.  Still, milk production decreases, 
bacteria are present in the secretion and composition is 
altered (Harmon 1994).  In this case, tests have to be used 
to detect the presence of IMI either directly (culturing of the 
causative bacterium) or indirectly (by showing inflammatory 
responses including an elevated somatic cell count).  In 
either form, mastitis in dairy cows is a costly disease due 
to depression of milk yield, milk withdrawal, extra treatment 
and labour costs, and early culling.  It should be prevented 
rather than cured (Halasa et al. 2007; van Soest et al. 2016).  
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1. Introduction 

Mastitis is the result of micro-organisms, typically bacteria, 
entering the bovine mammary gland via the teat canal, 
establishing an intramammary infection (IMI) and resulting 
in an inflammatory reaction.  The disease can present 
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Mastitis is an extremely important disease not only for the 
dairy farmer but also for the dairy industry, as a number of 
issues threaten the image of milk as a healthy product from 
healthy animals.  Antibiotic usage on dairy farms is most 
often related to udder health as the majority of medicines are 
used in prevention and control of mastitis (Lam et al. 2011; 
Stevens et al. 2016).  Although blanket dry cow treatment 
remains a backbone of any successful mastitis prevention 
and control plan (NMC 2017), it is already the subject of 
discussion in many countries including the Netherlands 
(Scherpenzeel et al. 2014) and will become a subject of 
discussion in the future in many other countries and regions 
(van den Borne et al. 2017).  Antimicrobials remain vital for 
treatment of bacterial infections in dairy cattle but in the light of 
the upcoming debate instigated by the perceived link between 
the use of antimicrobial products and the development of 
antimicrobial resistance in both animal and human pathogens, 
the industry will have to act in a responsible and proactive 
way.  It is important to note that cows suffering from severe 
cases of clinical mastitis are in pain (de Boyer des Roches 
et al. 2017).  Improving prevention as well as taking better 
account of pain alleviation through the use of appropriate 
treatment, are key to addressing the issue of animal welfare 
related to clinical mastitis.  

Milking cows on a farm struggling with udder health 
problems (an elevated bulk milk somatic cell count, reflecting 
problems with subclinical mastitis, or a high incidence of 
clinical mastitis) is without doubt very frustrating and stressful 
for the farmer.  Treating infected cows also increases labor 
and causes stress of which the consequences should not be 
underestimated.  They are both perceived as the two most 
annoying aspects of mastitis by farmers (Jansen et al. 2009).  
Any udder health advisor should realise these aspects are 
probably the most important for farmers to start tackling a 
mastitis problem at his farm.

2. Multifactorial disease

2.1. Multiple players

Multiple players have a role in the development and 
outcome of mastitis.  Bacteria, farmer (management) and 
host are all involved.  A certain cow (of a certain age, 
breed, at a certain lactation stage, with a certain immune 
competence), managed by a particular farmer (deciding 
on a specific nutrition, implementing certain milking 
procedures) within a specified environment (characterised 
by a certain type of housing, hygiene, etc.) is exposed to a 
diversity of mastitis pathogens (contagious or opportunistic 
in nature and with different virulence features) able to cause 
disease.  When the balance tilts in favour of the pathogen, 
mastitis occurs.  

2.2. Multiple factors

Mastitis is a so-called multifactorial disease.  Not only cow 
characteristics explain variability between cows in their 
susceptibility to (intramammary) infection.  Factors at the 
herd-level (management, environment) explain some of the 
variation as well; e.g., if a farm does not practise post-milking 
teat disinfection, the cows will be more likely to contract an 
IMI (typically caused by a contagious pathogen) compared to 
cows milked on another farm where post-milking teat-dipping 
is part of the milking routine (Lam et al. 1996; Dufour et al. 
2011).  As a cow rarely has mastitis in all four quarters at a 
time, it is likely there is some variability between quarters 
within a cow in their susceptibility to IMI.  Identification of 
quarter-level factors related to IMI will explain some of this 
variation.  Some studies have found pathogen-specific 
risk factors (RF) at the quarter-level (e.g., Zadoks et al. 
2001).  Obviously, anything that increases the risk of IMI 
with Staphylococcus aureus is not necessarily a RF for 
IMI with Streptococcus uberis as the epidemiology can be 
very different.

It is useful to try to determine at what level of the hierarchy 
(herd, cow, or quarter) most of the variability in the outcome 
(e.g., somatic cell count, presence of IMI, presence of clinical 
mastitis) resides as interventions targeted at that level will 
have the greatest chance of success (Dohoo et al. 2001b).  
When designing studies to describe variation (by identifying 
factors associated with the outcome), the focus should be 
on the level where most of that variation resides.  A large 
unexplained variation in the early lactation somatic cell count 
between heifers indicates substantial room for improvement 
at the heifer level if it is understood why some heifers do 
better than others (De Vliegher et al. 2004b).  

Much previous work has concentrated on identifying RF 
at the herd-level for clinical mastitis (typically using clinical 
mastitis incidence data as the outcome variable) (e.g., 
Schukken et al. 1990; Barkema et al. 1999b; Peeler et al. 
2000; O’Reilly et al. 2006).  A number of the significant 
herd-level variables were average cow-level features such 
as “percentage of cows leaking milk increasing the incidence 
of clinical mastitis” (Schukken et al. 1990).  Interpreting 
this finding as “cows leaking milk are more susceptible to 
clinical mastitis” could be erroneous (so called “ecologic 
fallacy”; Dohoo et al. 2001a).  Only well-designed cow- and 
quarter-level studies substantiating this finding could allow 
for such conclusion.  Only limited work has been published 
on herd RF for subclinical mastitis (Barkema et al. 1999a; 
Sampimon et al. 2009).  
Bovine defence mechanisms against intramammary 
infection  (1) Teat characteristics.  The first line of defence 
against invading bacteria is the teat (canal).  Changes in teat 
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end condition may favour penetration of bacteria into the 
healthy gland.  Glands with severe teat end hyperkeratosis 
or where the teat had been traumatised or leaked milk had 
higher rates of infection (Sieber and Farnsworth 1981).  
Based on more recent studies, the relevance of the teat 
end condition for the cows’ udder health is however less 
straightforward.  Neijenhuis et al. (2001) demonstrated that 
quarters and cows with clinical mastitis had significantly 
higher teat end callosity scores than cows and quarters that 
did not develop clinical mastitis.  In a UK study, quarters 
with moderate and very severe hyperkeratosis of the teat 
end were at significantly increased risk of developing 
clinical mastitis caused by Escherichia coli (Breen et al. 
2009a).  Also, quarters with very severe hyperkeratosis of 
the teat end were significantly more likely to develop clinical 
mastitis due to S. uberis (Breen et al. 2009a).  Smaller 
changes in teat end condition were of less importance for 
S. uberis mastitis which might hypothetically explain why no 
association was found between teat end hyperkeratosis and 
S. uberis IMI by Zadoks et al. (2001).  In the latter study, teat 
ends were classified as smooth or rough and no distinction 
was made between slightly, moderately and severely 
rough teat ends.  Interestingly but not yet explainable is 
the finding that the risk of new IMI with S. aureus was only 
significantly higher in udder quarters with rough teat ends 
if corynebacteria were present simultaneously and in teats 
with extreme thick callosity rings around the orifice.  In a 
German study, a positive association was found between 
the teat end hyperkeratosis score and the microbial load of 
the teat canal by E. coli and S. uberis (Paduch et al. 2012).  
Generally, a teat with a highly calloused teat end had an 
increased teat canal load by environmental pathogens 
compared with a contralateral low calloused teat end within 
the same cow.  No such association could be found for 
teat end hyperkeratosis and the S. aureus teat canal load 
(Paduch et al. 2012).  Finally, in a longitudinal study in which 
the impact of teat condition on the risk of new IMI in dairy 
cows was investigated, no effect could be observed of any 
variable describing the teat end condition, including teat 
end hyperkeratosis, on the risk of new IMI, high somatic cell 
count or clinical mastitis (Zoche-Golob et al. 2015).

Quarters that had a cracked teat end at some time 
between 2 weeks prior to drying-off and 6 weeks of the dry 
period had higher odds of developing new IMI during the 
dry period than those without cracks (Dingwell et al. 2004).  
Quarters that closed within 6 weeks of the dry period (a 
process that was less likely to happen when the cow was 
high-producing at dry-off) were less likely to develop a new 
infection (Dingwell et al. 2004).  Also, the probability of an 
IMI with Streptococci spp. increased significantly with an 
increase in quarter peak flow rate (Grindal et al. 1991).  Milk 
yield and peak flow rate are higher in rear than those in front 

quarters (Weiss et al. 2004) which could be an explanation 
for the finding that IMI and high somatic cell count are found 
more often in rear than those in front quarters (Barkema 
et al. 1997).  However, quarter position was not a RF in a 
study looking for predictors of pathogen specific IMI (Zadoks 
et al. 2001).

(2) Cellular immunity.  Cellular immunity, the second line 
of defence, is a major component explaining variability in 
susceptibility to IMI between cows.  Phagocytic neutrophils 
in milk are the key cells in the battle between host and 
mastitis-causing bacteria with blood vessel endothelial cells, 
mammary epithelial cells, and milk macrophages playing 
important roles as well in the local inflammatory response 
(Burton and Erskine 2003; Schukken et al. 2011).  The role 
of the T- and B-lymphocytes in the response of the udder 
to a mastitis pathogen is yet less well defined (Schukken 
et al. 2011).  Blood and milk from cows with confirmed 
staphylococcal and streptococcal mastitis show dramatic 
changes in the numbers and distribution of T-lymphocytes.  
Based on the current knowledge, it is suggested that distinct 
T-cell subsets are involved in the host defence of the udder 
against IMI and that selective recruitment of these T-cell 
subsets depends on the infectious agent involved and most 
probably also on the stage of lactation (Schukken et al. 
2011).  Immune suppression makes cows more vulnerable 
to infectious disease and can occur as a consequence of 
several factors (Kehrli et al. 2009).  Natural physiological 
conditions such as pregnancy, parturition and peak lactation 
and primary infectious disease predispose cattle to mastitis 
and other infections.  Various types of stress (natural or 
induced) and environmental factors such as nutritional 
deficiencies, shipping, and commingling also have influence.  
Immune competence is, therefore, potentially related to and 
influenced by many different variables and has a genetic 
component as well making selection for resistance to 
mastitis possible (Pighetti 2009).  

(3) Breed.  Jersey cows are less likely to be culled 
for mastitis than Holstein cows with prevalence studies 
supporting the hypothesis that breed differences exist in 
susceptibility to IMI (Bannerman et al. 2008a, b).  The 
fact that Jersey cows have higher milk somatic cell count 
than Holstein-Friesian cows could explain this finding 
as milk somatic cells within the healthy gland (mainly 
lymphocytes and macrophages) confer protection against 
IMI by initiating the inflammatory response after detecting 
invading pathogens.  Possibly these differences in somatic 
cell count reflect the ability of these breeds to respond 
to an IMI although a differential prevalence of underlying 
IMI between the breeds could be true as well.  Recent 
work demonstrated that innate immunity after E. coli and 
S. aureus challenge is very similar between Jersey and 
Holstein cows (Bannerman et al. 2008a, b).  Thus the 
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innate immune response of Holstein and Jersey cows to 
IMI remains highly conserved despite previously reported 
differences in mastitis prevalence, as well as genotypic and 
phenotypic traits that exist between the two breeds.  By 
contrast, introduction of crossbreeding in a Holstein herd 
substantially reduces the incidence of clinical mastitis and 
increases the cows’ longevity, suggesting that crossbreeds 
are less vulnerable for diseases such as mastitis than pure 
Holstein cows (Dezetter et al. 2017).

(4) Genotype.  The importance of genotype as a factor 
explaining variability in susceptibility to IMI has been often 
demonstrated, e.g., Schukken et al. (1999), with new studies 
concentrating on in this very exciting and promising research 
area.  A significant association was detected between 
the CXCR1 single nucleotide polymorphism (SNP) +777 
genotype and prevalence of subclinical mastitis cases in 
Holsteins.  Holsteins expressing genotype GG had less 
subclinical mastitis with genotype CC cows having more 
subclinical mastitis (Youngerman et al. 2004).  Significant 
differences in clinical mastitis incidence were not detected 
between the genotypes.  Cows expressing the CXCR1 
+777 CC genotype had impaired neutrophil migration 
and adhesion molecule up-regulation compared to cows 
of the GG genotype (Rambeaud and Pighetti 2005).  
More recently, Verbeke et al. (2014) demonstrated that 
CXCR1 polymorphism can influence somatic cell count 
and neutrophil viability following experimental IMI with 
Staphylococcus chromogenes in dairy heifers.  Quarters 
from heifers with genotypes c.980AG and c.980GG both 
developed subclinical mastitis but showed differences in the 
early response at 6–18 h post challenge.  Bacterial count 
at 18 h post challenge tended to be higher in quarters from 
c.980AG heifers compared to c.980GG heifers (Verbeke 
et al. 2014).  Somatic cell count was higher at 6 h post 
challenge and tended to be higher at 9 h post challenge in 
c.980AG heifers compared to c.980GG heifers.  Additionally, 
milk neutrophils of c.980AG heifers showed more apoptosis 
at 9 h post challenge and tended to show more necrosis at 
6, 9 and 12 h post challenge than those of c.980GG heifers 
(Verbeke et al. 2014).  Knowledge of the role of specific 
genes in the aetiology of IMI is still limited.  The technology 
has advanced rapidly in recent years and because less 
costly methods to study large numbers of genes are 
available, significant progress can be expected.  Most likely, 
these studies will find a difference in aetiology and also 
a different role of specific genes in response to different 
mastitis causing pathogens.  The difference in susceptibility 
to IMI between breeds could be the result of the difference 
in the prevalence of specific genes.

(5) Age.  Older cows (and quarters belonging to older 
cows) are at an increased risk of clinical mastitis (Barkema 
et al. 1998; Pantoja et al. 2009) and IMI (Zadoks et al. 

