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Figure 5.2 Trends of antibiotic resistance over time of maltose negative S. aureus for oxy-
tetracycline (Kirby-Bauer, retrospective data) according to CLSI Vol. 32 No.3 (CLSI 2012) and
(CLSI 2008a), with intermediate responses grouped with resistant responses (the previous
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Figure 5.3 Trends of antibiotic resistance over time of maltose negative S. aureus for
cloxacillin (Kirby-Bauer, retrospective data) according to CLSI Vol. 32 No.3 (CLSI 2012) and
(CLSI 2008a), with intermediate responses grouped with resistant responses (the previous
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Figure 5.4 Trends of antibiotic resistance over time of maltose negative S. aureus for
ampicillin (Kirby-Bauer, retrospective data), according to CLSI M31-A3 2015 and CLSI M100-
S25 2015, with intermediate responses grouped with susceptible responses (the more recent
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Figure 5.5 Trends of antibiotic resistance over time of maltose negative S. aureus for
cephalexin (Kirby-Bauer, retrospective data), according to CLSI M31-A3 2015 and CLSI
M100-S25 2015, with intermediate responses grouped with susceptible responses (the more
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Figure 5.6 Trends of antibiotic resistance over time of maltose negative S. aureus for penicillin

G (Kirby-Bauer, retrospective data), according to CLSI M31-A3 2015 and CLSI M100-S25

2015, with intermediate responses grouped with susceptible responses (the more recent
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Thesis Abstract

Antibiotic resistance profiles of coagulase positive staphylococci

isolated from milk of South African dairy herds

The discovery and the subsequent global use of antibiotics has led to the survival of resistant
microorganisms and suppression of susceptible species. This has caused a worldwide interest
in antibiotic resistance and its threat to human and animal health. World-wide and particularly
in South Africa there is a lack of antibiotic resistance surveillance data specifically for dairy
cattle. The routine sampling of the Milk Laboratory Faculty of Veterinary Science at the
University of Pretoria, as part of the pro-active udder health programme, has generated such
data which needed to be analysed, interpreted and applied in practice. Staphylococcus aureus
(S. aureus), one of the biggest problems in the dairy industry, was chosen as the organism to

be used as the starting point for this ongoing project.

The retrospective antibiotic resistance data (Kirby Bauer) were analysed for S. aureus (n=
2532) to eight commonly used antibiotics available as intramammary remedies for specific
mastitis treatments in Southern Africa from 2000 to 2010. While overall antibiotic resistance
was generally increasing over time as shown worldwide, antibiotic resistance was in fact
decreasing over time for twenty well-managed herds (nineteen in South Africa and one in
Zambia). This was attributed mostly to the effects of good management in the herds that were

regularly tested as part of the pro-active udder health programme.

There were also significant effects of seasons and regions on antibiotic resistance in tested
isolates. All of the antibiotics tested, barring cephalosporins, showed a predicted prevalence
of resistance of above 50% in most provinces. This is a concern. The lowest prevalence of
resistance to the majority of the categories of antibiotics tested was in KwaZulu-Natal Province
during spring. The reasons for the differences in antimicrobial rsistance between seasons and
provinces are obscure. These differences may be a secondary effect related to the amount of
antibiotic usage. The cephalosporins had the lowest levels of prevalence of bacterial
resistance in Gauteng Province during winter. Although, mostly unexplained, such effects on
antibiotic resistance could possibly be attributed to the different weather conditions in different

regions of the country during different seasons.
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The conventional procedures for the identification of S. aureus led to the identification of
coagulase positive and maltose negative staphylococci with doubtful identification of species.
This research aimed at confirming the identification of this organism (conventional
microbiology), which seemed to be an emerging pathogen, using molecular methods (MALDI-
TOF MS, and 16s rRNA sequencing). The isolates of the maltose negative Staphylococcus
sp. tested, were confirmed as being S. aureus by both molecular methods (100% correlation).
However, it is also important to differentiate between maltose negative and maltose positive
S. aureus isolates during routine diagnostics because these organisms react differently and
thus need to be treated differently in practice. Also, maltose negative S. aureus tested positive
for both malA and malR genes. A stop codon was discovered at position 844 of the malA gene
caused by a cytosine to thymine transition which resulted in early termination of the a-
glucosidase protein which would most likely be inactivated. This truncated protein may be the
cause of the maltose negative phenotype. The discovery of this stop codon proves that
maltose negative S. aureus ST 2992 is indeed different to conventionally identified maltose

positive S. aureus.

Antibiotic resistance of maltose negative S. aureus was analysed using retrospective data of
this pathogen (n = 271), from milk samples of 117 farms between 2010 and 2017 (Kirby
Bauer). The analysis was done using both the previous system (intermediate grouped with
resistant) and more recent system (intermediate grouped with susceptible) CLSI breakpoints.
The results between the previous and more recent analysis differed for tylosin, cefalonium,
oxy-tetracycline and cloxacillin. Neither the previous system nor more recent system of
analysis showed any difference between provinces for the maltose negative S. aureus. Strains
of S. aureus which differed on phenotypic identification with the maltose test, also differed in

antibiotic resistance patterns over time, per province, per season and SCC category.

Further antibiotic susceptibility testing (MIC) was carried out, using the automated broth
microdilution method for both maltose positive (n=57) and maltose negative (n =57) S. aureus
from 34 farms. The MIC results for maltose negative S. aureus confirmed the results of the
Kirby Bauer for the products tested. MIC 50 and MIC 90 were susceptible for both maltose
negative and maltose positive S. aureus, except for MIC 90 of maltose negative S. aureus.
This MIC analysis indicated more resistance in general seen in the maltose negative S.
aureus, than in the maltose positive strains. Uncommon resistance patterns such as the
resistance to vancomycin, oxacillin and carpapenems were shown for maltose negative S.

aureus isolates, implying a possible anthroponosis (previously known as reverse zoonosis or



zooanthroponosis). It is still unclear why this is found and how this might be linked to the
difference in the phenotypic identification of this organism.

The surveillance and monitoring of antibiotic resistance is important in order to assist decision
makers, influence legislation, control antibiotic resistance, preserve human and animal health

and to promote food security.



Chapter 1: Introduction

Antibiotic resistance of coagulase positive staphylococci isolated
from milk of South African dairy herds

1. Mastitis

Mastitis is the inflammation of the mammary gland and udder tissue, and is a major endemic
disease of dairy cattle. Bovine mastitis remains a major challenge and the disease responsible
for most economic losses in dairy cows in developed countries despite improvements in
management of subclinical mastitis over the past decade (Geary et al. 2012). Quarter milk
samples with a Somatic Cell Count (SCC) of < 100.000 cells/mL from which no
microorganisms were isolated and without a history of recent infection are considered to be
normal (Harmon 2001, Smith et al. 2001).

In 2001, the International Mastitis Council defined subclinical mastitis as an infected quarter
with a SCC > 200.000 cells/ml milk and in composite milk samples 150 000 cells/ml milk
(Petzer et al. 2017) in the absence of clinical changes to milk (Petzer et al. 2017) based on
findings by DeGraves and Fetrow (1993), Harmon (1994) and Hillerton (1999). A SCC of >
400.000 cells/ml milk was selected for practical reasons. The data used for this study originate
from routine herd examinations and antibiograms were performed for producer / veterinary
use in the field. We anticipated that bacteria isolated from milk with increased SCC may be
potentially more pathogenic and that these isolates could provide a better indication for

antibiotic selection of the particular herd.

1.1 Mastitis in South African dairy herds

Knowledge of mastitogenic pathogens is important. Their categorisation reflects their basic
epidemiology and can guide proactive management of dairy herds. Monitoring of udder health
has been promoted in South Africa to enable the establishment of meaningful goals for
effective udder health herd management (Petzer et al. 2009). The National Milk Recording
Scheme has helped substantially by monitoring somatic cell count, protein, milk fat and milk
urea nitrogen (MUN) on an individual cow basis, but, this scheme is no longer as effective as

it used to be.
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2. Causes of mastitis

2.1 Bacterial species and occurrence

The degree of importance of a specific bacterial agent as a cause of mastitis in dairy cows is
largely dependent on its pathogenicity and the interaction of the environment, the host and

agent.

Contagious mastitis is defined as intramammary infections (IMI) transmitted from cow to cow,
and there are many mastitis pathogens for which the primary reservoir is the cow and the
prevalence of IMI due to the pathogen is significant. Mastitis pathogens that conform to this
description include Streptococcus agalactiae (S. agalactiae), Streptococcus dysgalactiae (S.
dysgalactiae), Staphylococcus aureus (S. aureus), Corynebacterium bovis, multiple

Mycoplasma spp. (Fox & Gay 1993) and Prototheca zopfii (Corbellini et al. 2001).

Historically, mastitis in general, and contagious mastitis specifically, were regarded as caused
primarily by S. agalactiae, formerly known as Streptococcus mastitis. During the first half of
the 20" century, it was not unusual to find 50% to 60% of cows in a dairy herd infected with
that pathogen (Schalm et al. 1971). Concerted regional efforts eradicated S. agalactiae IMI
using a programme that included antibiotic therapy, milking time hygiene, and post milking
teat disinfection. As a result, S. agalactiae is less of a scourge of the dairy industry and
although it still has been reported to be present in a significant proportion in most of dairy
herds (Goldberg et al. 1991), it responds well to treatment. However, more recently there is
an increase in prevalence of S. agalactiae shown in the Scandanavian countries and Columbia
(Cobo-Angel et al. 2018, Pang et al. 2017, Reyes et al. 2017)

Some studies between 1975 and 2018 show that S. aureus at that time may have been the
most prevalent cause of mastitis with estimates that 7% to 40% of all cows were infected
(Bakken et al. 1981, Elliott et al. 1975, Fox & Gay 1993, Gommers et al. 1985, Holmes &
Zadocks 2011, Mgrk et al. 2005, Sol et al. 2000, Wilson & Richards 1980, Wang et al. 2018).
These same investigators reported a range of 1% to 8% of cows with IMI caused by

streptococci including S. agalactiae and other species (Fox & Gay 1993).

In South Africa, S. aureus remains the principle organism which causes mastitis (Petzer et al.
2009, Petzer et al. 2012). An increase in the average herd size over time increases the risk of

spread of mastitis and other diseases, mainly due to the merge of herds (Lactodata 2013).
5
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Bacterial isolates from lactating and dry cows were cultured from dry cow udder quarter
secretion samples and from lactating cow samples in a study undertaken from 1996-2007.
Identification of bacterial isolates from the dry cow secretions (n= 11 946) revealed that
coagulase-negative staphylococci (CNS) also now called non-aureus staphylococci (NAS)
were by far the most numerous at 61.71 %, followed by S. aureus (17.28 %), a haemolytic
S. aureus (STH) (7.81 %), Enterococcus faecalis (E. faecalis) (4.49 %), Streptococcus
dysgalactiae (S. dysgalactiae) (2.51 %), Streptococcus uberis (S. uberis) (1.21 %),
Streptococcus agalactiae (S. agalactiae) (1.21 %) and other bacteria (3.69 %). Similar
percentages of NAS, S. aureus, STH and S. dysgalactiae were isolated from dry and lactating
milk samples. Higher percentages of S. agalactiae and S. uberis were isolated from lactating

cows, while E. faecalis was more prevalent in dry cows (Petzer et al. 2009).

2.1.1 Staphylococcus aureus

Staphylococcus aureus is the most common contagious mastitis pathogen in many dairies,
even though the prevalence, in general, has decreased due to improved milking hygiene and
widely implemented mastitis control strategies (Hillerton et al. 1999). The infected udder is
considered the primary reservoir of S. aureus and the organism is believed to be transmitted
during milking. Despite this, a proportion of heifers enter the milking herd already infected with
S. aureus (Nickerson et al. 1995). This suggests routes of transmission other than milking
equipment. A good understanding of S. aureus reservoirs and transmission is essential for
effective control of the organism in a herd (Abede et al. 2016, Rainard et al. 2017). Modern
molecular techniques have recently been used to identify different strains of the organism
(Dingwell et al. 2006) and these tools are likely to improve our understanding of S. aureus

epidemiology in dairy herds (Leuenberger et al. 2019, Rajala-Schultz et al. 2010).

Over the last 10 years, the number of milk producers has decreased (from 15.000 producers
to <2.000), with an increase in average herd size (from 167 to 293 cows per herd) (Lactodata
2013). The udder health management system as a whole has improved as these larger herds
consist mainly of wellmanaged large commercial dairy herds (Lactodata 2014). But during the
process of expanding of herds, there was an increased risk of spread of contagious mastitis-
causing pathogens through herds which might have led to outbreaks of mastitis (Lactodata
2014).
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Staphylococcus aureus is highly contagious (Gram-positive cocci) and a common cause of
mastitis and therefore often the focus of mastitis research. Staphylococcus aureus can cause
both sub-clinical and clinical mastitis, but it is mostly identified in chronic mastitis with
progressive udder parenchyma damage (Bannerman et al. 2004). Chronic carrier cows are
the major source of infection, shedding the S. aureus bacteria intermittently. S. aureus IMI are
usually transmitted from infected cows to non-infected cows during milking via contaminated
teat liners, milkers' hands and communal cloths (Leslie & Schukken 1999). The design and
function of the milking machine and the milking parlour and the resultant milking routine can
also predispose cows to mastitis (Dodd & Neave 1970). Flies have also been implicated in the

transfer of S. aureus from one animal to another (Mellenberger & Kirk 2001).

Once S. aureus infects the udder it may cause fibroses and abscessation, which may cause
a re-appearance of clinical signs or elevated somatic cell counts and may permanently limit
an infected quarter's ability to produce milk and its ability to respond to treatment
(Mellenberger & Kirk 2001). Staphylococcus aureus is particularly difficult to deal with,
because it may secrete a-haemolysin which can lead to gangrenous mastitis, which can be
fatal to the cow (Mellenberger & Kirk 2001). These bacteria can avoid phagocytosis by
producing a polysaccharide mucous biofilm, around themselves, leading to poor penetration
of the antibiotic during treatment (Parul et al. 2019). They are further shielded from the body’s
defences inside the cell, making it difficult for the extra-cellular defence mechanism of the host
to attack it. All these factors make S. aureus difficult to treat and historically resistant to many
antibiotics (Mellenberger & Kirk 2001, Silva & Silva 2005). As with other bacterial infections,
the epidemiology of IMI caused by S. aureus depends on both bacterial characteristics and

cow susceptibility (Bannerman et al. 2004, Barkema et al. 2006, Petzl et al. 2008).

The management of S. aureus clinical mastitis in South African dairy herds differs from that of
other many countries. In South Africa a pro-active udder health management approach is
followed which includes milk sampling for microbiology and cytology of all lactating cows on a
routine basis (Petzer et al. 2012). These routine examinations allow for the identification of all
the IMI in a specific herd in order to be able to apply management strategies such as
separating the S. aureus cows for life, milking them last, checking for prognosis and treating
the cows that can be treated and culling those that need to be culled. In essence this system
involves managing the cows that are free from S. aureus so that they remain free of this

infection; and in due course, culling those cows that have incurable S. aureus infections.
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2.1.2 a3 haemolytic Staphylococcus aureus lytic group Il (STH)

During 1989 the Faculty of Veterinary Science at Onderstepoort isolated a distinct af
haemolytic S. aureus from milk samples from a large commercial dairy herd for the first time.
Phage typing identified it as belonging to lytic group Il (with variation in its phage pattern)
where all the other S. aureus isolated from the milk of cows, belonged to lytic groups | and 11
The owner, who suffered from chronic sinusitis, tested positive on a nasal swab for S. aureus
(lytic group 1ll) (STH) (Petzer at al. 2009). A South African study of S. aureus from dairy herds
in Bloemfontein in 1985 also isolated S. aureus (lytic group Ill) (STH), believed to be of human

origin (Swartz et al. 1985).

Since that time, the STH has been isolated from large numbers of South African dairy herds,
as well as from the people in close contact with those dairy cows (Petzer at al. 2009). Since
identifying the STH in herds and taking preventive measures, a decline in the percentage of
isolates has been noticed. The presence of anthroponosis as shown by these examples
therefore warrants further investigation (Petzer at al. 2009). The percentage of STH isolated
increased from low numbers during 1996 and 1997 (0%) to (20%) which exceeded the
percentage of the other S. aureus isolates (13%) in 1999 (Petzer at al. 2009). What is of
concern is also the finding of a higher pathogenicity of the STH compared with the other S.
aureus bacteria. For example, 52.4% of S. aureus isolated were from mastitic quarters, while
67.1 % of STH were mastitic (Petzer at al. 2009). Out of the quarters infected with S. aureus
(including STH), 57.7 % had clinical mastitis (Petzer at al. 2009). S. aureus (including STH)
(25.10% of isolates) was the second most abundant and S. agalactiae (5.92 % of isolates) the
third. These three organisms accounted for almost 92 % of isolates (Petzer at al. 2009). The
possible effect of anthroponosis of pathogens from immunosuppressed individuals to cows
should not be ignored (Petzer et al. 2009, Schmidt et al. 2015).

2.1.3 MRSA (Methicillin resistant Staphylococcus aureus)

Milk samples from dairy cattle in South Africa tested negative for the mecA gene in the
Polymerase Chain Reaction (PCR), but showed phenotypic MRSA, using the cefoxitin disc
(Badenhorst et al. 2014). This could have been the strain of S. aureus now found to carry a

homologue of the mecA gene now known as mecC gene (Garcia-Alvarez et al. 2011).

Methicillin-resistant S. aureus is a major cause of healthcare-associated, community-

associated and livestock associated infections. Recently, the discovery of human and bovine
8
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MRSA isolates carrying a new mecA gene homologue, mecA LGA251 (now designated
mecC), has caused concern because they are not detected by conventional, confirmatory tests
for MRSA. Samples (from dairy cattle and human origin) show phenotypic Methicillin
resistance but test negative for mecA gene on PCR. Very little is known about their frequency,
epidemiology and possible transmission between livestock and humans. In a study reported
by Petersen et al. (2013), the epidemiology of the mecC isolates in Denmark was investigated
by screening the national collections of MRSA cases (from 1988 onwards) and S. aureus
bacteraemia cases (from 1958 onwards). Isolates carrying mecC were only recovered
infrequently before 2003 (n = 2) but now seem to be increasing, with 110 cases in 2003 —
2011. Clinical data on mecC-carrying MRSA demonstrated that mecC-MRSA were primarily
community acquired (CA-MRSA) and affected persons typically living in rural areas, who were
older than other CA-MRSA patients. Among 22 cases in Region Zealand of Denmark, four
reported contact with cattle and sheep. Two of these lived on farms with livestock positive for
mecC-carrying MRSA, sharing spa type (t843), MLVA (MT429) and PFGE pattern with the
human isolates. These observations indicated that mecC-carrying MRSA can be exchanged
between humans and ruminants (Petersen et al. 2013, Garcia-Alvarez et al. 2011).

Staphylococcus aureus is an opportunistic pathogen often carried asymptomatically on the
human and animal body. Methicillin-resistant S. aureus are strains that have acquired a gene
rendering them resistant to methicillin and essentially all other beta-lactam antibiotics (Marais
et al. 2009). Methicillin resistant S. aureus was first reported in 1961, soon after methicillin
was introduced into human medicine to treat penicillin-resistant staphylococci (Jevons 1961).
Methicillin resistant S. aureus is of serious concern in human medicine and an emerging
concern in veterinary medicine. It was originally identified in humans that had been admitted
to hospital (Pavillard et al. 1982) but since 1990 community-acquired MRSA strains, not
originating in hospitals, were also isolated (David & Daum 2010, Purcell & Fergie 2005). At
first community- acquired MRSA appeared in high-risk populations such as intravenous drug
users, people in nursing homes and people who were chronically ill, but lately it is reported
even in healthy children. In a survey performed at two academic hospitals in Johannesburg,
MRSA was identified in 23% of S. aureus cases (Marais et al. 2009). South African based
literature, (Perovic et al. 2006), has showed that the bacteraemia rate was significantly higher
(P < 0.0001) among South African patients with hospital-acquired MRSA than those with the

community-acquired strain.
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2.1.3.1 Means of transmission of MRSA

Staphylococcus aureus is transmitted between humans, between animals, from human to
animals and animals to humans when in close contact (Juhdsz-Kaszanyitzky et al. 2007,
Leonard et al. 2006, Seguin et al. 1999). Horizontal transmission between humans usually
occurs by direct contact, often via the hands from colonized or infected people or from
contaminated food (Pavillard et al. 1982, Perovic et al. 2006, Kaszanyitzky et al. 2004). Low-
degree contamination with S. aureus has been reported in retail meat, raw chicken, turkey,
pork, veal, beef, mutton / lamb, rabbit and game and in cheese (Kaszanyitzky et al. 2004).
Numerous studies indicate MRSA as a anthroponosis (Juhasz-Kaszanyitzky et al. 2007,
Leonard et al. 2006, Seguin et al. 1999, Van den Broeket al. 2009, Cuny et al. 2006, Fessler
et al. 2010, Vintov et al. 2003). Approximately 25-50% of the human population are nasal
carriers of S. aureus and of these 20% carry one strain persistently while up to 60% are
intermittent carriers (David & Daum 2010, Leonard & Markey 2008). Methicillin resistant S.
aureus carriage rates in the general population vary from less than 1% to 5% (David & Daum
2010, Leonard & Markey 2008). Methicillin resistant S. aureus strains causing mastitis in cattle
have been shown to be of human origin, although bovine-associated strains have been
suggested (Van den Broek et al. 2009, Spohr et al. 2011).

Many studies indicate MRSA that has originated in animals (David & Daum 2010, Seguin et
al. 1999, Youn et al. 2010). The pig-associated lineage MRSA CC398 strain is of particular
concern and was first recognized as a zoonosis in the Netherlands. In Belgium people in
contact with veal calves have a significant higher risk for colonization with the MRSA CC398
strain. Almost 10% of the Belgium farms have mastitis problems and 4-7% of their cattle were
MRSA positive (Devriese & Hommez 1975). Similar MRSA strains were isolated from mastitis
cows and milkers in a herd (Juhdsz-Kaszanyitzky et al. 2007) while other authors identified
MRSA from mastitis cases in dairy cattle (Van den Broek et al. 2009, Fessler et al. 2010,
Spohr et al. 2011). In South Korea, where MRSA is common among people, the quarter-level
prevalence of MRSA in milk of dairy cows was reported to be less than 0.5% (Youn et al.
2010) while in a study from Switzerland, MRSA was detected in 1% of calves and 0.3% of
cattle (Van den Broek et al. 2009). Genetic analysis of methicillin-resistant S. aureus strain

CC97 was found to have originated from cattle (Price et al. 2013).

Most strains in pets seem to have originated from humans (Seguin et al. 1999) but there are

concerns that they may be transmitted back to people, particularly those who are immuno-

10
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suppressed, chronically ill, or unusually susceptible for other reasons (Juhasz-Kaszanyitzky
et al. 2007, Leonard et al. 2006, Seguin et al. 1999).

2.1.4 Staphylococcus pseudintermedius: Emerging udder pathogen

The Genus Staphylococcus consists of a variety of opportunistic pathogens of variable
relevance in veterinary medicine. The most clinically relevant staphylococci in veterinary
medicine are the coagulase positive, namely S. aureus and members of the Staphylococcus
intermedius (S. intermedius) group, particularly Staphylococcus pseudintermedius (S.
pseudintermedius). Lately Staphylococcus xylosus (S. xylosus) was identified as expressing

a versatile coagulase factor and can from time to time test coagulase positive.

A noted property of staphylococci is their ability to become resistant to antimicrobials.
Methicillin resistance is of particular relevance because it is conferred by the presence of the
mecA gene, which encodes for production of an altered penicillin binding protein (PBP)
(PBP2a or PBP2’) that has a low affinity for the beta-lactam antimicrobials (penicillins,
cephalosporins, carbapenems) (Kwon et al. 2006). The mecA gene resides on a
staphylococcal chromosomal cassette (SCCmec). Other resistance genes can also be located
on this chromosomal cassette or elsewhere in the genome, further limiting treatment options.
Methicillin-resistant S. aureus (MRSA) and methicillin- resistant S. pseudintermedius (MRSP)
have emerged as significant problems in veterinary medicine, from both animal and human

public health perspectives.

Staphylococcus intermedius was described as a species in 1976 based on G+C content and
phenotypic tests (Hajek 1976). It is part of the normal microflora of the skin and mucosa of
dogs and cats (Cox et al. 1988, Cox et al. 1985, Talan et al. 1989) and has also been found
in a wide range of other animals including horses, goats, minks, foxes, raccoons and pigeons.
During the past few years, there has been confusion about the classification of S. intermedius.
In 2005, a S. pseudintermedius was described based on 16S rRNA gene sequence analysis
of isolates from a cat, a dog, a horse and a parrot (Devriese et al. 2005). Recently isolates
formerly identified as S. intermedius by phenotypic characteristics were reclassified (Sasaki
et al. 2007), into three clusters: S. intermedius, S. pseudintermedius and S. delphini based on
the nucleotide sequence analysis of the sodA and hsp60 genes (Sasaki et al. 2007). Bannoehr
et al. (2007) investigated 105 isolates of the S. intermedius group from 10 countries and three
continents by multi-locus sequence typing and found a population structure consistent with

that reported by Sasaki et al. (2007). All canine strains examined in both studies were
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classified as S. pseudintermedius. Therefore, it has been proposed to report all strains from
dogs as S. pseudintermedius, unless genomic investigations prove that the strain belongs to

another related species (Devriese et al. 2009).

While there have been studies on S. pseudintermedius and multi-drug resistant S.
pseudintermedius isolated from dogs, cats and horses, little work has been undertaken on S.
pseudintermedius causing mastitis in dairy cattle. Staphylococcus pseudintermedius was
initially isolated from one large commercial dairy herd in South Africa in 2005 / 2006, which
had been found to have a large number of S. aureus with low SCC < 100 000 cells/ml milk.
After further diagnosis on maltose agar, it was found that in fact most of these coagulase
positive staphylococci were indeed S. pseudintermedius. From 2008 S. pseudintermedius was
isolated from dairy herds in South Africa, but mostly these organisms were susceptible to
antibiotics when tested routinely and isolated from milk with low SCC. However in more recent
years 2016/2017/2018, S. pseudintermedius were isolated showing resistance (MRSA,
cefoxitin disc) and associated with high SCC > 600 000 cells/ml milk (Field et al. 2015, Pilla et
al. 2013).

The present study has been intended to confirm identification of this organism using
phenotypic and genotypic methods and to determine the genetic relatedness between the
bacterial isolates of Staphylococcus pseudintermedius isolated from dairy cattle in SA over
time using PFGE (Barrett et al. 2006, Tenover et al. 1995). Isolates can be grouped into three
categories defined as (1) closely related, (2) possibly related, and (3) different/unrelated
(Tenover et al. 1995). Closely related isolates are those that differ by a single genetic event,
indicated by 2-3 band differences, whereas isolates defined as possibly related or unrelated
differ by two genetic events (4-6 band differences) and >3 genetic events (>7 band
differences), respectively. However, these criteria are most appropriate in studies with limited
genetic variability among isolates, typically modest regional studies (Olive & Bean 1999), as
the criteria inadequately address strain variations related to genetic events such as horizontal

gene transfer (Barrett et al. 2006).

2.1.5 Non-aureus Staphylococci (NAS) (previously coagulase negative staphylococci)

Staphylococcus aureus is still the principal mastitogenic pathogen in South Africa due to its
chronic and destructive nature (Petzer at al. 2009). However, currently NAS are the main
cause of bovine IMI in many countries and not S. aureus (De Visscher et al. 2014, De Visscher

et al. 2016, Petzer at al. 2009). These microorganisms most frequently isolated from bovine
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milk worldwide, are a heterogeneous group of numerous species. The distribution differs
considerably among NAS species IMI; therefore, accurate identification (species level) is

essential for studying NAS epidemiology (Condas et al. 2017).

A study by Supré et al. (2011) found the distribution of NAS causing IMI was highly herd-
dependent, but overall, S. chromogenes, S. xylosus, S. cohnii, and S. simulans were the most
prevalent. In general, much less NAS species than S. aureus were found to cause clinical
mastitis. However, this differs between the various NAS species. The effect of the most
prevalent species on the quarter milk somatic cell count (SCC) was analyzed using a linear
mixed model, showing that Staphylococcus chromogenes (S. chromogenes), Staphylococcus
simulans (S. simulans) and Staphylococcus xylosus (S. xylosus) induced an increase in the
SCC that was comparable with that of S. aureus. Almost all NAS species examined in the
study by Supré et al. (2011) were able to cause persistent IMI, with S. chromogenes causing
the most persistent infections, whereas other NAS species do not cause increased SCC or
persistent infections. In conclusion, accurate species identification cannot be ignored when
studying the effect of NAS on udder health, as the effect on SCC differs between species and
species distribution is herd-specific. S. chromogenes, S. simulans, and S. xylosus seem to be
the more important species and deserve special attention in further studies (Supré et al. 2011).

However, this trait appears to be quite complicated, being partly strain dependent and partly
dependent on the host's immunity. The factors explaining the anticipated differences in
pathogenic behaviour appear to be more difficult to evaluate. Biofilm formation and the
presence of various staphylococcal virulence factors do not seem to (directly) influence the
effect of NAS on IMI but the available information is indirect or insufficient to draw consistent

conclusions. Within-species variation should also be investigated (De Visscher et al. 2015).

Since phenotypic methods to identify NAS from the milk of ruminants often yield unreliable
results, methods for molecular identification based on gene sequencing or fingerprinting
techniques have been developed (Vanderhaeghen et al. 2015). In addition to culture-based
detection of isolates, culture-independent methods may be of interest. On the basis of
molecular work in the study by Vanderhaeghen et al. (2015), the five NAS species most
commonly seen to cause IMI were S. chromogenes, Staphylococcus epidermidis (S.
epidermidis), Staphylococcus haemolyticus (S. haemolyticus), S. simulans and S. xylosus .
Current knowledge suggests that S. chromogenes is a bovine-adapted species, with most
cases of IMI due to this bacterium being opportunistic. Staphylococcus haemolyticus also

appears to be an opportunistic pathogen, but this bacterium occupies a variety of habitats, the
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importance of which as a source of IMI remains to be elucidated. Staphylococcus xylosus
appears to be a versatile species, of which we are still unsure. Staphylococcus epidermidis is
considered to be a human-adapted species and most cases of IMI appear to arise from human
sources, but the organism is capable of residing in other habitats. Anthroponosis should
therefore be considered as a mechanism of transmission in future when working with this
organism. Staphylococcus simulans typically causes contagious IMI, but opportunistic cases
also occur and the ecology of this bacterium requires further study (Vanderhaeghen et al.
2015).

A study by Piessens et al. (2011) found that the NAS species predominating in the
environment were S. equorum, S. sciuri, S. haemolyticus and S. fleurettii. There is conflicting
literature on the origin of S. haemolyticus and according to Vanderhaeghen et al. (2015) it is
an opportunistic organism. Herd-to-herd differences in distribution of NAS species were
observed in both milk and the environment, suggesting that herd-level factors are involved in
the establishment of particular species in a dairy herd (Piessens et al. 2011). Primary
reservoirs of the species causing IMI were found to vary. Staphylococcus chromogenes and
S. epidermidis were rarely found in the environment, indicating that other reservoirs were more
important in their epidemiology. For S. haemolyticus and S. simulans, the environment was
found as a reservoir, suggesting that IMI with these species were possibly environmental in

origin (Piessens et al. 2011).

2.2. Infectious agents other than bacteria

2.2.1 The role of viruses

Bovine herpesvirus 1 (Gourlay et al. 1974, Muylkens et al. 2007), bovine herpesvirus 4
(Wellenberg et al. 2000), foot-and-mouth disease virus (Burrows et al. 1971), and
parainfluenza 3 virus (Kawakami et al. 1966) have been isolated from milk from cows with
clinical mastitis. Intramammary inoculations of bovine herpesvirus 1 or parainfluenza 3
virusinduced clinical mastitis, while an intramammary inoculation of foot and mouth disease
virus resulted in necrosis of the mammary gland. Subclinical mastitis has been induced after
a simultaneous intramammary and intranasal inoculation of lactating cows with bovine
herpesvirus 4. Bovine leukaemia virus has been detected in mammary tissue of cows with
subclinical mastitis, but whether this virus was able to induce bovine mastitis has not been
reported (Yoshikawa et al. 1997). Bovine herpesvirus 2, vaccinia, cowpox, pseudocowpox,

vesicular stomatitis, foot-and-mouth disease viruses (Fuchs 1994) and bovine papilloma-
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viruses can play an indirect role in the aetiology of bovine mastitis. These viruses can induce
teat lesions, for instance in the ductus papillaris, which result in a reduction of the natural
defence mechanisms of the udder and indirectly in bovine mastitis due to bacterial pathogens.
Bovine herpesvirus 1, bovine viral diarrhoea virus, bovine immunodeficiency virus (Snider et
al. 1996) and bovine leukaemia virus infections may play an indirect role in bovine mastitis,
due to their immunosuppressive properties, although more research is warranted to underline
their indirect role in bovine mastitis. Viral infections can play a direct or indirect role in the
aetiology of bovine mastitis; therefore, the importance of this in the aetiology of bovine mastitis

and the economic impact of these agents needs further attention (Wellenberg et al. 2002).

2.2.2 Mycoplasma bovis

Mycoplasma bovis (M. bovis) is a pathogen causing respiratory disease, otitis media, arthritis,
mastitis, and a variety of other diseases in cattle worldwide (Maunsell et al. 2011). It is
increasingly recognized by the veterinary and livestock communities as having an important
impact on the health, welfare, and productivity of dairy and beef cattle. Mycoplasma bovis
diseases can be difficult to diagnose and control because of inconsistent disease shedding
and response to treatments and vaccines, and large gaps in our understanding of the

epidemiology and pathophysiology of these diseases (Maunsell et al. 2011).

The ability of M. bovis to cause mastitis (Bennett & Jasper 1977), respiratory disease (Nicholas
et al. 2002) and arthritis (Stalheim & Page 1975) has been demonstrated in experimental
infection studies, although variation in disease severity is common. In natural infections, M.
bovis has been isolated in pure culture from the mammary gland of cows with mastitis
(Gonzalez et al. 1992a) and from the joints, tendon sheaths, or periarticular tissues of cattle
with arthritis, tenosynovitis, or chronic pneumonia and polyarthritis syndrome (CPPS)
(Stalheim & Page 1975, Adegboyes et al. 1996, Stipkovits et al. 1993, Butler et al. 2000,
Gagea et al. 2006). Mycoplasma bovis is the predominant pathogen isolated from the middle
ear of calves with otitis media (Lamm et al. 2004, Francoz et al. 2004). The role of M. bovis in
the multifactorial bovine respiratory disease (BRD) complex is not as easily defined. At the
group level, seroconversion to M. bovis is associated with increased risk of being treated for
BRD (Martin et al. 1990). Mycoplasma bovis is often isolated from the lungs of cattle with
pneumonia, (Adegboye et al. 1996, Thomas et al. 2002) and identified within lesions using
immunohistochemistry (IHC) (Gagea et al. 2006). However, M. bovis can also be isolated from
the lungs of some cattle without clinical disease or lesions and so variable disease expression

appears to be a key feature of both natural and experimental infections. Mycoplasma bovis is
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often present in the upper respiratory tract (URT) of cattle without clinical disease. Therefore,
although M. bovis alone can cause natural and experimentally induced clinical disease, the
presence of M. bovis does not always result in disease, and clinical disease does not appear
necessary for the maintenance and dissemination of M. bovis in the cattle population
(Maunsell et al. 2011).

Bramley and Dodd (1984) commented that mycoplasma mastitis may be most prevalent in
California (Bushnell 1984, Fox & Gay 1993, Gonzalez et al. 1992b), although it clearly is a
problem in other states of the USA and worldwide (Boughton 1979, Jasper 1981, Jasper 1987,
Ter Laak 1992, Fox & Gay 1993). In South Africa there is limited research done up to date on
Mycoplasma mastitis (Motaung et al. 2017).

3. Factors affecting the incidence of mastitis in cows: Cow factors

3.1 The cows' anatomy: e.g. udder suspension, teat canal, internal blood supply,

lymphatic system

Mastitis is a major cause of economic loss in the dairy industry with approximately 60% of the
loss estimated to be because of decreased milk production (Akers & Nickerson 2011). The
external signs of clinical mastitis are change in milk (floccules, blood, watery), changes in the
udder (heat, swelling and hardness). While these changes are useful for diagnosing the
disease, it is the internal effects of mastitis on the udder that have a detrimental effect on milk
qguality and yield. Normal milk production depends on both the mammary vascular and
secretory systems. Milk synthesis relies on the proliferation of epithelial (udder tissue) cells
and it is estimated that 400L of blood must flow through the blood vessels of the udder to
produce just 1L of milk (Agricultural & Horticulture Development Board 2016). Pathogen
infection and immune response can damage these internal vascular and secretory structures,

negatively impacting their function which leads to decreased milk quality and production.

3.2 Previous udder damage: e.g. from physical trauma, or damaged

parenchyma, previous infections

Mastitis usually occurs primarily in response to intramammary bacterial infection, but also to
intramammary mycoplasmal, fungal, or algal infections. Mechanical trauma, thermal trauma,

and chemical changes predispose the mammary gland to intramammary infection (IMI) (Zhao
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& Lacasse 2007). Mastitis is the most costly infectious disease of dairy cattle in first world
countries, with a large cause being the irreversible damage to the mammary tissue (Oliver &
Calvinho 1995). Although antibiotics may be useful to treat the infection, they do not directly
protect the gland from being damaged (Zhao & Lacasse 2007).

Dealing with clinical mastitis cases remains important but damage to the udder parenchyma
may lower a cow’s lifetime production potential and increase the risk of infecting fellow cows
when infected with host adapted udder pathogens by the shedding of pathogens (DeGraves
& Fetrow 1993, White 2010).

The reliability of records of clinical mastitis cases depends on accurate detection of mastitis
on a day-to-day basis on farms, and these records are often questionable (Petzer et al. 2016).
This is when the evaluation of the status of the udder parenchyma (assessed by palpation)
and teat canal scores is necessary to confirm clinical cases and or udder damage (Petzer et
al. 2016).

3.3 High yields

There are numerous genetic, physiological, and environmental factors that can compromise
host defence mechanisms of the mammary gland. For example, emphasis on genetic
selection to maximize milk production has increased metabolic stresses associated with milk
synthesis and secretion and a negative correlation exists between milk production capacity
and resistance to mastitis (Sordillo 2009, Sordillo & Aitken 2009).

The concept that immunocompromised animals are more susceptible to disease is well
established. It is unlikely that disease susceptibility caused by increased production demands
on food-producing animals will decrease as farmers strive to compete within a global
economy. Intensity of dairy cattle management and genetic selection to increase milk
production will continue and most likely result in additional immunological stresses being
placed on dairy cows. Such stresses are likely to lead to increased risk associated with

mastitis.

3.4 The immune system: past and present

Antibody-mediated immune responses (AMIR) and cell-mediated immune responses (CMIR)
have been used as indicator traits of adaptive immune responses of livestock (Biozzi et al.
1979, Heriazon et al. 2009, Mallard et al. 1992, Sarker et al. 2000). The cell-mediated immune
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responses are based on T-cell interactions with bacterial antigens resulting in the production
and release of cytokines which lead to inflammatory responses as indicated below. The
immune system generally responds to extracellular pathogens by mounting type 2 immune
responses, which are typically characterized by production of antibody of a particular isotype,
immunoglobulin (Ig) G1. The immune system, however, generally responds to intracellular
pathogens by a type 1 immune response, typically characterized as CMIR and dominated by
production of IgG2. Both CMIR and AMIR are essential for host protection against a variety of

infectious diseases (Thompson-Crispi & Mallard 2012).

Intramammary infections induce an inflammatory reaction which causes an increase of SCC
and activation of bacteriostatic enzymes and proteins in the milk. It has been demonstrated
that during spontaneously occurring subclinical mastitis the SCC, mainly macrophages,
secrete cytokines, eicosanoids, acute phase proteins and other immunomediators. In contrast,
the bacteriostatic protein lactoferrin is mainly secreted by mammary epithelial tissue, while
major milk proteins like a-lactalbumin and k-casein are already down-regulated during

subclinical infection (Bruckmaier & Meyer, 2005).

Good health of dairy cows is influenced by the interaction between the innate adaptive
components of the immune system and other factors, such as the local and systemic
inflammatory response, which can sometimes be more harmful than useful. Therefore, for
dairy cows, particularly those in the peri-parturient period, it is important to avoid, or reduce
any kind of infectious, parasitic or metabolic disease and the associated inflammation as much
as possible. Such inflammation can impair cow performance by lowering milk yield, dry matter

intake, fertility, and energy efficiency and can reduce liver function (Bertoni et al. 2015).

Mastitis is a significant disease of adult dairy cattle affecting up to 40 percent of cows within a
herd at any given time. Recent surveys show that udder health problems are consistently the
most frequent cause of morbidity with the US dairy cattle population (McConnel et al. 2018,
Sordillo 2009).The incidence of mastitis is directly related to changes in the composition,
magnitude, and efficiency of the mammary gland defence system. However, many different
aspects of bovine mammary gland defences are sub-optimal during distinct periods of the
lactation cycle, particularly around the transition period (3 weeks before and 3 weeks after
calving) (Sordillo & Streicher 2002). Most notably, this three-week period prior to calving and
through to the first three weeks of lactation have long been recognized as a period when
defence mechanisms of the cow alter dramatically. Therefore, dairy cattle are more

susceptible to mastitis during the peri-parturient period and through peak milk production. New
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intramammary infections occurring during the perinatal period are especially problematic as

they may greatly impact the productive efficiency of dairy cattle in the ensuing lactation.

The mammary gland is protected by a variety of defence mechanisms that can be separated
into two distinct categories: innate immunity and specific immunity. Innate immunity, also
known as nonspecific responsiveness, is the predominant defence during the early stages of
infection (Rainard & Riollet 2006). Nonspecific responses are present or are activated quickly
at the site of infection by numerous stimuli. Nonspecific or innate responses of the mammary
gland are mediated by the physical barrier of the teat end, macrophages, neutrophils, natural
killer (NK) cells, and by certain soluble factors (Sordillo 2009). The specific or acquired
mammary immune system recognizes specific determinants of a pathogen. Activation of
specific mammary immune defences results in the selective elimination of mastitis-causing
pathogens (Sordillo & Streicher 2002). Recognition of pathogenic factors is mediated by
several lymphoid populations, macrophages, and antibody molecules (Sordillo & Aitken 2009).
This may contribute to the spontaneous cure of mastitis which is seen in some cases. Because
of the “memory” of certain lymphocytes, specific inmune responses can be supplemented by
repeated exposure to a pathogen. Vaccination of dairy cattle against certain pathogens can
occur if specific mammary immune mechanisms are effectively activated (See paragraph
5.4.1).

Optimal protection of the mammary gland from new IMI requires that both innate and acquired
protective factors interact in a highly coordinated fashion. Completely eliminating any form of
stress is impractical, and an alternative approach to reduce the influence of stress on disease
susceptibility is to modify the host response to the stressor. If stress-induced changes in host
immunity predispose dairy cattle to disease, then methods of improving the immune response
during distinct periods of stress should increase disease resistance. The challenge that
confronts researchers now is to gain a better understanding of the complex interactions
between the pathogenesis of bacteria, host responses needed to eliminate the pathogens
from the mammary gland, and ways to enhance the immune potential of these factors before
disease is established. Oxidation and the production of free radicals are an integral part of
aerobic metabolism. Considerable evidence supports the contention, however, that oxidative
stress during the peri-parturient and early lactation period may contribute to several health
disorders in dairy cattle (Sordillo & Aitken 2009). The antioxidant requirements of cows will
likely increase as production demands continue to escalate within the dairy industry (Sordillo
2009).
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3.5 Stage of lactation and parity

“Heifer mastitis” is a disease that threatens production and udder health in the first and
subsequent lactations. In general, NAS are the predominant cause of IMI and subclinical
mastitis in heifers around parturition, whereas S. aureus (contagious or host adapted
pathogen) and other environmental pathogens cause a minority of the cases (McDougall et
al. 2007a, McDougall et al. 2007b). Clinical heifer mastitis is typically caused by the major
pathogens. The variation in proportions of causative pathogens between studies, herds, and
countries is considerable. The magnitude of the effect of heifer mastitis on an individual animal
is influenced by the form of mastitis (clinical versus subclinical), the virulence of the causative
pathogen(s) (major versus minor pathogens), the time of onset of infection relative to calving,
cure or persistence of the infection when milk production has started, and the host's immunity
(Nyman et al. 2007, Olde Riekerink et al. 2008).

Intramammary infection in early lactation caused by NAS does not necessarily have a negative
effect on subsequent productivity (Andersen et al. 2010). At the herd level, the impact will
depend on the prevalence and incidence of the disease, the nature of the problem (clinical,
subclinical, non-functional quarters), the causative pathogens involved (major versus minor
pathogens), the ability of the animals to cope with the disease, and the response of the dairy

manager to control the disease through management changes.

Specific recommendations to prevent and control mastitis in late gestation in peri-parturient
heifers are not part of the current National Mastitis Council (NMC) mastitis and prevention
program (Vliegher et al. 2012). Control and prevention is currently based on avoidance of
inter-sucking among young stock, fly control, optimal nutrition, and implementation of hygiene
control and comfort measures, especially around calving. More risk factors for subclinical and
clinical heifer mastitis have been identified (e.g., season, location of herd, stage of pregnancy)
although they do not lend themselves to the development of specific intervention strategies
designed to prevent the disease. Pathogen-specific risk factors and associated control
measures need to be identified due to the pathogen-related variation in epidemiology and
effect on future performance. Pre-partum intramammary treatment with antibiotics has been
proposed as a simple and effective way of controlling heifer mastitis in the past. However,
positive long-lasting effects on somatic cell count and milk yield do not always occur, thus
ruling out universal recommendation of this practice which many are against, unless the IMI
has been identified (Vliegher et al. 2012). Moreover, use of antibiotics in this manner is “off-

label” (relating to the prescription of a drug for a condition other than that for which it has been
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officially approved) and results in an increased risk of antibiotic residues in milk. Pre-partum
treatment can be implemented only as a short-term measure to assist in the control of a
significant heifer mastitis problem under supervision of the herd veterinarian (Vliegher et al.
2012). When NAS are the major cause of intramammary infection in heifers, productivity is not
affected, making pre-partum treatment redundant and even unwanted (Supré et al. 2009,
Piessens et al. 2010, Braem et al. 2011, Park et al. 2011). In conclusion, heifer mastitis can
affect the profitability of dairy farming because of a potential long-term negative effect on udder
health and milk production and an associated culling risk, specifically when major pathogens
are involved. Prevention and control is not easy but are possible through changes in the
management of young stock and heifers. However, the pathogenesis and epidemiology of the
disease remain largely unknown and more pathogen-specific risk factors should be identified

to optimize current prevention programs (Vliegher et al. 2012).

4. Factors affecting the incidence of mastitis in cows: Environmental

and management factors

There have been many research studies and reports over decades concerning mastitis in dairy
cows. Only a few relevant and selected reports are discussed here. An example is the early
study by Gill et al. (1990), which evaluated the economics of mastitis control programmes in
the USA.

4.1 General environment: e.g. cleanliness

Although contagious pathogens can be controlled by pre- and post-milking disinfection of teat
ends and dry cow therapy, these control measures have been less effective against
environmental streptococci (Dodd 1983, Ebehart et al. 1983, King et al. 1981, Natzke 1981)
and ineffective against coliform bacteria (Ebehart & Buckalew 1972, Eberhart 1975, Eberhart
1977, Ebehart et al. 1979).

It is clear that a poor environment should result in dirtier udders. There is a relationship
between teat or udder contamination and occurrence of mastitis (de Pinho et al. 2012).

Total confinement housing, increased cow densities per unit area, and use of bedding
materials that support bacterial growth also can have a marked impact on the susceptibility of

dairy cattle to new IMI by overwhelming important local defence mechanisms (Sordillo 2009).
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A thorough study of a dairy herd in total confinement in the United States, as reported by
Smith et al. (1985), has given a detailed record of the rate of IMI by environmental pathogens
(coliform bacteria and species of streptococci other than S. agalactiae). As reported by Smith
et al. (1985) in Ohio, USA, the rate of IMI was higher during the dry period than during lactation
and increased progressively as parity increased, and was maximal during summer, which
coincided with exposure to coliforms in bedding. Streptococcal spp. infections lasted longer
than coliform infections, and 59% of streptococcal infections and 69% of coliform infections
were present for 30 days of lactation or less (Smith et al. 1985). Clinical cases were highest
during the first 76 days of lactation and during summer (summer rainfall region). Only 6.7% of
coliform infections resulted in acute coliform mastitis, and all acute cases were during summer
or early lactation (Smith et al. 1985). Dry cow therapy reduced the rate of streptococcal
infection during the early dry period but was without effect during the pre-partum period. There
was no effect of dry cow therapy on coliform infection rate during the dry period (Smith et al.
1985). A study by Ward et al. (2002), found that any of the early lactation cows were heavily
and persistently contaminated with faeces, while the dry cows were much cleaner. Groups of
cows with firmer faeces were also cleaner. The farm with the lowest incidence of mastitis had

the cleanest cows and the most satisfactory beds.

4.2 Specific environment: e.g. milking hygiene

Hygiene essentially is part of preventive medicine. Therefore milking hygiene in its broader
sense is defined as the sum of all methods to prevent diseases of the cow and related

influences on the milking composition (Hamman 1991).

Many management practices have shown consistent associations with herd-level SCC when
used in usual dairy settings. These practices should be the cornerstone of udder health
recommendations to dairy producers (Dufour et al. 2011). Simple hygiene routines combined
with antibiotic therapy for clinical mastitis and for all cows at drying-off, have been shown to
reduce new udder infection from as far back as 1970 (Kingwill et al. 1970). After two years of
these procedures, the levels of infection decreased from 55 to 22% of cows and from 28 to
9% of quarters in 30 herds. Clinical mastitis had declined by at least 40%. The level of infection
had been reduced in every herd except one, which was the only herd with <5% of quarters
infected at each herd test, which was a very low level throughout the experiment. The
experiment revealed wide differences between herds in the rate of new infection, occurrence
of clinical mastitis, and response to therapy of staphylococcal infections. The geometric mean

bulk milk cell count of the 30 herds was 730 000 cells/ml at the start of the study and fell to
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400 000 cells/ml. Within the same period 100 untreated herds had a geometric SCC mean of
790 000 cells/ml bulk milk, with no apparent trend.

Dodd & Neave (1970) and Kingwill et al. (1970) described Mastitis Field Experiments 3 (MF3),
from which the original 5 point plan was developed, of which three points were teat disinfection
and wearing gloves, drying off and lactation therapy, and machine testing and maintenance,
but did not include culling. Dodd (1983), consistently reported a three-point plan until at least
1983. The pro-active udder health programme (Petzer 2018), was developed by modifying the
original 5-point mastitis plan (Dodd & Neave 1970).

4.3 Climate and seasonal variations, such as rainfall and temperatures

Heat stress can have a great effect on dairy cows in South Africa. Heat stress occurs in the
current climatic situation where very hot environmental temperatures are normal in summer;
or these hot conditions might occur as a predicted result of global warming in the future. A
study by Williams et al. (2016), used current milk production data of Holstein dairy herds on
pasture in South Africa, together with climate variables related to heat stress, to model and
identify geographical areas for optimal milk production under current and future climatic
conditions. The modelled map indicated optimal milk production areas in the eastern parts of
South Africa, which correlates well with the geographical influence of heat stress as
represented by the temperature humidity index for the country (Williams et al., 2016). Future
climate change hypothetical projections for many decades ahead were used to predict optimal
milk-producing areas for the future. This indicated progressive decreasing of current suitable
areas and a geographical shift towards the southern parts of the east coast of South Africa.
Possible long-term viable alternatives suggested by Williams et al. (2016), included changes
in nutrition and replacing existing breeds with more heat tolerant genotypes. According to the
results of Hammami et al. (2013), in Luxembourg all temperature and humidity indices had
identified heat stress thresholds for the production and SCC in Holstein cows. The thresholds
were lower compared with those of tropical, subtropical, and Mediterranean
climate conditions. The low threshold values could be potentially attributed to a reduced
adaptability of Holsteins to heat stress under temperate conditions (Hammami et al. 2013). A
study by Smith et al. (2013) in Mississippi State which compared heat stress between Jersey
and Holstein cows, showed that Jersey cows appeared to be more heat tolerant than Holstein

cows. However, Holstein cows still produced larger volumes of milk (Smith et al. 2013).
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Extreme/ intense weather conditions and climatic differences may cause bacteria to form
protective mechanisms such as biofilm (genetic virulence factor) which can cause an increase
in the prevalence of antibiotic resistance (da Silva-Meira et al. 2012, Melo et al. 2014). Thus
climatic and seasonal variations may influence intramammary infections and in turn antibiotic
resistance of mastitis causing pathogens. According to Wingfield & Kenagy (1991) and Blank
(1992) seasonal changes are cyclic, largely predictable, and represent the strongest and most
abundant source of external variation influencing human and natural systems. Although
generalizations can be made about the climate in the various provinces, there are

considerable variations within each province of South Africa (Smith 2006).

Observed trends in seasonal and annual total rainfall, number of rain days and daily maximum
and minimum temperature have been calculated for several stations in South Africa for the
period 1960-2010 (MacKeller et al. 2004). Statistically significant decreases in rainfall and the
number of rain days have been shown over the central and North Eastern parts of the country
in the autumn months and significant increases in the number of rain days around the southern
Drakensberg were evident in spring and summer. Maximum temperatures were shown to have
increased significantly throughout the country for all seasons and increases in minimum
temperatures for most of the country. A notable exception was the central interior, where
minimum temperatures decreased significantly. No regionally aggregated rainfall trends for
six water management zones covering the entire country were evident for total rainfall, but
there were some significant trends for the number of rain days (MacKellar et al. 2014). How
these changes might affect the incidence of mastitis is not clear, as no studies are known to
be investigating these trends at present.

4.4 Physical damage: e.g. from poorly designed or maintained milking

machines, or incorrect hand milking

Three main types of milking systems are used in dairy operations: the stanchion (portable
individual cow milking system), the parlour systems and robotics: In stanchion systems, hand
milking may be carried out, or milking units are brought to the tethered dairy cow for milking.
The workers typically stand in between tethered cows where they kneel or squat to perform
milking tasks. Stanchion systems are common among smaller dairy operations (<100 head).
In contrast, parlour systems involve cows moving into stalls where cows are milked
simultaneously by workers located in a pit adjacent to the milking stalls (Douphrate et al.

2009). The number of cows milked at one time varies according to parlour design.
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Parlour systems are used in commercial dairy herds in South Africa and abroad as they can
accommodate large numbers of dairy cattle (Donkin 1981, NAHMS 2003). Three parlour
configurations are commonly used in South Africa: parallel (quick exit), herringbone (tandem
parlours with side opening gates) and rotary (usually rotary abreast) parlours. These
configurations present different workstation designs and may create different demands on the
cow and milkers, affecting both the management and the physical well-being of the cow. For
example, in the herringbone configuration, the cows enter and stand next to each other, facing
away at an angle from the milking operator's pit. The milkers access the udder from the side
of the animal (Douphrate 2009). The limitation is that cows enter and leave in batches, which
might not make sufficient allowance for the differences in milking time within a group (Donkin
1981). Parallel milking parlours are similar to herringbone milking; however, in a parallel
parlour cows stand perpendicular to the milking operator pit rather than at an angle, and the
cows are milked from the rear between the cow's hind legs rather than from the side. The
advantage of the parallel parlour design is that the cows stand closer together so the walking
distance for milkers’ is shorter than in a herringbone design. The disadvantage is that cows
must be milked from behind, so the tail will often be in the way, and the reach distance may
be longer (Douphrate 2009).

Rotary parlours are gaining in popularity among large dairy farms with herds in excess of 500
cows. Although three designs have been developed (rotary abreast, rotary tandem and rotary
herringbone), the rotary abreast parlour is most favoured in South Africa. With the rotary
milking parlour design, cows enter a carousel that rotates in a turntable-like fashion while
milkers’ stand in one location. The rotary milking parlour design is considered to be
advantageous because of its high efficiency in throughput of cows per hour. Ideally one
operator should be able to run the entire milking operation from the same position while cows
enter and exit at a constant rate with little or no pause in milking tasks between cows; but this
can only be done if there is automated cluster removal and teat dipping, which is done in New
Zealand but not in South Africa. From a milking efficiency perspective, the rotary milking
parlour design is preferred as more cows can be milked per unit time compared to other parlour
designs (Reinemann 2005 & Sorenson 2015). However, rotary parlours cost a great deal more
to install compared to the parallel and herringbone parlour designs (Douphrate et al. 2009).
The disadvantage of rotary parlours is that the speed at which the animals are moved from
the entrance to the exit is preselected and may be determined by the animal of the herd
requiring the longest time to be connected and to be milked. This could lead to the other

animals being moved unnecessarily slowly from the entrance to the exit, or in contrast a faster
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milking routine not allowing enough time for all the recommended procedures during the
milking routine (washing the udder, drying the udder and stripping the foremilk) (Van Der Lely
2000). Because of these considerations, rotary parlours might place the cows at a greater risk

of mastitis than those milked in simpler systems (Donkin 1981).

Teat end damage is caused by many factors that include the milking machine layout, setting,
maintenance and use. As far as the layout is concerned, the height of the milk line in relation
to the height of the cows’ udder will determine the level of the system vacuum. The higher the
system vacuum the greater the risk for high vacuum at teat end. The latter is a major cause
for teat canal damage. In addition, there are many swing-over parlours in South Africa with
high milk lines. The teat canal forms the cow's first line of defence against the bacteria which
cause mastitis (Petzer & Swan 2018). The infrequency of new infection suggests that the teat
canal is normally a very effective barrier. It has a single opening which is surrounded with
muscle fibres. These close the teat canal tightly, retaining the milk within the udder and
preventing the entry of microorganisms. The teat canal is lined with keratin which aids the
physical seal and has antibacterial properties. Machine milking can alter the integrity of the
teat orifice/canal to a varying extent and so may reduce the resistance to bacterial invasion.
Ideal machine milking conditions would minimize congestion of the teat end, conserve the
keratin layer and leave the muscles with the ability to close rapidly when the milking cluster is
removed. The milking conditions should provide adequate stimulation and rapid milk extraction
consistent with least damage and minimal handling of the teats. Transmission of mastitis
pathogens between the teats of a cow and through the teat canal during milking can be
minimized by modifying the design of the cluster, e.g. by having a continuous flow of milk from

each teat, with no surging of the milk in the claw piece (Grindal 1988).

4.5 Nutrition: type of feeding system; adequacy of diet

Dairy cows undergo substantial metabolic and physiological adaptations during the transition
from pregnancy to lactation. Coordinated shifts in nutrient partitioning must occur in order to
meet the increased demand for energy and other nutrients necessary for foetal growth and
lactation (Campbell & Miller 1998, Drackley 1999). Good nutrition is essential in maintaining a
functional immune system, while also avoiding other causes of inflammation, such as tissue
damage and digestive and metabolic syndrome-related disorders. Provision of appropriate
nutrients, such as antioxidants, omega-3 polyunsaturated fatty acids, conjugated linoleic acid

and vitamin D can have anti-inflammatory effects (Bertoni et al. 2015).
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In South Africa there was a shift from herds predominantly fed on total mixed rations (TMR) in
1997 to pasture- based herds up to 2013. Pasture based herds have an increased exposure
to environmental pathogens while grazing and are under less production stress due to being
milked only twice daily and are less likely to develop clinical mastitis. They therefore do not
need to be treated as often for clinical mastitis, and thus are also less likely to develop
antibiotic resistance (Crompton et al. 2007). In TMR dairy operations, in addition to treatment
for mastitis, antibiotics have several other uses, including prophylaxis and can also be used

in milk replacers for calves (WHO 2002).

However, bacteria such as S. uberis is the main organism causing IMI in New Zealand
(pasture based farms) dairy herds and they are difficult to treat successfully. One of the main
reasons is perceived to be the use of faecal slurry on pastures in New Zealand. Cows excrete
S. uberis in their faeces and some may become chronic carriers. Pasture based dairy herds
have increased in South Africa and the same land has now been used over decades. In some
cases, in South Africa, farmers have also started to use slurry on their pastures. A recent
South African study, Blignaut et al. (2018) indicated that the S. uberis IMI increased in pasture-
based herds in South Africa over time.