2001).  Potential explanations are that the older cows have 
more concurrent problems (e.g., lameness) compared to 
the younger herd mates making them more susceptible 
to (environmental) IMI as they spend more time laid down 
(Breen et al. 2009a).  It may be that there are anatomical 
changes in the teat over time that cause disruption of the 
natural defence mechanisms or there may be a systematic 
reduction in immune capability associated with ageing that 
increases susceptibility to infection (Green et al. 2007).  
There may also be a risk that chronic infection survives 
through lactations as well as dry periods and results in an 
accumulated risk of recrudescence of clinical disease with 
increasing age (Green et al. 2007).  By contrast and not yet 
explainable, quarters of fresh heifers are more likely to be 
infected with the more relevant non-aureus staphylococci 
including S. chromogenes, S. simulans and S. xylosus than 
cows in higher parity (De Vissher et al. 2016).  Even more 
strikingly is that the incidence of clinical mastitis in the first 
week after calving is even higher in heifers compared with 
that in cows (Barkema et al. 1998; Verbeke et al. 2014).

(6) Stage of lactation.  It is clear from the results of 
Bradley et al. (2015) that the most susceptible times for dairy 
cows to acquire new IMI are the early dry period and around 
parturition.  In both, the mammary gland is undergoing vast 
remodelling, first during the gradual involution following 
the rapid cessation of milking at dry-off and then during 
the onset of colostrogenesis (Burton and Erskine 2003).  
The aetiology of susceptibility in the two high-risk periods, 
however, appears to be very different.  The dry period has 
been identified as being the time of greatest risk for the 
acquisition of both new Gram-negative and Gram-positive 
IMI (Smith et al. 1985; Bradley et al. 2015).  Some particular 
factors at the cow- and quarter-level play a role.  The early 
lactation period is a time of increased risk for clinical mastitis 
(Barkema et al. 1998; Verbeke et al. 2014) and the rate of 
new IMI may reflect periparturient immune suppression.  
But infections acquired during dry cow period, rather than 
immune suppression facilitating new IMI, can also explain 
a proportion of the cases of clinical mastitis encountered in 
early lactation (Bradley 2002).  The degree and duration of 
the periparturient immune depression differs between cows 
and is influenced by factors such as genetics, nutrition and 
management (Kehrli et al. 2009).  

(7) Somatic cell count.  An inflammatory response 
is initiated in the mammary gland when bacteria enter 
through the teat canal and multiply in the milk.  One of 
the initial components of this response is the influx of 
polymorphonuclear neutrophils into the mammary tissue 
and the associated increase in somatic cell count (Harmon 
1994).  Somatic cell count is considered to be one of the 
most important RF for clinical mastitis (Steeneveld et al. 
2008).  Actually, both elevated somatic cell count (Breen 
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et al. 2009a) and very low somatic cell count (Green et al. 
2004; Suriyasathaporn et al. 2000b) have been found to 
increase risk of subsequent clinical mastitis.  In experimental 
mastitis challenge studies, the severity of mastitis is 
increased in cows with low pre-infection somatic cell count 
(Suriyasathaporn et al. 2000a).  The link between a low 
somatic cell count and an increased risk of clinical mastitis 
could be that the outcome of pathogen invasion of the 
mammary gland depends on the leukocyte/bacterium ratio in 
the early phase of an infection (van Werven 1999).  Normal 
counts of immune cells in healthy mammary quarters range 
between 20 000 and 100 000 cells mL–1 (Green et al. 2006).  
Low numbers of leucocytes might increase the probability 
that bacterial invasion results in a true IMI and clinical signs 
(Peeler et al. 2000).  Mammary quarters with lower cells 
counts tended to response less efficient to an intramammary 
challenge (Wellnitz et al. 2010).  Still, low quarter somatic 
cell count was not associated with an increased rate of IMI 
for S. uberis or S. aureus (Zadoks et al. 2001).  Relatively 
few quarters in that study were in the lowest somatic cell 
count categories which could have prevented detection of 
the effect found by Green et al. (2004).  The increased risk 
for clinical mastitis in quarters with an elevated somatic cell 
count most probably reflects subclinical infections becoming 
clinical at a certain point in time when the equilibrium 
between host immunity and pathogens is disturbed.  An 
elevated somatic cell count in the last months before drying 
off, increased the risk of clinical mastitis after calving (Green 
et al. 2007).  This could indicate a failure to cure an existing 
IMI during the dry cow period eventually becoming clinical 
in early lactation.  Increased somatic cell count was also 
consistently associated with elevated risk of new major 
pathogen infections by Reyher et al. (2012a), but this was 
assumed to be the result of low sensitivity of bacteriology 
to diagnose new IMI with major pathogens expediently and 
accurately.  A higher pre-infection quarter somatic cell count 
and an existing IMI with Corynebacterium bovis protected 
against experimental S. aureus infection (Schukken et al. 
1999).  Still, the increased somatic cell count associated 
with C. bovis infections only partially explained the protective 
effect against experimental S. aureus IMI, indicating that 
other mechanisms play a role.  Intramammary infections 
with non-aureus staphylococci have also been associated 
with a protective effect against IMI with major pathogens 
(Matthews et al. 1991).  Non-aureus staphylococci are a 
heterogenous group of different staphylococcal species.  
They are commonly considered to be minor mastitis 
pathogens because of their limited potential to cause 
mastitis.  Interestingly, some isolates inhibit the growth of 
major pathogens in vitro (De Vliegher et al. 2004c; Braem 
et al. 2013).  A surprising finding in literature is that heifers 
(first lactating cows) infected with non-aureus staphylococci 

in early lactation had a lower incidence of clinical mastitis 
and higher milk production in their first lactation compared 
to non-infected heifers (Piepers et al. 2010, 2013).  Similar 
as for IMI with C. bovis, a moderate but constant increase 
in somatic cell count and thus a continuous influx of immune 
cells in quarters infected with some specific species or strains 
has been suggested as one of the potential mechanisms 
behind the protective effect (Green et al. 2004), besides 
competitive exclusion and the production of bacteriocins.  
All of these findings suggest a potential positive role of 
specific commensal non-aureus staphylococci strains in 
safeguarding mammary glands from becoming infected.  
Recent work demonstrated the ability of specific non-aureus 
staphylococcal strains to inhibit biofilm formation of mastitis-
related pathogens, through the production of bioactive 
compound with a protein nature (Isaac et al. 2017).  As well, 
IMI with minor pathogens have not always been associated 
with protection against clinical mastitis (Green et al. 2004) 
or IMI with major pathogens (Reyher et al. 2012a).  Overall, 
the protective effects of IMI with minor pathogens against 
IMI with major pathogens seem to be more pronounced in 
challenge studies, specifically when major pathogens were 
introduced into the mammary gland via methods bypassing 
the teat end, than in observational studies (Reyher et al. 
2012b).

(8) Milk yield.  High milk yield is a risk factor for clinical 
mastitis (Houben et al. 1993), although, within-breed 
differences in milk production do not affect the severity of 
E. coli mastitis (Kornalijnslijper et al. 2003).  Milk secretion 
in the dairy cow has a high metabolic priority and is clearly 
maintained at the cost of other reproductive and metabolic 
processes (Fleischer et al. 2001).  High milk yield at dry-
off was significantly associated with environmental IMI at 
calving (Rajala-Schultz et al. 2005).  In line with the latter 
finding, a higher milk yield at dry off was recently found to be 
associated with higher somatic cell scores in the following 
lactation (Gott et al. 2017).  An explanation could be that 
high milk yield at drying-off may mean leakage of milk and 
slower formation of the protective keratin plug, thus allowing 
an open entry for bacteria to the udder (Dingwell et al. 2004).  
However, contrary to those findings, slower teat closure or 
failure of teat closure was not associated with an increase in 
the risk of IMI in a more recent study of Bradley et al. (2015).  

(9) Energy balance.  Due to the rapid increase of milk 
production after calving, cows require more energy for 
maintenance, milk production and growth than they are 
able to obtain through feed.  This leads to a temporary 
state of negative energy balance (NEB).  The NEB is more 
pronounced in high producing cows (Kornalijnslijper et al. 
2003).  The severity of NEB during the transition period, 
which is characterised by an increased concentration of 
circulating non-esterified fatty acids (NEFA) and β-OH-
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butyrate, and a decrease in glucose, may contribute to 
suppression of immune system function (Moyes et al. 2009).  
Several factors, including body condition score (BCS), 
NEFA, the fat/protein ratio in milk, and ketone bodies, are 
signs of NEB (Suriyasathaporn et al. 2000a).  No association 
was seen between BCS and clinical mastitis risk (Breen 
et al. 2009a) or rate of IMI with S. aureus and S. uberis 
(Zadoks et al. 2001).  In another study, cows with a BCS<1.5 
or BCS>3.5 (using a 5-point scale) were at higher risk of 
having an elevated somatic cell count (Breen et al. 2009b).  
Also, dairy heifers losing 0.25 points or more of their body 
condition in periparturient period had higher proportions of 
apoptotic (and thus less viable) blood PMN in early lactation 
compared with heifers losing less than 0.25 points (Piepers 
et al. 2009).  Ionophore use pre-calving in heifers resulted 
in higher BCS at calving, lower β-OH-butyrate and NEFA 
concentrations, but did not alter the prevalence of subclinical 
mastitis at calving or reduce incidence of clinical mastitis 
(McDougall et al. 2004).  Intriguingly, mid-lactating cows 
subjected to dietary-induced NEB had minimal alterations in 
immune function following mastitis challenge (Moyes et al. 
2009) and no effect on clinical symptoms was observed 
following acute endotoxin-induced mastitis (reviewed by 
Sordillo 2013).

(10) Nutrition.  Inadequate dietary vitamin E or Se 
decreases neutrophil function during the periparturient 
period which could be related to a higher risk for mastitis 
(Spears and Weiss 2008).  Cows that received a dietary 
supplement with about 1 000 IU d–1 of vitamin E had 30% 
less clinical mastitis than did cows receiving a supplement 
of 100 IU d–1 of vitamin E.  The reduction was 88% when 
cows were fed 4 000 IU d–1 of vitamin E during the last  
14 days of the dry period.  All cows were supplemented with 
0.1 mg Se kg–1 diet (Weiss et al. 1997).  Experimental mastitis 
with E. coli was more severe and of longer duration in cows 
receiving 0.04 mg Se kg–1 diet compared with those receiving 
0.14 mg Se kg–1 diet (Erskine et al. 1989).  Selenium-
deficient cows had greater peak bacteria concentrations 
in milk than Se-supplemented cows after challenge with 
S. aureus (Erskine et al. 1990).  Supplementation of a 
commercial mineral/vitamin mix to pregnant dairy heifers 
before calving was associated with a better blood and milk 
neutrophil viability near calving, presumably related to the 
higher blood selenium concentrations that were observed 
(Piepers et al. 2009).

(11) Viral infections.  Certain selected pathogens may 
induce immune suppression (Kehrli et al. 2009).  The 
suppressive effects can lead directly to secondary disease 
or can add to the degree and duration of an already existing 
immune suppression in, e.g.,  early lactation.  Bovine herpes 
virus 4 (BVH4)-positive animals had a higher rate of IMI 
with S. aureus than BHV4-negative animals (Zadoks et al. 

2001).  Perhaps the reduction in phagocytic capacity of 
udder monocytes and macrophages explains the increased 
susceptibility.  Acute infections with non-cythopatic Bovine 
viral diarrhoea virus (BVDV) suppress both innate and 
acquired immune responses.  In this regard, Laureyns et al. 
(2013) found a positive association between herd exposure 
to BVDV-infection and bulk milk somatic cell count of Flemish 
Dairy Farms, Belgium.  Essentially BVDV-negative farms 
had a significantly lower bulk milk somatic cell count than 
BVDV-positive farms (i.e., positive antibody titre in bulk 
milk).  Bovine leukaemia virus is able to deregulate the 
host immune system at humoral and cellular levels (Kehrli 
et al. 2009).  
Exposure to mastitis pathogens  Exposure to mastitis 
pathogens can originate from several sources, including 
the environment of the cow, existing or previous IMI, and 
teat skin flora (Pankey et al. 1989).  

(1) Hygiene.  Cows with a very dirty udder, reflecting 
poor cow hygiene and housing, are at an increased risk 
of developing clinical mastitis especially infections caused 
by environmental pathogens (Breen et al. 2009a).  Also, 
cows with a dirty udder were more likely to have subclinical 
mastitis caused by major pathogens compared with cows 
with a clean udder (Schreiner and Ruegg 2003).  Herds 
where at least 50% of the cows had an udder hygiene score 
of 3 or 4 had 1.49 more risk of clinical mastitis caused by 
any pathogen and 2.57 more risk of clinical mastitis caused 
by E. coli than herds where less than 50% of the cows had 
an udder hygiene score of 3 or 4 (Verbeke et al. 2014).   

(2) Existing/Previous intramammary infections.  Cows 
that have had clinical mastitis once have a greater risk for 
clinical mastitis later during lactation (Houben et al. 1993; 
Steeneveld et al. 2008).  Quarters that had at least one case 
of clinical mastitis during the previous lactation were 4.2 
times more likely to have a first case of clinical mastitis in 
the current lactation than quarters that did not have clinical 
mastitis in the previous lactation (Pantoja et al. 2009).  In 
a more recent study, multiparous cows were at greater risk 
of a second clinical mastitis case if they had suffered from 
a first clinical mastitis case that was caused by the same 
pathogen as the second case (Cha et al. 2016).  In contrast, 
a second clinical mastitis case generally put the cows at 
greater risk of a third case, irrespective of whether the third 
case was caused by the same or a different pathogen.  It was 
concluded that a previous case of pathogen specific clinical 
mastitis did not protect against a recurrent case.  Quarters 
that had recovered from S. uberis or S. aureus mastitis had 
a higher rate of infection with both pathogens than quarters 
that had not experienced infection before (Zadoks et al. 
2001) and quarters belonging to a cow of which one of the 
other quarters was infected with S. uberis or S. aureus had 
a higher rate of IMI with S. uberis or S. aureus, respectively 



1220 Sarne De Vliegher et al.  Journal of Integrative Agriculture  2018, 17(6): 1214–1233

(Zadoks et al. 2001).  The authors concluded that some 
quarters are more susceptible to infection than others, 
irrespective of pathogen.  Indeed, one should be cautious 
in the interpretation of the abovementioned positive 
associations between exposure to previous IMI and the risk 
of recurrent IMI as the observations might also be explained 
by differences in local quarter immunological events.  This 
was substantiated by the finding that some variability in 
milk neutrophil-viability exists in non-infected quarters from 
heifers in early lactation (Piepers et al. 2009).  