Oxidation and the production of free radicals are an integral part of aerobic metabolism. A
variety of reactive oxygen species (ROS) are produced by normal metabolic processes and
by certain leukocyte populations during defence against disease. Accumulated scientific
evidence supports the concept that oxidative damage of tissues and cellular components are
either a primary or secondary cause of many human diseases. Unfortunately, considerably
less is known about how oxidative stress can affect veterinary health and well-being,
particularly during times of high metabolic activity. The performance of high producing dairy
cattle can be optimized to a certain extent by supplementing diets with optimal levels of
micronutrients with antioxidant capabilities. However, oxidative stress continues to be a
problem in transition cows. Innovative approaches are needed to enhance the antioxidant
defence mechanisms of dairy cattle during times of increased metabolic demands (Sordillo &
Aitken 2009).
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4.6 Human management and personal hygiene

The influence of management practices on bulk milk SCC (BMSCC) has been evaluated in
several studies (Barkema et al. 1998, Bartlett et al. 1992, Erskine et al. 1987, Faye et al. 1997,
Goodger et al. 1993, Hutton et al. 1990, Kingwill et al. 1970, Moxley et al. 1978, Neave et al.
1969). The influence of management style on disease, production, and culling has been
described in several studies (Beaudeau et al. 1996, Bigras-Poulin et al. 1985a, Bigras-Poulin
et al. 1985b, Dohoo et al. 1984, Enevoldsen et al. 1996, Faye 1991, Kiernan & Heindrichs
1994). Management style and its association with bulk milk somatic cell count (SCC) and the
incidence rate of clinical mastitis were studied by Barkema et al. (1999) in 300 Dutch dairy
herds. The most striking difference between farmers of herds with low and high bulk milk SCC
was that the first group worked precisely rather than fast; the latter group of farmers worked
quickly rather than precisely. As a result, the farms with herds that had a low bulk milk SCC
had better hygienic conditions than those farms with herds that had a high bulk milk SCC
(Barkema et al. 1999).

4.7 Mastitis management in South Africa and Staphylococcus aureus antibiotic
resistance

The management of S. aureus IMI in South African dairy herds differs from most other
countries. In South Africa a pro-active udder health management approach is followed which
includes whole herd microbiological and cytological examinations on a routine basis (Petzer
et al. 2012). In essence this is to identify S. aureus IMI, or cows with a less pathogenic strain
of S. aureus, and to facilitate the control with a view to eradication of S. aureus from positive

herds.

The pro-active udder health management programme includes the following procedures:

a) S. aureus is routinely identified from whole herd by examinations of microbiology and
cytology. Whole herd investigations are done during which all the lactating animals are tested
(microbiology and cytology) every 2 to 3 months. Such monitoring ensures the isolation of all

intramammary S. aureus infections.

b) S. aureus cows are separated for life and milked last.

C) Early responsible treatment using probability of cure calculations (Sol et al. 1997)
d) Strict culling programmes

e) Decreasing S. aureus prevalence also by using vaccination

f) Resulting in decreased antimicrobial resistance of S. aureus
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s)] Re-training of staff and re-evaluating of microbiology and cytology of whole herd on a

routine basis (ideally every 2 to 3 months).

5. Antimicrobials

Antimicrobials play a vital role in the management of bacterial infections, reducing morbidity
and preventing mortality. However, the extensive use of antimicrobials in animal and human
health, agricultural, and environmental sectors has resulted in increased drug resistance that
threatens to reverse the life-saving power of these medicines (Department of Health and
Department of Agriculture, Forestry and Fisheries (DAFF) 2018). The first commercially
available antibacterial was Prontosil, a sulfonamide developed by the German biochemist
Gerhard Domagk in the 1930s (Sneader 2001). In the case of Prontosil (sulfa drugs), it was
discovered in 1932, introduced in 1936 and resistance was first observed in 1942 (Lewis
2013).

The discovery of penicillin in 1928 by Alexander Fleming (Fleming 1929), is recognized by
many people as the first true antibiotic, a term coined by Selman Waksman as a compound
produced by or derived from microorganisms that in dilute concentration, effectively inhibit the
growth of or effectively kill other organism (Waksman 1947). The active compound of penicillin
was isolated and set in production thanks to the work of Howard Florey and Ernst Boris Chain
(Ligon 2004), for which they alongside Fleming received the Nobel Prize in 1945. Penicillin
was discovered in 1928, introduced in 1938 and resistance was first observed in 1945 (Lewis
2013).Previously untreatable, devastating diseases, such as streptococcal and chlamydial
infections became treatable with the introduction of penicillin. The discovery of antibiotics
inspired a new era in the treatment of infectious diseases and paved the way for modern
medicine, through the golden era of antibiotic drug discovery from the 1940’s to the 1960’s
(Lewis 2013).

Commonly used antibiotics available for use in South Africa as intramammary remedies are
limited mostly to ampicillin, cloxacillin and combinations of these, with only very few
cephalosporins, lincosamides, tetracyclines available in both lactating and dry cow
intramammary remedies , due to the relatively small market in South Africa (Carrington et al.
2016). See Appendix A, for the complete list of intramammary remedies (dry cow and lactating
cow), available over the time of the study. Also not all of the products on Appendix A were

available for the full study period. Since then some of these remedies are no longer available
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specifically since 2019 and very few new remedies (same active ingredients) have come onto
the market, making the current selection available even smaller (only 3 dry cow and 4 lactating

cow remedies currently available on South African market in January 2020).

5.1 Antibiotic classification

5.1.1 Antibiotic classes

Antibiotics are divided into classes and then further into subclasses. The main antibiotic
classes are: beta lactams, tetracyclines, quinolones, sulphonamides, aminoglycosides,
lincosamides, macrolides, amphenicols, pleuromutilins and polypeptides (OIE 2007, Gualerzi
et al. 2014). Within each class, the antibiotics are further divided by characteristics such as
activity against specific organisms, ability to work under anaerobic conditions or being beta-
lactamase stable. As an example, the penicilions which fall under the greater beta lactams
grouping is further divided into the natural penicillins (Penicilin G), aminopenicillins
(amoxicillin), beta-lactamase stable/resistant (oxacillin and methicillin), beta-llactamase

inhibitor combinations (Amoxycillin and clavulanic acid)(OIE 2007, Gualerzi et al. 2014).

5.1.2 Antibiotic action

The difference between bactericidal (kills the organism) and bacteriostatic (inhibits growth
temporarily) agents appears to be clear according to the in vitro definition, but this only applies
under strict laboratory conditions and is inconsistent for a particular agent against all bacteria
(Pankey & Sabath 2004). Although bacteriostatic/bactericidal data may provide valuable
information on the potential action of antibacterial agents in vitro, it is necessary to combine
this information with pharmacokinetic and pharmacodynamics data to provide a more
meaningful prediction of efficacy in vivo, to achieve a clinical outcome (Pankey & Sabath
2004).

Pharmacokinetics is the mathematical description of the relationship of antibiotic concentration
in the body relative to the time of administration. Pharmacodynamics describe the relationship
of antibiotic concentration in relation to the pharmacologic effect or microorganism death (van
Bambeke & Tulkens 2001). When these two principles are taken into consideration in
combination, the effect of a specific antimicrobial can be better described. Two commonly
used principles are used to describe the action of the antimicrobial drugs viz. time and

concentration dependent
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The term,"time dependent” means that the rate and extent of microorganism killing remains
unchanged regardless of maximum antimicrobial concentration achieved, on condition that
the minimum inhibitory concentration is maintained for a specified period of time. The
pharmacodynamic parameter that is most often predictive of outcome for concentration
independent drugs is temperature (T)> minimum inhibitory concentration (MIC), although the
area under the curve (AUC)/MIC can be used because the AUC takes both the antimicrobial
concentration and time into account. Examples of concentration independent antimicrobials
include: vancomycin, macrolides, aztreonam, carbapenems, clindamycin, tetracyclines,

quinupristin/dalfopristin, flucytosine, and azole antifungals (van Bambeke & Tulkens 2001).

The term “concentration dependent” (time independent) means that the rate and extent of
microorganism killing is a function of the antimicrobial concentration (increase as the
concentration increases) achieved in relation to the minimum inhibitory concentration
independently of the time of this said concentration being maintained. The pharmacodynamic
parameter that is most often predictive of outcome for concentration dependent drugs is
Cmax/MIC, although the AUC/MIC can be used because the AUC takes both the antimicrobial
concentration and time into account. Examples of concentration dependent antimicrobials
include: fluoroquinolones, aminoglycosides, and amphotericin B (van Bambeke & Tulkens
2001).

5.1.3 Antibiotic spectrum

Antibiotics are in use against bacterial as well as some parasitic infections and have either a
bacteriostatic or a bactericidal effect and can be effective against a small group of bacteria
(narrow spectrum) or a wide range of pathogens (broad spectrum) (Apua glossary 2019).

The term broad-spectrum antibiotic can refer to an antibiotic that acts on the two major
bacterial groups, Gram-positive and Gram-negative, or any antibiotic that acts against a wide
range of disease-causing bacteria (Apua glossary 2019), e.g. the aminoglycosides, the 2nd
and 3rd generation cephalosporins, the quinolones and some synthetic penicillins, some of
these are narrower than the very broad ones (e.g. tetracyclines are broader than tazocillin,
which is broader than cephalosporins) (Acar 1997) sometimes referred to as moderate

spectrum antibiotics, e.g. macrolides.

Narrow-spectrum antibiotics are active against a selected group of bacterial types and are

used mostly for treatment of a specific infection when the causative organism is known (Apua
31



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

glossary 2019); for example, considering the older penicillins (penicillin G), the
macrolides and vancomycin, some of these have a narrower spectrum than others (e.g.
macrolides versus metronidazole) (Acar 1997). These will not kill as many of the normal

microorganisms in the body as the broad-spectrum antibiotics.

5.1.4 Intrinsic and acquired resistance

Bacteria can be intrinsically resistant to certain antibiotics but can also acquire resistance to
antibiotics via mutations in chromosomal genes and by horizontal gene transfer. The intrinsic
resistance of a bacterial species to a particular antibiotic is the ability to resist the action of
that antibiotic as a result of inherent structural or functional characteristics, which can be
predicted from an organism's identity (Blair et al. 2014, Cox & Wright 2013). Knowledge of
the intrinsic resistance of a pathogen of concern is important in practice to avoid inappropriate
and ineffective therapies (Cox & Wright 2013). For bacterial pathogens which are naturally
insensitive to a large number of classes of antimicrobials, such as Mycobacterium tuberculosis
and Pseudomonas aeruginosa, this consideration can pose a limitation in the range of options
for treatment and thus consequently further increase the risk for emergence of acquired
resistance (Cox & Wright 2013).

5.2 Legislation and the use of antibiotics in South Africa

Antibiotics, including intramammary mastitis remedies, are registered in South Africa under
two Acts namely: Medicines and Related Substances Control Act as amended (Act 101 of
1965) for scheduled medicine that are only available on prescription from veterinarians; and
the Fertilizers, Farm Feeds, Agricultural Remedies and Stock Remedies Act (Act 36 of 1947)
where antibiotics and stock remedies are made available over the counter. There is much
evidence to suggest that dairy producers often treat cows with antibiotics symptomatically or
without confirmation. Such treatment may contribute to the emergence and/or persistence of
antibiotic resistant strains in humans (Burgos et al. 2005), and may lead to a similar scenario
in animals. However, the focus worldwide and in South Africa, is now on prudent use which
should have a greater effect on the effectiveness, antibiotic use and any consequent
resistance. Any type of regulatory system which offers easy availability of antibiotic products
may be a contributing factor to an increase in antibiotic resistance of mastitis causing
organisms, even though in South Africa the emphasis for many years has been on the prudent

use of antibiotics regardless of the availability of the products.
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5.2.1 Antibiotic use in animals

The previous Department of Agriculture, Forestry and Fisheries (DAFF) in partnership with the
South African Animal Health Association (SAAHA) has been reporting antimicrobial
consumption in animals in accordance with the World Organisation for Animal Health (OIE)
requirements (National Department of Health 2018). From 2014 to 2015 the predominant
antibiotic group used in animal health have been the growth promoters (62%), followed by
tetracyclines (17%) and macrolides (11%). The growth promoter group includes antibiotics not
used in human health such as ionophores, flavophospholipol (flavomycin), olaquindox, zinc
bacitracin and tylosin (National Department of Health 2018). Only tetracycline and tylosin are
registered as antibiotics for growth promotion by The Fertilizers, Farm Feeds, Agricultural
Remedies and Stock Remedies Act (Act 36 of 1947) whilst ionophores are classified as
antiparasitics but interpreted by the pharmaceutical industry as “growth promoters” and
therefore are being reported as such (National Department of Health 2018). In South Africa at
present antibiotics such as, monensin, an ionophore (Erasmus et al. 2005), is still allowed to
be used in feed of dairy cattle and is available over the counter under Act 36, as a stock
remedy (Henton et al. 2011).

5.2.2 Antibiotic use in humans

South Africa’s antibiotic use in 2015 was 21 149 standard units per 1000/population (IMS
Health 2015, 1 standard unit is equivalent to 1 tablet, or injection), significantly higher than
most other countries in the world. Broad-spectrum penicillin usage was 1.3 to 3.3 time more
than that used in other BRICS countries (Brazil, India, Russia, China and South Africa) and
0.8 time that used in the United Kingdom or the USA (National Department of Health 2018).

The consumption of antimicrobials by humans in the public sector, sourced from procurement
data, shows that cotrimoxazole made up almost 50% of all antibiotics procured with a
decreasing trend over time as the contribution of the antiretroviral programme started to take
greater effect and there was a decreased need for Pneumocystis jiroveci pneumonia (PJP)
prophylaxis (National Department of Health 2018). There is minimal use of narrow-spectrum
penicillins as compared to broad-spectrum penicillins, however the proportionate consumption
of broad-spectrum penicillins has remained between 19.6% to 18.2%, for 2016 to 2017
(National Department of Health 2018).
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5.3 Antibiotic resistance

In recent years, the Infectious Diseases Society of America has highlighted a group of
antibiotic resistant bacteria which comprises of six pathogens commonly associated with
antimicrobial resistance: Enterococcus faecalis and Enterococcus faecium, S. aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Escherichia
coli (E.coli) (ESKAPE) (National Department of Health 2018, Santajit & Indrawattana 2016).
The ESKAPE pathogens are the leading cause of nosocomial infections throughout the world.
Most of them are multidrug resistant isolates, which is one of the greatest challenges in clinical
practice. Multidrug resistance is amongst the top three threats to global public health and is
usually caused by excessive drug usage or prescription, inappropriate use of antimicrobials,

and substandard pharmaceuticals (Santajit & Indrawattana 2016).

Information has become available about antimicrobial resistance from surveillance data in
blood culture of humans for ESKAPE pathogens in South Africa (National Department of
Health 2018). Resistance levels for S. aureus have declined from 36% to 23% (of which 1 in
4 are MRSA) over the past 6 years, and resistance varies across the provinces of South Africa
(National Department of Health 2018). Ampicillin remains the drug of choice for Enterococcus
faecalis, but ampicillin resistance of Enterococcus faecium is greater than 90% with the added
growing concern of vancomycin resistance (a last resort antibiotic), especially in the Free State
(National Department of Health 2018). In South Africa for E. coli one in four blood stream
infections are resistant to 3 generation cephalosporins (ESBL). For Klebsiella pneumoniae,
Pseudomonas aeruginosa and Acinetobacter baumannii, one in twelve, one in four and eight
in ten blood stream infections are resistant to carpapenems respectively (National Department
of Health 2018).

Certain erythromycin-resistant strains of S. aureus are sensitive to other macrolide antibiotics.
If these strains are exposed to low levels of erythromycin, resistance to other antibiotics is
induced. The antibiotics to which resistance is induced by erythromycin include: other
macrolides as well as lincosaminide, streptogramin (group B) antibiotics but not
chloramphenicol, amicetin, streptogramin (group A) antibiotics, tetracyclines, and
aminoglycosides. Hence erythromycin induces resistance exclusively towards inhibitors of
50S ribosomal subunit function and, thus far, only with respect to three of six known classes
of inhibitors which act on this subunit (Weisblum & Demohn 1969).
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Resistance patterns to commonly used antibiotics in dairy herds are often not known, nor for
different seasons and regions. Limited data are available in South Africa on antibiotic
resistance surveillance in dairy cattle (Petzer et al. 2012, Schmidt et al. 2015, van Vuuren et
al. 2007) which highlighted the need for more detailed information of resistance patterns. This
knowledge will be valuable to veterinarians and producers when using antibiotics and for
reactive treatment of dairy cattle in various regions. This information will also be valuable to
pharmaceutical companies, to know which antibiotic active ingredients are likely to be effective
in dairy cattle, as there is not much variety in intramammary products available in the South
African market. This information can also assist in development of policy on access and use

of antibiotics and inform users on some general aspects and trends of effective antibiotics.

There is only a small selection of intramammary antibiotics available for use on the South
African market, which are mainly ampicillin and/or cloxacillin based products. Antibiotic usage
has been shown to correlate with the emergence and maintenance of antibiotic-resistant traits
within pathogenic strains in ruminants (Ben Zakour et al. 2008). Dairy cattle producers are
particularly affected because of the negative impact resistant strains have on milk production
(Bean et al. 2004). Programmes for the control of contagious mastitis involve improvements
in hygiene and disinfection aimed at disrupting the cow-to-cow mode of transmission as well
as the elimination of infected cows via antibiotic treatment or culling (Barkema et al. 2006).
The ability to treat mastitis effectively depends not only on the efficacy of the active ingredient
of the antibiotic (Bradley & Green 2009), but also on many aspects of management, hygiene,
cow immunity, application of the intramammary product and other factors. Bacterial
susceptibility to an antibiotic as determined by susceptibility testing can aid in the appropriate
selection of an antibiotic for treatment of mastitis in dairy cows (Brinda 2009). The knowledge
that a particular pathogen is resistant to an antibiotic should reduce the incidence of

unnecessary or incorrect selection of antibiotics.

The dairy industry is a large global industry and mastitis (clinical and sub-clinical) has been
estimated to be the single largest contributor to loss of revenue worldwide (Awale et al. 2012).
Worldwide losses due to mastitis have been estimated at approximately 35 billion US dollars
(Modi et al. 2012).Estimated milk production losses in a specific herd associated with elevated
guarter milk somatic cell counts (SCC) of all lactating cows in the herd have been estimated
as an annual milk loss of 46 190 L valued at ZAR 205 544 (Petzer et al. 2016). Such
estimations differ between countries and between management systems. As most
mastitogenic pathogens are ubiquitous in the environment, mastitis can be managed but not

eliminated, and one of the primary management strategies is treatment with antibiotics. The
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discovery of antibiotics has revolutionized medicine in many respects and many lives have
been saved. However, the use of these potential wonder drugs has been accompanied by the
rapid appearance of resistant strains of bacteria. A data base has listed more than 20 000
potential resistance genes (r genes) of nearly 400 different types, predicted from the main
bacterial genome sequences available (Davies & Davies 2010). A recent World Health
Organization (WHO) health report has warned that resistance to antibiotics in general is a
‘global’ threat (WHO 2014), and one that impacts on both human health care and the
agricultural industry. The exposure of humans to antibiotic resistant pathogens through
agricultural products and contact with animals has increased from the turn of this century
(Kluytmans 2010), compared to exposure through hospitals and human medicine-based
pathways (Witte 1998). Antibiotics used in feed for commercial livestock production increased
by 50% between 1985 and 2001 (Emanuele 2010). In the United State of America (USA),
antibiotics are routinely fed to livestock, poultry, and fish on industrial farms to promote faster
growth and allegedly in some cases to compensate for poor management (Gerber et al. 2007).
According to a report by the Food and Drug Association (FDA), approximately 80% of all
antibiotics used in the USA went to livestock production (USFDA 2009). Several studies in the
USA have found that health problems are more commonly reported in workers on farms than
in the general population (Von Essen & Auvermann 2005). Despite the recent efforts of many
international health organizations (EUTAG 2006, Shryock & Richwine 2010) to control and
withdraw antibiotic use in animal husbandry, new antibiotic resistance continues to emerge,
as there have been many factors causing increased antibiotic resistance over the past 60
years (Levy 2002). In Germany, 1734 tons of antimicrobial agents were used for animals in
2011, compared to 800 tons for humans (Meyer et al. 2013). Sweden banned the use of
antibiotics in food animals in 1986 and Denmark started limiting use from 1994, so that its use
is now 60% less (Koch 2013). Contrary to the above findings, in the Netherlands, the use of
antibiotics to treat diseases increased after the ban on its use for growth purposes in 2006
(Maron et al. 2013). In 2011, alarmed at the signs that this general overuse of antibiotics is
hindering the value of antibiotics for humans, the European Union (EU) voted to ban the
prophylactic use of antibiotics (EU 2005). Overall, the dairy industry is one of the major
contributors to worldwide antibiotic usage and information as to the trends of susceptibility and

resistance in host adapted pathogens such as S. aureus is critical.

The European Medicines Agency (EMA) and the European Food Safety Authority (EFSA)
published a joint opinion in which they argue it is time to reduce, replace and re-think the use
of antimicrobials in animals (International Dairy Federation Annual Report 2016-2017). They

have reviewed measures taken in the EU to reduce the need for and use of antimicrobials in
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food-producing animals, and the resultant impacts on antimicrobial resistance (AMR). They
conclude that due to the multiplicity of factors contributing to AMR, the impact of any single
measure is difficult to quantify, although there is evidence of an association between reduction

in antimicrobial use and reduced AMR.

The European Food Safety Authority (EFSA) have argued that the use of antimicrobials in
animals should be reduced to the minimum that is necessary to treat infectious diseases.
Other than in exceptional cases, use of antimicrobials to prevent such diseases should be
phased out in favour of alternative measures. Critically important antimicrobials for human
medicine should only be used in animals as a last resort. Alternatives to antimicrobials that
reduce the need to use antimicrobials include vaccines, probiotics, prebiotics, bacteriophages

and competitive exclusion cultures.

The European Food Safety Authority (EFSA) note, however, that reducing the use of
antimicrobials and finding alternatives is not enough. There is a need to re-think the livestock
system by implementing farming practices that prevent the introduction and spread of the
disease into farms and by considering alternative farming systems which are viable with
reduced use of antimicrobials. Education and awareness of antimicrobial resistance (AMR)
should be addressed to all levels of society but in particular to veterinarians and farmers.
These experts concluded that it is reasonable to assume that reducing antimicrobial use in
food-producing animals would result in a general decrease in antimicrobial resistance in the

bacteria that they carry and the food products derived from them.

The most frequently used antibiotic class in China were cephalosporins which accounted for
28.6% of total consumption, followed by beta-lactam-beta-lactamase inhibitor combinations at
20.0%, macrolides at 17.4%, and fluoroquinolones at 10.5% (all figures from 2015)
(Wushouer et al. 2017).

Until 2011, data on the volume of antibiotics used in livestock production were scarce in South
Africa, and information was lacking about the patterns of antibiotic consumption in food
animals. Because antibiotic use in animals is controlled by two very different Acts (Stock
Remedies Act (Act 36 of 1947) and Medicines and Related Substances Control Act (Act 101)),
and because pharmaceutical companies protect sensitive information, it was very difficult to
obtain an accurate estimate of the amount of antibiotics used in livestock production in South
Africa (Henton et al. 2011).
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However, a more recent ministerial report showed import data for antimicrobials between 2014
and 2015 estimated procurement of antibiotics for animal health at 23-36% and for human use
at 74-77%. Humans consumed the majority of penicilins and streptomycins (National
Department of Health 2018). This ratio of animal (26%) to human use (74%) was in contrast
to reports from the USA, China and India where animal consumption is far larger in proportion
compared to use in humans (National Department of Health 2018).

Resistance of S. aureus to some antibiotics has shown seasonal patterns. In particular, a
study by Alvarado et al. (2009) found the highest resistance of S. aureus to ampicillin and
penicillin occurred during autumn (southern USA). The causes of the variation were not clear
but could possibly be attributable to on site storage of feed materials. In this study of S.
aureus and other species of Staphylococcus isolated from mastitis in cattle, >60% were

resistant to penicillin and amoxicillin, and >40% were resistant to tetracyclines.

Levels of resistance were far lower in the South African National Veterinary Surveillance and
Monitoring Programme for Resistance to Antimicrobial Drugs (SANVAD) (van Vuuren et al.
2007) surveillance, where only 10% resistance to the three antibiotics was found. Far less
resistance was noted to other commonly used mastitis remedies. In contrast, about 80% of S.
pseudintermedius isolates from pyoderma and other infections in dogs were resistant to
amoxicillin, and about 20% were resistant to first-generation cephalosporins. Petzer et
al. (2007) found resistance rates of 45% for penicillin, 37% for ampicillin, and 23% of
tetracyclines inS. aureusisolates from milk samples. Pasteurella, Mannheimia,
Histophilus and related bacteria usually isolated from cattle respiratory infections showed a
<20% resistance rate to commonly used antibiotics for such infections, such as penicillin,
amoxicillin, ceftiofur, florfenicol (related to chloramphenicol) and tetracycline (Henton et al.
2011).

By undergoing a simple mating process called “conjugation,” bacteria can
transfer genetic material, including genes encoding resistance to antibiotics (found on
plasmids and transposons) from one bacterium to another. Viruses are another mechanism
for passing resistance traits between bacteria. Bacteria have a remarkable genetic plasticity
that allows them to respond to a wide array of environmental threats, including the presence
of antibiotic molecules that may jeopardize their existence. As mentioned, bacteria sharing the
same ecological niche with antimicrobial-producing organisms have evolved mechanisms to
withstand the effect of the harmful antibiotic molecule and, consequently, their intrinsic

resistance permits them to thrive in its presence.
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From an evolutionary perspective, bacteria use two major genetic strategies to adapt to the

antibiotic “attack™:

a) mutations in gene(s) often associated with the mechanism of action of the compound
and
b) acquisition of foreign DNA coding for resistance determinants through horizontal gene

transfer (HGT).

5.4 Alternatives to antibiotics

The widespread development of antibiotic drug-resistant strains has accentuated the
importance of the use of alternative antimicrobials in the medical and veterinary fields
(Pieterse & Todorov 2010, Vanderhaeghen et al. 2010, Francoz et al. 2017). Although, it will
be difficult to eliminate the use of antibiotics, the effective application of the following

alternatives will help to reduce antibiotic usage dramatically.

5.4.1 Vaccines

Historically mastitis vaccinations have been used with limited efficacy as a preventative
measure against bovine mastitis (Mamo et al. 1994, Giraudo et al. 1997). There are newer
vaccines that are effective not at preventing IMI but at decreasing the severity and the
prevalence of IMI. Such vaccines work on the biofilm of specific bacteria (Bradley et al. 2015).
An example of a successful vaccine is the E. coli J5 vaccine, which reduced the incidence of
infection by 70-80% in the targeted herd (Middleton et al. 2009) and the Startvac vaccine
decreasing clinical signs and duration of mastitis caused by S. aureus, NAS, Escherichia coli

and other coliforms and lowering shedding of bacteria and in that way reducing new IMI.

5.4.2 Probiotics, prebiotics and competitive exclusion cultures

Utilization of this native or artificially introduced microflora population to improve animal health
and productivity has been termed a ‘probiotic’, or competitive enhancement strategy (Fuller
1989). Competitive enhancement strategies include probiotics, prebiotics and competitive
exclusion (CE) cultures and utilize the activities of the native microbial ecosystem against

pathogens by capitalizing on the natural microbial competition (Callaway et al. 2008).

Data are scarce but there is some evidence of a link between using biocides in veterinary
products, and increased resistance to antibiotics (European Commission 2009).
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The prospects of oral probiotics are not promising for ruminants and those for intramammary
probiotics should be considered with caution, but teat apex probiotics deserve further research
(Rainard & Foucras 2018). Probiotics may elicit immunomodulatory effects through
interactions with the epithelium, especially in organs that are not densely populated by a
commensal microbiota, whereas indirect interactions through modulation of massive

endogenous microbiota (as in the colon) may be more important (Rainard & Foucras 2018).

5.4.3 Bacteriocins and bacteriophages

Bacteriocins are a group of proteins secreted by bacteria that kill or inhibit competing strains.
Klaenhammer (1993) and Topley & Wilson (2010) classified bacteriocins based on the
structure and mode of action of the peptide and including mainly those produced by lactic acid
bacteria (LAB). Bacteriocin-producing organisms could be considered as an important source
of antimicrobial agents in the medical and veterinary fields (Pieterse & Todorov
2010). Bacteriocins, by definition usually only target closely related species; they could offer
an advantage over antibiotics in that treatment could be targeted against specific pathogenic
organisms. Bacteriocins, identified for potential use as antimicrobials include lantibiotics
produced by Gram-positive lactic acid bacteria, and colicins and microcins, produced by
Gram-negative bacteria (Gillor et al. 2005). Some examples include: Gram-positive bacteria
Lacticin 3147, produced by Lactococcus lactis subsp. lactiswhich has the potential of being
used to treat mastitis in cattle (Ryan et al. 1998); Epidermin, produced by
Staphylococcusepidermidis (S. epidermidis) which can be potentially used to treat skin
infections such as acne (Allgaier et al. 1986). Microcins J25 and 24 produced by E. coli have
potential of being used to treat E. coli and Salmonella infections in chickens (Sable et al. 2000,
Wooley et al. 1999).

Bacteriophages are viruses that infect specific bacteria without harming the plant or animal
host of the bacterium (Topley & Wilson 2010). Bacteriophage therapy has been used by
Basdew & Laing (2011), to treat mastitis on an experimental basis. Both bacteriocins and
bacteriophages have anti- microbial activity and they share some features, such as the uptake
site on their host bacterium (Chan 2019; Topley & Wilson 2010). In a study by O’Flaherty et
al. (2005), a lytic bacteriophage (phage K) was assessed in vitro for its ability to inhibit
emerging resistant Staphylococcus aureus strains from hospitals and other Staphylococcus
spp. isolated from bovine infections. The results enforce the principle that, while certain target

bacteria may be relatively insensitive to lytic phage, this can be overcome by obtaining
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modified phage variants from passage of the phage through the insensitive strains (O’Flaherty
et al. 2005).

5.4.4 Gene therapy

Gene therapy is an experimental technique that uses genes to treat or prevent disease (Biffi
et al. 2013). This may perhaps be applied to inactivate resistance genes in antibiotic resistant
mastitis causing organisms in future. Research has been done in an attempt to transfect (infect
a cell with free nucleic acid) the udders of dairy cattle with cercropin B, a lytic peptide found in
Cercropia moths, that has a broad spectrum of bactericidal properties. This technology has
been applied to other species through different experimental procedures and has yielded
favourable outcomes and a decrease in targeted infectious diseases. This research with dairy
cattle has not yet yielded favourable results, but with some experimental modifications, could

be proven effective in preventing mastitis (Bordeaux 2016).

5.5 Antibiotic sales and use

5.5.1 Antibiotic sales in Zambia 2015

The pattern of resistance detected (Mainda et al. 2015) reflected the relative levels of sales of
antibiotics, with the majority use of the tetracycline class matching the high prevalence of
resistance found. A total of 41,280.87 kg of active ingredient of antibiotics was dispensed from
the major supplier during the period under review (January 2013—February 2014). Of the total,
63.6% were parenteral antibiotics and 36.4% were for oral use. Tetracyclines were the most
sold class of antibiotic during the period reviewed for both parenteral and oral sales and
contributed 68% and 59% respectively (by weight). Penicillins were the second most abundant
class of antibiotics sold by weight accounting for 27.2% of parenteral and 9.6% of oral sales.
These were followed by the sulphonamides and then other classes of antibiotics (Mainda et
al. 2015).

5.5.2 Antibiotic sales in the animal sector in South Africa, 2000-2010 and recently.

Antibiotic sales in the animal sector in South Africa for 2014 were: sulphonamides 3%,
penicillins 3%, aminoglycosides 2%, fluoroquinolones 1%, pleuromutillins 1%, macrolides 6%,
tetracylines 28% and others 56% (National Department of Health 2018). These differed from

the antibiotic sales in the animal sector in South Africa for 2015, which were: sulphonamides
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11%, penicillins 1%, pleuromutillins 1%, macrolides 8%, tetracyclines 17% and other 62%
(National Department of Health 2018). Estimated consumption by animals of tetracyclines
makes up about 27% of total antimicrobial sales, compared to the OIE reported 63% for most
African countries over the same period (OIE 2016, OIE 2017).

Between 2000 and 2010, consumption of antibiotic drugs overall (human and animal),
increased worldwide by 35% (from 52 057 163 835 standard units to 70 440 786 553). Brazil,
Russia, India, China, and South Africa accounted for 76% of this increase. In most countries,
antibiotic consumption varied significantly with season. There was increased consumption of
carbapenems (45%) and polymixins (13%), two last-resort classes of antibiotic drugs (van
Boeckel et al. 2014).

5.5.3 Patterns of Antibiotic use by sector (South Africa)

The greatest volume of antibiotic use is in intensively farmed poultry (including broilers for
meat and layers for eggs) and pigs. These animals are kept indoors at a high density, which
promotes the rapid transmission of bacterial infections, primarily affecting the respiratory and

intestinal tracts.

Feedlot cattle and dairy cows are the next group in terms of the amount of antibiotics used.
Slaughter cattle are generally raised under extensive conditions on farms, and then sent to a
feedlot for rounding off before going to the abattoir. Feedlot cattle are prone to respiratory
disease, caused by Mannheimia haemolytica, Pasteurella multocida, Histophilus
somni and Mycoplasma, and mastitis, usually caused by S. aureus.

Other ruminants (sheep and goats) are extensively farmed, together with the bulk of the
population of cattle in South Africa. The main source of food is veld grass, and the density
levels are low. Extensively kept ruminants are far healthier than those kept under intensive

conditions, and suffer from far fewer bacterial infections.

South Africa is drought-prone and there are few aquaculture ventures. Fresh water farms for
trout are only found in the Lydenberg, Drakensberg and Western Cape areas. Suitable rivers
are scarce and, where a river can support farmed fish, there may be more than one farm on
the river. Downstream farms can become infected with bacteria from fish farms in the upper
reaches. Marine aquaculture ventures are also scarce, considering the extensive coastline of
South Africa. There are a few abalone farms in the Hermanus area, and along the West

Atlantic coast a total of eight at present. The water flow rate in an abalone farm is too rapid for
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antibiotic administration. Ornamental fish are mostly imported, and little breeding is carried out
in South Africa (Henton et al. 2011)

5.5.4 Patterns of use by purpose

The most frequent uses of antibiotics by weight (as measured by sales) were for treating and
preventing diseases in poultry and pigs, and as growth promoters generally. The antibiotic
tylosin, one of 4 growth promoters banned in Europe, was the most extensively sold antibiotic
in the survey. It is primarily administered through animal feed at sub-therapeutic levels and is
available as an over-the-counter stock remedy. About two-thirds of the antibiotics surveyed
were administered in feed. The second-, third- and fourth-largest groups of antibiotics sold in
the study (tetracyclines, sulphonamides and penicillins) are also readily available and have a

wide spectrum of antimicrobial activity against common infections (Henton et al. 2011).

The volume of antibiotics used for treating and preventing disease is unknown and difficult to
assess. Intensive farming systems have a rapid turnover rate, and profit margins are generally
low. Infectious diseases have a negative effect on profitability, but the high cost of
administering antibiotics to all the animals in the barn (metaphylaxis, i.e. sick as well as healthy
animals, or prophylaxis, where antibiotics are given to prevent disease before it occurs) also
affects profitability. Chronically ill animals are usually culled and not treated (Henton et al.
2011).

5.6 The importance of antimicrobial resistance in One Health

The One Health approach is a global strategy that encourages interdisciplinary collaboration
and communication on health between the human, animal and environmental sectors (Essack
2018). It is based on the view that such an interdepedence will advance future health care by
speeding up biomedical research and innovation, improving public health, expanding the
scientific knowledge base, improving medical and veterinary education and clinical care, and

positively impacting on longevity and quality of life (http://www.onehealthinitiative.com/about.

php).

Thus a One Health approach is required in order to understand and control antimicrobial
resistance, which is a direct consequence of the selection pressure resulting from

indiscriminate antibiotic use in humans, animals and the environment (WHO 2014).
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The complexity and diversity of AMR poses a further challenge (Essack 2018). Bacteria are
becoming more resistant to multiple antibiotics classes and single isolates or strains exhibit
multiple resistance mechanisms such as: enzymatic degradation, target alteration,
impermeability and efflux to single antibiotic classes in different permutation and
combinations. Resistance genes as well as virulence factors are carried on different mobile
genetic elements such as plasmids, transposons, insertion sequence common regions,
integrative and conjugative elements, gene cassetes and integrons (Stokes & Gillings 2011)
which are capable of exchange amongst and between bacteria in humans, animals and the

environment (Essack 2018).

Despite a series of WHO strategies and resolutions since 1998 there was no meaningful global
action on AMR until after the 2011 World Health Day campaign (Shallcross & Davies 2014).
This is when the WHO launched the 6-point AMR policy package followed by the report which
revealed high resistance rates in bacteria frequently implicated in hospital, community and
food-chain-related infections in all WHO regions (WHO 2014).

5.7 General conclusion

Mastitis is a major cause of economic loss in the dairy industry (Akers & Nickerson 2011), and
the incidence is affected by various cow, management and environmental factors. Mastitis
caused by S. aureus is still a problem in udder health in South African dairy herds. Treatment
of mastitis by itself, as the only response to the diagnosis of clinical mastitis is not successful
in managing the problem of mastitis in a herd. Therefore, the pro-active udder health
programme has been developed and is used widely in South Africa. It involves a complete
herd approach (routine microbiology and cytology) in order to identify causative agents and
early warning signs for appropriate action (Petzer et al. 2009). However, of course clinical

mastitis should always be treated (Petzer et al. 2009).

In South Africa there have been limited data available on antibiotic resistance surveillance in
dairy cattle (Petzer et al. 2012, Schmidt et al. 2015, van Vuuren et al. 2007), which has
stimulated the need for more detailed information to be generated through appropriate

research.

Antimicrobial resistance is a major threat to the long-term security of public health and has the
potential to impact society negatively. This is a multifaceted public health problem and a direct

threat to human and animal health, food security and the continued use of available
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antimicrobials. It is a serious and growing global health risk, which needs to be prioritised at
local and international levels (Department of Health and Department of Agriculture, Forestry
and Fisheries (DAFF) 2018). The financial costs of treating antimicrobial resistant infections
in humans and animals will place a significant economic burden on society and compromise
food security (Department of Health and Department of Agriculture, Forestry and Fisheries
(DAFF) 2018).

The development and implementation of a National Antimicrobial Resistance Strategy
Framework (NARSF) that complements international efforts is a major step towards
containment of the growing threat of antimicrobial resistance in human and animal health in
South Africa (Department of Health and Department of Agriculture, Forestry and Fisheries
(DAFF) 2018). The responsibility for reducing antibiotic resistance is a shared one, thus global
partnerships need to be strengthened. This responsibility is not only limited to the health care
sector, but calls for a “One Health” approach with collaboration from human, animal and
agricultural sectors (Department of Health and Department of Agriculture, Forestry and
Fisheries (DAFF) 2018).

Little is known about the antibiotic resistance and clinical implications of S. pseudintermedius
from milk of dairy cattle, and this will be examined and the diagnosis will be verified using

genotyping, in future research.

5.8 Aims and objectives

The objective of this study was to establish the trend of resistance of S. aureus to antibiotics
in dairy cows with sub-clinical mastitis in South Africa over an extended time period in the
various regions and seasons. Staphylococcus aureus is the pathogen on which this
dissertation focuses as it is one of the six ESKAPE pathogens commonly associated with
antibiotic resistance (National Department of Health 2018). This thesis will investigate the
surveillance of antibiotic resistance of S. aureus isolated from milk of dairy cattle over an

eleven-year period in different seasons and regions of South Africa.
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Appendix A

Intramammary products IVS 2011: Study from 2000 to 2010 (Chapters 2 and 3)

10.

11.

12.

13.

14.
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Cepravin Dry cow, Intervet Schering AH (Cephalonium), DC, MSD still available in
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available

Lacti-cillin, Bayer AH (Cloxacillin & Ampicillin), LC, no longer available

Masticlox DC range, Merial (Cloxacillin & Ampicillin), DC, DC plus, DC plus xtra
Masticlox Plus LC, Merial (Cloxacillin & Ampicillin), LC

Masticlox QR, Merial (Cloxacillin & blue dye), LC

Mastijet Fort, Intervet Schering AH, (Tetracycline, neomycin base, bacitracin &
prednisone), LC, still available in 2018.

Nafpenzal DC, Intervet Schering AH, (Benzylpenicillin, dihydrostreptomycin &
nafcillin), DC, MSD 2018, still available in 2018.

Nafpenzal MC, Intervet Schering AH, (Sodiumbenzylpenicillin, dihydrostreptomycin &
nafcillin), LC, MSD 2018 still available in 2018.

Neo-Mastitar Dry Cow, Intervet Schering AH (Procaine penicillin & neomycin base),
DC, no longer available.

Orbenin Extra DC Infusion, Pfizer AH (Cloxacillin), LC or DC, still available in 2018.
Pendiclox Blue, Pfizer AH (Sodium Ampicillin, sodium cloxacillin & blue tracer dye), LC
& DC, no longer available.

Penstrep, Bayer AH (Procaine penicillin, dihydrostreptomycin & blue tracer dye), LC &
DC, still available in 2018.

Rilexine, Virbac (Cephalexin, neomycin sulphate & prednisolone), LC & DC, still

available in 2018.
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Special formula 17900-forte, Pfizer AH (Hydrocortisone acetate, hydrocortisone NA-
succinate, procaine penicillin, novobiocin, polymyxin, B sulphate &
dihydrostreptomycin), LC, still available in 2018.

Spectrazol milking cow, Intervet Schering AH (Cefuroxime), LC, still available in 2018.
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Chapter 2: Proactive udder health management in South
Africa and monitoring of antibiotic resistance of

Staphylococcus aureus in dairy herds from 2001 to 2010
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Significance of the work

Antimicrobial resistance is currently a topic of global interest. This study is the start of much
needed retrospective evaluation of much needed surveillance data linked to the pro-active
udder health programme, which is lacking in the animal health field. Despite surveillance data
being in existence for a few of the main mastitis causing organisms, for this study we focused
on S. aureus as it is the biggest problem in mastitis of dairy cows. The findings of this study,
showed that the accumulated information were generally in accordance with the studies done
elsewhere, except for the 20 well-managed herds that were specifically evaluated. These
herds all showed a decrease in antibiotic resistance through the implementation of the
specified control programme over time. The programme under investigation introduced the
use of good management as a novel approach to control bacterial populations and in turn
decrease antibiotic resistance in dairy herds. This method has had widespread positive effects
on the dairy industry such as, availability of antibiotics for prudent use and on food security
through sustaining and assisting in production of safe food products (dairy) for a growing

population.

Abstract

Antibiotic resistance of strains of S. aureus isolated from bovine milk is of concern
internationally. The objective of this study was to investigate trends of resistance of S.
aureus to antibiotics administered to dairy cows in 19 South African and one Zambian dairy
herds (participating in the South African proactive udder health management programme) and
to identify possible contributing factors. The resistance of S. aureus strains to eight commonly

used antibiotics (ampicillin, cloxacillin, penicillin G; cephalexin, cefuroxime, clindamycin,
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oxytetracycline and tylosin) in South Africa from 2001 to 2010 was evaluated. Staphylococcus
aureus isolates (n = 2532) were selected from cows with subclinical mastitis from 20 herds
routinely sampled as part of the proactive udder health management programme. The isolates
were selected from milk samples that had positive bacteriology and somatic cell counts more
than 400 000 cells/mL and were tested for antibiotic resistance using a standard Kirby—Bauer
test with published clinical breakpoints. The prevalence of antibiotic resistance was evaluated
as a percentage of susceptible S. aureus isolates out of the total numbers for each antibiotic
selected per year. Staphylococcus aureus showed a significant increase in percentage of
susceptible isolates over time for all antibiotics tested except for ampicillin. The overall
prevalence of mastitis did not change during the study period. However, the prevalence of
mastitis caused by S. aureus (subclinical cases) in the selected herds decreased numerically
but not significantly. Reduction in the incidence of antibiotic resistance shown by S.
aureus was presumed to be a result of the application of the proactive udder health
management programme. The fact that the overall prevalence of mastitis was kept stable was
possibly because of the influence of the management programme in conjunction with the

return of infections caused by non-resistant strains.

Keywords: antimicrobial resistance; S. aureus; mastitis; food production

Introduction

South Africa is a developing country in southern Africa. With a population of 55 million people,
the average annual milk consumption has been estimated to be approximately 36 L of milk
per capita, which is well below the 200 L per capita annually recommended by the World
Health Organization (Lassen 2012). Currently 98% of the country’s needs Examiner B locally
produced, with approximately 10 million litres being imported (Lassen 2012). The South
African milk-producing herd was estimated to be approximately 2474 dairy herds in 2012, with
an average herd size of 238 and an average production of 20.2 L of milk per cow per day (Milk
South Africa 2013), either using thrice or twice daily milking routines. Over the past 10 years,
the number of milk producers has decreased, with an increase in average herd size (Milk
South Africa 2013).

Mastitis remains the single largest contributor to losses in revenue for dairy producers
worldwide (Awale et al. 2012), estimated at approximately $35 billion (Modi et al. 2012).

Estimated milk production losses in a specific herd associated with elevated quarter milk
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somatic cell counts (SCC) of all lactating cows in the herd were estimated at an annual milk
loss of 46 190 L valued at R205 544.84 (Petzer et al. 2016). In South Africa, based on
investigation of routine milk samples, the prevalence of mastitis increased from 8.1% in 2002
to 15.4% in 2006 (Petzer et al. 2009). In the herds selected for this study, the overall mastitis

prevalence remained stable and did not increase (Petzer et al. 2009).

The most common mastitis pathogens are found in the udder tissues and are spread between
cows (contagious or host-adapted pathogens) or from the environment (environmental
pathogens), such as bedding materials, manure and soil. This distinction may be important
when assessing the challenges present in a specific herd as well as the measures considered
to reduce or treat mastitis. Two main mastitis-causing pathogens in South Africa
are Staphylococcus aureus and Streptococcus agalactiae. These organisms are termed
major pathogens and are generally regarded as those commonly associated with clinical
mastitis in dairy cattle. The causative pathogen should preferably be identified by laboratory
testing of milk. There are other bacteria that may be present in the udder and they may have
a beneficial effect by preventing the damage caused by major pathogens, because of the
production of natural antibacterial substances or competition with other bacteria (Pieterse
2008). These bacteria can erroneously be implicated in instances of increased SCC and thus
subclinical mastitis because they usually do not cause clinical mastitis (Schukken et al. 2003).
Mastitis pathogens can infect cows both when lactating and during the dry period. Thus, it is
important to identify and recognise the source of these infections in order to choose
appropriate treatments. Organisms that have been identified are S. aureus, Streptococcus
agalactiae, Streptococcus dysgalactiae, Streptococcus uberis; Gram-negative major
pathogens: Escherichia coli, Klebsiella pneumonia, Serratia spp.; minor pathogens:
coagulase-negative  staphylococci (non-aureus  staphylococci)  Micrococcus  spp.,
Staphylococcus pseudintermedius, Streptococcus pyogenes, Enterococcus faecalis,
Streptococcus canis, Trueperella pyogenes and other members of the family
Enterobacteriaceae.Staphylococcus aureus is the principal cause of mastitis (Petzer et al.
2009, Petzer et al. 2016).

The infected udder is considered the primary reservoir of S. aureus and it is believed to be
transmitted during milking via contaminated teat liners, milker's hands and communal clothes
(Leslie & Schukken 1999). Once S. aureus infects the udder, it may cause primary clinical
signs such as swelling, heat, redness, and floccules in the milk as well as abscessation and
fibrosis of the udder. These bacteria may damage the secretory tissue and cause

reappearance of clinical signs or elevated SCCs and may permanently limit an infected
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guarter’'s ability to produce milk and to respond to treatment (Mellenberger & Kirk
2001). Staphylococcus aureus is also particularly difficult to treat effectively because it may
secrete B-haemolysin, which can lead to potentially fatal gangrenous mastitis (Mellenberger
& Kirk 2001). These bacteria can also avoid phagocytosis through biofilm production, which
may also lead to poor antibiotic penetration (Ramadhan & Hedges 2005). The production of
biofilm may also be correlated with pathogenicity and thus contribute to the virulence of

individual strains (Ramadhan & Hedges 2005).

The dairy industry is a major consumer of antibiotics globally and mastitis is the most treated
disease of dairy cows. In South Africa, producers have unrestricted access to 12 of 22
registered intramammary products without prescription, while the remaining 10 registered
intramammary products are restricted for veterinary use (Carrington et al. 2016). All these
intramammary products consist of the ampicillin, cloxacillin, combinations thereof, with a few
cephalosporins, lincosamides, tetracyclines available in SA. The antibiotics available without
prescription may be used incorrectly (Henton et al. 2011) and may contribute to the emergence

and/or persistence of antibiotic-resistant strains in cows, humans or both (Burgos et al. 2005).

The proactive udder health programme of the Milk Laboratory of the Faculty of Veterinary
Science, University of Pretoria, was initiated to reduce the development of resistance. The
programme is comprehensive and includes routine microbiological and cytological
examinations for the whole herd. This allows the early identification ofS.
aureus intramammary infections (IMI) to facilitate eradication of this organism from a herd. For
this study, we report on the effectiveness of this programme on 20 herds managed consistently

over a 10-year period.

Materials and Methods

A proactive udder health management programme, using the Milk Sample Diagnostic (MSD)
computer programme (Abaci Systems, Aretsi SA, Pretoria), was developed and maintained
over several years at the University of Pretoria (Petzer et al. 2016). The basic purpose of this
management programme was to sample all lactating cows in a herd for both microbiological
and cytological evaluations in order to identify S. aureus-positive cows. This system identified
those animals which were carriers of S. aureus despite a low SCC. This information assisted
managers and advisors in making management decisions. In this manner, cows with udder

infections caused by mainly contagious bacteria could be separated from those not infected
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and milked last or if necessary be removed from the herd. The method implemented was thus
different from other monitoring systems, where only infected quarters were sampled (Petzer
et al. 2016). Producers were inducted into the programme either on their own accord or after
being recruited through awareness events on the importance of proactive udder health.

Participation in the programme is voluntary and paid for by the producers.

In practice, herds (all lactating cows) were sampled frequently (every 2 to 3 months). Cows
that tested positive for S. aureus were placed in a separate camp and milked last within 2—3
days of sampling. These cows were kept in the camp with other S. aureus-positive cows for
the rest of their productive lives. At drying-off, cows were in dry groups with other cows from
the herd, but returned to the S. aureus group immediately after calving. The positive cows
were identified differently in order to facilitate immediate identification should they be in a
wrong group. They were always milked last and only after the rest of the lactating cows left
the parlour, for their entire productive lives. Udders of all S. aureus-positive cows were
palpated by an experienced veterinarian just after milking to determine possible chronic udder
damage. In addition, the following criteria were used to predict the probability of cure for the
individual cow: parity, stage of lactation, level of SCC in the infected quarters, numbers of
guarters in an udder infected with S. aureus and quarter position according to a suggested
formula (Sol et al. 1997). For example, there is a decreased likelihood of cure of cows in
second or later lactation, within 1-99 days in milk, with high SCC (> 800 000 cells/mL), with
mostly hind quarters affected and 3—4 quarters per udder affected (Sol et al. 1997). Selection
of the antibiotic for treatment was based on antibiotic susceptibility testing results and cure
based on culture results instead of the SCC. Microbiological cure was monitored, and chronic

cases were culled as soon as possible.

Milking hygiene practices included disinfection of milkers’ hands or gloves that actually
touched the teats (performing stripping), pre- and post-teat dipping and backwashing of
clusters with effective and fast-acting disinfectant. All milking systems were tested on an
ongoing basis using both pulsographs and teat-end vacuum measurements. The following
additional tests were performed weekly by managers as described by the Teat Club
International (DelLaval 2017): time from touch to attachment, attachment to milk flow,
maximum milk flow and percentage liner slips and residual milk. Teat-end scores were
performed on first lactation cows for early detection of incorrect settings used in the
maintenance of milking machines. Milking parlour staff and management were trained in
implementing the practices of the proactive udder health management programme through

constant communication of advice and guidance given by the laboratory manager, based on
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the microbiological and cytological results obtained from examinations. These dairy parlours
used either the Afimilk or Alpro systems, which are highly technical systems to assist in the

monitoring of parlour management.

Each herd was approached on an individual basis. Overall when the udder health status of
the herd remained static or deteriorated, a veterinarian visited the herd and the protocol was
immediately adjusted according to findings and observations made during the visit. This may
have included re-training of milkers or managers in milking procedures, cow handling and
operation; cleaning and settings of the milking machine; a new teat dip or disinfectants
prescribed; the installation of a Dosatron; improvement of biosecurity or the herd kept as a
closed herd thereafter; culling of specific cows; inactivation of udder quarters and introduction

or continuation of vaccination with Startvac vaccine (Hipra).

This study presents the results from the first 10 years of the monitoring period. In this period,
a total of 363 herds were inducted into the programme. The results from 20 of these herds (19
in South Africa and 1 in Zambia) are presented. These herds were selected because they
were continually evaluated (for at least 5 of the 10 years) over this period for impact of these
management practices on the development of antibiotic resistance. The herd size varied from
67 to 1253 animals. All were fed on total mixed rations (TMR). The study population included
mainly Holstein Friesian, Holstein crossbreeds, crossbreeds and Jersey dairy cows. Cows

differed in age, parity, days in milk and milk yield.

Milk samples were taken by professional samplers or milkers trained according to the standard
operating procedure (Giesecke et al. 1994). Prior to sampling, the first milk was stripped from
all quarters and the teat ends were carefully cleaned and disinfected with methylated alcohol.
Approximately 10 mL of milk was collected aseptically into sterile marked sample tubes and
kept refrigerated until shipment. In the case of composite milk samples, the same procedure
was followed, but approximately equal volumes of milk from each of the four quarters were
collected in one sample tube. Samples were transported on ice to reach the Milk Laboratory
within 48 h of sampling. Temperatures and conditions such as the cleanliness and appearance
of sample tubes were noted on arrival at the laboratory, and samples that were spoiled or of
doubtful quality were not processed. Samples were inoculated onto agar plates in the

laboratory on the day of their arrival.

Initially a total of 5905 milk samples were collected (Table 2.1) from healthy cows and those

suspected to have IMI as part of the routine testing. These samples were mainly from milk
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with signs of subclinical IMI (as determined by microbiological examination). Of the samples
sent in for analysis, samples with vigorous growth and SCC > 400 000 cells/mL milk were
selected for susceptibility testing. Intervals for whole-herd microbiological and cytological herd

examinations ranged from monthly to longer intervals (Table 2.3).

Routine bacterial isolation (National Mastitis Council 2017 was performed on all milk samples
in accordance with standard laboratory milk culture methodology and preliminary identification
was done based on colony morphology (International Dairy Federation 1985). When fewer
than two colonies were present, and no organism was identified, the milk sample was noted
as ‘no growth’. When there were more than two types of organisms present, the sample was
noted as contaminated (CU). Where there were two distinct groups of separate growth
present, this was noted as ‘mixed growth’ (MG) or a special code was allocated when major
pathogens were involved. Samples classified as ‘no growth’, CU (contamination) or mixed
growth (with or without major pathogens) were not used for antibiotic sensitivity testing. The
SCCs were performed by fluoro-optic-electronic methods using a Fossomatic 90 and
Fossomatic 5000 (Rhine Ruhr, Wendywood, Denmark). Selected isolates of pure cultures
of S. aureus with vigorous growth from subclinical mastitis cases with an SCC of more than
400 000 cells/mL were utilised for susceptibility testing. Not all S. aureus isolates in the herds
over the 10-year study period underwent susceptibility testing (the routine practice is to
perform one susceptibility test per type of bacteria isolated per investigation).

Antibiotic susceptibility testing was performed on one S. aureus isolate for every herd
investigation, using the Kirby—Bauer disk diffusion method (Bauer et al. 1966) for eight
antibiotics with laboratory quality controls (American Type Culture Collection — ATCC No.
25923 S. aureus): ampicillin 10 ug (AMP), cloxacillin 5 ug (OB), penicillin G 10 IU (PEN) (beta-
lactams); cephalexin 30 pg (CL), cefuroxime 30 pg (CXM) (cephalosporins); clindamycin 10
ug (DA) (lincosamides); oxytetracycline 30 pg (OT) (tetracyclines) and tylosin 30 pg (TY)
(macrolides). Antibiotic susceptibility testing was performed and interpreted by measuring the
zone diameter to the nearest whole millimetre for all zones of inhibition, which were
categorised as susceptible, intermediate or resistant categories as clinical breakpoints

established by the Clinical Laboratory and Standards Institute.

All data were initially captured in the MSD programme (Abaci Systems, Aretsi SA, Pretoria) or
in Microsoft Excel. The data in the files of the MSD programme were exported into Excel as
CSV files. Excel was used for data sorting and to create pivot tables and figures. All antibiotic

susceptibility results that fell into the intermediate category were presumed to be resistant for
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the purpose of analysis of data (Wong et al. 2014). The prevalence per herd for susceptibility
was listed as a percentage of all samples taken by year. As the interventions started at
different times on some of the herds, this introduces a year-by-year bias into the analysis. To
correct this, calculations were based on year of intervention. To ascertain if changes per year
were significant among the 20 herds, binomial regression (logistic regression) was undertaken
per antibiotic evaluated using the IBM SPSS statistics version 22 (IBM Corp., Armonk, NY).
The chi-squared test (linear-by-linear association) was additionally conducted to verify the
results obtained by binomial regression, using the IBM SPSS statistics version 22 (IBM Corp.,
Armonk, NY). Trends in resistance from year of programme introduction of each herd are

reported.

The assumption of the model was that the longer a herd was included in the programme, the

lower the prevalence of resistance of S. aureus to a particular drug would become.

Results

The number of samples per herd is presented in Table 2.1. The first year of monitoring for a
particular herd is reported as year 1 and subsequently as the years of total intervention. At
509 sampling events, a total of 815 samples positive for S. aureus underwent antibiotic
susceptibility testing. Cefuroxime and cephalexin had the lowest percentage resistant isolates
prior to any intervention on a herd at 24.32% and 15.32%, respectively. After the 10-year
monitoring period, this pattern had changed with all herds, demonstrating a significant trend
of decreasing incidence of antibiotic resistance (p > 0.05) for all products, with the exception

of ampicillin, where there was no significant change (p = 0.104) (Table 2.1 and 2.2).

Cefuroxime (CXM) was the product that showed the lowest percentage resistance and the
highest percentage susceptible samples over the study period.

The prevalence of IMI (SCC < 250 000 + positive culture), irritation (SCC < 250 000 +negative
culture) and subclinical mastitis (SCC = 250 000 + positive culture) in the absence of clinical
signs is shown in Table 2.3. This was for all the S. aureus isolates isolated over the study
period (Table 2.3).

An example of how the proactive udder health management programme was implemented is
presented in Table 2.4. For each defined monitoring period as shown in the table, the total

cases of S. aureus were identified, together with first-time infections, repeat infections and
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animals cured (bacteriologically cured, which was defined as the absence of bacteria cultured

for two consecutive examinations). The overall prevalence of mastitis did not change

significantly over this study period (Table 2.3), although a visual decrease (non-significant) in

the incidence of S. aureus mastitis was shown in a few examples (Table 2.4).

Table 2.1. Total number of antibiotic susceptibility samples of Staphylococcus aureus isolates

per farm, tested during the 10-year study period.

Herd | Herd | Breed scc Samples tested per year from Total samples

ID size at first test implementation of the programme tested per herd
(x10% cells/mL)
250 | 2750 | 1 |2 |3 |4 |5|6|7|8|9]10
(%) (%)

1 83 H 64.8 2.3 1/2|-|11|2|5(2|5|5)|4 27
2 294 H 46 49.9 1|-|14|5|(5(4|4|4]| 3] - 30
3 239 H 52.9 25 7126|553 |1|1]|- - 30
4 699 H 43.4 14.9 1413|4387 |10(|11|1 52
5 296 H 45 10.1 1]-11 1112 - - - 6
6 329 H 42.2 19.8 2|1 -(411|4]1|3|1)|-]|2 18
7 624 H 80.8 7.3 1(-(212|1|-{3|-|2]- - 8
8 300 H 79.7 10.6 213(1(3|-]1|-11|2]|1 14
9 233 H 50 40.6 113|221 3 - - 12
10 1253 H 78 8.4 32111181213 |7 |1 | - - 86
11 200 H 7 65 11413633 |4|1] - - 25
12 625 HX 71 10.7 2112 - -1 217 | - - 14
13 576 H 66.6 22.7 711 -(1|1|3|-|7]1]| - 21
14 200 HX 40.9 19.3 11112 (3(1]1]- - - 9
15 250 X 27.3 20.5 2| -(1}2|1|1|1]| - - - 8
16 67 X 6.6 674 |2 |23 (2 |1)|-]|-1]-]- - 10
17 231 H 47.9 33.7 |10|15|20(12|{9 |9 |1 | - - - 75
18 575 J 67.9 156 |10 3| - (138 | 9| - | - - - 43
19 332 J 114 723 |2 |12 (2 |1|1]|-]|~-]- - 9
20 65 J 29.9 16 4 |2 13|21 |-1|-]- - - 12

Total | 7471 61|65|69(82[59|66|37|40|22| 8 509

Source: Authors’ own work.H, Holstein Friesian; HX, Holstein Friesian crossbreed; X,

crossbreed; J, jersey; SCC, somatic cell count; - , no samples tested.
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Table 2.2. Numbers of resistant samples of Staphylococcus aureus isolates out of the total

number of isolates tested per antibiotic, shown for each of the 8 antibiotics used.