(3) Teat skin flora.  The probability of a new IMI is 
highly correlated with the number of mastitis pathogens 
on the teat end at milking (Pankey 1989).  However, the 
presence of prepartum teat apex colonisation in heifers 
with S. chromogenes was not associated with IMI early 
postpartum with the same bacterium.  Contrarily, prepartum 
teat apex colonization with S. chromogenes, a very common 
species in milk samples from cows, was associated with 
improved udder health in early lactating dairy heifers (De 
Vliegher et al. 2003).  A finding that was substantiated 
later showing that teat apex colonization with non-aureus 
staphylococci as a group in prepartum dairy heifers was 
associated with a lower likelihood of intramammary infection 
with major pathogens in the first days after calving in the 
corresponding udder quarters (Piepers et al. 2011).  This 
intriguing finding might be explained by the fact that the 
milk neutrophil apoptosis is less pronounced in early 
lactation in quarters having teat orifices colonised with 
non-aureus staphylococci before calving whereas milk 
neutrophil concentration was increased (Piepers et al.  
2009).  

3. Multifactorial approach

3.1. Mastitis prevention and control programs

Improving udder health at the farm level is based on the 
application of two basic principles: (1) Reduction in duration 
of existing IMI (E), and (2) lowering the incidence of new 
IMI (N).  

As mastitis is a complex, multifactorial disease, 
motivating the farmer to implement these basic principles, 
means the successful udder health advisor should have 
certain characteristics.  He or she must fully understand 
the complexity of the disease, should know the principles 
of prevention and control, is motivated and determined, 
motivates his/her client (the dairy farmer), and should be 
able to translate (complex) knowledge into practice.

Improvement of udder health will be obtained through 
working with a mastitis prevention and control program, 
such as the one promoted by the National Mastitis Council 
(NMC 2017).  

3.2. Milking machine and teat condition

Direct and indirect milking machine effects may account 
for up to 20% of new IMI in some herds, and probably not 
much more than about 10% in an average herd these days – 
provided that the machine settings are correct (NMC 2017).  
One of the main ways that a milking machine can influence 
new infection rates is by changing the resistance of the teat 
canal to bacterial invasion.  The risk of new infections by 
contagious pathogens as well as environmental pathogens 
such as S. uberis is increased by machine-induced changes 
in teat condition.  Teat condition is affected by many factors 
associated with the milking machine, including the working 
vacuum level at which the system operates, the degree 
of over-milking, the fit of the liner to the teats, the type of 
liner used (shape and material), and the adjustment of the 
pulsation (Ohnstad 2012).  
Liner design and teat end hyperkeratosis  As the milking 
liner is intimate contact with the teat, the choice of the liner 
and the vacuum level at which it is used is highly relevant 
when examining machine induced effects on teat condition.  
A critical point when choosing a liner for a specific herd is 
how well the liner fits the teats.  Still, one should realize 
that while only one liner will be selected to milk all cows 
on a herd, the teat size and teat shape within a herd vary 
largely.  Liner compression is the primary milking machine 
influence on teat end hyperkeratosis.  For any individual 
liner, liner compression increases with the milking vacuum 
level.  The latter can be explained by the fact that the 
pressure difference across the liner is increased during 
the liner closed (d-phase) of a pulsation cycle.  Both liner 
compression and overpressure are highly correlated with 
teat end hyperkeratosis as was demonstrated by Zucali 
et al. (2008).  In the latter study, a quarter-udder experiment 
was performed with four liners each applied one quarter 
of 75 Holstein cows for a period of 3 weeks.  Teat end 
hyperkeratosis was assessed weekly.  Interestingly, the 
risk of developing hyperkeratosis was higher with liners that 
applied greater pressure to the teat end when closed.  The 
risk of developing teat end hyperkeratosis was also highly 
affected by the duration of milking and the initial teat end 
hyperkeratosis score (Zucali et al. 2008).  The latter finding 
was confirmed by the results of a survey conducted on 
commercial dairy farms in Wisconsin in which was observed 
that liners with the highest overpressure measurements 
were responsible for more than 80% of teats having rough 
or very rough hyperkeratosis scores.  In contrast, liners 
with the lowest overpressure measurements produced less 
than 20% of teats that were rough or very rough.  Using 
teat liners that apply a lower compressive load, applying 
enough stimulation during udder preparation (Weiss and 
Bruckmaier 2005), ensuring sufficient prep-lag time in the 
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milking routine (Watters et al. 2012), and adjusting the 
threshold settings in order to shorten the average unit on 
time per cow (Rasmussen 1993; Edwards et al. 2013) are 
some of the milking management factors that will reduce 
the risk of teat end hyperkeratosis.
Teat condition  One of the main determinants of teat 
congestion during milking is the level of vacuum applied to 
the teat tissue during milking (Ohnstad 2012).  Congestion 
can be defined as an accumulation of circulatory fluids within 
the teat.  In case that congestion is severe and persistent, 
edema will occur.  Congestion might occur either at the teat 
end or at the teat barrel.  The level of both teat end and 
barrel congestion is strongly affected by the teat size and 
teat shape, independently of the type of liner.  Short teats 
receive less liner compression around the teat apex, as 
they do not penetrate into the liner as deeply as long teats 
(Mein et al. 2001).  Changes in the teat barrel diameter 
during milking have been associated with the quarter milk 
somatic cell count (Zwertvaegher et al. 2013).  Negative 
changes in the diameter of the teat barrel during milking 
(i.e., thinner teats postmilking compared with premilking) 
were associated with lower quarter milk somatic cell count, 
whereas positive changes (i.e., thicker teats postmilking 
compared with premilking) were associated with higher 
quarter milk somatic cell count (Zwertvaegher et al. 2013).  
Teat barrel congestion might be at least partly solved by 
reducing the vacuum level in the liner mouthpiece.  In 
a recent study, quarters were subsequently exposed to 
low-risk conditions for teat-barrel congestion and to high-
risk conditions for teat-barrel congestion.  The low-risk 
condition for teat-barrel congestion was created by venting 
the liner mouthpiece chamber to atmosphere.  In the high-
risk condition for teat-barrel congestion, the mouthpiece 
chamber was connected to the short milk tube vacuum.  
The latter conditions were designed to impair circulation in 
the teat barrel.  The calculated teat canal cross-sectional 
area was used to assess congestion of teat tissue.  The 
main effect of the teat-barrel treatment was a reduction in 
teat canal cross-sectional area of 9.7% between the low-
risk conditions for teat-barrel congestion and the high-risk 
conditions for teat-barrel congestion (Penry et al. 2017).  
The degree of teat end congestion can be affected by the 
pulsation settings.  Upton et al. (2016) recently quantified 
the effect of d-phase duration of pulsation on the teat canal 
cross-section area during the period of peak milk flow from 
bovine teats.  As in case of excessively long d-phases 
(>250 ms), a greater percentage of the pulsation cycle 
will be in a massaging rather than milking phase, they can 
reduce milking speed.  An increase in the length of the 
liner open phase (b-phase) increases the degree of teat 
end congestion.  The latter finding was confirmed in an 
experimental study conducted by Penry et al. (2017).  

Selection of liners  Most variation in teat dimensions occurs 
at the cow or within-cow level, and not at the herd level, 
indicating that choosing a teat cup liner that is identical for 
all cows in a herd is far from optimal (Zwertvaegher et al. 
2012).  Quarter position, parity and stage of lactation are 
some factors that have been identified to be associated 
with teat length and teat diameters.  Generally, front teats 
were longer and broader than hind teats.  Teat length and 
diameters increased with parity.  After the first 30 days in 
milk, teat length substantially and significantly increased, 
whereas teat diameters decreased (Zwertvaegher et al. 
2012).  There is a general trend towards breeding for short 
teats.  Heifers might even have teats less than 30 mm long 
in their resting state (Zwertvaegher et al. 2012) which often 
results in discomfort in heifers at the end of the milking, and 
high levels of edema and discoloration on heifers’ teats 
after milking.

3.3. Bedding and environment

Stall bedding is very closely related to the bacterial exposure 
of the cows taking into account that teats of dairy cattle may 
be in direct contact with bedding materials for 40 to 60% 
of the day (Hogan and Smith 2012).  Bedding materials 
are primary sources of mastitis causing environmental 
pathogens (Hogan and Smith 2012).  Populations of these 
bacteria in bedding are related tot the number of bacteria on 
teat ends (Hogan and Smith 1997; Zdanowicz et al. 2004) 
as well as to the incidence rate of clinical mastitis (Hogan 
et al. 1989).  Therefore, reducing the number of bacteria in 
bedding generally results in a decrease in environmental 
mastitis (Hogan et al. 1989).  The criteria for the selection 
of bedding for dairy cows have changed drastically over the 
last 30 years (Hogan and Smith 2012).  Bedding costs are 
one of the greatest variable expenses on the farm.  Bedding 
materials historically were by-products of the dairy or other 
local industries that provided inexpensive and readily 
available product.  Deficiencies associated with some of 
these products were tolerated as a balance to their low 
cost and local accessibility.  Most bedding materials that 
are currently available and commonly used are organic in 
nature.  A major drawback of organic by-products such as 
sawdust, wood shavings, and straw is their ability to harbour 
and cultivate mastitis pathogens (Hogan and Smith 2012).  
Sand bedding  The use of washed sand as bedding for 
dairy cows dramatically reduces the exposure of teat ends 
to coliform mastitis pathogens compared with common 
organic bedding materials (Hogan et al. 1989; Zdanowicz 
et al. 2004; Rowbotham and Ruegg 2016b), and resulted 
in a reduction in clinical mastitis in lactating cows on nine 
commercial dairy herds in the US (Hogan et al. 1989).  
Also, quarters of primiparous cows bedded with new sand 
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tended to have a lower risk of clinical mastitis than quarters 
of primiparous cows bedded with deep-bedded manure 
solids or recycled sand (Rowbotham and Ruegg 2016a).  
The effectiveness of washed sand in reducing exposure of 
mastitis pathogens to mammary glands is due to its inorganic 
properties.  The most common component of washed sand 
from inland sources is silica.  Mastitis pathogens derive 
energy from carbon based materials and cannot oxidize 
silica.  Hence, the ability of environmental mastitis pathogens 
to multiply in sand bedding is directly associated with the 
carbon-rich organic material contamination, although a 
pathogen-specific effect might exist.  In a recent study 
performed on 161 large Chinese dairy farms, it was found 
that Streptococcus dysgalactiae was more often isolated 
from clinical mastitis cases using sand bedding, whereas 
Klebsiella spp. and other streptococci were more common 
in herds using organic bedding (Gao et al. 2017).  Also, 
exposure to large numbers of Streptococci and Streptococci-
like organisms was consistent across four different bedding 
types including deep-bedded new sand, deep-bedded 
recycled sand, deep-bedded manure solids and shallow-
bedded manure solids over foam core mattresses.  The 
latter suggested that the exposure to streptococci spp. is less 
affected by the bedding type than the exposure to coliforms 
(Rowbotham and Ruegg 2016a).  Interestingly, recycled 
sand bedding had intermediate counts of Gram-negative 
bacteria compared to new sand and deep-bedded manure 
solids.  The findings are in line with the observations of an 
in vitro study in which, after 72 h of incubation, numbers 
of Klebsiella pneumonia were 10 and 20 times greater in 
recycled sand and digested manure, respectively, than in 
new sand.  Also, digested manure solids and recycled sand 
were able to maintain populations of Enterococcus faecium 
for 72 h while new sand was not with bacteria entering a 
death phase shortly after inoculation (Godden et al. 2008).  
On the contrary, no significant differences were found in the 
numbers of Gram-negative bacteria, coliforms, Klebsiella 
spp., and Streptococcus spp. between new and recycled 
sand when compared with each other at any time up to  
7 days after bedding (Kristula et al. 2005).  Bacterial counts 
also differ among the depth strata of sand in a stall.  Bacterial 
populations were lower on the surface 25 mm compared with 
sand at a depth of 50 to 75 mm (Hogan et al. 2012).  The 
increase in bacteria counts in the deeper layers of a sand 
pack is most probably related to the increase in organic 
matter and moisture in these environments.  
Organic bedding  Little advantage exists in using one 
organic material over the use of another.  Chopped straw 
bedding tended to have the highest counts of Streptococci 
while sawdust had the highest counts in comparison to the 
other organic bedding materials on nine commercial dairy 
herds in the US (Hogan et al. 1989).  Two management 

strategies are commonly applied to use organic beddings in 
free stalls: deep packs and daily replacement.  Sorter et al. 
(2014) have shown that daily replacement of both sawdust 
and recycled manure solids in the rear of stalls decreased 
exposure of cows’ teats to coliform bacteria.  Samples taken 
from daily replacement stalls in a trial investigating recycled 
manure solids had lower coliform counts compared with 
deep pack stalls.  This reduction was particularly seen for 
Klebsiella spp. which was reduced approximately 10-fold 
each day in daily replacement stalls compared with deep 
packed recycled manure under comparable, controlled 
housing conditions.  Still, daily replacement of recycled 
manure bedding appeared not to be an effective approach 
to reducing exposure to streptococci.  The reason for the 
discrepancy between effects of daily bedding replacement 
on coliform counts compared with streptococcal counts is 
unknown.  Composting has been proposed as beneficial 
method of decreasing initial bacterial load in organic 
materials such as recycled manure solids.  Composting 
is the process of breaking down organic material by 
bacteria, which helps decrease the populations of potential 
pathogens in materials coming in contact with plants and 
animals.  Effective composing heats recycled manure 
solids to approximately 60°C to kill coliforms and other 
bacteria commonly associated with bovine mastitis.  Still, 
in an experiment conducted to compare bacterial counts of 
environmental mastitis pathogens in composted recycled 
manure solids bedding with those in fresh recycled manure 
solids, only Gram-negative bacterial counts on day 1 were 
reduced in composted recycled manure solids compared 
with fresh recycled manure solids.  Despite the increase 
in ash after composting, bacterial counts of mastitis in 
composted recycled manure solids were comparable with 
those in fresh recycled manure at day 2 and 6 (Cole and 
Hogan 2016).  Interestingly, the manure from the alley 
taken into the stalls on cow legs, and hooves was from a 
common source of contamination to both composted and 
fresh recycled manure solids.  It was hypothesized that the 
similar bacterial counts between both bedding treatments 
was due to contamination of the beddings by the faecal 
bacteria derived from manure in the common use alley for 
both treatments.
Bedding conditioners  A common practice on herds 
using organic bedding materials is to add hydrated lime 
to the stalls to control bacterial population.  Treatment of 
sawdust bedding with a commercial alkaline conditioner 
reduced the teat skin bacterial counts of S. uberis, E. coli 
and other coliform bacteria but not of S. aureus (Paduch 
et al. 2013).  An investigation on the effect of free-stall 
mattress bedding treatments on the mastitis bacterial 
growth found the lowest counts of Klebsiella spp., E. coli, 
and Streptococcus spp. on mattresses bedded with lime.  
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Mattresses bedded with a commercial acid conditioner 
had the next lowest counts for coliforms (Kristula et al. 
2008).  Strikingly, hydrated lime was the only treatment that 
significantly reduced bacterial counts on both mattresses 
and teat ends.  Still, other controlled trials have shown the 
addition of hydrated lime to all organic bedding had minimal 
effect on controlling bacterial populations.  Lime had a 
bactericidal effect in organic materials prior to placement 
in stalls, but the pathogen load in bedding treated with lime 
rapidly increased to that comparable in untreated bedding.  
Alkaline conditions were most effective in recycled manure 
solids which as near neutral pH.  As the pH of the recycled 
manure solids neutralized during use, the antibacterial 
effects of the alkaline conditioners diminished (Hogan et al. 
2007).  In contrast, acidic conditions were more effective 
in sawdust, with pH 4, compared with recycled manure 
solids.  A commercial acid-bedding conditioner reduced the 
pH in sawdust compared with the untreated sawdust for 
2 days corresponding with the bacteriostatic effect of the 
treatment (Hogan et al. 2007).  Sawdust bedding treated 
with a clay-based acid bedding conditioner, compared with 
the untreated sawdust, had lower counts of total Gram-
negative bacteria and streptococci, but not coliform counts.  
Teat end bacterial counts were lower for cows bedded on 
treated sawdust for streptococci, coliforms, and Klebsiella 
spp. compared with cows bedded on the untreated sawdust 
(Proietto et al. 2013).

3.4. Data-driven management changes

The solutions for achieving and maintaining good udder 
health at a dairy farm are well-known and are included in 
the standard 10-point mastitis prevention and monitoring 
program (NMC 2017).  Nonetheless, in practice it often 
still proves difficult to structurally improve and regularly 
monitor udder health at a dairy farm (Barkema et al. 2013).  
One of the reasons is that we often focus too closely on 
“solutions” rather than the “problem”.  We want anything 
that is not done by the book to be changed, so the dairy 
farmer becomes overwhelmed and demotivated.  Moreover, 
such an approach often leads to frustration.  After all, the 
focus is often on the most obvious causes, such as the 
milking technique, the milking machine or the hygiene of 
the lactating animals’ accommodation, and all sorts of things 
get changed, whereas the actual problem may lie with the 
dry cows or the young (pregnant) heifers.  The range of 
solutions for improving udder health is the same for all dairy 
farms, but the actual problem and causes of the problem 
often differ from farm to farm.  If you really want to succeed 
in improving the udder health at a dairy farm, it is important 
to first analyse the problem and find and offer the most 
effective, evidence-based solution for each farm-specific 

problem, based on facts and information (Barkema et al. 
2013).  Individual cow somatic cell count measurements at 
a regular basis (i.e., every 4 to 6 weeks) as well as a good 
clinical mastitis recording are therefore indispensable to 
further improve and monitor the udder health on a dairy farm.   
This chapter gives some examples of how farm-specific data 
and parameters derived from those data can be helpful in 
unravelling the farm-specific cause of udder health issues 
and in finding the most appropriate solution.  
Infection dynamics  The bulk milk somatic cell count is 
determined by the percentage of cows with an elevated 
somatic cell count (typically ≥200 000 cells mL–1).  Cows 
with a high somatic cell count either contracted a new IMI 
or did not cure from an existing IMI since the previous milk 
recording.  The (spontaneous) cure rate is calculated as the 
number of cows that experienced a decrease in somatic 
cell count typically from ≥200 000 cells mL–1 at the previous 
milk test to <200 000 cells mL–1 at the current milk test, 
multiplied by 100 and divided by the number of cows with 
high somatic cell count (typically ≥200 000 cells mL–1) at the 
previous milk test (cows ‘at risk’ to cure).  One should strive 
for a (spontaneous) cure rate >40% per month which can be 
translated to an average infection duration of 2.5 months.  
Cows that did not (spontaneously) cure are considered as 
chronically infected cows.  The percent chronic infection is 
calculated as the number of cows with a somatic cell count 
≥200 000 cells mL–1 both at the previous and current milk 
recording, multiplied by 100 and divided by all lactating cows 
on the herd.  One should strive for a percent chronic IMI 
≤10%.  The percent of new high somatic cell count cows 
is calculated as the number of cows that experienced an 
increase in somatic cell count typically from <200 000 cells 
mL–1 at the previous milk test to ≥200 000 cells mL–1 at the 
current milk test, multiplied by 100 and divided by all lactating 
cows on the herd.  On average, herds with a monthly milk 
test and a bulk milk somatic cell count around 200 000 cells 
mL–1 have a percent of new high somatic cell count cows of 
approximately 8%.  It is the balance between the percentage 
of new high somatic cell count cows and (spontaneously) 
cured high somatic cell count cows, the so-called infection 
dynamics, that determines the bulk milk somatic cell count 
on a dairy farm.  Fig. 1 shows a farm with a high bulk milk 
somatic cell count due to a high percent of new high somatic 
cell count cows in combination with a low (spontaneous) 
cure rate.  This pattern is indicative for farms with S. aureus 
mastitis problems.  On the contrary, Fig. 2 shows a farm 
with a moderate bulk milk somatic cell count although a 
high percentage of new high somatic cell counts.  The high 
percent of new IMI on this farm is outweighed by the high 
(spontaneous) cure rate and the short infection duration 
of less than 2 months.   This pattern is indicative for farms 
on which the cows are highly exposed to environmental 
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pathogens but easily cure thanks to an optimal immunity.  
Contagious vs. environmental  Intramammary infections 
are caused by either contagious or environmental mastitis 
pathogens.  Contagious mastitis causing bacteria including 
S. aureus and Streptococcus agalactiae need the cow/udder 
to survive and multiply.  The mammary gland and/or teat 
skin are the predominant reservoirs of infection.  Contagious 
mastitis causing bacteria are easily transmitted from the 
carrier cow or quarter to the teats of non-infected cows/
quarters during the milking process via hands, cloths or the 
teat liners.  As the contagious mastitis pathogens are well-

adapted to the cow and mammary gland environment, they 
often cause chronic IMI.  Those chronically infected cows are 
in turn a source of IMI for their herdmates.  On the contrary, 
environmental or opportunistic mastitis causing pathogens 
including S. uberis and E. coli do not need the cow/udder 
to survive or multiply.  The environment is the reservoir of 
infection.  New IMI occur in between milkings by transfer of 
bacteria from the environment to the teats when the cow lays 
down and the teats are in close contact with the environment.  
Penetration of the teat canal can also occur by propulsion 
on a reverse flow of milk (i.e., the bacteria on the teat skin 

Fig. 1  Graph representing a dairy farm with a high bulk milk somatic cell count (SCC) due to a high percent of new high somatic 
cell count cows in combination with a low (spontaneous) cure rate (based on Keno™-M, Ghent University, Ghent, Belgium).  The 
somatic cell count is expressed as a linear score [(ln(SCC/100)/ln2)+3].

Fig. 2  Graph representing a dairy farm with a moderate bulk milk somatic cell count although the high percent of new high somatic 
cell count (SCC) (based on Keno™-M, Ghent University, Ghent, Belgium).  The somatic cell count is expressed as a linear score 
[(ln(SCC/100)/ln2)+3].
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come loose during milking).  Environmental mastitis causing 
pathogens are generally less well adapted to the cow and 
mammary gland environment and cause therefore less often 
persistent or chronic IMI compared to the contagious mastitis 
pathogens.  A high rate of new IMI caused by environmental 
pathogens suggests poor hygiene before, during or after 
milking.  Bacteriological culturing of milk samples collected 
from cows with clinical or subclinical mastitis is still the best 
way to identify the bacterial cause of the udder health issues 
on a dairy farm.  Often, recent milk culture results are not 
available.  As a start, a bulk tank sample can be submitted 
for bacteriological culture to determine whether one of the 
contagious pathogens S. agalactiae or Mycoplasma spp.  
play a role in the problem.  Occasionally, mastitis due to 
S. uberis or E. coli can also be detected through use of 
bulk tank milk samples (Zadoks et al. 2004, 2005).  Given 
the abovementioned difference in epidemiology between 
contagious and environmental mastitis pathogens, the 
probable cause of the udder health issues on a dairy farm 
can also be derived from the correlation between the percent 
new high somatic cell count cows and the percent chronic 
high somatic cell count cows.  A high correlation between 
the percentage of new high somatic cell count cows and 
chronic high somatic cell count cows strongly indicates the 
presence of contagious mastitis pathogens since those 
bacteria easily spread from one cow to the other (i.e., high 
new infection rate) and are difficult to (spontaneously) cure.  
A poor correlation between the percentage of new high 
somatic cell count cows and chronic high somatic cell count 
cows is typical for farms with environmental mastitis issues.  
Dry cow management  Udder health issues related to the 
dry cow management can be easily uncovered by calculation 
of the percentage high fresh cows.  The percentage of 
high somatic cell count fresh adult cows can be calculated 
as the number of adult cows with a somatic cell count  
≥200 000 cells mL–1 at first milk recording after calving 
(maximum 42 days in milk) from 5 days in milk on divided 
by all animals that had their first somatic cell count record at 
that milk recording.  More than 15% high fresh cows indicate 
that too many cows either contracted a new IMI or did not 
cure from an existing IMI during dry period (Barkema et al. 
2013).  The different situations can be distinguished from 
each other based on the last milk recordings of previous 
lactation.  A new IMI is deemed to have occurred during 
the dry period when somatic cell count was <200 000 cells 
mL–1 at the last milk recordings before dry-off and was 
≥200 000 cells mL–1 at the first milk recording after calving 
(Barkema et al. 2013).  Animals with a high somatic cell 
count at dry-off, but not more than three times in the last 
three milk recordings, are not considered to be persistently 
infected and expected to cure during dry period, assuming 
that they were dried off with long-acting antibiotics.  If not, 

the resistance against the antimicrobial that was used or the 
presence of a highly virulent mastitis pathogen that is known 
to be difficult to successfully treat (e.g., S. aureus, Klebsiella 
spp., etc.) can be suspected.  Bacteriological culturing and 
antimicrobial sensitivity testing of the isolated pathogens 
can give a definitive answer.  Chronically infected animals 
(>3 times high somatic cell count at the last milk recordings 
before dry-off) have a low probability of cure, independent of 
the pathogen that is involved and the dry cow therapy that 
was applied.  Fig. 3 shows the infection dynamics across the 
dry period of a herd where most cows that did not cure over 
the dry period were already chronically infected (>3 times 
high somatic cell count at the last milk recordings before 
dry-off) at the end of previous lactation.  Fig. 4 shows the 
infection dynamics across the dry period of a herd where 
too many cows contracted a new IMI (>10%) over dry period 
and where cows did not cure well although they were yet 
not chronically infected at dry-off.  
Heifer mastitis  Many heifers freshen with an IMI.  In 
several heifer mastitis surveys conducted throughout the 
world, up to 60% of the quarters harbored an IMI at the 
time of calving (De Vliegher et al. 2012).  Most of these 
IMI reveal themselves as subclinical mastitis characterized 
by an elevated somatic cell count without any visible 
symptoms of inflammation.  In a Belgian study, 30% of 
heifers had a somatic cell count ≥150 000 cells mL–1 in the 
first 14 days after calving (De Vliegher et al. 2004a).  The 
majority of those IMI are presumably caused by the minor 
pathogenic group of non-aureus staphylococci (Piepers 
et al. 2010).  The proportion of heifers calving with a high 
somatic cell count varies considerably among herds.  A herd 
is considered to have a heifer mastitis problem if >15% of 
the heifers have a somatic cell count ≥150 000 cells mL–1 at 
the first milk recording from 10 days in milk on.  An average 
somatic cell count ≥150 000 cells mL–1 of the heifers in the 
first 100 days in milk is strongly indicative for persistent 
infections caused by major pathogens such as S. aureus 
(Piepers et al. 2010).  
Clinical mastitis  A high incidence of clinical mastitis (≥2% 
per month) might be the result of a high rate of first clinical 
mastitis cases (≥10%), a high rate of recurrent mastitis 
cases (>30% of all cases) or a combination.  The incidence 
of clinical mastitis is the number of cases of clinical mastitis 
per 100 cows per year or per month where one case is one 
quarter.  It is a very useful indicator of mastitis incidence as 
it allows comparison between herds, irrespective of size.  
It is the balance between the exposure to bacteria and 
the immunity of the host that will determine the severity of 
the inflammatory reaction against IMI.  A high rate of first 
cases can be due to a too high infection pressure (i.e., high 
number of bacteria can penetrate the udder), an impaired 
immunity of the cows or a combination of both.  A recurrent 
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or repeat case of mastitis refers to one or more cases of 
mastitis occurring in the same cow.  A high recurrence rate 
may be due to:

(1) Problems with S. aureus infections which can be 
difficult to eliminate.  

(2) Poor immunity hampering the elimination of IMI.
(3) Incorrect choice of treatment, e.g., too short duration 

or incorrect antibiotic.
(4) Poor mastitis detection where IMI are not picked up 

early enough.

Based on the individual cell count before and after the 
clinical mastitis case, cows can be divided in four groups:

(1) New IMI cured: low somatic cell count (<200 000 cells 
mL–1) before clinical mastitis case and low somatic cell count 
(<200 000 cells mL–1) after clinical mastitis case;

(2) New IMI not cured: low somatic cell count (<200 000 
cells mL–1) before clinical mastitis case and high somatic 
cell count (≥200 000 cells mL–1) after clinical mastitis case;

(3) Existing IMI cured: high somatic cell count before 
clinical mastitis case (≥200 000 cells mL–1) and low somatic 

Fig. 4  Graph representing the infection dynamics across the dry period of a herd where too many cows contracted a new 
intramammary infection (>10%) over dry period and where cows did not cure well although they were yet not chronically infected at 
dry-off (Keno™-M, Ghent University, Ghent, Belgium).  The somatic cell count (SCC) is expressed as a linear score [(ln(SCC/100)/
ln2)+3].