Year AMP cL CXM DA OB oT P TY

1 50.49 24.32 15.32 53.57 42.99 38.39 64.71 78.38
(52/103) | (9/37) | (17/111) | (60/112) | (46/107) | (43/112) | (44/68) (58/74)

2 57.01 40.63 25 56.52 46.74 48.65 63.16 79.59
(61/107) | (39/96) | (28/112) (52/92) (43/92) | (54/111) | (24/38) (39/49)

3 60.18 36.11 13.33 59.73 42.18 33.56 60.58 71.7
(68/113) | (26/72) | (20/150) | (89/149) | (62/147) | (50/149) | (63/104) | (38/53)

4 54.25 17.98 44.83 34.1 39.43 54.88 74.24
(83/153) | 18 (9/50) | (32/178) | (78/174) | (59/173) | (69/175) | (90/164) | (98/132)

5 56.38 19.61 14.89 46.91 24.18 22.34 59.57 71.67
(53/94) | (10/51) | (14/94) (38/81) (22/91) | (21/94) | (56/94) (43/60)

6 55.84 23.94 6.58 41.67 24.32 24.24 59.21 55.17
@377y | @771) (5/76) (30/72) (18/74) | (16/66) | (45/76) (16/29)

7 41.46 15.38 2.5 31.71 19.51 29.41 48.78 53.85
(17/41) (6/39) (1/40) (13/41) (8/41) (10/34) | (20/41) (14/26)

8 45 20 4.88 7.32 27.5 51.22 57.5
(18/40) (8/40) (2/41) | 43.59(17/39) | (3/41) (11/40) | (21/41) (23/40)

9 40.91 27.27 18.18 36.36 31.82 40 59.09
(9/22) (6/22) 4/22) | 14.29 (3/21) | (8/22) (7/22) (8/20) (13/22)

10 375 12.5 12.5 375 25 12.5 375 50

(3/8) (1/8) (1/8) (3/8) (2/8) (1/8) (3/8) (4/8)
p* 0.104 0.004 0.005 >0.000 >0.000 0.001 >0.000 >0.000
pr* 0.104 0.003 0.004 >0.000 >0.000 0.001 0.016 >0.000

Source: Authors’ own work

Note: Sample numbers (n) indicated in parentheses.

AMP, ampicillin; OB, cloxacillin; CL, cephalexin; DA, clindamycin; P, penicillin G; OT,
oxytetracycline; TY, tylosin; CXM, cefuroxime.

*Binomial/logistic regression.

**Chi-squared test (linear-by-linear association).
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Table 2.3. Health status and intramammary infections of the 20 herds on which management
practices were altered as determined and projected by the MSD program used in practice (for

all Staphylococcus aureus isolates).

Year Healthy IMI Irritation Subclinical Grand
Total
2001 41.33 (768) 26.96 (501) 13.19 (245) |18.51 | (344) 1858

2002 | 55.05 | (5117) | 25.19 | (2341) | 7.57 | (704) |12.19 | (1133) 9295

2003 | 51.34 | (14768) | 20.91 | (6014) | 15.78 | (4538) |11.97 | (3444) | 28764

2004 | 46.09 | (13339) | 27.35 | (7915) | 12.33 | (3570) |14.23 | (4120) | 28944

2005 | 37.20 | (18500) | 29.18 | (14508) | 13.62 | (6772) |20.00 | (9945) | 49725

2006 | 32.13 | (15445) | 36.89 | (17734) | 10.71 | (5150) |20.26 | (9741) | 48070

2007 | 30.39 | (9410) | 38.83 | (12022) | 9.60 | (2973) |21.18 | (6559) | 30964

2008 | 37.28 | (12589) | 24.57 | (8299) | 11.10 | (3748) |27.05 | (9136) | 33772

2009 | 48.69 | (7844) | 13.13 | (2115) | 1659 | (2673) |21.59 | (3479) | 16111

2010 | 46.86 | (14104) | 20.12 | (6054) | 10.84 | (3263) |22.18 | (6675) | 30096

Source: Authors own work

IMI, intramammary infection: somatic cell counts (SCC) < 250 000 + positive culture; irritation:
SCC =< 250000 + negative culture; subclinical: SCC = 250 000 + positive culture in the
absence of clinical signs. Results are presented as percentage with the number of samples in
parentheses.

This data was from a retrospective dataset from 2000 to 2010.
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20 herds over time (herd size, n = 231).

Dates STA total (n) STA new (n) STA repeat (n) STA cured (n)
May-05 30 29 1 1
Jun-05 39 33 6 21
Jul-05 42 32 10 27
Intervention
Feb-06 4 4 0 3
Mar-06 7 7 0 1
Nov-08 3 3 0 0
Dec-08 9 7 2 3
Jan-09 7 7 0 6
Aug-10 8 8 0 0
Sep-10 4 3 1 7
Oct-10 2 2 0 3
Nov-10 6 5 1 0

Source: Authors’ own work

STA, S. aureus; STA total (n), total cases of STA isolated per examination; STA new, first time
infections of STA isolated from a cow; STA repeat, STA isolated more than twice from the
same cow (probable chronically infected cows); STA cured, animal positive for STA on the
previous test and negative for two or more consecutive examinations (bacteriological cure);

intervention, application of proactive udder health management programme.
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Discussion

The commercialisation of antibiotics in the 1940s has revolutionised medicine in many
respects with many lives having been saved. However, the overuse of these once highly
effective antibiotics has been accompanied by the rapid selection for resistant strains of
bacteria (Davies & Davies 2010). A recent WHO health report has warned that resistance to
antibiotics in general is a ‘global’ threat (World Health Organization 2014), and one that
impacts both human health and the agricultural industry. The exposure of humans to antibiotic-
resistant pathogens through agricultural products and contact with animals has increased from
the beginning of the 21st century (Kluytmans 2010). This is noteworthy when compared to
previous historic exposures that were limited to hospital nosocomial infections (Witte 1998).
Of the various veterinary uses of antibiotics, our concern has been the high levels of resistance
seen in mastitis-causing organisms in South Africa. The resistance of S. aureus to beta-lactam
antibiotics in a limited study carried out in the KwaZulu-Natal province has been found to be
48% during this same monitoring period (Schmidt 2011). However, this cannot be compared

with our results because of the limited data upon which the KwaZulu-Natal study was based.

In the past, most selection of antibiotics for mastitis therapy was reactive, with the predominant
practice being the management and treatment of only cows with clinical mastitis. The idea
when initiating the proactive herd management programme was to promote a change in herd
management through other control strategies, with the aim of decreasing the need for
antibiotic treatment. The programme allowed for the early specific identification of S.
aureus as the causative organism of mostly subclinical mastitis, through a combination of the
monitoring of both SCCs and bacterial culture (Table 2.1). The reason for considering both
criteria was based on previous findings from our laboratory that have shown that 15.4% of S.
aureus IMI might be missed when using SCC alone (Petzer et al. 2016). In the proactive
system, animals with a positive diagnosis were subjected to specific management practices
such as changes in the order of their milking to reduce transmission to healthy animals, and
initiation of treatment based on antibiotic susceptibility testing, with chronic cases being culled
as soon as possible, to rid the herd of resistant bacteria that pose a risk of new S. aureus IMI.

This programme has focused on procedures that would assist in decreasing the spread of this
organism between animals as well as between animals and people. The process involved a
combination of integrated herd and parlour hygiene, milker and manager education (and re-
training), milking machine monitoring, early responsible treatment as well as constant

supervision (Barkema et al. 2006). The importance of education in the value chain cannot be
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overlooked, as shown by Dufour et al. (2012), who found that the dairy producers who
believed that they were already doing enough about mastitis (i.e. those who were not open to
new management strategies) had a higher chance of acquiring new S. aureus infections in
their herds. What was also important in the use of antibiotics was to convey the message that
antibiotic treatment is only one aid in the treatment and prevention of clinical mastitis at the

herd level.

Unexpectedly, we did not find a significant decrease in the overall prevalence of mastitis
(mostly subclinical) (Table 2.3). This was possibly because of the influence of the
management programme in conjunction with the return of infections caused by non-resistant
strains. However, a numerical decrease (non-significant) in mastitis caused by S. aureus was
shown in a few of the examples from these herds (Table 2.4). Another South African study
showed the overall trend of mastitis increasing from 8.1% in 2002 to 15.4% in 2006 from all
routine samples during that time period (Petzer et al. 2009). However, the 20 herds in this
study, with continuous evaluation and correct application of this management programme in
practice (at 1-4-month intervals) for the 10-year study period, showed an overall stable
prevalence of mastitis (Table 2.3). Only a significant reduction in the prevalence of antibiotic
resistance in S. aureus was found (Table 2.2). This highlights the possibility of being able to
farm successfully using less antibiotics for milk production. This management programme
works well only when the information obtained is put into practice correctly. While the
significant decrease in the resistance is an important finding (Table 2.2), it is not suggested
that bacterial resistance can be reversed, but rather that the improved udder health
management had naturally selected for less resistant/pathogenic strains of S. aureus.
Therefore, we believe that the S. aureus strains that were identified in milk samples from these
herds were being effectively removed from the infectious cycle (Table 2.4). This was done by
successful and early treatment of both subclinical and clinical IMI, inactivation of quarters or
culling of cows. The risk of new infections by these bacteria was also limited by isolating
infected cows, by milking them last and by improving milking hygiene. This was based on the
epidemiology of S. aureus mastitis strains, which appear to come from both other cows and
humans. The rationale for this was that the chronic S. aureus-infected animals were
repeatedly infected animals that failed to respond to treatment, thus likely representing the
reservoirs of resistant pathogens. It is also plausible that good hygiene limited the spread of S.
aureus from the farm workers to the animals. In more than eight previous S. aureus outbreaks
in the country, a link has been shown between bacteria isolated from throat swabs of dairy

parlour staff and from cows’ udders (Petzer et al. 2009).
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The change in bacterial population resulting from good biosecurity measures is not an
unknown phenomenon. The best examples come from intensive care units of hospitals that
have implemented good hygiene practices (Sydnor & Perl 2009). In one medical study, a 9%
year-on-year decrease in methicillin-resistant S. aureus (MRSA) cases was reported (Kallen
et al. 2010). These medical studies have illustrated how the resistance profiles of bacteria can
change under intensive care unit biosecurity programmes. As for the reason for the change in
resistance (Table 2.2), this is most likely because of a replacement of the more resistant
pathogens with environmental or ‘wild type’ strains of bacteria that are not yet antibiotic
resistant. The term ‘wild type’ refers to the phenotype of the typical form of a species as it
occurs in nature. Originally, the ‘wild type’ was conceptualised as a product of the standard
‘normal’ allele at a locus, in contrast to that produced by a non-standard, ‘mutant’ allele,
typically without resistance (Merriam-Webster's Collegiate Dictionary 1999). The
environmental pathogens are more genetically diverse and able to colonise environments from
which the pathogenic organisms have been removed. While we have not yet characterised
the change in phenotype of the organisms over time, the resistance profiles found after the
10-year period were very similar to the results of the South African National Veterinary
Surveillance and Monitoring Programme for Resistance to Antimicrobial Drugs (SANVAD)
report (Van Vuuren et al. 2007), which indicated surprisingly low resistance of S.
aureus among South African dairy cows to the classes of antibiotic tested. In the SANVAD
results, the greatest antibiotic resistance was recorded for gentamicin, ampicillin and
enrofloxacin. In spite of this finding, 12.4% of isolates were multi-resistant, with most of them
being resistant to ampicillin (Crestani et al. 2016, Van Vuuren et al. 2007). Ampicillin was the
only product used in this study which did not show a significant decrease in antibiotic
resistance over the study period (p = 0.104) (Table 2.2).

Despite the introduction of management practices, the overall prevalence of mastitis was not
significantly reduced (Table 2.3). Mastitis is a complex disease involving interaction between
the stress experienced by the cow, the level of milk production, parity, immune competence,
udder conformation and parlour management (milking machine factors and parlour hygiene).
This suggests that merely controlling the external variables such as the milking machine
pressure and general hygiene is not in itself sufficient to reduce the overall prevalence of
mastitis significantly, although mastitis caused by S. aureus decreased numerically (non-
significant) during the study period (Table 2.4) (Petzer et al. 2009). While techniques of good
hygiene and management have been used for the control of mastitis in dairy herds for many
years (Neave et al. 1969), this has now also been shown to have an impact on antibiotic

resistance, through prudent treatment selection criteria and protocols based on susceptibility
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testing, which can assist dairy producers to manage effectively and eliminate S. aureus udder
infections. These aspects should be integrated with management techniques such as general
farm hygiene, milker education and supervision, routine assessment of all cows using both
microbiology and cytology and strict culling programmes (Petzer et al. 2016). Attention should
also be given to cow factors, and selecting for those factors that are likely predictors of
resistance against mastitis. This would require that the management system should include
the collection of more information related to these predictors in the management programmes.
Such predictors should be determined in future studies where other associated factors in
mastitis such as volume of milk produced, udder confirmation and general health could be

considered.

Conclusion

The findings of this study indicate that proactive dairy herd management for mastitis control
can have a major beneficial influence on the population of bacteria. This type of information
will assist in the development of government and industry policy on access and use of
antibiotics and inform users on some general aspects and trends of effective antibiotics.
Through this proactive udder health management practice, the results show that currently
used antibiotics can still be effective. The attitudes of producers and their staff also play an
important role. While it is believed that these results indicate that change in management
practices is a valuable tool, these types of interventions are only of value if all role players are

properly integrated into the process.
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Chapter 3: Climatic and regional antibiotic resistance
patterns of Staphylococcus aureus in South African dairy

herds.
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Significance of the work

Some of the most important topics of global relevance over the last decade are climate change
and antibiotic resistance. For this study we evaluated antibiotic resistance in accordance with
the effects of the specified climatic conditions in the different provinces of South Africa which
is a multi-climatic country over time. The findings showed significant effects of weather
conditions related to the different climatic conditions at different times of the year on antibiotic
resistance in different seasons and regions. Such information will assist producers and
veterinarians in decision making for improved prudent use of antibiotics in different seasons

and regions.

Abstract

South Africa is a large country of approximately 1.22 million km?, made up of nine provinces
with three climatic zones. Farming in the country is mostly defined by regional differences. Of
the different organisms isolated from milk samples of dairy cows, S. aureus poses a challenge
to maintain udder health and wholesome dairy products for human consumption. Antibiotic
resistant bacteria are therefore a potential health hazard. The objective of this study was to
investigate the seasonal and regional relationships of antibiotic resistance of S. aureus, of
which little is known. This study was undertaken to evaluate a data set of 3410 S. aureus
isolates, taken from milk samples with somatic cell count >400 000 cells/mL from 830
commercial dairy herds. These isolates were tested for antimicrobial susceptibility using the
Kirby Bauer method for ampicillin, cloxacillin, penicillin G, clindamycin, oxy-tetracycline,
cephalexin, cefuroxime and tylosin. The samples were from 830 dairy herds, out of the

estimated 2000 commercial dairy herds in South Africa. All the antibiotics tested, except for
98


https://doi.org/10.4102/ojvr.v86i1.1674

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

cephalosporins, showed a predicted prevalence of resistance of above 50% in most provinces,
which is a concern. The lowest prevalence of resistance to most of the categories of antibiotics
tested was present in KwaZulu-Natal during spring. The cephalosporins had the lowest levels
of prevalence of bacterial resistance in Gauteng during winter. Resistance patterns of S.
aureus to the eight antibiotics varied in the different seasons and provinces, possibly because

of different weather conditions, and action and spectrum of antibiotics.

Keywords: antibiotic resistance; S. aureus; mastitis; seasons; regions; dairy cattle

Introduction

Mastitis remains the most important economic disease in dairy cattle in first world countries
despite the progress made in improving general udder health in recent years. The discovery
and use of antimicrobial agents in the 20th century has been one of medical science’s greatest
achievements. However, bacteria are becoming increasingly resistant to these agents
(Roberts 2002). Bacterial antimicrobial resistance in humans is interlinked with antimicrobial
resistance in other populations, especially farm animals, which are exposed to enormous
guantities of antibiotics (despite attempts at reduction) and which act as another reservoir of

resistance genes (Woolhouse et al. 2015).

According to Wingfield and Kenagy (1991) and Blank (1992), seasonal changes are cyclic,
largely predictable and represent the strongest and most abundant source of external variation
influencing human and natural systems. Although generalisations can be made about the
climate in the various provinces, there are considerable variations within each province.
KwaZulu-Natal has a subtropical climate with mostly summer rainfall, while the Western Cape
has a Mediterranean climate with mostly winter rainfall. The Eastern Cape has generally dry
and cold winters and hot summers, but with rain mostly in late summer (Smith 2006). The Free
State has mostly summer rainfall, and late summer rainfall in some parts, with cold dry winters.
Limpopo province has a hot dry winter climate with summer rainfall. Mpumalanga is a summer
rainfall area, divided into the Highveld with cold winters and the Lowveld which has a
subtropical climate similar to that of KwaZulu-Natal. Gauteng and North West province have
cold dry winters and hot summers with rainfall (Smith 2006). The incidence and duration of
frost occurs in winter in the higher altitudes of the Western Cape, Eastern Cape, Free State,
Gauteng, KwaZulu-Natal, Mpumalanga and Limpopo, rather than in the rest of the country

(Smith 2006). The Western Cape, Eastern Cape, Free State and North West provinces all
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experience lower average temperatures than those in Gauteng and the Mpumalanga
Highveld, but Limpopo province has the highest average temperatures (Smith 2006). A
commonly used climate classification map is that of Wladimir Képpen (Kottek et al. 2006)
which was used to develop a climate classification map for South Africa (Figure 3.1). This

shows the extreme variability of the weather and climate across different parts of South Africa.

In South Africa, intramammary remedies are available by prescription from a veterinarian
according to Act 101 of 1965, but also without prescription under Act 36 (Stock Remedies
Act); and this enables producers to buy such products freely, which may lead to incorrect use
of these products and an increase in antibiotic resistance. This unique situation explains the
necessity of such a study as this, concerning antibiotic resistance, and perhaps a review of

the relevant legislation.

In South Africa, little information is available on the variation of the prevalence of antibiotic
resistance of Staphylococcus aureus (in different seasons and regions). Such knowledge will
have an important impact on the treatment of animals with antibiotics, especially in South
Africa with the unique climatic variations of the environment amongst the different provinces

of the country.

The aims of this study were to identify the seasonal weather effects in nine provinces, in
relation to the prevalence of S. aureus resistance to eight antibiotics that had been tested in

830 South African dairy herds over an 11-year study period.

The objectives included the calculation of the prediction of the prevalence of resistance for the
different antibiotics in different seasons and provinces; a comparison of the proportions of the
prevalence of bacterial resistance between all antibiotics used; the creation of time series to
show trends of resistance over time; as well as to identify any relationship between seasons

and or regions and the prevalence of bacterial antibiotic resistance.

Materials and Methods

From 2000 to 2010, a total of 3410 susceptibility tests were performed on S. aureus isolated
from milk samples of commercial dairy herds in South Africa. Staphylococcus aureus was
chosen for this study as it is one of the most important mastitis-causing bacteria. The samples

represented 830 dairy herds, out of the total of approximately 2000 commercial dairy herds in
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the nine provinces of South Africa, namely Gauteng (n = 301), KwaZulu-Natal (n = 369), Free
State (n = 67), Eastern Cape (n = 464), Western Cape (n = 646), Northern Cape (NC) (n = 4),
North West (n = 52), Limpopo (North) (n = 56) and Mpumalanga (n = 68) (Figure 3.2).

Most of these dairy producers send composite milk samples to the Milk Laboratory, Faculty of
Veterinary Science, University of Pretoria, for testing (microbiology and cytology) on a routine
basis, as part of a proactive udder health management programme. In the case of outbreaks
or clinical cases, follow up testing may be done with quarter milk sample testing. The minority
of producers that do not test on a routine basis may be those that test when a crisis occurs in
the udder health of their herds. The milk samples were collected either by the farmers
themselves according to a standard operating procedure (NMC 2004) or by professional milk

samplers.

All samples were analysed at the Milk Laboratory, Faculty of Veterinary Science, University of
Pretoria. Microbiological and cytological examinations were performed on all milk samples
(NMC 2004). Isolates tested for antimicrobial susceptibility were all selected from milk samples
with a somatic cell count (SCC) (Fossomatic 5000, Rhine Ruhr) of more than 400 000 cells/mL
(NMC 2004). The Kirby Bauer method (Bauer et al. 1966) with published breakpoints was
used to determine antimicrobial susceptibility. The results were based on the diameter of the
inhibition zones and were classified as sensitive, intermediate or resistant in accordance with
the Clinical and Laboratory Standard Institute (CLSI 2008, CLSI 2012).

Eight antibiotics used in intramammary treatment (dry and lactating remedies) that are
available in South Africa were tested. These were beta-lactams (ampicillin 10 g, cloxacillin 5
g, penicillin G 10 IU), cephalosporins (cephalexin 30 ug, cefuroxime 30 ug), lincosamides
(clindamycin 10 ug), tetracyclines (oxy-tetracycline 30 pg) and macrolides (tylosin 30 ug). The
South African national average daily milk yield was 20.2 kg in 2013, and average yield varied
slightly over the years of the study period; and it would have varied between herds, within
herds between cows, and in different stages of lactation (Lactodata 2013).The lactating cow
numbers of the herds used varied from approximately 30 (smallest herd) to 1700 cows (largest
herd), with an average of about 100-400 lactating cows tested during the period of this

investigation.

The producers in this study were part of the proactive udder health programme (Karzis et al.
2018). Antibiograms were performed with every routine herd examination and the results were

used by the veterinarians and producers when deciding on antibiotic treatment which was
101



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

administered by trained staff. As part of the proactive udder health programme, S. aureus
positive cows were identified, placed in a separate group for life, milked last and culled in due

course (Petzer et al. 2009).

Statistical analysis

Data from NC province were removed from analysis as they were not sufficient compared to
the information available from other provinces. The results were grouped into two categories
as: resistant or susceptible. Results that were originally listed as being intermediate (CLSI
guidelines) were grouped together with the resistant results in this analysis, as this could only

accommodate for two categories.

Comparisons of proportions of resistance of antibiotics using the Bonferroni p-value
adjustment method (Benjamini & Hochberg 1995) were done to compare differences in
proportions of resistance of S. aureus to the different antibiotics between all the antibiotics

used in all provinces and for all seasons over time.

Time series analysis was used to identify both seasonality and the trend of antibiotic resistance
of S. aureus over time for the eight antibiotics used. The ‘zoo’, ‘xts’ and ‘forecast’ packages of
the R software® (version 3.3.3 for Mac) were used to perform these time series analyses. Data
were averaged per month. Missing data were filled using the seasonal Kalman filter. A local
polynomial regression smoothing (LOESS ‘LOcal regrESSion’) was applied to the data in order
to extract first the effect of seasonality. The seasonal component was removed from the data
and the same method was applied to obtain the trend (Cleveland et al. 1990). The final result
of the stepwise analysis of the data into seasonal, trend and remainder components was
obtained after several iterations of this process. To test the goodness of fit of the stepwise
analysis, the autocorrelation function of the ‘remainders’ (residues) was analysed to check if
they were stationary. An augmented Dickey—Fuller test (ADF test) was used to confirm
stationary residues compared to the null hypothesis which was that the time series had a unit

root.

Further apparent relationships between season and province on the prevalence of antibiotic
resistance of all S. aureus isolates were tested with a general linear mixed model (GLMM)
(‘glmer’ within ‘lme4’ package with R software® version 3.3.3) using a logit link-function. This
model allowed the random effect from the different herds and from the repetition of data

collection over time, to be taken into account. This type of GLMM takes into account this
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random effect when comparing the different provinces and the different seasons as well as
the interactions between seasons and provinces. The existence of interaction between
provinces and seasons was checked by using logistic regression. In case of the existence of
these interactions, all the potential interactions were compared with the specific interaction
showing the lowest level of antibiotic resistance prevalence (according to univariate pre-
analysis). Odds ratios (OR), their confidence interval and the associated p-value (using the
threshold p = 0.05 for statistical significance) were calculated from the results of the GLMM.
When no statistically significant interaction was found, the GLMM was re-run to remove the
interaction and to compare seasons and provinces, respectively, using for both of them the
specific seasons and or provinces showing the lowest antibiotic resistance prevalence as
reference (according to univariate pre-analysis). Comparisons were also based on OR

calculated from the GLMM using the following formula:

OR = exp (Estimate),
OR-LLgsy = exp (Estimate—1,96*se),
OR-exp (Estimate+1,96*se), [Egn 1]

where ‘Estimate’ is the estimate of the fixed effect obtained from the GLMM and ‘se’ the
standard error associated with the estimate of the fixed effects. LLgsy, and ULgse, are the lower
limit of the 95%confidence interval and the upper limit of the 95% confidence interval,

respectively.

To calculate the prevalence of resistance for each season, province or interactions and their
confidence intervals with an accepted error of 5% the results of the GLMM could not be used
directly. Indeed, the formula applied on the results of the ‘glmer’ function to obtain the
respective prevalence of resistance for all seasons, provinces or for all the potential interaction
does not take into consideration the random effect. Therefore, the prediction of level of
resistance was used, using the GLMM as a model applied to the complete data set based on
the assumption that the data set was truly a good representative sample of the population of
interest. The ‘predict’ function of the ‘Ime4’ package adapted for fitted mixed-effect models
was used to calculate the prevalence of resistance per province, per season or per province

within season.

The data analysis accounted for all seasons: spring (n = 482) (01 September to 30 November);
summer (n = 404) (01 December to 28 February); autumn (n = 530) (01 March to 31 May);
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winter (n = 607) (01 June to 31 August). This is a broad classification as used as by the

weather services, although definitions of seasons and rainfall patterns can be variable.

Results

In this study, the overall comparison of proportions of resistance of S. aureus between the
antibiotics investigated was significantly different for all pairs indicated, except for penicillin G
and ampicillin, clindamycin and ampicillin and for oxy-tetracycline and cloxacillin. Of the eight
antibiotics tested, tylosin and penicillin G showed the highest prevalence of resistance (67.1%
and 50.3%, respectively), cefuroxime and cephalexin the lowest (14.39% and 23.05%,

respectively) (Table 3.1).

From the time series analysis, the stepwise analysis of the data for all the antibiotics resulted
in stationary remainders confirmed by the analysis of the correlogram and the ADF test. The
trends, seasonal relationships of the data (repeated pattern per year) and remainders were
calculated in the time series carried out for all eight antibiotics used.However, a meaningful

trend from the time-series stepwise analysis was shown only for ampicillin (Figure 3.3)

Concerning the GLMM, we found that the repetition of the data collected over time did not

have an effect, whereas there was a clear effect of farm, for all the antibiotics tested.

The GLMM applied to the data for S. aureus resistance to ampicillin, penicillin G, clindamycin
and tylosin showed that there was no interaction between province (Table 3.2) and season
(Table 3.3); thus, these were tested separately. In addition, no significant differences were
shown between the prevalence of antibiotic resistance according to the season for tylosin.

For the prevalence of antibiotic resistance for S. aureus to cefuroxime, cephalexin, oxy-
tetracycline and cloxacillin, the GLMM analysis showed significant interactions between
season and province (Table 3.4). The prevalence of S. aureus resistance to cloxacillin in winter
was significantly higher than in spring, and the prevalence of antibiotic resistance in North
West and Free State provinces was also significantly higher than the prevalence of antibiotic

resistance in KwaZulu-Natal.
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The results presented in Tables 3.2, 3.3 and 3.4 show the predictions according to the model
with presentation of the significant associations of seasons or provinces or the interactions of

seasons and provinces for each antibiotic investigated.

In KwaZulu-Natal during spring, the S. aureus isolates had the lowest prevalence of antibiotic
resistance for clindamycin (lincosamide) and for the beta-lactam group (ampicillin, cloxacillin
and penicillin G) when compared to all other provinces and seasons. Findings generated in
KwaZulu-Natal during spring (lowest level of antibiotic resistance) were therefore used as
baseline against which the other provinces and seasons were compared (Tables 3.2 and 3.3).
Conversely, cefuroxime and cephalexin showed a different trend to the rest of the antibiotics,
by having the lowest prevalence of S. aureus antibiotic resistance in Gauteng and in winter
(Table 3.4). Autumn in KwaZulu-Natal was the season that showed the lowest prevalence of
S. aureus antibiotic resistance for oxy-tetracycline (Table 3.4). In addition, the prevalence of
resistance of S. aureus had a direct relationship to season and provinces as well as the

interaction of season and provinces.
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Figure 3.1 Map of South Africa with the Képpen-Geiger climate classification.

ET, Tundra Climate; EF, Ice cap climate; Dwd/Dsd/Dfd, sub-arctic or boreal climate with
severe winters; Dwc/Dfc/Dsc, sub-arctic or boreal climates; Dwb/Dsb/Dfb, warm summer
continental or hemi-boreal climates; Dwa/Dsa/Dfa, hot summer continental climates; Cwc,
temperate dry winter cold summer; Cwhb, dry winter highland climate; Cwa, subtropical dry
winter; Csc, Mediterranean warm/cool summer climates; Csb, Mediterranean cold summer
climates; Csa, Mediterranean hot summer climates; Cfc, sub-polar oceanic climate; Cfb,
oceanic climate; Cfa, humid subtropical climates; BWK, arid desert cold climate; BWh, arid
desert hot climate; BSK, arid steppe cold climate; BSh, arid steppe hot climate; Aw, tropical
savanna wet climate; As, tropical savanna dry climate; Am, tropical monsoon climate; Af,
tropical rainforest climate.
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Figure 3.3 Time series of resistance of Staphylococcus aureus to ampicillin, showing the data,

trend, seasonal effects and the remainder.
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Table 3.1 P-values obtained from the pairwise comparison of proportions of prevalence between the eight antibiotics tested for antibiotic

resistance of Staphylococcus aureus (over the 11-year period and in all seasons), using the Bonferroni adjustment method.