Fig. 3  Graph representing the infection dynamics across dry period of a herd where most cows that did not cure over dry period 
were already chronically infected (>3 times elevated somatic cell count (SCC) at the last milk recordings before dry-off) at the end 
of previous lactation (based on Keno™-M, Ghent University, Ghent, Belgium).  The somatic cell count is expressed as a linear 
score [(ln(SCC/100)/ln2)+3].
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cell count (<200 000 cells mL–1) after clinical mastitis case;
(4) Existing IMI not cured: high somatic cell count before 

clinical mastitis case (≥200 000 cells mL–1) and high somatic 
cell count after clinical mastitis case (≥200 000 cells mL–1).

Cows with a high somatic cell count before the clinical 
mastitis case can be further divided in those that had a 
chronically elevated cell count (>3 times elevated somatic 
cell count) and those that had yet not a chronically infected 
cell count (≤3 times elevated somatic cell count).  Fig. 5 
shows the distribution of the first clinical mastitis cases on 
a farm with a high incidence of clinical mastitis (>3% per 
month), and a low percentage of repeated cases (10% of 
all clinical mastitis cases).  Most cows had a low somatic 
cell count before the clinical mastitis case and cured well 
(low somatic cell count after the clinical mastitis case).  This 
pattern is typical for herds with a high infection pressure 
and a good immunity of the cows.  The cows that did not 
cure well were those with a chronically elevated cell count 
(>3 times elevated somatic cell count).  Fig. 6 shows the 
distribution of the first clinical mastitis cases on a farm with 
a high incidence of clinical mastitis (>3% per month), and 
a high percentage of repeated cases (40% of all clinical 
mastitis cases).  Both the cows with a new IMI and those with 
an existing IMI did not cure well (i.e., still high somatic cell 
count after clinical mastitis case) although the latter group 
were yet not chronically infected before the clinical mastitis 

case and thus expected to cure.  This pattern is indicative for 
herds where the cows suffer from an impaired immunity or 
cows that are housed on herds with a high infection pressure 
and an inappropriate treatment strategy.
Decision making at cow level  Obtaining and maintaining 
good udder health depends on two basic principles: 
shortening the duration of existing infections and limiting 
the number of new infections.  Early detection of cows with 
IMI along with bacteriological culturing and implementation 
of specific measures based on the outcome is still a 
cornerstone in the control of mastitis at the herd level 
(Hillerton et al. 1995).  Making the optimal decision (wait or 
test) for cows with an existing infection is however not easy, 
in particular not for cows with a recently elevated somatic 
cell count.  On the one hand, the spontaneous cure rate of 
a recently acquired subclinical IMI was estimated at 41% 
(van den Borne et al. 2010).  On the other hand, cows with 
a high composite somatic cell count have a 2- up to 4-fold 
higher hazard than cows with a low composite somatic cell 
count (van den Borne et al. 2011).  With the latter in mind, 
the first decision in a mastitis monitoring program should 
be whether or not a particular cow still has a chance to 
spontaneously cure (i.e., without antimicrobial treatment).  
Animals that still have a high chance to spontaneously 
cure should not immediately be tested.  Cases that are 
unlikely to spontaneously cure but that still can benefit from 

Fig. 5  Graph representing the distribution of the first clinical mastitis cases on a farm with a high incidence of clinical mastitis 
(>3% per month), and a low percentage of repeated cases (10% of all clinical mastitis cases).  Most cows had a low somatic cell 
count before the clinical mastitis case and cured well (low somatic cell count after the clinical mastitis case) (Keno™-M, Ghent 
University, Ghent, Belgium).  The cows that did not cure well were those with a chronically elevated cell count (>3 times elevated 
somatic cell count).  The somatic cell count (SCC) is expressed as a linear score [(ln(SCC/100)/ln2)+3].
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antimicrobial treatment should be tested.  The chance to 
(spontaneously) cure depends on several factors such as 
the parity, the somatic cell count, the history of elevated 
somatic cell counts, the days in milk, and the pathogen 
that is involved (van den Borne et al. 2010).  Overall, IMI 
caused by major pathogens such as S. aureus are obviously 
more difficult to (spontaneously) cure than IMI caused by 
minor pathogens such as non-aureus staphylococci.  Much 
research on cow-level factors and the probability of cure for 
subclinical mastitis cases has been focused on S. aureus.  
Cow-level parameters that need to be taken into account 
when estimating the probability of (spontaneous) cure of 
cows with subclinical mastitis are:

(1) Lactation number: Older cows are more difficult to cure 
than younger ones (Sol et al. 1997; Deluyker et al. 2005);  

(2) Chronicity: Cows with a chronic infection (≥3 times 
high somatic cell count at test-day) have a lower probability 
of cure than cows with a recent infection (Sol et al. 1997);  

(3) Somatic cell count: The chance of (spontaneous) 
cure decreases with increasing somatic cell count (Sol 
et al. 1997);

(4) Number of infected quarters: Animals of which two 
or more quarters are infected are more difficult to cure than 
animals of which only one quarter is infected (Sol et al. 
1997);

(5) Quarter position: A hind quarter is more difficult to 

cure than a front quarter (Sol et al. 1997);  
(6) Number of colonies: An increasing number of bacteria 

in the mammary gland results in a lower chance of cure 
(Dingwell et al. 2003; Deluyker et al. 2005);  

(7) Stage of lactation: In some studies, an increasing 
cure rate was observed after antimicrobial treatment with 
increasing days in milk (Sol et al. 1997; Deluyker et al. 
2005) while in other studies no differences in cure rate were 
observed between animals in early, mid and late lactation 
(van den Borne et al. 2010).

Recently, a preliminary study commenced to evaluate 
the prediction of the likelihood of spontaneous cure 
of a first elevated somatic cell count by an in-house 
developed software application as part of a novel mastitis 
management concept (Keno™-M, UGent, Belgium) taking 
into account some of the abovementioned parameters.  A 
total of 362 primiparous and 439 multiparous dairy cows 
with a first elevated somatic cell count from 24 randomly 
selected Flemish dairy farms were included.  Animals were 
considered to have an elevated somatic cell count if the 
somatic cell count exceeded 150 000 and 250 000 cells mL–1 
for primiparous and multiparous cows, respectively.  For 
each animal, an advice was generated based on the herd 
milk somatic cell count, the individual composite somatic cell 
count, days in milk and parity.  The association between the 
advice (wait vs. culture) and the time to spontaneous cure 

Fig. 6  Graph representing the distribution of the first clinical mastitis cases on a farm with a high incidence of clinical mastitis (>3% 
per month), and a high percentage of repeated cases (40% of all clinical mastitis cases).  Both the cows with a new IMI and those 
with an existing IMI did not cure well (i.e., still high somatic cell count after clinical mastitis case) although the latter group were 
yet not chronically infected before the clinical mastitis case and thus expected to cure.  The somatic cell count (SCC) is expressed 
as a linear score [(ln(SCC/100)/ln2)+3].
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(i.e., again low somatic cell count) was determined fitting a 
Cox frailty model.  Overall, 53% of the animals with a first 
elevated somatic cell count were spontaneously cured at 
the first next somatic cell count test-day (28–65 days).  The 
chance of spontaneous cure of a first elevated somatic cell 
count within 120 days was 1.24 (95% confidence interval 
1.02–1.51) higher in animals for which the advice ‘wait’ 
was generated than those for which the advice “culture” 
was given.  Primiparous cows had a numerically higher 
chance to spontaneously cure than multiparous cows (1.10; 
95% confidence interval 0.93–1.30) and their likelihood of 
spontaneous cure was up to 2.1 times (95% confidence 
interval 1.32–3.27) higher if the software application 
recommended to wait until next test-day vs. culture.  

4. Conclusion

Taking into account several herd- and cow-level parameters 
in selecting cows with subclinical mastitis for further testing 
might therefore be helpful in assisting vets to take objective 
and more precise decisions for high somatic cell count cows.
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Abstract
The purpose of this study was to investigate the residue elimination of ceftiofur hydrochloride in milk of postpartum cows after 
intramammary infusing at dry-off.  An ultra-high performance liquid chromatography-tandem mass spectrometry (UPLC-MS/
MS) method was developed and validated to detect ceftiofur hydrochloride residue in milk.  Through preprocessing, ceftiofur 
hydrochloride was derivatized into a more stable compound dedfuroyl ceftiofur acetamide (DCA) for further analysis.  The 
linear range of DCA was 0.1 to 50 μg kg–1.  Average recoveries of DCA were 82.52–105.86%.  The intra-day and inter-
day coefficients of variation (CV) were 2.95–9.82 and 6.41–7.43%, respectively.  The limit of detection (LOD) and limit of 
quantitation (LOQ) scores were 0.05 and 0.1 μg kg–1, respectively.  These parameters showed this method was reliable 
and valid.  Twelve cows were administrated 10 mL ceftiofur hydrochloride by intramammary infusion (corresponding to  
500 mg ceftiofur) to each udder after the last milking before the dry-off period.  Milk was collected from each udder of cow at 
12, 24, 36, 48, 60 and 72 h after calving and was mixed for each time point and each cow, then subjected to UPLC-MS/MS 
analysis.  The results showed, the DCA concentrations in all milk samples were less than LOQ and the maximum residue 
limit (MRL) 100 μg kg–1, which suggested the withdrawal time of ceftiofur hydrochloride intramammary infusion used for 
preventing and curing mastitis in dry cows was 0 day.  The study provided guidance for the clinical applications of ceftiofur 
hydrochloride intramammary infusion (dry cow).  

Keywords: ceftiofur hydrochloride, intramammary infusing, dry cows, milk, residue

stroma of mammaries caused by the infection of Escherichia 
coli, Streptococcus, Staphylococcus, and other species of 
bacteria.  Mastitis decreases milk yield and quality, leads to 
large quantities of abanoned milk and increases treatment 
cost, which cause huge economic losses to farmers.  Due 
to the changes in cows’ mammary physiology, cows are 
susceptible to bacterial infection during their dry-off period, 
especially in the first week of dry-off and before calving.  Over 
24% of healthy udders were infected by Staphylococcus 
aureus and Streptococcus during dry-off, which increased 
the incidence of subclinical and clinical mastitis in the next 
early lactation period (O’Rourke 2005; Pinedo et al. 2012; 
Golder et al. 2016).  Prevention and treatment with antibiotic 
intramammary infusion to all quarters of the cows at dry-off 

Received  18 May, 2017    Accepted  4 July, 2017
KANG Ji-jun, Tel: +86-10-82106814, E-mail: kangjijun01@163.
com; LIU Yi-ming, Tel: +86-10-82106814, E-mail: liuyiming@
caas.cn; Correspondence LI Xiu-bo, Tel: +86-10-82106059, 
E-mail: lixiubo@caas.cn
* These authors contributed equally to this study.

© 2018 CAAS. Publishing services by Elsevier B.V.  All rights 
reserved.
doi: 10.1016/S2095-3119(17)61703-9

1. Introduction

Cow mastitis is a kind of inflammation in the parenchyma and 
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is an effective way to control mastitis and is recommended 
by the National Mastitis Council (NMC), in this period, since 
lacking the interference of milk, intramammary infusion could 
be easily administrated and result in better efficiency, which 
improved milk yield in the next production cycle (Pinedo 
et al. 2012).

Ceftiofur, a third generation cephalosporin that is only 
used for veterinary applications, has high activities against 
Gram-positive and -negative bacteria in vitro.  Ceftiofur 
was approved by Food and Drug Administration (FDA) 
to cure respiratory diseases in pigs, cattle, and chickens 
(FDA 1992).  Ceftiofur has been used extensively to treat 
mastitis in dairy cows and its efficacy of this treatment has 
been confirmed (Oliver et al. 2004; Schukken et al. 2011; 
Cristina et al. 2016).  Feng et al. (2014) reported that ceftiofur 
can prevent and treat mastitis in dry cows.  Seventy-two 
cows with recessive mastitis were administrated different 
antibiotic intramammary infusions during the dry-off period, 
and ceftiofur sodium showed the highest cure rate of 
75.68%, while sulfadiazine sodium, gentamycin, enrofloxin, 
lincomycin, and benzathine cloxacillin cured less than 60% 
of animals (Li 2014).  A noninferiority analysis found that 
ceftiofur hydrochloride had the same efficacy as penicillin/
dihydrostreptomycin and cephapirin benzathine for mastitis 
treatment during the dry-off period (Arruda et al. 2013).  
Environmental bacterial infections in udders increased the 
incidence of clinical mastitis in the first month after calving.  
Compared with penicillin dihydrostreptomycin, dry-off therapy 
with ceftiofur hydrochloride can significantly decrease clinical 
and subclinical mastitis during subsequent early lactation 
(Pinedo et al. 2012).  However, no reports have focused 
on the ceftiofur residues in milk of postpartum cows which 
received ceftiofur at dry-off.  

Our lab developed an intramammary infusion of ceftiofur 
hydrochloride aiming at preventing and curing mastitis in dry 
cows.  Previous tests have proven that this infusion has good 
stability, safety, and efficacy (Wu et al. 2016).  The purpose 
of the present study was to investigate ceftiofur depletion 
in milk after intramammary administration.  A reliable 
UPLC-MS/MS method was established and validated.  The 
results could provide guidance for the clinical applications 
of ceftiofur hydrochloride intramammary infusion in cows 
during dry-off.  

2. Materials and methods

2.1. Materials and reagents 

Ceftiofur hydrochloride intramammary infusion (containing 
500 mg ceftiofur in 10 mL; batch number: 20110905) was 
developed in our lab and manufactured by Huaqinyuan 

Animal Health Products Corp. Ltd. (Beijing, China).  Ceftiofur 
hydrochloride reference standard (87.3%) was purchased 
from the China Institute of Veterinary Drug Control (Beijing, 
China).  Methanol and acetonitrile (HPLC grade) were 
obtained from Thermo Fisher Scientific (Fair Lawn, NJ, 
USA).  Dithioerytritol (DTE) and iodoacetamide were 
purchased from Sigma Aldrich Co. Ltd. (Poole, Dorset, UK).  
Distilled-deionized water was purified using an Astacus Ultra 
Pure Water System (MembraPure GmbH, Berlin, Germany).  
Before the UPLC analysis, all solutions were filtered with a 
0.22-µm polypropylene membrane filter (Pall Corporation, 
NY, USA).  Other chemicals and reagents used in this study 
(analytical grade) were obtained from Beijing Chemical 
Reagent Co., Ltd. (Beijing, China). 