Antibiotics Ampicillin | Cefuroxime | Cloxacillin Penicillin G Cephalexin | Clindamycin Oxy-tetracycline Tylosin
Cefuroxime o - - - - - - -
Cloxacillin o * - - - - - -
Penicillin G 1 * * - - - - -
Cephalexin o *x i * - - - -
Clindamycin 0.23 *x *x * * - - -
Oxy-tetracycline ** *x 1 o ok i - -
Tylosin * o o o * o * N

Resistance (%) 47.28 14.39 30.04 50.30 23.05 42.94 31.99 67.10

Note: Resistance, overall antibiotic resistance.

** means p-value = <107°.
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Table 3.2 Prediction of expectation of Staphylococcus aureus antibiotic resistance to
ampicillin, penicillin G, clindamycin and tylosin for the provinces showing significant

differences according to the general linear mixed model.

Product Province Resistance (%)
Ampicillin KZNt 34
WCHt 56
Penicillin G KZNt 37
WCHt 57
Clindamycin KZNt 23
NWi 58
Tylosin KZNt 56
L¥ 83

KZN, KwaZulu-Natal; L, Limpopo, NW, North West; WC, Western Cape.

T, Indicates the province with the lowest prevalence of antibiotic resistance within which a
significant difference existed.

¥, Indicates the provinces which had significantly higher antibiotic resistance than KZN.

Table 3.3 Prediction of expectation of Staphylococcus aureus antibiotic resistance to
ampicillin, penicillin G and clindamycin for different seasons where significant differences were

shown according to the analysis using the general linear mixed model.

Product Season Resistance (%)

Springt 39
Ampicillin pring

Summert 48

Spring 41
Penicillin G pring

Summert 53

Spring* 36
Clindamycin pring

Autumni 43

T, Indicates the season which showed the lowest level of antibiotic resistance within which a
significant difference existed.

1, Indicates the seasons with significantly higher level of antibiotic resistance than spring.
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Table 3.4 Prediction of expectation of Staphylococcus aureus of antibiotic resistance to cefuroxime,
cephalexin, oxy-tetracycline and cloxacillin for different seasons and provinces where significant

differences were shown according to the analysis using the general linear mixed model.

Product Season Province Resistance (%)
Cefuroxime Wintert GPt 3
Autumni NW 33
Cephalexin Wintert GPt 8
Summers FS 73
Oxy- Autumnt KZNTt 12
tetracycline GP 61
L 61
Cloxacillin Springt KZNt 17
Winter# FS 57
NW 57

FS, Free State; GP, Gauteng; KZN, KwaZulu-Natal; L, Limpopo; NW; North West.
T, Indicates the season and province together which showed the lowest level of antibiotic resistance
within which a significant difference existed.

¥Indicates the seasons and provinces with significantly higher level of antibiotic resistance.

Discussion

The antibiotics used in this study differed in their action and also in their spectra. The beta-lactams
are bactericidal, while clindamycin, oxy-tetracycline and tylosin are bacteriostatic. Ampicillin,
cloxacillin, cefuroxime and oxy-tetracycline are broad spectrum antibiotics, while penicillin G,
cephalexin, clindamycin and tylosin are active against Gram-positive micro-organisms. There have
been variations in the prevalence of S. aureus antibiotic resistance overall (Table 3.1) and in
different provinces and different seasons (Tables 3.2, 3.3 and 3.4). Reasons for these variations
are unclear. Antibiotic resistance could also occur from random genetic mutations and subsequent

natural selection of bacteria in order for them to survive.

The decreasing trend of antibiotic resistance found in a previous study conducted in South Africa
(Karzis et al. 2018) was confirmed for ampicillin, using the time series analysis in the current study
(Figure 3.3). The lowest level of antibiotic resistance of S. aureus to beta-lactams and clindamycin
was in KwaZulu-Natal during spring, which implied a significant positive effect or association of this
season on the prevalence of resistance. This could be possibly because of the increased daily milk
production potential of cows grazing on pastures as well as the calving patterns in KwaZulu-Natal in
spring. A previous study, in which seasonal effects were not investigated, showed that the overall
prevalence of mastitis did not change during the same 11-year study period (Karzis et al. 2018).
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A possible reason for lower prevalence of antibiotic resistance of S. aureus to cephalosporins during
winter in Gauteng may be that the dry cold season has generally a lower probable prevalence of
intramammary infections that would require less treatment. This would be supported by the occurring
higher average incidence of frost duration in Gauteng (Smith 2006), which would have suppressed
insect vectors associated in mastitis pathogen transmission (Zadocks et al. 2011). Mastitis
prevalence in different seasons and provinces of South Africa must be investigated further in future
to evaluate any possible association with bacterial antibiotic resistance. Mastitis has been known to
increase in wet conditions because of muddy paddocks and bedding, which increases hygiene and
management challenges during these periods. In this study, the highest number of samples used
was from the main dairy producing provinces, namely KwaZulu-Natal, Eastern Cape and Western
Cape (Figure 3.2). Most provinces showed a prediction of the occurrence of bacterial resistance for
S. aureus to these antibiotics of more than 50%, which is of concern (Tables 3.2, 3.3 and 3.4).The
lowest prevalence of resistance of S. aureus to oxy-tetracycline (12%) was shown in KwaZulu-Natal
in autumn; and the lowest levels of resistance to tylosin (56%) were shown in KwaZulu-Natal, with
no apparent difference between seasons. Tylosin is one of the few intramuscular products registered

for use in the treatment of mastitis in South Africa, which has been found not to be effective.

The highest prevalence of S. aureus resistance against penicillin G and ampicillin was indicated
during the hot summer months in South Africa (Table 3.3). The only antibiotic that showed an
increase in the prevalence of resistance in S. aureus in winter was cloxacillin in North West and the
Free State (Table 3.4). However, these observed effects were only on a small group of antibiotics
(ampicillin and penicillin G), compared to the overall number of eight antibiotics used in this study.
Thus, these observed effects probably indicated no general effect. It is difficult to account for the

reasons causing these differences.

The data also showed that most of the identified resistance of S. aureus was to the beta-lactam
group. These are the products most often used currently as intramammary remedies in South Africa

(as there is only a small selection of remedies available) (Eagar, Swan & Van Vuuren 2012).

The seasonal and regional effects on antibiotic resistance in South Africa cannot be compared
directly to studies in other countries, as climatic conditions, rainfall patterns and related management
systems differ. Based on the findings of this study on seasonal and regional differences,
veterinarians in practice should rather use local surveillance data in preference to national or

international data.

In addition to the different weather and ecological conditions (Figure 3.2), there are also differences
in feeding systems [such as with total mixed rations (TMRS)] where cows are kept both in free-stall

barns and camps on the one hand or on pastures on the other. The number of milkings per day and
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in the average herd size in the different provinces also vary (468 in Eastern Cape, 367 in KwaZulu-
Natal and 203 in Western Cape, with herd size in the rest of the country ranging between 96 and
175) (Lactodata 2013).

KwaZulu-Natal, the Eastern Cape and Western Cape have mostly pasture-based herds that are
milked twice per day. In the rest of South Africa, the high producing large herds are mostly herds fed
TMRs which are milked three times per day. This may have had an effect on antibiotic efficiency and
the development of resistance because the intramammary products widely available in South Africa
are mostly time-dependant. Three times a day milking could also have had an effect on the
prevalence of mastitis pathogens, as the cows are handled more frequently (eight hourly), and have
the potential to be exposed to more pathogens in the parlour if the milking hygiene is not excellent.
This would explain the results of this study, which showed that in KwaZulu-Natal (where herds were
generally milked twice per day and were mainly pasture fed herds), there was the lowest level of
resistance for almost all antibiotics tested. The different usage of intramammary antibiotics (lactating
and dry cow therapies) in the different provinces could also possibly have contributed to a difference
in bacterial antibiotic resistance in different provinces. Unfortunately, these data were not made
available by suppliers. A study by Fox et al. (1995) also found that location, herd and season
significantly influenced prevalence of intramammary infections, which is similarly implied in this study

which found that prevalence of antibiotic resistance can be influenced by provinces and seasons.

Challenging weather conditions and climatic differences may cause bacteria to form protective
mechanisms such as biofilm which might cause an increase in the prevalence of antibiotic resistance
(Da Silva Meira et al. 2012, Melo et al. 2014). Many normal microbiota bacteria produce a capsular
polysaccharide matrix (glycocalyx) to form a biofilm. A biofilm is a system that can be adapted to
changing environmental conditions and constitutes a physical barrier, which protects the encased
bacteria from detergents and sanitizers (Potera 1999). The hypothesis is that the variation in
prevalence of antibiotic resistance of bacteria between seasons that show extreme weather
conditions may be because of the variation in the population of bacteria that can produce biofilm in

the different seasons. The findings of this study might be related to such a hypothesis.

The ability of S. aureus strains to produce biofilm and conditions enhancing this production have not

been studied under South African conditions in the different seasons and provinces.

According to Atulya et al. (2014), an acidic pH has a positive correlation with biofilm formation. The
current intramammary antibiotics available for use for mastitis in South Africa include highly acidic
antibiotics such as penicillins, which could favour the formation of biofilm and the establishment of
infections in udder tissue. However, lipid soluble (non-ionised) antibiotics such as clindamycin are

able to penetrate the biofilm (Kundukad et al. 2017). The ionised form of an antibiotic has low lipid
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solubility (but high water solubility) and high electrical resistance, and thus cannot penetrate cell
membranes easily (e.g. ampicillin, cloxacillin, penicillin G and oxy-tetracycline) (Shargel et al. 2012).
Evidence indicates that photoperiod-driven physiologic changes are typical in mammalian species,
including some in humans (Dowell 2001). These are examples of how the environment affects

survival of organisms in general.

Future studies need to be conducted to determine antibiotic resistance genes present in S. aureus
isolated from dairy cattle in South Africa, as new S. aureus strains have been identified (Monistero
et al. 2018). In addition, the determination of biofilm expression of these isolates should be checked
for seasonal and regional patterns. Other factors such as calving pattern and parlour design that
may also contribute to the development of mastitis and antibiotic resistance in different seasons and

regions also need to be investigated.

Conclusion

There were seasonal and regional apparent effects on the prevalence of antibiotic resistance in S.

aureus in South Africa.

Reasons for these associations may be attributed to factors such as the different weather, ecological
and rainfall patterns and differences in management systems, such as milking intervals during the
different seasons and in different provinces, as well as the feeding systems used in different
provinces. Resistance patterns were also found to differ between bacteriostatic and bactericidal

antibiotics depending on spectrum (narrow vs. broad).

Management and hygiene challenges are increased under the warmer and wetter more challenging

conditions in the various South African provinces and at different times of the year.

It is of concern that all the antibiotics tested, except for cefuroxime, showed a predicted prevalence
of resistance of above 50% in most provinces. The lowest predicted prevalence of resistance was in
KwaZulu-Natal in spring for all antibiotics tested except for the cephalosporins which had a lower

prevalence in Gauteng during winter.
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Chapter 4: Challenging the conventional identification of
coagulase positive staphylococci through the use of molecular

techniques

Significance of the work

Bacterial evolution is a phenomenon which is constantly challenging the conventional identification
of many microorganisms, which may lead to the discovery of new micro-organisms or new strains of
micro-organisms or to the re-classification of existing micro-organisms. At the start of this research
the focus was on antibiotic resistance profiles of S. aureus . However, during the routine testing of
S. aureus (microbiology, cytology and antibiotic susceptibility testing) a different strain of
Staphylococcus spp. was identified. Initially this was noticed in a single dairy herd in South Africa
with many S. aureus (as identified at the time), with a somatic cell count (SCC) below 100 000
cells/ml milk. This unusual finding led to the further investigation of this emerging pathogen which
differed from S. aureus identified according to the usual procedures in use at that time as well as
further phenotypic differentiation of Staphylococcus spp. using maltose agar. This initial evaluation
showed the strain to be maltose negative compared to the usual S. aureus. Final genome analysis
confirmed the strain to be S. aureus albeit with an abnormal maltase gene. This was an important
finding and consequently the maltose negative isolates were reported to clients to explain that these
staphylococci were different from the maltose positive staphylococci and therefore they required

different management and treatment procedures.

The MLST (multi locus sequence typing) results identified the maltose negative S. aureus as S.
aureus ST 2992, an identical strain of single origin, isolated repeatedly over time. The later molecular
identification and sequencing of the maltose negative S. aureus ST 2992 led to the discovery of the
stop codon on the malA gene of this strain which most likely terminates the a-glucosidase protein
which is responsible for the maltose reduction. This important finding explains the phenotypic
difference between the maltose negative and maltose positive S. aureus which react differently in
practice. The maltose negative S. aureus is less pathogenic and shows greater antibiotic resistance
and thus needs to be treated differently. Although these results are from a relatively small sample,
this finding also highlights the importance of differentiation between maltose positive and maltose
negative S. aureus strains in routine veterinary diagnostics. However, the relatively quick and cost
effective conventional microbiology methods, although not entirely accurate, are still acceptable to
use for routine diagnostics. This study also shows that the maltose negative phenotype can probably

be attributed to differences on the malA and/or malR genes.
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Abstract

The most clinically relevant staphylococci in veterinary medicine are those that are coagulase
positive, namely S. aureus and S. pseudintermedius. Over years of detailed monitoring of dairy
herds, a new strain of coagulase positive and maltose negative S. aureus appears to be emerging
as a pathogen in South Africa. This study challenges the adequacy of the conventional
microbiological method by following up with MALDI-TOF MS (Matrix Assisted Laser
Desorption/lonisation Time-of-Flight, Mass Spectrometry) and the 16S rRNA sequencing method
(test of superior quality which serves as a point of reference against which other tests of its type may
be compared). Initially, a limited number of bacterial colonies of the maltose negative staphylococcus
used were confirmed as being S. aureus and not another species of Staphylococcus, tentatively
identified by the conventional microbiological methods as Staphylococcus pseudintermedius (S.
pseudintermedius). The strains of coagulase positive and maltose negative S. aureus tested positive
for both malA and malR genes (using a maltose positive S. aureus ATCC culture as a control. Thus
the a-glucosidase gene was shown to be present, but it was not being expressed phenotypically,
which may possibly be attributed to the abnormal stop codon present. This newly identified maltose
negative S. aureus was less pathogenic than the conventionally identified maltose positive S. aureus,
and can be treated more like coagulase negative staphylococci where only clinical cases are treated,

rather than the usual treatment for S. aureus (maltose positive).

Keywords: Staphylococcus aureus, maltose negative, conventional identification, MALDI-TOF MS,

16s rRNA, Multi-Locus Sequence Typing, malA, malR

Introduction

Staphylococcus aureus is one of the leading sources of intra-mammary infections (IMI) in dairy cows
(Dufour et al. 2012, Zecconi & Scali 2013). It has been reported that 11% of the IMI are caused by S.
aureus in South Africa (Petzer et al. 2009) and 10-40% in other countries (Kateete et al.
2013, Basanisi et al. 2017, Liu et al. 2017). The most clinically relevant staphylococci in veterinary
medicine are those that are coagulase positive, namely S. aureus and members of the
Staphylococcus intermedius group (SIG), in particular S. pseudintermedius (previously part of the S.
aureus classification). The colonization of dairy herds and the subsequent contamination of raw milk

by S. aureus, especially those isolates which express multi-drug resistance, biofilm formation and
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the ability to produce toxins, remains an important concern for both the dairy producer and public
health (Wang et al. 2018).

The Milk Laboratory at the Faculty of Veterinary Science of the University of Pretoria provides an
extensive dairy cow udder monitoring programme in South Africa. Since 2005, the Laboratory has
been isolating an increasing number of coagulase positive and maltose negative staphylococci which
were tentatively identified as S. pseudintermedius. Staphylococcus intermedius was described as a

species in 1976 based on guanine and cytosine content and phenotypic tests (Hajek 1976).

The S. intermedius group forms part of the normal microflora of the skin and mucosa of dogs and
cats (Cox et al. 1985, Cox et al. 1988, Talan et al. 1989) and has also been found in a wide range
of other animals including horses, goats, minks, foxes, raccoons and pigeons. During the past few
years, there has been confusion about the classification of S. intermedius. In 2005, an organism
named S. pseudintermedius was described based on 16S rRNA gene sequence analysis of isolates
from a cat, a dog, a horse and a parrot (Devriese et al. 2005). More recently, isolates that were all
maltose negative, and formerly identified as S. intermedius by phenotypic characteristics were
reclassified (Sasaki et al. 2007) into three clusters namely: S. intermedius, S. pseudintermedius and
Staphylococcus delphini (S. delphini), based on the nucleotide sequence analysis of the sodA and
hsp60 genes (Sasaki et al. 2007). The S. intermedius strain from dairy cattle has yet to be
characterised. In this study we attempted to characterise this emerging strain of staphylococcus by
evaluating the isolates through conventional microbiology (maltose test), MALDI-TOF MS and the

genetic 16s r RNA sequencing and further multi-locus sequence typing (MLST).

Conventional microbiological methods identify Staphylococcus spp. based on colony morphology,
haemolysis patterns, Gram staining, catalase and coagulase production (Jorgensen et al. 2015). The
coagulase test determines whether bacteria produce clots in plasma based on the coagulase and
von Willebrand factor binding protein (vWbp) (Yu et al. 2017). The clumping test is based on
agglutination in plasma, that is mediated by Coa, vWbp and clumping factor A (CIfA) from the
bacterial and cell envelope (Yu et al. 2017). Staphylococcus aureus produces coagulase while
coagulase negative staphylococci (NAS) as the name indicates lack coagulase activity. However,
several staphylococcal species are now known to be variable regarding coagulase and Coa and
vWbp genes (De Buck et al. 2017, Becker et al. 2014). These genes protect S. aureus from
phagocytosis (McAdow et al. 2011).

In South Africa, as with routine veterinary diagnostics worldwide, the focus is on a fast turnaround
time and relatively low cost. Therefore staphylococci are identified by conventional methods that use
the coagulase test (Staphylase test, Oxoid), as the core test. However, in more recent years, further

diagnosis of coagulase positive staphylococci on maltose agar has been known to differentiate S.
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aureus from the S. intermedius group (Devriese et al. 2005). The purpose of the maltose
fermentation test is to detect whether a microbe can ferment the carbohydrate maltose and utilize it
as a carbon source. The fermentation of maltose to produce acid end products, will decrease the pH
of the maltose agar, which will in turn cause a colour change due to the pH indicator in the agar, thus

confirming S. aureus (Jorgensen et al. 2015).

The rRNA genes (5S, 16S, and 23S) and intergenic regions are specific for prokaryotes and are
commonly used for taxonomic purposes (CLSI MM18-A 2010). These genes are present in all
organisms and are considered to be only weakly affected by horizontal gene transfer and they
contain mosaics of sequence stretches ranging from highly conserved to variable (CLSI MM18-A
2010). These characteristics make the 16S rRNA gene the most widely used region for bacterial
taxonomy and identification (CLSI MM18-A 2010).

The balance of strain predominance and heterogeneity in S. aureus is such that a considerable effort
has been invested in the identification of strain specific outcomes of infection. This has led to a
demonstration of strain-specific associations with somatic cell count (Dingwell et al. 2006, van den
Borne et al. 2010, Zadocks et al. 2000), milk yield (Middleton & Fox 2002), biofilm production (Fox
et al. 2005), clinical signs (Haveri et al. 2005, Zadocks et al. 2000), persistence (Haveri et al. 2007)
and treatment response (Dingwell et al. 2006, Graber et al. 2009, van den Borne et al. 2010). Not all
studies support an association between clinical outcomes and strain (Larsen et al. 2000, Middleton
& Fox 2002, Middleton et al. 2002).

The conventional identification method used in this study initially in the routine microbiological testing
was based on the study by Hajek (1976) and later verified by (Sasaki et al. 2007). However, because
of new molecular information and classification of a maltose negative S. aureus (Johler et al. 2019),
the purpose of this study was to be certain that this organism was a classical S. aureus (maltose
positive) compared to S. pseudintermedius (maltose negative) or a similar organism and also to
revalidate the phenotype identification system that is currently in use in South Africa. A previous
study in the Netherlands has identified a coagulase negative, maltose negative S. aureus strain
(Johler et al. 2019) which can make diagnosis based on the maltose phenotype potentially

inaccurate.

The main aim of this study was to challenge and to improve the current conventional microbiological

diagnosis of coagulase positive staphylococci as described above.
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Materials and Methods

Bovine milk samples received for routine udder health investigations at the Milk Laboratory, Faculty
of Veterinary Science, University of Pretoria were cultured by using conventional microbiological
methods. Staphylococcus spp. (maltose positive and maltose negative) isolates identified from such
milk samples were collected from 2009 to 2018. These samples were taken by professional samplers
or milkers trained according to a standard operating procedure (Giesecke et al. 1994). The samples
were transported on ice to reach the Milk Laboratory within 48 hours after sampling. The
temperatures and other conditions such as sample tube cleanliness and appearance, were noted on
arrival at the laboratory and the samples that were spoiled (for example, sour milk samples) or of
doubtful quality were not processed. The samples were plated out at the laboratory on the day of
their arrival (Petzer et al. 2017). From these, a total of 31 maltose negative (the only ones collected)
and 31 maltose positive Staphylococcus isolates (selected equal number of maltose positive
randomly from isolates collected during the same time period) were collected between 2009 and
2018.

In this study 31 isolates were identified phenotypically using conventional microbiology methods
during routine diagnosis as potential S. pseudintermedius (Figures 4.1 and 4.2) and were sent for
further testing to confirm the diagnosis on MALDI-TOF MS (Bruker Daltonics, Bremen, Germany)
and genotypic identification, using 16S RNA ribosomal sequencing. Three of these isolates were

further analysed by using multi locus sequence typing (MLST).

The conventional microbiological identification was done at the Milk Laboratory according to the
method that was recommended by the National Mastitis Council (2017). Milk from samples were
plated out on a blood-tryptose agar plate (Oxoid, Quantum Biotechnologies (Pty) Ltd, South Africa)
and incubated aerobically at 37°C + 1°C for 24 +2 hours. Phenotypic differentiation of staphylococci
was initially identified based on colony morphology, pigmentation, haemolysis, catalase, staphylase,
maltose and potassium hydroxide (Petzer et al. 2017). Samples with a growth of two and more
colonies from the same bacterial species were defined as a pure culture, when only one species
grew on an inoculum (National Mastitis Council Guidelines 2017). A sample was considered
contaminated when three or more dissimilar colony types were observed. The catalase reaction was
used to differentiate between Gram-positive staphylococci and streptococci. Staphylase, a
coagulase test (Oxoid, supplied by Quantum Biotechnologies [Pty] Ltd, Ferndale, South Africa), was
used to distinguish between coagulase-positive and coagulase-negative staphylococci. Maltose agar
plates (Merck NT Laboratory Supplies, Halfway House, South Africa) (Petzer et al. 2017) were used.
This conventional microbiological identification scheme (Jorgensen at al. 2015) was used for further
identification of staphylococci. Thirty-one isolates from dairy cattle were phenotypically identified as

S. pseudintermedius (coagulase positive, maltose negative staphylococci) and another 31 isolates
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identified as maltose positive S. aureus collected during the same time period, were used (Figure
4.1).

These 31 maltose negative staphylococci and the 31 maltose positive S. aureus, were submitted for
MALDI-TOF MS, (Bruker) identification (NHLS-NICD, Sandringham). All MALDI-TOF MS
identifications (with scores of >2) were carried out by using the direct transfer method (Figure 4.2).
Biological material (single colony) was smeared as a thin film directly onto a spot on a MALDI target
plate. The material was overlaid with 1pl of a-cyano-4-hydroxy-cinnamic acid (HCCA) solution within
1 hour and allowed to dry at room temperature. The screening was automated without any user
interference. Flex Control software (Bruker Daltonics) recorded spectra set for bacterial
identification. MALDI Biolayer 3.0 software (Bruker Daltonics) with an integrated pattern-matching
algorithm was used to compare generated peak lists against the reference library (van Dyk et al.
2016).

The 31 maltose negative staphylococci were submitted to Ingaba Biotec ™ for identification using
the genetic 16S rRNA Sanger sequencing analysis (Figure 4.2). Genomic DNA was extracted from
the cultures using the Quick-DNA™ Fungal/Bacterial Miniprep Kit (Zymo Research, Catalogue No.
D6005) following the manufacturer’'s instructions. The 16S target region was amplified using
OneTag® Quick-Load® 2X Master Mix (New England Biolabs, Catalogue No. M0486) with the
primers presented in Table 4.1. The PCR products were run on a gel and gel purified with the
Zymoclean™ Gel DNA Recovery Kit (Zymo Research, Catalogue No. D4001). The purified
fragments were sequenced in the forward and reverse direction (Nimagen, BrilliantDye™ Terminator
Cycle Sequencing Kit V3.1) and purified (Zymo Research, ZR-96 DNA Sequencing Clean-up Kit™,
Catalogue No. D4050). The purified fragments were analysed on an ABI 3500x| Genetic Analyzer
using a 50cm array and POP-7 (Applied Biosystems, ThermoFisher Scientific). CLC Bio Main
Workbench v7.6 was used to analyse the .abl files and identification results were obtained by a
BLAST search (BLASTN 2.2.31+) (Altschul et al. 1997). Included in all the above testing methods
were S. aureus ATCC 25923 and S. pseudintermedius ATCC 49444, which served as the reference

strains for quality control purposes.
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Table 4.1 Primers used in the current study.

Name of Target Sequence (5’ to 3') Reference
Primer
1ég-slingR 16S rDNA sequence é%%ﬁ?;%%ﬁ?%ﬁ?igg;gﬁ? Weisburg et al. 1991

arc-Up e TTGATTCACCAGCGCGTATTGTC

arc-Dn AGGTATCTGCTTCAATCAGCG

aroE-Up oE ATCGGAAATCCTATTTCACATTC

aroE-Dn GGTGTTGTATTAATAACGATATC

glpF-Up oF CTAGGAACTGCAATCTTAATCC

glpF-Dn gip TGGTAAAATCGCATGTCCAATTC

gmk-Up ATCGTTTTATCGGGACCATC .

gmk-Dn Gmk TCATTAACTACAACGTAATCGTA | Enrightetal. 2000
pta-Up ot GTTAAAATCGTATTACCTGAAGG

pta-Dn GACCCTTTTGTTGAAAAGCTTAA

tpi-Up o TCGTTCATTCTGAACGTCGTGAA

tpi-Dn TTTGCACCTTCTAACAATTGTAC

yqiL-Up . CAGCATACAGGACACCTATTGGC

yqiL-Dn yaik CGTTGAGGAATCGATACTGGAAC

JO-MALAR-F CTATAGGTCTACAAATGGCC
JO-MALARR CAGGAGGTGATTAAATGGTTAC .
Jo-Mal-Int MalA+MalR GATGTAATGACAGCAAC This study
(Internal sequencing primer)

Molecular Phylogenetic analysis was performed using the Maximum Likelihood method (Figure 4.3).
The evolutionary history was inferred by using the Maximum Likelihood method based on the Kimura
2-parameter model (Kimura 1980). The tree with the highest log likelihood (-1593, 46) is shown
(Figure 4.3). The percentage of trees in which the associated taxa clustered together is shown next
to the branches. Initial tree(s) for the heuristic search were obtained automatically by applying
Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum
Composite Likelihood (MCL) approach and then by selecting the topology with the superior log
likelihood value. A discrete Gamma distribution was used to model evolutionary rate differences
among sites (5 categories (+G, parameter = 1, 3634)). The rate variation model allowed for some
sites to be evolutionarily invariable ([+I], 78, 40% sites). The tree was drawn to scale (Figure 4.3),
with branch lengths measured in the number of substitutions per site. The analysis involved 54
nucleotide sequences. Codon positions that were included were 1st+2nd+3rd+Noncoding. All
positions with less than 95% site coverage were eliminated. That is, fewer than 5% alignment gaps,
missing data, and ambiguous bases were allowed at any position. There was a total of 641 positions

in the final dataset. Evolutionary analyses were conducted in MEGA7 (Kumar et al. 2016).

The Gram-positive bacterium Bacillus subtilis was used as the outgroup (a more distantly related
group of organisms that serves as a reference group when determining the evolutionary relationships

of the organisms under study).

The absence of maltose activity was evaluated by determining the presence of the malA and malR

genes (Egeter & Brickner 1995), with a maltose positive S. aureus ATCC 25923 used as the control
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(Figure 4.2). Three of the maltose negative staphylococci isolates (from 2009, 2013 and 2017), in
the same large group of S. aureus, were shown to be identical based on results of the 16s rRNA
sequencing analysis (Figure 4.3) and were submitted to Ingaba Biotec ™ for further analysis by
utilizing MLST. The internal fragments of seven housekeeping genes (arcC, aroE, glpF, gmk, pta,
tpi, and yqiL) were amplified as previously described (Enright et al. 2000) and sequenced by using
Brilliant Dye V3.1 (Nimagen, Netherlands) and an ABI 3500 XL Genetic analyser with a 50cm array
and POP-7 (Applied Biosystems). The sequence of each locus was compared to allele sequences
in the MLST database (http://saureus.mlst.net) in order to define the allelic profile for each isolate

and to assign a sequence type (ST), which identified this strain as S. aureus ST 2992.

Results

The maltose negative Staphylococcus spp. were initially identified as S. pseudintermedius

phenotypically.

The MALDI-TOF MS analysis (Bruker) identified 23 of these isolates as S. aureus (maltose
negative), one each as S. capitis and S. xylosus, four as S. chromogenes and two isolates with no

possible identification (Figure 4.2).

These same 31 coagulase positive, maltose negative staphylococci were sent for 16s RNA
sequencing which similarly identified 23 of these isolates as S. aureus, one each as S. capitis, S.
saprophyticus, S. xylosus and Macrococcus caseolyticus and four as S. chromogenes (Figure 3).
The two isolates with no possible identification using the MALD-TOF MS, were identified as S.
saprophyticus and Macrococcus caseolyticus by 16s rRNA sequencing. The Gram-positive
bacterium Bacillus subtilis was used as the outgroup (as described in Materials and Methods),
although there was also a built in outgroup in the samples (Figure 4.3), which was identified as

Macrococcus caseolyticus (Figure 4.3).

Further 16S identification and MLST confirmed all 23 maltose negative S. aureus isolates as an
identical strain of single origin, repeated over time (Figure 4.4).The S. aureus ST 2992 strain was

assigned, based on the results of the MLST data (Figure 4.2).

The malA and malR genes were present in the maltose negative S. aureus ST 2992. However, a
stop codon was discovered at base pair 844 of the malA gene caused by a cytosine to thymine
transition which may render a truncated a-glucosidase protein.