2.2. Preparation of solutions

The ceftiofur stock solution at 1 000 µg mL–1 was prepared 
by dissolving accurately weighted standard substance in 
water; this solution can be kept for 1 month at 4°C.  Other 
solutions were prepared freshly.  The working standard 
solution was made by diluting the stock solution with water.  
Formic acid at 0.1% and 0.1 mol mL–1 ammonium acetate 
buffer were prepared by dissolving the proper quantity of 
reagent in water.  DTE extracting solution at 0.1 mol mL–1 
and 10% iodoacetamide solution were prepared with 0.1 mol  
mL–1 ammonium acetate buffer.

2.3. LC-MS/MS conditions

A Waters ACQUITY Ultra-high Performance Liquid 
Chromatography (UPLC) System (Waters Corporation, 
Milford, USA), which consisted of a binary solvent manager, 
a temperature control sampling manager and a column 
compartment, was used for analysis.  The auto sampler 
temperature was kept at 10°C.  The temperature of the 
Waters ACQUITY column UPLC BEH C18 (50 mm×2.1 mm,  
1.7 μm) was 40°C.  The gradient conditions of mobile phases 
(solution A: acetonitrile; solution B, 0.1% formic acid in water) 
were as follows: 0–0.2 min, 95% B; 0.2–3.2 min, 80% B; and 
3.2–5 min, 95% B.  The injection volume was 1 μL and the 
flow rate of mobile phases was 0.35 mL min–1.  

A Xevo TQ-S triple quadrupole mass spectrometer 
(Waters Corporation, Milford, USA) equipped with an 
electrospray ionization (ESI) source in positive ionization 
mode (ESI+) was used under the follow parameters: 
extractor voltage, 30 V; capillary voltage, 2.0 kV; source 
temperature, 150°C; RF lens, 0.5 V; desolvation gas (N2) 
flow rate, 150 L h–1; cone gas (N2) flow rate, 20 L h–1; and 
desolvation temperature, 500°C.  The multiple reaction 
monitoring (MRM) conditions, precursor ion, daughter ions, 
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cone voltage, and collision energy are listed in Table 1.  
Mass Lynx V4.1 and Target Lynx V4.1 software (Waters 
Corporation) were used for data collection, processing, and 
reporting.  The most abundant daughter ion of m/z 241.0 
was used as quantitative ion, and the qualitative ion was 
m/z 210.2.

2.4. Treatment and milk sampling

A total of 12 healthy Holstein cows from the Beijing Sanyuan 
Luhe cow breeding center were involved in this study 
before their dry-off.  No animal received antibiotics within 
15 days prior to its inclusion.  The management and feeding 
of animals were conducted according to routine farming 
procedures.  On the first day of dry-off, every quarter of 
every cow was administered one 10 mL package of ceftiofur 
hydrochloride intramammary infusion (corresponding to  
500 mg ceftiofur) after the last milking, gently massaged 
teats to promote drug distribution.  The cows begin 
parturition after the dry-off duration ((53.5±1.6) d).  At 12, 
24, 36, 48, 60 and 72 h after calving, 10 mL of milk was 
collected from each quarter of one cow and mixed.  The 
milk mixture was then placed in a polypropylene tube and 
kept at –40°C pending analysis.

2.5. Extraction, cleanup, and derivatization 

A total of 6 mL acetonitrile was added into a 15-mL 
polypropylene centrifuge tube containing 1 mL milk sample.  
The mixture was vortexed for 30 s and centrifuged at  
10 000 r min–1 for 10 min at 4°C.  The supernatant liquid 
was transferred into a glass tube and concentrated to 
approximately 1 mL at 40°C under nitrogen gas.  Afterwards, 
5 mL of DTE was added, and the glass tube was kept in a 
water bath at 50°C.  After 30 min, 2 mL of iodoacetamide 
solution was added into the tube for derivatization.  The 
mixture was shaken for 30 s and kept in a dark place for  
30 min, followed by loading onto a solid phase extraction 
(SPE) cartridge (HLB, 3cc/60 mg) that had been conditioned 
with 3 mL methanol and 3 mL water.  The solution percolated 
through the SPE cartridge under gravity.  The cartridge was 
then rinsed with 3 mL water and dried off under vacuum.  
The analyte was eluted from the SPE cartridge with 3 mL 
acetonitrile, and the elution was collected into a 10-mL glass 

tube and dried under nitrogen gas at 40°C.  The residues 
were constituted using a mixture of 0.1% formic acid and 
acetonitrile (5:95, v/v), then the reconstitution was filtered 
using a 0.22-μm disposable syringe filter and analyzed 
using UPLC-MS/MS.

2.6. Method validation

Selectivity was analyzed by checking if interfering peaks 
appeared at the retention time of the analyte in blank milk.  
Matrix effects were investigated by comparing the peak 
areas of analytes present in the milk to the solvent.  To 
construct the calibration curve, derivatized DCA from the 
50 μg L–1 standard working solution was diluted to different 
levels (0.1, 0.5, 1, 5, 10, 25, and 50 μg kg–1) and subjected 
to UPLC-MS/MS.  The standard calibration curve was 
generated using the DCA peak area vs. the standard ceftiofur 
concentration.  The LOD and LOQ scores were defined as 
the minimum concentration of DCA that was necessary 
for a signal-to-noise ratio of ≥3 and ≥10, respectively.  To 
assess the intra-day and inter-day precision and accuracy, 
5 replicates of spiked blank samples with ceftiofur at 3 
concentration levels (0.5, 5, and 50 μg kg–1) were analyzed 
on a single day and on 5 different days.  The results were 
expressed by relative standard deviation (RSD).  Recovery 
was calculated using the above samples at 3 concentration 
levels.  The stability of an analyte in milk was evaluated by 
analyzing 2 blank matrix samples spiked with ceftiofur at 0.5 
and 5 μg kg–1 with 6 replicates.  Three types of stability were 
measured: short-term stability (environmental conditions,  
4 h), long-term stability (30 days at –40°C), and freeze thaw 
stability (3 cycles).

3. Results 

3.1. Method validation

The UPLC-MS/MS method of detecting ceft iofur 
hydrochloride residue in cows’ milk proved to be selective, 
since there were no significant chromatographic signals in 
the blank samples, that is, the observed peaks showed a 
signal ≤20% compared to the signal obtained in the LOQ for 
the analyte retention time.  The matrix effect can’t be ignored 
because the peak area rations of analyte present in milk 

Table 1  Monitoring conditions for the mass spectrometer

Precursor ion (m/z) Daughter ion (m/z) Cone voltage (V) Collision energy (eV)
486.9 210.2 30 20
486.9 241.01) 30 19
1) Ion used for quantification.
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to in solvent were 82.1–92.9%, while the ignorable range 
was 85–115%.  Therefore, blank milk extracting solution 
was used as a diluted solvent for the calibration curve to 
avoid the impact of endogenous matrix effects.  The method 
used a linear range from 0.1 to 50 μg kg–1.  The regression 
equation of the calibration curve was: y=832.15x–26.886, 
with a correlation coefficient of 0.9995.  The LOD and LOQ 
for DCA in milk were 0.05 and 0.1 μg kg–1, respectively.  
The recoveries were between 86.51–105.42%; the intra-
day coefficients of variation (CV) were within the range of 
2.95–9.82%; and the inter-day CV was within the range of 
6.41–7.43%.  Validation details of every concentration are 
listed in Table 2.  The analyte remained stable in milk for 4 h 
under exposure to environmental conditions, for 30 days at 
–40°C, and after 3 freeze-thaw cycles, because the obtained 
CV were ≤10, as shown in Table 3.  The chromatograms of 
blank milk and milk samples fortified at the concentrations 
of 0.1, 0.5, 5, and 50 μg kg–1 are shown in Fig. 1.  

3.2. Residues in milk 

Ceftiofur hydrochloride intramammary infusion was 
administrated before dry-off while after the last milking.  
After calving, no DCA residue was found in milk of 12 cows.  
At all time points, DCA residues were below 0.1 μg kg–1 

(LOQ).  The withdrawal period of ceftiofur hydrochloride 
intramammary infusion was 0 day.  A typical chromatogram 
of collected samples is shown in Fig. 2.

4. Discussion

4.1. UPLC-MS/MS optimization

The parent ion m/z 486.9 of DCA was confirmed by scanning 

a 10 µg mL–1 DCA standard working solution in full scan 
mode; the molecule obtained high [M+H]+ abundance under 
the ESI+ ionization mode.  After the optimization of MS/
MS parameters of the parent ion, 3 main fragment ions of  
m/z 241.0, m/z 210.2, and m/z 166.9 were obtained using 
the secondary scanning mode.  The m/z 241.0 fragment ion 
with the largest abundance was selected as the quantitative 
ion, and m/z 210.2 with the second highest abundance was 
chosen as the qualitative ion.  Matthias et al. (2003) used 
m/z 486.8 as the parent ion, m/z 240.8 as the quantitative 
ion and m/z 210.0 as the qualitative ion in their experiment.  
Makeswaran et al. (2005) selected m/z 486.8 as the parent 
ion, m/z 240.9 as the quantitative ion, and m/z 166.5 as the 
qualitative ion.  These two tests used identical parent ions 
and quantitative ions with our test, but differed in the choice 
of qualitative ions, which may be related to the different 
collision energies and instrument states.

4.2. Extraction optimization

Based on the extraction procedure of Makeswaran et al. 
(2005), which involved centrifuging the mixture of 6 mL 
acetonitrile, 2 mL water, and 2 mL milk, then concentrating 
the supernatant using nitrogen gas, we optimized 
centrifugation of the mixture of 3 mL acetonitrile and 1 mL  
milk.  This method saved the acetonitrile quantity and 
concentration time due to the absence of water.  DCA 
is a weakly basic compound that contains amide bonds, 
according to this characteristic, we compared the cleanup 
results of 4 kinds of SPE column: Waters Oasis MCX, 
Waters Oasis HLB, Agilent Technologies Mega BE-C18, 
and Agilent Technologies SampliQ SCX.  HLB and BE-
C18 are hydrophilic lipophilic balance reversed-phase 
adsorbent for acidic, basic, and neutral compounds, and 

Table 2  Recoveries of ceftiofur spiked in control milk

Concentration 
(μg kg–1) Day

          Recovery (%)                        
Intra-day CV (%) Inter-day CV (%)

Replicate 1 Replicate 2 Replicate 3 Replicate 4 Replicate 5
0.5 1 98.03 104.04 103.56 88.18 104.29 6.93 7.43

2 89.14 102.11 109.80 100.91 98.51 7.43 
3 99.40 88.64 91.81 88.64 89.12 5.02 
4 92.43 86.94 98.16 83.74 99.30 7.38 
5 89.99 102.43 101.99 93.48 86.51 7.52 

5 1 95.41 97.48 100.24 101.90 102.21 2.95 6.92
2 94.64 95.58 94.07 101.34 94.98 3.09 
3 98.13 86.32 102.45 89.38 105.85 8.67 
4 100.99 82.52 86.85 104.27 96.34 9.82 
5 87.90 105.33 105.42 104.28 90.74 8.77 

50 1 100.28 107.74 101.08 94.99 95.21 5.34 6.41
2 98.37 97.62 104.83 106.04 100.20 3.76 
3 91.38 105.86 87.46 84.96 90.35 8.86 
4 100.59 103.57 95.15 100.78 94.16 4.07 
5 98.64 103.62 90.78 87.89 97.59 6.61 
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HLB is tolerant of dryness.  MCX and SCX are hybrid strong 
cation exchange inversion adsorbent for basic compounds.  
The results showed that HLB retained 10% more DCA than 
BE-C18, compared to elution by one SPE column (BE-C18 
or HLB).  Cleanup with two SPE columns (BE-C18+SCX or 
HLB+MCX) reduced 10–20% of DCA before analysis, while 
keeping the same quantities of impurities with one column.  
Consequently, one Waters Oasis HLB column was chosen 
for this cleanup procedure.

4.3. Derivatization optimization 

European medicines agency (EMEA 1999) reported that in 
dairy cows given 2.2 mg 14C-ceftiofur kg–1 based on their 
bodyweight per day on 5 consecutive days by intramuscular 
injections, approximately 65% of the residues in milk were 
covalently bound to milk protein, mostly as desfuroylceftiofur 
(DFC).  DFC contains an undamaged beta-lactam ring, is 
a main metabolite of ceftiofur, and has similar antibacterial 
activity as ceftiofur.  DFC rarely exists at the free state or 
prototype in plasma, urine, or tissue.  It is not only converted 
into disulfide with cysteine and glutathione through its 
mercapto group on 3-position substituents, but also forms 
into a DFC-protein complex with plasma or tissue protein 
(Prem et al. 1989; William et al. 1996; Makeswaran et al. 
2005; Jacobson et al. 2006).  In this study, we adopted DTE 
cleavage for the disulfide and/or the thioester bonds that 
existed between various unspecified metabolites of ceftiofur 
and their sulfur-containing moiety to release DFC.  We then 
derivatized DFC with iodoacetamide into DCA, which was 
more stable and easier to analyze.  This method imitates 
the metabolism of ceftiofur in animals and ensures reliable 
results, was first proposed in 1995 and was used to detect 
ceftiofur residue in swine tissues (Beconi-Barker et al. 1995).  
Ceftiofur was derivatized into DFC cysteine disulfide (DCCD) 
in another study to analyze the residues in chicken kidneys; 
this transformation was more appropriate for detection of 
multiresidues (Feng et al. 2012).  In this study, acetonitrile 
was used to precipitate protein before mixing milk with DTE 
solution, in order to avoid the possibility of SPE blockage; 
this is in contrast to directly mixing the milk with DTE solution 
(Zhang et al. 2011).  Two reported derivatization methods 
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Time (min)

Time (min)

Time (min)

Fig. 1  Typical chromatograms of UPLC method validation.  A, 
blank milk sample.  B–E, milk sample spiked with a ceftiofur 
concentration of 0.1 μg kg–1 (LOQ), 0.5, 5 and 50 μg kg–1, 
respectively.

Table 3  Stability of ceftiofur spiked in milk

Sample condition Concentration 
(μg kg–1)

Deviation 
(%)

A total of 4 h under 
environmental conditions

0.5 –2.2
50 –0.6

30 d at –40°C 0.5 –2.8
50 –1.9

Three freeze-thaw cycles 0.5 –3.7
50 –2.5
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differ in the timing of adding iodoacetamide to DFC: The 
first method involves adding iodoacetamide into the DFC 
on the solid phase extraction (SPE) column (Zhang et al. 
2011), while the second method involves immediately 
adding iodoacetamide into DFC once upon its generation, 
vortexing until the mixture was homogeneous, holding at 
room temperature for 30 min, and then clean up on a SPE 
column (Matthias et al. 2003).  We used the latter method 
since it resulted in a better derivatization efficacy.  