Nucleotide sequences of genes encoding the a-glucosidase (malA) that show the stop codon (Figure
4.4) and its upstream region in the investigated strain ST 2992, have been deposited in GenBank

(accession number to be added once the submission has been processed.
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cocci

Coagulase Positive Coagulase Negative

staphylococci staphylococci

Maltose Positive Maltose Negative
S. aureus (n=31) S. pseudintermedius (n=31)

Figure 4.1 Conventional microbiological procedures for identification of staphylococci.

Maltose
Negat ve
S. pseudintermedius (n=31)

Maldi Tof 16s Ribosomal RNA MLST (n=3)

sequencing
S. aureus (n=23) S. aureus ST 2992

S. aureus (n=23)

malA & malR genes

Figure 4.2 Procedures for confirmation of S. pseudintermedius identification by further testing.
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Figure 4.3 Molecular Phylogenetic analysis by Maximum Likelihood method.
125

ET-15

Staphylasooous aueus subsp aursus AT 12500 DEs6T)

=1-1
Staphylocoesus spders dis ATO0 14550 (LITE05)
Staphyloonoaus capitis AT Z7R40 (| 27REE)
?‘ BT-1532s
Stapmylnooocus hominis DS 20528 (OGE101)
Staphylacoceus oohrii sobsp. cohrii ATCC 20074 (DEAZE1Y

50 Saphylocoocoss sapraohylicss A TG0 15300 (L37596)

JrEn

Eil Slaphy oeocsus Aylosus A0S0 258701 (DE2A]

T ISTIS

Staphylocaccus camosus ATCC 51355 (SB0O9534)

Staphylacoceus muscas COM 4175 (SEISEE]

st

—— STI-JKE1

Staphylecoctus hycus ATEOS 11249 (DE3SES)

Staphylocooous chromogenes ATCS 43764 (DE3360)

ST

STIHE

Staphylcooosos fols ATOC 459165 (DO2564)

Sraphylozoono s lutrae DS 10244 (MR O3ETS1)

a5

EStaphylcoccus schleferi DEM 4807 (S32558)

Stapnylcacous schie for subsp. coaguans ATOC 49545 (ABI0S945)

Staphyloceccus pseudirtermedius LMG 22219 (AITBOSTS)
Stapnylocococous peoudi ntermmedius LG 22222 (AJ 75097590

3 Staphylocecous peeudintermedius LG 22220 (AT 50977

Staphylococcus intermedios ATOC 20563 (CE83363)

Staphylocccous delphini ATOC 49979 [ABICSAZE)

L Stephylococous sciur subsp. sciui DSk ZOGAST [AJaZ1445)



TEIT VAN PRETORIA
Y OF PRETORIA
HI YA PRETORIA

V,A

st

2,080 2,100 2120 2,140 2,180 2,180
1 1 1 1 | 1
Stop Codon
Consensus 1 ;ATGACTGGGTCGGGGAAGAAAATGGTAAATTTAATATGATATT AATTTGAACATTTGGGACTGTGGAATAGTGGTGATTCTCACTTTGATGTAAATTCGTATAAATCTGTAT
Translaton+2 D D W V 6 E E N 6 K F N ! | Fi B E OH L & E W M S € B o8 H E B M NS N K § ¥

Coverage

5. aureus ATCC BAA-39 ;4 7 ele ele 5 € 5 - 3G 5 3 £ TG E s G >
Translaton+2 D D W V G E E N 6 K F N M | F |l@ E" "IE H L G L W N 8 G D S H F D V N 8 Y K 8 Vv

84 C=T
8. aureus ST 2992 3 3 A - A 3G 3 3 A A A
Translation+2 D D W V¥V G E E N G K F M (1] | F i F" E H L G L W N 3 G D s H F D v N 8 Y K 8 v
S. aureus ATCC 25923 G 3 A A ; ATE SAAC G 16 : GTC . € , :
Translation+2 D D W VvV & E E N G K F N (] I F Q E° E H L G L W N S G D S H E D ¥V N S ¥ K S v
JMEB1808
Translation+2 D D W V G E E N &6 K E N (] | F Q i = H L G L W N 8 G D 8 H F D Y N 8 Y K 8 v

Figure 4.4 Comparison of the alignment of malA gene of the maltose negative S. aureus ST 2992
with that of the S. aureus ATCC BAA-39 (NCBI database), conventionally identified maltose positive
S. aureus ATCC 25923 and coagulase negative, maltose negative S. aureus JN 861808 (Johler et
al. 2012), highlighting the mutation that resulted in the stop codon.

Discussion

The initial phenotypic identification (by conventional methods) was not supported by the MALDI-TOF
MS identification with the suspected S. pseudintermedius isolates being identified as S. aureus
(Figures 4.1 and 4.2). These different results when using the conventional identification and the
MALDI-TOF MS, could have perhaps initially been explained to some extent by previous analytical
procedures that had been used. In the past in South Africa, questionable MALDI-TOF MS
identification of the S. intermedius group of organisms had been the result of the lack of specific
strains of S. pseudintermedius in the MALDI-TOF MS identification library. Nevertheless, IDEXX
Germany has subsequently added about 30 S. pseudintermedius strains to this library, 10 of which
were sent from South Africa and identified by the same phenotypic method used in this study
(maltose test) (personal communication, 2018). Thus, this addition of S. pseudintermedius strains
should have resolved the possible identification error due to lack of strains in the MALDI-TOF MS

library. However, this possible discrepancy was not in agreement with a study done in the
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Netherlands that found the MALDI-TOF MS method of identification to be effective to differentiate
between S. aureus and S. pseudintermedius (Verstappen et al. 2017). However, the MALDI-TOF
MS (Bruker) used in this study was accurate in the differentiation between S. aureus ATCC 25923

and S. pseudintermedius ATCC 49444 control cultures.

The further 16s rRNA sequencing results correlated completely with the results of the MALDI-TOF
MS for the identification of the 23 identical S. aureus isolates, and Macrococcus caseolyticus was
an inbuilt outgroup (Figure 4.3). Macrococcus is a genus of Gram-positive cocci that was identified
separately in 1998 and belongs to the family Staphylococcaceae. This organism is a large Gram-
positive coccus that is related to the Staphylococcus spp. and is often associated with meat and milk
of sheep, goats and cattle. Methicillin-resistant Macrococcus caseolyticus strains from bovine and
canine origins have been found to carry a hovel mecD gene that conferred resistance to all classes
of B-lactams, including anti-methicillin resistant S. aureus cephalosporins. (MaSlarfiova et al. 2018,
Schwendener et al. 2017).

The identification of the S. aureus ST 2992 strain was assigned based on the further multi-locus
sequence typing (MLST). This MLST data combined with the 16s identification confirmed that three
isolates from 2009, 2013 and 2017 (large identical group of S. aureus n= 23) respectively, were a
maltose negative strain of S. aureus (ST 2992) and not S.pseudintermedius. This was shown to be
an identical strain of single origin isolated repeatedly over time (Figure 4.3). This isolate has been
shown to belong to the common bovine lineage CC97 (Schmidt et al. 2017) and has not yet been
identified from humans in the country to date. Although, if this strain were to be identidied in humans
as has been the case for other isolates from the CC97 lineage, this would suggest zoonotic transfer
(Schmidt et al. 2017). It appears at this stage that this maltose negative strain of S. aureus (ST 2992)

is unigue to South Africa, and no related epidemiology from other countries has been found yet.

The presence of femA gene (Kobayashi et al. 1994), also further confirmed that these isolates were
a type of S. aureus with an odd biochemical profile and not S. pseudintermedius. The malA and
malR genes were present in the maltose negative S. aureus ST 2992 and in the maltose positive S.
aureus ATCC 25923, control used (Figure 4.2). These isolates have the a-glucosidase protein, but
it is not expressed. The malA gene encodes an a-1, 4-glucosidase or maltase, which also liberates
glucose from sucrose and it seems that the malR gene patrticipates in the regulation of the gene(s)
for maltose transport and would thus be needed for the full expression of these genes (Egeter &
Briickner 1995). The inactivation of malA in a sucrose-6-phosphate hydrolase-deficient S. xylosus
strain has been shown to result in the complete loss of the residual sucrose hydrolase activity (Egeter
& Briickner 1995).
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This study discovered a stop codon at base pair 844 of the malA gene where there was a cytosine
to thymine transition. This stop codon resulted in the early termination of the a-glucosidase protein
(Figure 4.4). This truncated protein is most likely the cause of the maltose negative phenotype of S.
aureus ST 2992. In Figure 4, the sequence of the malA gene of the maltose negative S. aureus ST
2992 is compared to the following isolates: the S. aureus ATCC BAA-39 (NCBI database), the
“classical’ maltose positive S. aureus ATCC 25923 and the coagulase negative maltose negative S.
aureus JN 861808 (Johler et al. 2012). This comparison illustrated the cytosine to thymine transition
at base pair 844 of the maltose negative S. aureus ST 2992, which is not present in the malA
sequences of the other isolates compared (Figure 4.4). However, the malR gene of the maltose
negative S. aureus ST 2992 is identical to that of the ATCC strain used. The isolate from the
Netherlands which was coagulase negative and maltose negative however, did not show as few
mutations on the malA gene sequence compared to those of maltose positive control strains used
(Johler et al. 2012). The Dutch strain was reported as a coagulase deficient S. aureus isolated from
clinical cases of bovine mastitis (Johler et al. 2012). Thus, the maltose negative phenotype can most
likely be caused by various differences occurring in either the malA or malR genes or in both, and
therefore further research is needed to explore these differences.

The practical implications of such maltose negative staphylococcus isolates that are identified as S.
pseudintermedius by conventional microbiology and phenotypic tests are not as serious as might be
initially perceived. The reason for this is that these maltose negative S. aureus strains react
differently from the reactions of the conventionally identified maltose positive S. aureus in practice.
This maltose positive S. aureus is still a problem in udder health in South Africa (Petzer et al. 2009)
and worldwide (Pyorala & Pyorala 1997, Sol et al. 1997, Tenhagen et al. 2009). Maltose negative
S. aureus differs in the prevalence per herd, with only very small numbers occurring per herd, and it
does not seem to be contagious (personal communication, 2018). In comparison, maltose positive
S. aureus occurs with a high prevalence per herd and is highly contagious (Petzer et al. 2016). For
maltose negative S. aureus identified there have also not yet been any repeat cases, so that it does
not seem to become chronic, and the udder parenchyma damage is limited (personal
communication, 2018). Both of these aspects are common with maltose positive S. aureus.
Therefore, different management and treatment strategies should apply in practice. In the case of
maltose positive S. aureus, parlour hygiene is imperative, positive cows should be separated for life
and milked last, and they should be followed up with quarter milk samples (microbiology and
cytology) (Petzer et al. 2016). This is done, in order to be able to decide on the prognosis, and to
treat or to cull as necessary. However for maltose negative S. aureus only clinical cases are treated,
as can be done with the coagulase negative staphylococci (Pyoréla & Taponen 2009). The genetic
difference found in the sequence of the malA gene (Figure 4.4) of the maltose negative S. aureus
ST 2992 could possibly also be the reason for this strain to react differently from the way the maltose

positive strains react in practice.
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Another study on the same isolates in (Chapter 5) has also found that the antibiotic resistance trends
of maltose negative and maltose positive S. aureus differ. In general, more antibiotic resistance is
shown by the maltose positive S. aureus, including multi-drug resistance (resistance to products
from three or more antibiotic classes) in comparison to the maltose negative S. aureus isolates. This
indicates that although both are identified as S. aureus, there are a few very important differences
between maltose negative and maltose positive S. aureus in practice, with the maltose negative S.
aureus being overall less pathogenic and less contagious than the maltose positive S. aureus. These
differences could perhaps also be attributed to the stop codon on the malA gene of S. aureus ST
2992 (Figure 4.4).

Future work on whole genome sequencing of the maltose negative S. aureus ST 2992 isolate is
necessary in order to investigate any other possible differences at other regions of the genome,
which may be contributing factors to the different phenotype and/or the differences in pathogenicity
and antibiotic resistance of this S. aureus ST 2992 strain. This maltase gene mutation can serve as
a target for future research to discover whether this is indeed responsible for the changes in

virulence.

Conclusion

The identification by the MALDI-TOF MS and 16S sequencing of maltose negative S. aureus with
this relatively small sample were found in both cases to support for the identification of maltose
negative Staphylococcus spp. as a S. aureus strain. Multi locus sequence typing (MLST) has further
identified this emerging pathogen as the maltose negative S. aureus ST 2992 strain, which in this
limited sample was shown to be a strain of single origin isolated repeatedly. It is not possible to
speculate on the origin of this strain, which could be from a local genetic change, or introduced from
elsewhere. Although conventional microbiological methods are not entirely correct in the strain
identification of coagulase positive and maltose negative staphylococci phenotypically, it is important
to differentiate between maltose negative and maltose positive S. aureus isolates during routine
diagnosis of mastitis causing organisms. This is because maltose negative and maltose positive S.
aureus organisms react differently and thus need to be treated differently in practice. While the
maltose negative S. aureus ST 2992 identified tested positive for both malA & malR genes the a-

glucosidase gene present was not being expressed due to the abnormally placed stop codon.
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Chapter 5: Surveillance of antibiotic resistance of maltose

negative Staphylococcus aureus in South African dairy herds

Significance of the work

This study evaluated antibiotic resistance data (disc diffusion method) of this emerging pathogen
(maltose negative S. aureus, identified in the previous chapter) as described for S. aureus studied
and reported previously (Chapters 1 and 2). In addition to the retrospective information, minimum
inhibitory concentration (MIC) testing was undertaken on a limited number of maltose positive and
maltose negative S. aureus isolates taken over a total time period of nine years. The findings of this
study highlighted differences in antibiotic resistance between maltose negative and maltose positive
S. aureus isolates. The maltose negative S. aureus isolates showed overall increased antibiotic
resistance when compared to the maltose positive strain, as well as multi-drug resistance These
findings also showed resistance of the maltose negative strain isolated from milk samples to
antibiotics that are only used in human medicine, which implies a possible anthroponosis (transfer
from humans to animals) and requires further studies under the “one health” approach. This study
also highlighted the differences in antibiotic resistance profiles between the maltose positive and
maltose negative S. aureus which is very useful information for producers and veterinarians in the

field when treating cows infected with such organisms in practice.

Submitted for publication, December 2019: Joanne Karzis, Inge-Marié Petzer, Edward F. Donkin,
Vinny Naidoo & Eric M.C. Etter (BMC Veterinary Research Journal)

Abstract

The discovery of antibiotics in the 1930s was one of the greatest achievements in medical history.
However, bacterial resistance to antibiotics was already first observed in the 1940s. Since then
bacterial resistance to antibiotics has been reported in both human and veterinary medicine,
including in dairy cows. Many years of monitoring milk samples have led to the identification of a
new strain of Staphylococcus aureus (S. aureus), which is maltose negative and appears to be an
emerging pathogen in South Africa. In this study the differences in susceptibility to antibiotics of this
strain were evaluated over time, over different seasons, in different provinces, and according to

somatic cell count (SCC) categories.

A data set of 271 maltose negative S. aureus isolates, cultured from milk samples from 117 herds

out of the estimated 2000 commercial dairy herds in South Africa between 2010 and 2017, was
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studied using the Kirby Bauer method. Initially in this method, the reactions of bacteria to specific
antibiotics were classified as resistant, or susceptible, or intermediate (previously used system). This
test was carried out using the nine antibiotics that were available as intramammary remedies in
South Africa at the time. The analysis was done to compare the previously used system
(intermediate category grouped with resistant) and the more recent system, (intermediate category
grouped with susceptible) Clinical Laboratory Standards Institute (CLSI) breakpoints. The results
between the previously used system and the more recent system, differed for tylosin, cefalonium,
oxy-tetracycline and cloxacillin. Neither the analysis using the previous system nor the more recent
system showed an effect of province for the maltose negative S. aureus. This was in contrast to the
results for maltose positive S. aureus where differences between provinces were shown in a previous
study (Karzis et al. 2019).

For the susceptibility testing of 57 maltose negative S. aureus and 57 maltose positive S. aureus the
minimum inhibitory concentration (MIC) results for the maltose negative S. aureus confirmed the
results of the Kirby Bauer. The results for the maltose negative strains of S. aureus differed in
general, in their antibiotic resistance patterns over time, in comparison to maltose-positive S. aureus
results. MIC testing also indicated more multi-drug resistant isolates that were seen with the maltose

negative S. aureus than in the maltose positive strains.

Keywords: antibiotic resistance; maltose negative mastitis; minimum inhibitory concentrations;

regions; seasons; Somatic Cell Count; Staphylococcus aureus

Introduction

The genus Staphylococcus consists of a variety of opportunistic pathogens of variable relevance in
veterinary medicine. The most clinically relevant staphylococci in veterinary medicine are the
coagulase positive Staphylococcus aureus and members of the S. intermedius group (SIG) (Sasaki
et al., 2007), particularly Staphylococcus pseudintermedius (S. pseudintermedius). A noted property
of staphylococci is their ability to become resistant to antimicrobials. Methicillin resistance is of
particular relevance, because it is conferred by a presence of the mecA gene, which encodes for the
production of an altered penicillin binding protein (PBP) (PBP2a or PBP2) that has a low affinity for
all beta-lactam antimicrobials (penicillins, cephalosporins, carbapenems) (Kwon et al. 2006).
Methicillin-resistant S. aureus (MRSA) is recognised as a significant problem in human medicine and
it is among the most important infections in hospitalized individuals (Klevens et al. 2007). Recently,
MRSA has emerged as a significant community-associated pathogen that has caused disease in
people in the general population (not only in hospitals), including those that would previously have

been considered as low risk for infection (Frazee et al. 2005).
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In veterinary medicine S. aureus (maltose positive) is the biggest problem in the dairy industry in
South Africa and globally (Petzer et al. 2009, Petzer et al. 2012). The infected udder is considered
to be the primary reservoir of S. aureus and the organism is believed to be transmitted during milking.
Despite this, a proportion of heifers which are already infected with S. aureus, enter the milking herd
(Nickerson et al. 1995). This suggests routes of transmission in addition to the milking equipment
and the milking parlour. A good understanding of S. aureus reservoirs and transmission is essential
for the effective control of the organism in a herd. The probability of treatment resulting in cure of S.
aureus (maltose positive) infection is calculated by taking the following factors into account: parity;
the stage of lactation; the SCC level; the specific teat position on the udder; the number of quarters

infected; and the duration of treatment required (Sol et al. 1997).

The Milk Laboratory at the Faculty of Veterinary Science at the University of Pretoria has provided
an extensive dairy cow udder monitoring programme in South Africa. Since 2005, an increasing
number of coagulase positive, maltose negative staphylococci have been isolated, that were
confirmed as maltose negative S. aureus by molecular methods. These organisms were first
identified from a dairy cow in a single South African dairy herd with a somatic cell count of less than
100 000 cell/ml of milk. As early as three years later these organisms were isolated from numerous
other dairy herds in South Africa, albeit with effective susceptibility to antibiotics that were tested
routinely and with a low SCC. However in more recent years 2016/2017/2018, coagulase positive
and maltose negative staphylococci were isolated showing resistance (MRSA, cefoxitin disc) where
some of the milk samples started to show higher SCC (> 400 000cells/ml milk) than initially shown
(personal experience). In addition to the previous study which attempted to characterise this
emerging pathogen, a further evaluation was carried out of the resistance trends evident in historic

Kirby Bauer susceptibility data and more recent MIC data.

Materials and Methods

Retrospective data analysis of maltose neqative S. aureus (Kirby Bauer test):

From 2010 to 2017, susceptibility tests were performed on maltose negative staphylococci that were
isolated from milk samples of commercial dairy herds in South Africa (n= 271), using the Kirby Bauer
method (Bauer et al. 1966). The total of 271 samples originated from 117 dairy herds out of
approximately 2000 commercial dairy herds (Lactodata 2009). These herds were located in all nine
provinces of South Africa, but with greatly varying numbers in the different provinces, namely:
Gauteng (n= 8), KwaZulu Natal (n= 170), Free State (n= 4), Eastern Cape (n= 56), Western Cape
(n=27), Northern Cape (n= 1), North West (n= 1), Limpopo (North) (n= 1) and Mpumalanga (n= 3).
Most of these dairy producers sent milk samples to the Milk Laboratory, Faculty of Veterinary

Science, University of Pretoria , for testing (microbiology and cytology) on a routine basis, as part of
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the pro-active udder health management programme, while a few were part of post-mastitis
diagnosis only. The milk samples were collected in an aseptic manner either by the farmers
themselves according to a standard operating procedure (NMC 2004) or by professional milk
samplers. The samples were then cultured according to the method recommended by the National
Mastitis Council (2004). Milk from samples were plated out on a blood-tryptose agar plate (Oxoid,
Quantum Biotechnologies (Pty) Ltd, South Africa) and were incubated aerobically at 37°C + 1°C for
24 + 2 hours. Phenotypic differentiation of staphylococci was initially based on colony morphology,
pigmentation, haemolysis, catalase, staphylase, maltose and potassium hydroxide tests that were
used (Petzer et al. 2017). A positive maltose agar reaction (colour changed to yellow) confirmed S.
aureus and a negative maltose reaction (colour remained purple) confirmed an organism from the

Staphylococcus intermedius group (Hajek 1976, Sasaki et al. 2007).

All milk samples were analysed at the Milk Laboratory by microbiological and cytological
examinations. (NMC 2017. Isolates to be tested for routine antimicrobial susceptibility were all
selected from milk samples with a somatic cell count (SCC) (Fossomatic 5000 and Fossomatic FC,
Rhine Ruhr) of more than 400 000 cells/ml (NMC 2017), when applicable, in order to include cases
of subclinical mastitis. This was the general rule for routine antibiotic susceptibility testing. However,
when a maltose negative S. aureus was isolated from a herd, antibiotic sensitivity testing was done
on that organism regardless of SCC. The disc diffusion, Kirby Bauer method (Bauer et al. 1966) with
published breakpoints was used to determine the antimicrobial susceptibility of the routine diagnostic
samples that were used for the retrospective data analysis. The initial results were based on the
diameter of the inhibition zones and were classified as sensitive, intermediate or resistant
(intermediate grouped with resistant) in accordance with the clinical breakpoints that were
established by the Clinical Laboratory and Standards Institute according to CLSI Vol. 32 No.3 (CLSI
2012) and (CLSI 2008a) (previous system). These data were later re-classified according to the CLSI
M31-A3 2015 and CLSI M100-S25 2015 (intermediate grouped with susceptible), and the results

were compared.

Nine antibiotics used in intramammary treatment (dry and lactating remedies) that were available for
use in South Africa were tested. These included the penicillins (ampicillin 10 pg, cloxacillin 5 ug,
penicillin G 10 IU), cephalosporins (cephalexin 30 pg, cefuroxime 30 pg), lincosamides (clindamycin
10 pg), tetracyclines (oxy-tetracycline 30 pg) and macrolides (tylosin 30 pug and cefoxitin 30 pg). The
lactating cow numbers of the herds in this study varied from approximately 30 (smallest herd) to 1
700 cows, (largest herd) (Lactodata 2013). The South African national average daily milk yield was
20.2kg in 2013, and average yield varied slightly over the years of the study period. It would also
have varied between herds, within herds between cows, and in different stages of lactation, but this

detailed information is not available (Lactodata 2013).
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All herds from which these isolates were collected participated in the pro-active udder health
programme at the Milk Laboratory (Karzis et al. 2018). Antibiograms were done with every routine
herd examination and the results were used by the veterinarians and producers when deciding on
antibiotic treatment, which was then administered by trained staff. As part of the pro-active udder
health programme. S. intermedius isolates from cows were distinguished from maltose positive S.

aureus isolates.

Minimum Inhibitory Concentration (MIC) Testing:

For this part of the study we made use of 57 of these coagulase positive, maltose negative S. aureus
isolates (2012-2013 n=15; 2018-2019 n=42) and 57 maltose positive S. aureus isolates (2012-2014
n=11; 2017-2018 n= 46), isolated from 38 dairy herds mainly from KwaZulu Natal and Eastern Cape
provinces, but also with a few samples from Western Cape, Gauteng and Mpumalanga. Antimicrobial
agents that were selected were based upon the availability of commercial intramammary infusion
products or as representatives of their respective antimicrobial classes such as: ampicillin, oxacillin,
erythromycin, penicillin and tetracycline. The MICs were determined by using the automated broth
microdilution method (Staneck et al. 1985) (PM 32 panels and Microscan 40 Walkaway system,
Beckman Coulter, California, USA) and the results evaluated according to the Clinical Laboratory
Standards Institute (CLSI M31-A3, 2015 and CLSI M100-S25, 2015) and EUCAST. Staphylococcus
aureus ATCC 25923 and S. pseudintermedius ATCC 49444 served as the reference strains for
guality control purposes. The MIC data analysis used the LabPro software of the Microscan 40
Walkaway system, (Beckman Coulter, California, USA) in order to determine the MIC 90 values and
the MIC 50 was calculated manually using the results from the automated MIC system (Microscan

40 Walkawaysystem, Beckman Coulter, USA).

Statistical Analysis

The results were grouped into two categories namely, resistant or susceptible. Results that were
originally listed as being intermediate were grouped together with the resistant results in this
analysis, according to the previous conventional system. However, after the introduction of the new
CLSI & EUCAST recommendations that intermediate results should be grouped with those classified
as susceptible, this analysis was repeated using this recently introduced system, and the two sets
of results were compared.

The SCC categories that were used were low (< 150 x102 cells per ml milk), med (150 x10° to 400
x103 cells per ml milk) and high (> 400 x103cells per ml milk).

The Chi? test was used to check for the existence of any effect of year, province, season or SCC
category on the response variable, the resistance to the different antibiotics. This Chi? analysis also

allowed classification of the categories of each variable in order to introduce the one with the lowest

143



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

level of resistance as the reference category in the following GLMM (general linear mixed model)
analysis. Apparent relationships between season, province and SCC category on the prevalence of
antibiotic resistance of all S. aureus isolates were tested in a multivariate model, a (‘glmer’ function
within ‘Ime4’ package of the R software © version 3.3.3) using a logit link-function. This model
allowed the analysis to take account of the random effect from the different herds. This type of
general linear mixed model (GLMM) can be used to take account of this random effect when
comparing the different provinces, the different seasons and the SCC category as well as the
interactions. Under the “goal of parsimony”, a stepwise approach based on the Akaike Information

Criterion, was used to select the best model.

Results

The first part of this study was the retrospective data analysis (Kirby Bauer) which was done only on
maltose negative S. aureus, as a previous study had been done with a similar analysis of maltose
positive S. aureus that combined the resistant and intermediate results and reported susceptible
results separately (Karzis et al. 2018). The eight antibiotics that were used in this retrospective study
were the commonly used antibiotics that are available as intramammary remedies in South Africa.
The original classification (CLSI 2008, CLSI 2012) and the more recent classification (intermediate
grouped with susceptible) (CLSI M31-A3 2015, CLSI M100-S25 2015) of antibiotic resistance
showed similar trends. These trends of resistance to ampicillin, cephalexin, cefalonium, cloxacillin,
oxy-tetracycline and penicillin peaked (at highest) in 2011, and for tylosin in 2013, and then
decreased over time. However, in 2014 there was a slight increase in antibiotic resistance seen for
cloxacillin and in 2016 for ampicillin, cephalexin, cefalonium, penicillin and tylosin (Figures 5.1, 5.2,
5.3,5.4,5.5 & 5.6). The analysis of antibiotic resistance for cloxacillin showed significant differences
between SCC categories only according to the GLMM analysis (p<0.05). Cefoxitin, cloxacillin and
cefuroxime showed no significant differences for years and provinces (Table 5.1). The analysis of
antibiotic resistance of maltose negative S. aureus for oxy-tetracycline, cephalexin, ampicillin,
tylosin, cefalonium and penicillin G showed significant differences according to the GLMM (p<0.05)
over time (years). Similar trends (but not significant) were shown for clindamycin which was used
from 2009 to 2012 and increased in percentage antibiotic resistance and (also not significant) for

cefoxitin which was used from 2014 to 2017 and showed a decreased antibiotic resistance over time.

These data were re-evaluated according to the more recent classification system (CLSI M31-A3
2015, CLSI M100-S25 2015) that grouped results from susceptible and intermediate data together,
so that the resistance data were reported on separately. Some differences were apparent as a
detailed examination of Tables 5.1 and 5.2 will show:

Tylosin, cloxacillin, oxy-tetracycline and cefalonium showed differences in the effects of year,
season, province and SCC categories on antibiotic resistance as seen between the original system
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of classification (Table 5.1) compared to the more recent system of classification (Table 5.2) CLSI
guidelines. According to the new guidelines, tylosin, oxy-tetracycline and cefalonium showed no
significant effects at all on antibiotic resistance from the factors measured (Table 5.2), whereas they
had showed some effects of year, season and SCC categories when using the previous classification
(Table 5.1). Cloxacillin showed an effect of SCC category only when using the previous classification
system for analysis (Table 5.1), but there appeared to be possibly a slight effect of season as well
as when using the more recent classification (Table 5.2). There was no effect of province on antibiotic
resistance when using both the previous system (Table 5.1) and the more recent system (Table 5.2)
CLSI guidelines. Ampicillin, penicillin G, cefoxitin and cefuroxime showed similar effects of year,
province, season and SCC categories for both the previous system (Table 5.1) and the more recent
system (Table 5.2) CLSI guidelines. For ampicillin, comparing the results from the previous system
of analysis, seasonal effects showed differences only for autumn compared to spring (Table
5.1).However, by using the more recent system, the results for ampicillin appeared to show an effect
of both summer and autumn (Table 5.2) with high resistance at those times, this could be compared

to spring where there was low resistance.

This comparison between the analysis of the effects of year, season, province and SCC categories
of antibiotic resistance of maltose negative S. aureus shows that the new breakpoints (CLSI) as well
as the grouping of intermediate readings with susceptible readings instead of with resistant readings,
as was done in the past, does indeed make a difference to the results (Tables 5.1 & 5.2). The logic
behind the change of this grouping, was that in the past, intermediate readings were grouped with

resistant readings to create more strictly defined categories.

Antibiotic products shown in Tables 5.3 and 5.4 are all the products from the PM 32 panel
(Beckman Coulter) that showed resistance to any of the isolates tested. The 57 maltose positive
and the 57 maltose negative S. aureus isolates were all resistant to ampicillin. Out of the total of
114 isolates overall, only 37 were resistant to more than one product hamely, 30 maltose negative
S. aureus and seven maltose positive S. aureus (Table 5.4). There was a total of 25 multidrug
resistant (MDR) isolates (isolates resistant to an antibiotic from three or more antibiotic classes), 3
maltose positive and 22 maltose negative S. aureus (Table 5.4).
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Table 5.1 Summary of differences in antibiotic resistance (GLMM) between years, seasons,
provinces and SCC categories according to CLSI Vol. 32 No.3 (CLSI 2012) and (CLSI 2008a), with

intermediate responses grouped with resistant responses (the original system).