4.4. Residues in milk

In this study, 500 mg ceftiofur (10 mL intramammary infusion 
of ceftiofur) were administrated to each quarter of each 
dry cow at the beginning of dry-off, and milk samples were 
collected after parturition.  The average dry-off duration was 
50–60 days.  No DCA was found from 12 to 72 h post calving.  
The residues of DCA in all milk samples were below LOQ 
(0.1 μg kg–1) and the maximum residue limit (MRL 100 μg 
kg–1), similar to the data found by EMEA (2002).  According 
to EMEA, after intramammary infusing 250 or 500 mg per 
quarter of ceftiofur hydrochloride to pregnant dairy cows 
at dry-off, milk collected between 0–96 h after parturition 

contained ceftiofur plus desfuroylceftiofur related residue 
concentrations were less than 10 μg kg–1 (LOQ).

5. Conclusion

In this study, a preprocessing method and UPLC-MS/MS 
condition were established and validated for detecting the 
residues of ceftiofur hydrochloride in cows’ milk.  The LOD 
and LOQ were 0.05 and 0.1 μg kg–1, respectively, and the 
recovery of ceftiofur was between 82.52 and 105.86%.  
This method was used to study the elimination of ceftiofur 
hydrochloride after intramammary infusing in cows at dry-
off.  Within 72 h post calving, the DCA concentration in all 
milk samples was less than MRL.  The withdrawal period 
of ceftiofur hydrochloride intramammary infusion in dry 
cows is 0 day.
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Abstract
Milk quality in bulk tank milk (BTM) is measured by flow cytometry technology as total bacterial count (TBC) and somatic cell 
count (SCC).  To investigate SCC problems, culture or PCR can be used to identify mastitis causing bacteria, e.g., Mastit 4, 
a commercially available qPCR test.  TBC in BTM can be investigated further using culture-based methods such as standard 
plate count, laboratory pasteurization count, coliform count, and spore counts.  To our knowledge, no qPCR addressing 
the bacteria involved in TBC has been commercially introduced.  The aim of this study is to evaluate a recently introduced 
3-h qPCR test, TBC 4.  The TBC 4 qPCR detects four target groups, Pseudomonas, Streptococci, Enterobacteriacea/
Enterococcus, and Bacillus/Clostridia.  These target groups relate to problems on the farm such as cooling, mastitis, 
environment, and silage.  We will continue with new research to compare the TBC 4 qPCR test with traditional culture.  For 
this study, BTM samples from different TBC intervals were selected based on BactoCount results found at routine payment 
investigation at Eurofins laboratory (Vejen, Denmark).  These samples were analyzed using TBC 4 qPCR assay within 24 h.  
In total, 346 BTM samples were divided into six different intervals of colony forming units (CFU).  For all four targets in each 
of the different intervals of CFU, the percent of positive samples, the average Ct-value, the percent of positive samples with 
Ct<30 and Ct<25 were calculated.  For Pseudomonas, Streptococci, and Enterobacteriacea/Enterococcus, the number of 
positive samples with lower Ct-values (high bacteria content) correlated with the CFU mL–1.  We found Enterobacteriacea/
Enterococcus, Pseudomonas, and Streptococci in high number of bacteria (Ct<25) in 25, 19 and 56% of samples with CFU 
mL–1 between 50 001–100 000 and 53, 44, and 39% in samples with CFU mL–1>100 000.  The TBC 4 qPCR test showed 
to be a strong and fast tool for farmers, advisors and service technicians to address problems with high TBC and ensuring 
the delivery of good quality milk to the dairy.

Keywords: TBC, bulk tank milk, qPCR, milk quality

1. Introduction 

Milk quality in bulk tank milk (BTM) is measured by flow 
cytometry technology as total bacterial count (TBC) and 
somatic cell count (SCC).  There has been a long tradition for 
using cultivation of BTM samples to identify different bacteria 
causing high SCC in the milk.  Also qPCR tests, e.g., Mastit 4,  
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a commercially available qPCR test (DNA Diagnostic, 
Risskov, Denmark), can be used to detect mastitis bacteria 
in BTM (Rattenborg et al. 2015).

Tests for milk quality and bacteria in BTM include 
standard plate count (SPC), coliform count (CC), and 
laboratory pasteurization count (LPC) (Guterbock and 
Blackmer 1984; Murphy 1997).  Estimation of the type and 
number of bacteria in BTM is valuable in understanding and 
troubleshooting issues related to udder health, milk harvest 
hygiene, cleaning practices, and milk storage conditions 
(Elmoslemany et al. 2009).  They investigated risk factors 
for bacteriological quality of bulk tank milk, highlighting the 
importance of udder hygiene and milking system washing 
factors on hygienic quality of bulk tank milk.  Milking 
machine wash failures is strongly associated with in-line 
CC, which suggests that proper and consistent washes play 
a fundamental role in minimizing BTM contamination with 
coliforms (Pantoja et al. 2011).  Increases in SPC (Costello 
et al. 2003) and slightly higher CC (Pantoja et al. 2011) were 
found after transfer of raw milk from farm tanks to dairy 
processor bulk tanks.  Environmental contamination is an 
important factor for the bacterial content of milk.  Vacheyrou 
et al. (2011) investigated the bacterial content in air, dust, 
hay, and cow teat surface and found that milk contamination 
by the stable environment was considerable, although it was 
lower in farms with a milking parlor compared to tie stalls.  
The study of Lucali et al. (2015) underlined the correlation 
between forage quality, dairy farm management practices 
and the presence of milk and cheese anaerobic spore-
forming bacteria.

It is well known that Streptococci from mastitis cows 
can cause high TBC.  Streptococcus agalactiae and 
Streptococcus uberis have been found to be shed in very 
high numbers (up to 109 bacteria mL–1 from infected quarters 
(Guterbock and Blackmer 1984; Schukken et al. 2011).  
Zadoks et al. (2004) found that Streptococci, Staphylococci, 
and Gram-negative bacteria accounted for 69, 3, and 3% 
of TBC variability, in 48 BTM samples from New York State 
dairy farms.  Keefe et al. (1997) found that herds infected 
with Strep. agalactiae were 5.48 times more likely to be 
penalized for a high SPC.  Also Gillespie et al. (2012) found 
strong correlations between SPC and Streptococcus spp. 
counts (0.72).

Detection of bacterial DNA can be used for analyses 
of bacterial content in BTM.  Katholm et al. (2012) tested 
Danish BTM samples with qPCR and found the highest 
correlation to TBC for Enterococcus, Strep. uberis and 
Strep. agalactiae of the bacteria investigated.  Analysis 
with community 16S rRNA gene sequence was used by 
Kable et al. (2016) to identify bacteria in raw bovine milk 
samples from tanker trucks arriving to two dairy processors 

in California, USA.  They found the highest total cell numbers 
and the highest proportions being those of Actinobacteria.  
Even with this complexity, a core microbiota was present, 
consisting of 29 taxonomic groups and high proportions 
of Streptococcus and Staphylococcus and unidentified 
members of Clostridiales.  To our knowledge, thus far 
no qPCR addressing the bacteria involved in TBC has 
been commercially introduced.  The aim of this study is to 
evaluate a recently introduced 3-h qPCR test, TBC 4 (DNA 
Diagnostic, Denmark).  We will continue to compare the  
TBC 4 qPCR test with traditional culture.  The TBC 4 qPCR 
gives a Ct-value for four targets, Pseudomonas, Streptococci, 
Enterobacteriacea/Enterococcus, and Bacillus/Clostridia.  
These four targets correlates to the problems on the farm 
related to cooling, mastitis, environment, or silage.  We were 
not able to compare the TBC 4 qPCR to culture in this trial 
but further trials will evaluate this.  

2. Materials and methods 

In the period between 7th March and 5th April, 2017, BTM 
samples obtained from Eurofins laboratory (Vejen, Denmark) 
were measured for TBC by routine flow cytrometry with 
BactoCount IBC (Bentley instruments, Inc., Chaska, USA).  
For this study, we selected 346 milk samples from different 
TBC intervals for qPCR test with TBC 4.  The samples 
were selected among all Danish dairy herds.  The general 
descriptive data for these Danish herds are 172 cows/
herd, yield is 10 008 kg per cow, almost all cows are feed 
total mixed ratio, average geometric mean BTM SCC is  
205 800 cells mL–1 and geometric mean TBC is 7 690 
bacterial count mL–1 (Danish Agriculture and Food Council 
2016).  Mastitis treatments per cow year was 0.33 in yield 
control herds with Strep. uberis and Staphylococcus aureus 
as the dominant pathogens.  

After the result from the flow cytometry TBC test was 
obtained, the samples were immediately transported on ice 
to the laboratory of DNA Diagnostic A/S, Risskov, Denmark 
and tested by the TBC 4 qPCR test within 24 h.  

3. Results

The results from the TBC 4 test of the 346 BTM samples in 
different groups of CFU mL–1 is shown in Table 1.  

In total 158 (46%) samples were posit ive for 
Pseudomonas, 157 (45%) for Streptococci, 128 (37%) 
for Enterobacteriacea/Enterococcus, and 122 (35%) for 
Bacillus/Clostridia.  

In each of the different intervals of TBC, the percent of 
positive samples, average Ct-value of positive samples, 
percent samples with Ct<30 and percent samples with Ct<25 
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were calculated for all four targets of the test (Fig. 1).  
The Pseudomonas, Streptococci and the Entero

bacteriacea/Enterococcus target showed increasing percent 
positive samples with higher CFU and also reduced Ct-value 
at higher CFU, indicating more of these bacteria is present at 
higher CFU.  For Bacillus/Clostridia, the increase in positive 
samples stopped at 30 000 CFU mL–1 and the average Ct-
value were above 30 in all groups of CFU (Fig. 1-A and B).  
The percent positive samples with Ct-value below 30 and 
25 is shown in Fig. 1-C and D.  As it can be seen, we did 
not find many Bacillus/Clostridiapositive samples with really 
low Ct-values.  For the Streptococci, they have the highest 

percent of samples with low Ct-values in the samples up to 
100 000 CFU mL–1, whereas both the Pseudomonas and 
the Enterobacteriacea/Enterococcus target have the highest 
percent of samples with low Ct-values in the samples above 
100 000 CFU mL–1.

4. Discussion

The new qPCR test TBC 4 enables the user to classify 
high TBC in BTM to four different groups of problems 
related to cooling, mastitis, environment or silage.  Not all 
problems with high TBC are solved by optimizing cooling 
and the washing procedures, as we found 46% of samples 
positive for Pseudomonas and 37% for Enterobacteriacea/
Enterococcus.  

Of the four targets investigated by the TBC 4 qPCR 
test, Pseudomonas, Streptococci and Enterobacteriacea/
Enterococcus seems to have the highest influence on 
the CFU in BTM collected during March and April, 2017 
in Denmark.  This is seen in the Fig. 1-B where the low  
Ct-values for these targets in samples with CFU mL–1>30 000  
indicates higher number of bacteria.  We found 

Table 1  Number of bulk tank milk samples tested in each group 
of colony forming unit (CFU) mL–1

CFU mL–1  No.
≤5 000 53
5 001–15 000 67
15 001–30 000 73
30 001–50 000 65
50 001–100 000 52
>100 000 36
Total 346

0
10
20
30
40
50
60
70
80
90

P
er

ce
nt

 o
f p

os
iti

ve
 

sa
m

pl
es

 (%
)

CFU group

C

A

D

B

20
22
24
26
28
30
32
34
36
38
40

Av
er

ag
e 

C
t-v

al
ue

 
of

 p
os

iti
ve

 s
am

pl
es

 

CFU group

0
10
20
30
40
50
60
70
80

P
er

ce
nt

 o
f p

os
iti

ve
 s

am
pl

es
 C

t<
30

 (%
)

0
10
20
30
40
50
60
70
80

≤5
 00

0

5 0
01

–1
5 0

00

15
 00

1–
30

 00
0

30
 00

1–
50

 00
0

50
 00

1–
10

0 0
00

>1
00

 00
0

≤5
 00

0

5 0
01

–1
5 0

00

15
 00

1–
30

 00
0

30
 00

1–
50

 00
0

50
 00

1–
10

0 0
00

>1
00

 00
0

≤5
 00

0

5 0
01

–1
5 0

00

15
 00

1–
30

 00
0

30
 00

1–
50

 00
0

50
 00

1–
10

0 0
00

>1
00

 00
0

P
er

ce
nt

 o
f p

os
iti

ve
 

sa
m

pl
es

 C
t<

25
 (%

)

CFU group

≤5
 00

0

5 0
01

–1
5 0

00

15
 00

1–
30

 00
0

30
 00

1–
50

 00
0

50
 00

1–
10

0 0
00

>1
00

 00
0

CFU group

Bacillus clostridium Streptococci Pseudonomas Enterobactericea/Enterococcus

Fig. 1  A, percent of positive samples.  B, average Ct-value for positive samples.  C, percent Ct-value under 30.  D, percent Ct-value 
under 25 for the different groups of colony forming units (CFUs) for each of the four different targets in the qPCR test the TBC 4 
(DNA Diagnostic, Denmark). 
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Enterobacteriacea/Enterococcus, Pseudomonas, and 
Streptococci in high number of bacteria (Ct<25, Fig. 1-D) in 
25, 19 and 56% of samples with CFU mL–1 between 50 001–
100 000 and 53, 44, and 39% in samples with CFU mL–1> 
100 000, respectively.  Holm et al. (2004) found, in Danish 
BTM samples with >30 000 CFU mL–1, microorganisms 
primarily associated with poor hygiene dominated the 
microflora in 64% of the samples; bacteria also related 
to poor hygiene, but in addition associated with growth 
at low temperatures (psychrotrophic bacteria) dominated 
the microflora in 28% of the samples; and bacteria mainly 
associated with mastitis dominated the microflora in 8% of 
the samples.  Their findings for microorganisms, primarily 
associated with poor hygiene and psychrotropic bacteria, 
corresponds with our findings for Enterobacteriacea/
Enterococcus and Pseudomonas, whereas our data 
indicate much more problems related to mastitis bacteria.  
In contrary to the data from Holm et al. (2004), our test do 
not detect Staphylococci but the mastitis primer  detects 
Streptococci.  On the other hand, the Streptococci primer 
can also detect Streptococci not so often related to mastitis 
as e.g., Strep. bovis.

Our finding, that Streptococci is an important factor 
in high TBC, is in accordance with the findings of Keefe 
et al. (1997).  Also Gillespie et al. (2012) and Hayes 
et al. (2001) found a strong correlation between SPC and 
Streptococcus spp. counts.  Katholm et al. (2012) found 
the best correlation between TBC in bulk tank milk and Ct-
values from real-time PCR assays specific for Enterococcus, 
Strep. uberis and Strep. agalactiae, less correlation to 
Ct-values for Strep. dysgalactiae, Escherichia coli and 
Klebsiella, and no correlation to Staph. aureus.  These 
findings are in agreement with Zadoks et al. (2004), who 
found that Streptococci, Staphylococci, and Gram-negative 
bacteria account for 69, 3, and 3% of total bacterial count, 
respectively.  Our finding, that the Enterobacteriacea/
Enterococcus is an important finding in milk samples with 
high CFU is in accordance with the results from Pyz-Lukasik 
et al. (2015), who tested the microbiological quality of milk 
sold directly from producers to consumers in Poland.  They 
found Enterobacteriaceae ranging from 6.4×10 to 1.7×106 
CFU mL–1.

5. Conclusion

The new TBC 4 qPCR test proved to be useful in indicating 
the major causes of high TBC in Danish BTM samples.  
We expect the test to be a strong and fast tool for farmers, 
advisors and service technicians to address problems with 
high TBC and ensuring the delivery of good quality milk to 
the dairy.
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Abstract
The aim of the study was to investigate the prevalence and characterization of extended-spectrum β-lactamase (ESBL)-
producing Escherichia coli isolated from bovine mastitis cases in China.  ChromID ESBL agar was used to confirm 
ESBL-producing E. coli.  PCR and DNA sequencing were employed to characterize the genotype of ESBL-producers.  
Antimicrobial susceptibility was measured by disc diffusion.  Overall, 73 of 318 E. coli isolates (22.96%) were identified 
as ESBL-producers.  Of these ESBL-producing E. coli, the prevalence of blaCTX-M and blaTEM-1 was 97.26 and 71.23%, 
respectively.  The predominant CTX-M-type ESBL was CTX-M-15 (65.75%), followed by CTX-M-14 (10.96%), CTX-M-55 
(9.59%), CTX-M-64 (5.48%), CTX-M-65 (4.11%) and CTX-M-3 (1.37%).  This study is the first report of CTX-M-64 and 
CTX-M-65 in E. coli isolated from bovine mastitis.  Furthermore, 72 ESBL-producing E. coli isolates (98.63%) were found 
to be multidrug-resistance.  This study noted high prevalence and rates of antimicrobial resistance of ESBL-producing  
E. coli isolates from bovine mastitis cases in China.

Keywords: extended spectrum β-lactamase, Escherichia coli, multidrug-resistance, bovine mastitis

coli is one of the primary pathogens causing bovine mastitis 
(Kempf et al. 2016; Yang et al. 2016).  Antibiotic therapy is 
the mainstay of treatment for this disease.  However, the 
results of this therapy have been disappointing in large part 
due to the resistance to most of the antimicrobial agents, 
especially the β-lactams and their derivatives (Metzger and 
Hogan 2013).

Resistance to β-lactams in E. coli is mainly based on 
β-lactamases-mediated antibiotics hydrolysis.  Bacteria 
harboring extended-spectrum β-lactamase (ESBL)-
encoding genes can hydrolyze virtually all penicillins and 
cephalosporins (Hijazi et al. 2016).  ESBL producers are 
usually multidrug-resistant (MDR) against non-β-lactam 
antibiotics, including fluoroquinolones, aminoglycosides, 
tetracyclines, sulfamethoxazole and chloramphenicol, which 
makes the treatment difficult (Ho et al. 2007).  The great 
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1. Introduction

Bovine mastitis is one of the most prevalent and costly 
diseases of dairy industry worldwide.  Mastitis can be 
caused by 137 different microorganisms, but Escherichia 
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majority of ESBLs belong to 3 types, including TEM, CTX-M, 
and SHV types (Li et al. 2014).  The predominant genotype 
varied across different geographic regions.  CTX-M 
β-lactamases was the most prevalent ESBLs in China, 
especially CTX-M-14 and CTX-M-15 (Zhao and Hu 2013; 
Liu et al. 2015; Ali et al. 2016).  Recently, lines of studies 
have reported that the prevalence of ESBL-producing  
E. coli was increasing in food producing animals from many 
parts of the world (Li et al. 2014; Rao et al. 2014; Liu et al. 
2015; Xu et al. 2015).  The increasing ESBL-producing  
E. coli isolated from animal sources may pose a potential 
risk for public health because the isolates and resistance 
genes can be transferred to humans through the food chain 
(Kilani et al. 2015).

The aim of this study was to investigate the prevalence 
and characterization of ESBL-producing E. coli from bovine 
mastitis cases in China.  To the best of our knowledge, this 
study reports the largest screening of ESBL-producing  
E. coli causing bovine mastitis so far in China.

2. Materials and methods

2.1. Sample collection and bacterial isolates
  

Mastitic milk samples of cows (n=2 897) were collected 
from 98 commercial dairy herds located in 19 regions of 
China during August 2013 to April 2017 (Table 1).  Mastitis 
cases were confirmed by the California mastitis test 
(CMT).  Samples were collected aseptically for the further 
bacteriological assay as previously described (Pitkälä et al. 
2004).  Isolation and identification of E. coli were performed 
by morphological characterization and biochemical testing 
(Cressier and Bissonnette 2011).

2.2. ESBL-producing E. coli identification

ESBL-producing E. coli isolates were identified by 
ChromID ESBL agar (bioMerieux, France) according to the 
manufacturer’s recommendation.  Each E. coli isolate was 
aerobically incubated on ChromID ESBL agar at 37°C for 18 
to 24 h.  Bacterial colonies show pink to burgundy color on 
the agar were confirmed as ESBL-producing E. coli strains.

2.3. DNA amplification and sequencing

Bacterial DNA was extracted by the Bacterial DNA Kit 
(Omega Bio-Tek, USA) according to the manufacturer’s 
recommendation.  ESBL-encoding genes blaTEM, blaSHV 
and blaCTX-M were detected by PCR with the gene-specific 
primers as listed in Table 2.  All of the PCR products were 
confirmed by bi-directionally sequencing after purified 
through a QIAquick PCR Purification Kit (Qiagen, Hilden, 

Germany).  The DNA sequence obtained was compared 
with those in GenBank using the BLAST Program (https://
blast.ncbi.nlm.nih.gov/Blast.cgi).

2.4. Antimicrobial susceptibility testing

ESBL-producing E. coli isolates were subjected to 
susceptibility testing against 17 antimicrobial agents by 
disc diffusion method according to the recommendations 
of CLSI (2015).  The antibiotics (Oxoid, United Kingdom) 
tested were: ampicillin (10 µg), amoxicillin-clavulanic acid 
(20 µg/10 µg), cefotaxime (30 µg), cefuroxime (30 µg), 
ceftazidime (30 µg), cefaclor (30 µg), cefpodoxime (10 µg), 
aztreonam (30 µg), imipenem (10 µg), meropenem (10 µg),  
streptomycin (10 µg), gentamicin (10 µg), tetracycline  
(30 µg), ciprofloxacin (5 µg), nalidixic acid (30 µg), 
trimethoprim-sulfamethoxazol (1.25 µg/23.75 µg) and 
chloramphenicol (30 µg).  E. coli ATCC 25922 was used 
as a quality control strain.  Isolates resistant to three or 
more antimicrobial categories were classified as multidrug-
resistant (MDR) (Magiorakos et al. 2012).

3. Results

3.1. Bacterial isolates

In this study, a total of 318 E. coli isolates (10.98%) were 
recovered from 2 897 mastitic milk samples from 19 regions 
in China.  Out of these isolates, 73 isolates (22.96%) were 
confirmed as ESBL-positive based on ChromID ESBL 
agar in 8 regions.  Gansu Province showed the highest 
prevalence of ESBL producers (27.85%), followed by 
Shaanxi Province (27.27%), and Ningxia Hui Autonomous 
Region (26.87%) (Table 1).

3.2. Characterization of ESBL-producing E. coli

According to the PCR and sequencing results (Fig. 1 and 
Appendix A), 97.26% ESBL-producing E. coli isolates 
(71/73) were blaCTX-M positive, including blaCTX-M-15 (65.75%, 
48/73), blaCTX-M-14 (10.96%, 8/73), blaCTX-M-55 (9.59%, 7/73), 
blaCTX-M-64 (5.48%, 4/73), blaCTX-M-65 (4.11%, 3/73), and 
blaCTX-M-3 (1.37%, 1/73).  Fifty-two isolates (71.23%) were 
positive for blaTEM-1.  Furthermore, the blaTEM-1 and blaCTX-M 
were observed together in 68.49% E. coli isolates (50/73).  
Gene blaSHV was not detected in any of the isolates.

3.3. Antimicrobial susceptibility

The β-lactam susceptibility profiles and the associated 
antimicrobial resistance of the ESBL-producing isolates 
were summarized in Table 3 and Appendix A.  Overall, 72 
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isolates has increased dramatically in the past several 
years (Chandramohan and Revell 2012).  In this study, 318 
E. coli isolates were collected from bovine mastitis cases 
in China during August 2013 to April 2017, the detection 
rate of ESBL producer was 22.96%, which was similar to 
previously study of bovine mastitis E. coli in China (Ali et al. 
2016), but much higher than the data from other countries 
(Geser et al. 2012; Dahmen et al. 2013; Ohnishi et al. 2013; 
Freitag et al. 2016).  Interestingly, the majority of ESBL 
producers were distributed in underdeveloped regions in 
northern China.  In these regions, antibiotics abuse may be 
unavoidable under the situation of high mastitis incidences 
due to poorly planned dairy infrastructures, sub-optimal 
housing hygiene and lacking knowledge and skills among 
the producers (Kivaria et al. 2007).  Besides, the use of 
extended-spectrum cephalosporins in animals should be 
the primary driving force for the spread of ESBLs (Kilani 
et al. 2015).  Therefore, we should pay great attention to 
the problem and try to make appropriate prevention and 
treatment strategies.  

Recently, studies have reported that CTX-M-type ESBLs 
replaced TEM- and SHV-type ESBLs in Asia, Europe, 
and Canada as the most frequent ESBL type among 
Enterobacteriaceae (Chandramohan and Revell 2012).  Our 
results also confirmed that the blaCTX-M was the predominant 
ESBL gene, followed by blaTEM.  This is consistent with 
other reports from China and other countries that revealed 
CTX-M was the most prevalent ESBL in E. coli from bovine 
mastitis (Freitag et al. 2016; Pehlivanoglu et al. 2016).  
Besides, our results are in accord with previous studies and 
confirm that CTX-M-15 is the most common CTX-M subtype 
among bovine mastitis E. coli in China (Yu et al. 2015; Ali 
et al. 2016).  The same situation is also observed in Japan 
(Ohnishi et al. 2013) and Korea (Tark et al. 2017).  These 
results illustrate the large spread of CTX-M-15-producing 
E. coli from bovine mastitis in the east Asia countries.  
Moreover, the CTX-M-64 and CTX-M-65 producers also 
detected in our study, which had never been reported to 
date among E. coli isolates from bovine mastitis.

Although antibiotics like imipenem, meropenem, 
ciprofloxacin, and chloramphenicol are banned to use in 
food animals, some farmers still use these antibiotics to 
treat or prevent infection, especially to promote animal 

Table 1  Prevalence of extended spectrum β-lactamase (ESBL)-
producing Escherichia coli isolated from 19 regions (cities, 
provinces, and autonomous regions) in China

Sampling region No. of milk 
samples

No. of 
E. coli

No. of ESBL 
producers

Xinjiang 127 18 3
Gansu 636 79 22
Inner Mongolia 278 31 10
Ningxia 804 67 18
Heilongjiang 8 1 0
Liaoning 33 7 0
Henan 160 16 2
Hubei 15 3 0
Jiangxi 10 0 0
Guangdong 66 3 0
Sichuan 137 8 1
Chongqing 10 0 0
Shaanxi 276 44 12
Shanxi 30 6 0
Hebei 67 9 0
Yunnan 4 0 0
Beijing 42 3 0
Shandong 96 4 0
Qinghai 98 19 5
Total 2 897 318 (10.98%) 73 (22.96%)

Table 2  Primers used in this study

Gene Sequence (5´→3´) Annealing temp. (°C) Size (bp) Reference
blaTEM TTTCGTGTCGCCCTTATTCC 58 692 Bailey et al. (2011)

CCGGCTCCAGATTTATCAGC
blaSHV GGGTTATTCTTATTTGTCGC 58 567 Chang et al. (2001)

TTAGCGTTGCCAGTGCTC
blaCTX-M ATGTGCAGYACCAGTAA 51 536 Amel et al. (2016)

ACCGCRATATCRTTGGT

ESBL-producing E. coli isolates (98.63%) were found to be 
MDR.  All isolates were resistant to ampicillin.  The majority 
of isolates were resistant to cefotaxime (98.63%), cefaclor 
(98.63%), cefpodoxime (97.26%), cefuroxime (95.89%), 
amoxicillin-clavulanic (79.45), aztreonam (63.01%) and 
ceftazidime (52.05%).  None of the tested isolates was 
resistant to carbapenems.  Notably, 35 isolates (47.95%) 
were resistant to all tested penicillins, cephalosporins 
and monobactams.  Besides the β-lactam resistance, the 
isolates were also tested for resistance to other antimicrobial 
categories.  Resistance was most frequently observed 
against tetracycline (94.52%), followed by streptomycin 
(86.30%), nalidixic acid (83.56%), chloramphenicol 
(79.45%), trimethoprim-sulfamethoxazole (76.71%), 
gentamicin (75.34%), and ciprofloxacin (67.12%).

4. Discussion

The prevalence of ESBL-producing E. coli among clinical 
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isolates might enter the food chain.  Therefore, we should 
avoid antibiotics abuse and misuse in clinical treatment, 
reducing opportunities for emergence of ESBLs.

5. Conclusion

This study revealed high prevalence and multidrug-resistant 
rate of ESBL-producing E. coli isolates from bovine 
mastitis cases in China.  CTX-M type β-lactamases were 
the predominant ESBLs produced by E. coli, particularly 
CTX-M-15.  To the best of our knowledge, this is the first 
report of CTX-M-64 and CTX-M-65 ESBLs in E. coli causing 
bovine mastitis.
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