Antibiotic Year Season Province SCC Category
Tylosin P <0.01* P=0.08 Autumn(Highest R) & NS NS*
Spring (Lowest R) *
Penicillin G P =0.04* P<0.01 Autumn (highest R)& NS NS*
Spring (Lowest R)*
Ampicillin P =0.02* P=0.02 Autumn (highest R)& NS NS*
Spring (Lowest R)*
Clindamycin N/A N/A N/A N/A
Cefuroxime? NS NS NS NS*
Cefalonium P =0.08* NS NS P=0.01 Med SCC
(2011-2017) (Highest R)&
High SCC (Lowest R)*
Cefoxitin NS NS NS NS*
(2014-2017)
Oxy-tetracycline P =0.003* NS NS NS*
Cephalexin? P =0.007* P=0.07 Summer(Highest NS NS
R)&Autumn(Lowest R)*
Cloxacillin NS NS NS P<0.05 Low SCC (Highest
R) &
High SCC (Lowest R)*

See text for detailed explanation.
*The variable/s included in the best statistical model (GLMM), even if NS.

NS = Not Significant, R = Resistance, N/A = Not applicable.

Table 5.2 Summary of differences in antibiotic resistance (GLMM) between years, seasons,
provinces and SCC categories according to CLSI M31-A3 2015 and CLSI M100-S25 2015, with

intermediate responses grouped with susceptible responses (the more recent system).

Antibiotic Year Season Province SCC Category
Tylosin NS NS NS NS*
Penicillin G P =0.06* P=0.0011 Autumn & P = NS NS*

0.0019 Summer (Highest R) &
Spring (Lowest R)*

Ampicillin P =0.031* P=0.000374 Autumn & P = NS NS*
0.042 Summer (Highest R) &
Spring (Lowest R)*

Clindamycin N/A N/A N/A N/A
Cefuroxime? NS NS NS NS*
Cefalonium NS NS NS NS
(2011-2017)
Cefoxitin NS NS* NS NS*
(2014-2017)
Oxy-tetracycline NS NS NS NS*
Cephalexin® P = 0.008* P=0.0 12 Summer (Highest R) NS NS*
& Winter (Lowest R)*
Cloxacillin NS P=0.0 58 Summer (Highest R) NS P =0.067 Low SCC
& Autumn (Lowest R)* (Highest R) &

High SCC (Lowest R)*

See text for detailed explanation.
*The variable/s included in order to achieve the best statistical model (GLMM), even if NS.

NS = Not Significant, R = Resistance, N/A = Not applicable.
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Table 5.3 Distribution of minimum inhibitory concentrations (MIC) cumulative percentage inhibited by antibiotic level for maltose positive

(shown as STA +) (n=57) and maltose negative Staphylococcus aureus (shown as STA -) (n=57).

Product % STA (+) (n =57) % STA (-) (n =57) MIC 90 MIC 50
Resistance Distribution of MICs % (ug/ml Resistance Distribution of MICs % (pg/ml)
0.03 0.06 0.12 0.25 0.5 1 2 4 8 32 64 256 0.03 0.06 0.12 0.25 0.5 1 2 4 8 32 64 STA+ STI- STA+ STI-
a a a a a a a a a a a a a a a
Amox/K Clav 3.5 89 * 99 * 99 * 99 * 99* 21.1 7 89 * 91 * 95* 100* 1 2 0.5 0.5
— a a a a a a a
Ampicillin 70* 78* 85* 90* 90* 56* 63* 68* 93* 96* 4 4 0.5 0.5
. . a a a a a b b b b a a a a b b b
Azithromycin 35 98 98 1.8 98* 98* 1 1
. a a a a a a a a a b b b a a a a a a a a b b
Cefepime 1.8 100 100 22.8 98 98* 4 4
) a a a a a a a a a b b b a a a a a a a a b b
Cefotaxime 1.8 93 * 100 * 22.8 88 * 96 * 1 2
N a a a a a a a a a a a a a
Cefoxitin 18 100* 0 100* 4 4
| a a a a a a a a a a a a a
Cefuroxime 18 100* 100* 21.1 89* 96* 4 8
i . a a a a a a a
Ciprofloxacin 7 89* 94* 1.8 95* 98* 1 0.5 0.5
i i a a a a a* b b b b b a a a a 7t b b b b
Clindamycin 53 91 * 96 * 98* 24.6 68 * * 86* 0.3 0.25
# a a a a a a a a a a a
Daptomycin 0 95"+ 100°* 100* 100* 17.5 82"+ 82 82+ 82+ 0.5 0.5
# a a a a *a a a a a a a
Ertapenem 3.5 98 98 * 100 18 97 * 97* 0.5 0.5 0.5
. a a a a a b b b b a a a a b b b
Erythromycin 18 99* 99* 15.8 82* 84* 1 1
# a a a a a a a a a a a b a a a a a a a a a a
Fosfomycin 1.8 98 * 12.3 88 * 32 32
a
Fusidic Acid 0 100* 10.5 89* 2 2
. a a a a a a a a b b b a a a a a a a b b
Gentamicin 7 93 * 98 * 100 * 22.8 79 * 98 * 98* 1 2 1
; a a a a a a a a b b b a a a a a a a b b
Imipenem 3.5 99 99 99 21.1 100 * 100* 100* 2 2
# a a a a a a a b b b b a a a a a a b b b b
Levofloxacin 0 100 * 100 * 0 100 * 100* 1 1
. H# a a a a a a a a a a a a a
Linezolid 0 21 * 64 100 * 100* 15.8 21 * 37 * 82* 84 2 1 2
# a a a a a a a a a a
|__Meropenem 18 100 * 100* 100* 21.1 100* 100* 100* 2 2
| # a a a a a b b b b b b a a a a b b b b b
Moxifloxacin 0 100 * 100* 0 100* 100* 0.5 0.5
| # a a a a a a a a a a b a a a a a a a a a
Nitrofuratoin 0 100* 0 91* 64 64
N a a a a* a a a a a a a a a
Oxacillin 1.8 54 91 * 98 * 100 * 21.1 56 * 79 * 88 * 88* 0.3 0.5 0.25
a* ax a a a
Penicillin 36.8 61* 70* 70 70 76* 47.4 33* 40 * 53 * 54 * * * 63* 0.03 0.12
. # a a a a a a b b b b b a a a a a b b b b
Rifampin 0 100 * 100 * 100* 53 93 * 95* 95* 0.5 0.5
. a a a a a a b b b b b a a a a a b b b b
Synercid 53 100 * 100* 100 * 19.3 75* 7 82 * 1 1
. # a a a a a a a a a b b b a a a a a a a a b b
Teicoplanin 0 100 * 100 * 100 * 100 * 14 82 * 84 * 8 * 86* 1 1
i a a a a a a a a a a a a a a a
Tetracycline 7 92 * 92 * 7 95 * 95 * 1 1 1
# a a a a a a a a b b b a a a a a a a b b
Tobramycin 3.5 98 * 98 * 100 * 7 93 * 98 * 98* 1 1
. a a a a a a a a a
Trimeth/Sulfa 0 100* 100* 100* 0 98* 98* 100* 1 1
. a a a a a a a b b b a a a a a a b b
Vancomycin 0 0* 27 * 86 * 100 * 100* 100* 31.6 7 18 * 54 * 67* 68* 81* 2 _ 1 1

# CLSI Human breakpoints M100-S25 used, antimicrobials with no superscript CLSI Veterinary breakpoints M31-A3used, * dilution ranges PM 32,

aDenote the susceptible MIC, ® Denote resistant MIC, for antimicrobials with only 2 the unmarked fields are taken as resistant, for antimicrobials with 2and® the unmarked fields in between
denote Intermediate (CLSI M100-S25 & CLSI M31-A3).

Trimeth/Sulpha = Trimethoprim / Sulphamethoxazole; STA + = maltose positive S. aureus; STA - = maltose negative S. aureus; n = number of isolates.
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Table 5.4 Minimum inhibitory concentration (MIC) results (CLSI M31-A3 2015 and CLSI M100-S25 2015) and EUCAST of maltose positive (shown as

STA +) and maltose negative Staphylococcus aureus (shown as STA -) which showed resistance to more than one antibiotic.

TE | TO | VA

P | R|SY|TEI

R*

S*

S*

S*

S*

S*

S*

N/A

S*

S*

S*

S*

S*

S*

R*

LZ | ME | MU | OX

IM

S*

S*

S*

S*

S*

S*

R*

FA | G

Products

S*

S*

S*

S*

S*

S*

R*

S*

S*

S*

S*

S*

S*

R*

S*

S*

S*

S*

S*

S*

R*

R*

AC| AM | AZ |CE|CT|FO|CX|CP | DA |DP|ET|E]|FO

S*

S*

S*

S*

S*

S*

R*

(n)

T | Class

2

3
3

4

5
5

12

14
16
16
18
20
21
20
21

Isolate

STA-

STA+

STA-

STA-

STA-

STA-

STA-

STA-

STA-

STA-

STA+

STA+

STA-

STA-

STA-

STA-

STA+

STA-

STA-

STA-

STA+

STA+

STA-

STA-

STA-

STA-

STA-

STA-

STA-

STA-

STA+

STA-

STA-

STA-

STA-

STA-

STA-

Resistant, | =

Susceptible, R =

Total number of antimicrobial products resistant, Class = Number of antimicrobial classes that each isolate is resistant to, S

T =

Not applicable, (n) = number of isolates.

Amox/K Clav, AM

Intermediate, N/A

AC

Cefuroxime, CP = Ciprofloxacin, DA =

Cefoxitin Screen, CX =

Cefotaxime, FX

Fusidic Acid, G
Synercid (Quinupristin-Daldopristin), TEI = Teicoplanin, TE

= Azithromycin, CE = Cefepime, CT =

Ampicillin, AZ

Meropenem, MU =

Gentamycin, IM = Imipenem, LZ = Linezolid, ME

Ertapenem, E = Erythromycin, FO = Fosfomycin, FA

Clindamycin, ET

Tobramycin, VA

Tetracycline, TO

Penicillin, Rl = Rifampin, SY

Oxacillin, P

Muriprocin, OX

Vancomycin.
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Figure 5.1 Trends of antibiotic resistance over time of maltose negative S. aureus for
ampicillin (Kirby-Bauer, retrospective data), according to CLSI Vol. 32 No.3 (CLSI 2012) and
(CLSI 2008a), with intermediate responses grouped with resistant responses (the previous
system).

Resistance mean is the proportion of isolates per year.
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Figure 5.2 Trends of antibiotic resistance over time of maltose negative S. aureus for oxy-
tetracycline (Kirby-Bauer, retrospective data) according to CLSI Vol. 32 No.3 (CLSI 2012) and
(CLSI 2008a), with intermediate responses grouped with resistant responses (the previous
system).

Resistance mean is the proportion of isolates per year.
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Figure 5.3 Trends of antibiotic resistance over time of maltose negative S. aureus for
cloxacillin (Kirby-Bauer, retrospective data) according to CLSI Vol. 32 No.3 (CLSI 2012) and
(CLSI 2008a), with intermediate responses grouped with resistant responses (the previous
system).

Resistance mean is the proportion of isolates per year.
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Figure 5.4 Trends of antibiotic resistance over time of maltose negative S. aureus for
ampicillin (Kirby-Bauer, retrospective data), according to CLSI M31-A3 2015 and CLSI M100-
S25 2015, with intermediate responses grouped with susceptible responses (the more recent
system).

Resistance mean is the proportion of isolates per year.
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Figure 5.5 Trends of antibiotic resistance over time of maltose negative S. aureus for
cephalexin (Kirby-Bauer, retrospective data), according to CLSI M31-A3 2015 and CLSI
M100-S25 2015, with intermediate responses grouped with susceptible responses (the more

recent system).
Resistance mean is the proportion of isolates per year.
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Figure 5.6 Trends of antibiotic resistance over time of maltose negative S. aureus for penicillin
G (Kirby-Bauer, retrospective data), according to CLSI M31-A3 2015 and CLSI M100-S25
2015, with intermediate responses grouped with susceptible responses (the more recent
system).

Resistance mean is the proportion of isolates per year.

Discussion

This study on the maltose negative S. aureus showed no significant differences of antibiotic
resistance between the provinces, and only a limited significant difference related to seasons
and SCC categories, whereas there were no significant interactions between any of the
variables (Tables 5.1 & 5.2). The relationship of the occurrence of SCC category to antibiotic
resistance was in accordance with a study in Denmark (Bennedsgaard et al. 2006), which also
found high SCC to correspond with low antibiotic resistance and low SCC to correspond with
high antibiotic resistance. This could be due to the SCC being more of an indicator of irritation

and severity of the infection rather than an indicator of antibiotic resistance of the organism.
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In contrast, the study on maltose positive S. aureus showed that of the provinces, the lowest
prevalence of antibiotic resistance to the majority of the categories of antibiotics that were
tested was present in KwaZulu-Natal during spring, except for cephalosporins which had the
lowest levels of prevalence of bacterial resistance in Gauteng during winter (Karzis et al.
2019). Although, there were great differences in the numbers of herds and samples between

the provinces, these differences were taken into account in the model, during the analysis.

Resistance patterns of the maltose positive S. aureus to the eight antibiotics varied in the
different seasons and provinces, possibly because of the different weather conditions, as well
as the action and spectrum of antibiotics (Karzis et al. 2019). There was one specific strain of
maltose negative S. aureus (Chapter 4), originating in and found mostly in KwaZulu Natal, but

also now present in all nine provinces of South Africa, albeit in small numbers.

The antibiotic resistance trends (Figures 5.1 to 5.6) were in agreement with those shown for
the same antibiotics with coagulase negative staphylococci (Petzer & Karzis 2019), but in
contrast to the trends shown for the maltose positive S. aureus over time (Karzis et al. 2018).
The study on the maltose positive S. aureus showed a general increase in resistance over
time except for the 20 well managed herds (part of the pro-active udder health programme),
which showed a decrease in resistance over time (Karzis et al. 2018). However, due to the
general increase in antibiotic resistance in recent years, there were some cases where there
may not have been any effective products available and then the intermediate product/s would
have been used at a higher concentration, which is why the intermediate responses should
now be grouped with the susceptible responses. However, the trends of antibiotic resistance
over time of maltose negative S. aureus evaluated with both the previous (intermediate
responses grouped with resistant responses) (Figures 5.1, 5.2 & 5.3) and the more recent
system (intermediate responses grouped with susceptible responses) have been similar for

these organisms tested (Figures 5.4, 5.5 & 5.6).

The antibiotic resistance trends (Figures 5.1 — 5.6) and profiles (Tables 5.3 & 5.4), allow for
informed treatment choices to be made without the need to wait for any antibiotic sensitivity
test results. However, the results of antibiotic sensitivity tests (Kirby Bauer or MIC), are just
an indication that the particular organism has the ability to be killed by a particular antibiotic
(in-vitro). In the udder, the situation may be very different from tests in vitro. This is because
the site of the infection is very difficult to reach via very small arteries and lactiferous ducts
and also due to udder pharmacodynamics (very few products are successful in a water and

fat environment). As a result of this, the treatment success for mastitis in is not very high (27%)
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as determined in a large study done in five European countries; France, Hungary, Italy, the
Netherlands, and the United Kingdom (Swinkels et al. 2013) to begin with, and can lead to the
development of antibiotic resistance by mastitis-causing organisms. Treatment success
against S. aureus tends to be better in the dry period but this is nevertheless not ideal
(Barkema et al. 2006, Roy et al. 2009). The focus should be on the prevention and monitoring
through the pro-active udder health programme (Petzer et al. 2016) rather than only on the

actual treatment.

The second part of this study concerned the MIC test on 57 maltose negative and 57 maltose
positive S. aureus isolates. The MIC results of antibiotic resistance (Table 5.3) confirmed the
Kirby Bauer results (Tables 5.1 & 5.2) for maltose negative S. aureus for the products tested.
Antibiotics are grouped into three broad groups that are based on approved usage (US FDA):
approved for human use only; approved for animal use only; or approved for the use in both
humans and animals. The antibiotics studied for the retrospective data analysis for the maltose
negative S. aureus are approved for the use in both humans and animals. However, from the
antibiotics that were studied for the MIC testing (PM 32 panel), daptomycin, ertapenem,
fosfomycin, meropenem, moxifloxacin, rifampin, teicoplanin and tobramycin are approved for
human use only and the remainder of antibiotics in the panel (PM 32) are approved for both
use in humans and animals (Tables 5.3 & 5.4). Antibiotics that are approved for human use
only, create a reserve of unique antibiotics for humans. Antibiotics that are approved for animal
use only, such as the ionophores, should not create a risk to human health.

Antibiotics contribute to animal care in four ways: to treat animals diagnosed with an illness;
to control spread of iliness within a herd or flock; to prevent iliness in healthy animals when
exposure is likely; and to ensure healthy growth by maintaining the right balance of bacteria
for improved nutrient utilization (antibiotics approved for animal use only) (FAO 2009, Food
and Agricultural Organization of the United Nations 2014). Antibiotics that are used in animals
are important for global food security. Estimates have been made that nearly one billion people
in the world do not get enough to eat each day and nearly three billion are trying to diversify
their diet to include more meat, milk and eggs (FAO 2009, Food and Agricultural Organization
of the United Nations 2014). Veterinary medicines that include antibiotics provide a valuable
tool to help veterinarians and producers to deliver healthy animals to meet the growing need
for safe, nutritious, affordable food, while making the most of limited natural resources in a
sustainable manner. As the world population is expected to grow to nine billion by 2050, tools

such as antibiotics which keep animals healthy will be essential to meet the increasing demand
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for food (Kharas 2010, FAO 2009, Food and Agricultural Organization of the United Nations
2014).

Antibiotics that could be considered for routine testing by veterinary diagnostic laboratories,
may be divided into four groups (CLSI document M31-A3):

Group A: Antibiotics with specific interpretive criteria for veterinary medicine;

Group B: CLSI approved interpretive criteria for human medicine;

Group C: No veterinary species-specific or human-specific interpretive criteria;

Group D: Supplemental to be tested selectively.

Ampicillin, oxacillin, erythromycin, penicillin and tetracycline are the corresponding antibiotics

from the panel tested which are approved for the control of bovine mastitis specifically.

The distribution of the MIC test results of the antibiotics tested are summarized in Tables 5.3
and 5.4 for maltose positive and maltose negative S. aureus isolates respectively. One
maltose positive and 12 maltose negative S. aureus isolates were resistant to oxacillin (Table
5.4). For erythromycin one maltose positive and nine maltose negative S. aureus isolates
proved to be resistant, respectively. The MICs of clindamycin were two dilution steps lower
(Table 5.4) than those of azithromycin, cefotaxime, erythromycin, gentamycin, linezolid,
teicoplanin, tetracycline, tobramycin, trimeth/sulpha and vancomycin for maltose negative S.
aureus isolates (Table 5.3). However these patterns differed for the maltose positive S. aureus
isolates (Table 5.3). In general, the resistance rates of the maltose positive S. aureus obtained
in this study, corresponded well to those reported in other studies (Salmon et al. 1998,
Wallmann et al. 2004, Lithje & Schwarz 2006).

The MIC 50 represents the MIC value at which 250% of the isolatesin a test
population are inhibited, and it is equivalent to the median MIC value. The MIC 90 represents
the MIC value at which >90% of the isolates in the test population are inhibited (Schmidt 1987).
The MIC breakpoints (chosen concentration [mg/L] of an antibiotic which defines whether a
species of bacteria is susceptible or resistant to the antibiotic) of certain antibiotics were
susceptible for MIC 50 and MIC 90 for both the maltose negative and the maltose positive S.
aureus, except for MIC 90 of maltose negative S. aureus (Table 5.3). The maltose negative
S. aureus was more resistant to the amoxicillin clavulanic acid combination (used in human
medicine), ampicillin and cefuroxime at MIC 90, and for clindamycin at MIC 50 (Table 5.3).
However, maltose positive S. aureus was more resistant to oxacillin at MIC 90 and MIC 50
and to clindamycin at MIC 90 (Table 5.3). Infrequently found resistance patterns were found

in 17 of the 57 maltose negative S. aureus isolates which were resistant to vancomycin and
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one maltose positive and eight maltose negative S. aureus isolates which were resistant to
oxacillin (CLSI M31-A3).

Overall in this study there are more multi-drug resistant maltose negative S. aureus than
maltose positive S. aureus isolates and the same general interpretation applied for isolates

resistant to two or more antibiotics of varying combinations in general (Table 5.4).

There have been many studies in both animal and human medicine that have identified
multidrug resistant and pan-drug resistant S. aureus isolates (Magiorakos et al. 2012,
Hiramatsu et al. 2014, Haran et al. 2012, Gopal & Divya 2017). However, most of these studies
were done on traditionally identified coagulase positive, maltose positive S. aureus, since the
maltose negative coagulase positive isolates were thought at that time to have been part of
the S. intermedius group of isolates. Multi-drug resistant S. intermedius and S.
pseudintermedius isolates have been described in dogs, cats and horses, mainly from skin
infections (Griffeth et al. 2008, Vengust et al. 2006, Hanselman et al. 2007, Medleau et al.
1986, Kania et al. 2004, Abraham et al. 2007, Lilenbaum et al. 1999, Weese et al. 2010).
Although a coagulase positive, maltose negative S. aureus strain was subsequently isolated
from bovine mastitis (Johler et al. 2012), there appear to be no antibiotic susceptibility profiles
of this organism yet. The maltose negative S. aureus in this study was originally phenotypically
identified as S. pseudintermedius (Hajek 1976, Sasaki et al. 2007), but further MALDI-TOF
MS and 16S r RNA sequence analysis on these isolates from dairy cattle, showed that these
were in fact a strain of S. aureus (Chapter 4). Therefore it would make sense that these
maltose negative S. aureus isolates in this study, have reacted in a way more like the classical
S. pseudintermedius isolates which were identified in other species, reacted in other studies
(Griffeth et al. 2008, Vengust et al. 2006, Hanselman et al. 2007, Medleau et al. 1986, Kania
et al. 2004, Abraham et al. 2007, Lilenbaum et al. 1999, Weese et al. 2010).

Human nasal S. aureus colonization has previously been reported as being a risk factor for
pig farming (Armand-Lefevre et al. 2005, Aubry-Damon et al. 2004) and S. aureus strains from
pig farmers were found to be those present in pigs but had not been found in non-farmers
(Aubry-Damon et al. 2004). However, little attention was paid to MRSA in pigs until
‘unexpected’ MRSA infection and colonization were identified in people that had been in
contact with pigs in the Netherlands (Voss et al. 2005). In the light of this research in pigs, it
is possible that in a similar way of transmission of some strains of these resistant S. aureus
(predominantly maltose negative strains) isolated from dairy cattle in South Africa could be

from people. Previous studies done in KwaZulu Natal (Schmidt et al. 2015), have indicated
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anthroponosis (“reverse zoonosis”) of S. aureus in South Africa, with one of the strains
identified as the same maltose negative S. aureus strain in Chapter 4. These maltose negative
strains of S. aureus seem to have completely different antibiotic resistance trends and severity
of antibiotic resistance, when compared to the traditionally identified maltose positive S.

aureus.

Resistance to antimicrobial agents, such as doxycycline and trimethoprim-sulfamethoxazole
is very uncommon in S. aureus. In this study the MIC 90 of trimethoprim-sulfamethoxazole
was the same for both the maltose negative and the maltose positive S. aureus. The reason
for these uncommon resistance profiles of maltose negative S. aureus isolates, which have
also shown to be resistant to antibiotics that are only used in human medicine, (e.qg.
carpapenems like imipenem and ertapenem) which had 10 resistant isolates each (Table 5.4),
remains questionable. These are antibiotics which are not used at all in animal medicine.
Anthroponosis seems to be a strong possibility, because these isolates have been shown to
be present on the skin of humans that come into close contact with dairy cattle. This would be
similar to the findings of the studies with the dogs in Brazil (Machado et al. 2017) and pigs in
Germany (Armand-Lefevre et al. 2005, Aubry-Damon et al. 2004) and the Netherlands (Voss
et al. 2005) respectively. Further studies need to be done to explore the origin of such resistant
isolates of maltose negative S. aureus. Future work is also necessary to determine the

resistance genes present in resistant maltose negative S. aureus strains.

A study done with dairy cows in Tennessee which was similar to this study also showed that
there was a variation of prevalence of antibiotic resistance of S. aureus within and among
farms over time, with an increasing trend in tetracycline resistance (Abdi et al. 2018). This was
also in accordance with the report which showed that the predominant antibiotic groups used
in animal health management in South Africa from 2014 to 2015, were the growth promoters
(animal-use-only antibiotics) (62%) followed by tetracyclines (17%) and macrolides (11%)
(National Department of Health 2018). In this study five isolates were resistant to tetracyclines
and ten isolates were resistant to macrolides (represented by erythromycin) and only one of
each of these isolates were maltose positive, whereas the rest were maltose negative S.
aureus (Table 5.4).

The use of antibiotics in South Africa in 2015, has been stated to be 21 149 standard units per
1000/population (IMS Health 2015) (Note: 1 standard unit is equivalent to 1 tablet, or
injection), and this was significantly higher than most other countries in the world. Broad-

spectrum penicillin usage in humans in South Africa was 1.3 to 3.3 times more than that used
159



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

in other countries and 0.8 times that used in the United Kingdom or the USA (National
Department of Health 2018). It is by no means clear if the high number of maltose negative S.
aureus isolates resistant to penicillin and ampicillin (Table 5.4) might solely be attributed to

the high antibiotic usage.

Conclusion

The antibiotic resistance trends found were similar for both the previous CLSI system of
analyses (intermediate responses grouped with resistant responses) and the more recent
system (intermediate responses grouped with susceptible responses) of analyses. These
trends for ampicillin, cephalexin, cefalonium, cloxacillin, oxy-tetracycline and penicillin peaked
(at highest level) in 2011 and for tylosin in 2013 and then decreased again. These antibiotic
resistance trends over time, showed a closer comparison with analysis of similar data for
coagulase negative staphylococci than for the maltose positive S. aureus. Antibiotic resistance
trends over time also differed between maltose negative and maltose positive S. aureus.
Antibiotic resistance of maltose negative S. aureus showed no significant differences between
provinces (using both the previous and also the more recent interpretation) and there were
only limited differences between seasons for ampicillin, penicillin, tylosin and cefalonium
(using the more recent interpretation system). High SCC corresponded with low antibiotic
resistance and were significantly different from low SCC which to corresponded with high
antibiotic resistance, for cloxacillin and cefalonium. The MIC results of antibiotic resistance for
maltose negative S. aureus confirmed the results of the Kirby Bauer tests. The results of the
MIC method also showed more resistance in general for maltose negative than for the maltose
positive S. aureus isolates for most of the products that were used. The MIC breakpoints were
susceptible for MIC 50 and MIC 90 for both maltose negative and maltose positive S. aureus,
except for MIC 90 of maltose negative S. aureus, which showed more resistance.
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Chapter 6: Thesis summary

6.1 Antibiotic resistance of coagulase positive
staphylococci isolated from milk of South African dairy

herds.

The research recorded in this Thesis includes an extensive and thorough literature review of
mastitis in dairy cows and the many factors relating to its incidence, research over many

decades, and treatment strategies.

The dedicated udder health diagnostic programme, as part of the pro-active udder health
programme run by the Milk Laboratory in the Faculty of Veterinary Science at the University
of Pretoria has led to the establishment of an extensive antibiotic resistance surveillance data
base. The surveillance data are continually recorded, but for this specific research project, the
data and isolates analysed were from a period of nineteen years. This information on antibiotic
sensitivity testing (Kirby Bauer) of routine diagnostic samples, is extremely valuable for the
treatment and management of mastitis, because the treatment should be specific for the
infective organisms. The treatment and control of mastitis should take into account the ever
changing dynamics of the bacteria identified. This continued monitoring of antibiotic resistance
in dairy cows in South Africa will provide a resource for many future studies. This will be most
important in terms of the One Health concept and for food security.Such extensive data about
the antibiotic resistance of bacteria in dairy cows when dealing with these important food
producing animals is also significant in terms of the One Health concept and food security.
The contributions of this antimicrobial resistance research and the discovery of unique maltose
negative S. aureus strain (ST 2992), will have an impact on the One Health concept, by direct
impact on animal health. However, the origin of this unique strain may be from the environment
or human origin. Also the antimicrobial resistance of this S. aureus ST 2992 in products used
only in human health implies an anthroponosis. Thus this research shows the collaboration of

the animal-human-environmental interfaces of the One Health concept.

In the pro-active udder health programme, maltose negative staphylococci were first isolated

from one South African dairy herd in 2005. Subsequently, from these isolates, a large number

of coagulase positive staphylococci at that time identified as S. aureus were found in milk

samples with SCC < 100 000 cells/ml. This low SCC, which is unusual for S. aureus, led to
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the initial identification of the coagulase positive and maltose negative Staphylococcus strain.
This was followed by the correct identification of this emerging pathogen using molecular tests.
This strain had originally been identified in KwaZulu-Natal, but has now been shown to be
present in all nine provinces of South Africa, albeit in small numbers. Such information is very
helpful to producers and veterinarians in the field, as this organism reacts differently from the
previously identified maltose positive S. aureus and therefore it needs to be managed and

treated differently in practice.

6.1.1 Proactive udder health management in South Africa and monitoring of antibiotic

resistance of coagulase positive staphylococci in dairy herds from 2001 to 2010

The information included in the first two published manuscripts forming part of this Thesis,
were obtained from two datasets derived from a total of 5942 antibiotic sensitivity tests of S.
aureus (maltose positive) that were conducted over an eleven-year period in all nine provinces
of South Africa. The results of this surveillance study have provided information which can be
utilised by producers and veterinarians when making decisions about the treatment and
management of S. aureus infections (as identified previously) in dairy cows. Such antibiotic
susceptibility profiles, allow for informed treatment choices to be made without the need to
wait for any antibiotic sensitivity test results. It should be noted that the results of antibiotic
sensitivity tests (the Kirby Bauer or Minimum Inhibitory Concentration, MIC tests), are only an
indication that the particular organism can be killed by a particular antibiotic in vitro. However,
the situation in the udder differs from in vitro testing, because of the udder pharmacokinetics
(very few products are successful in a water and fat environment) and because the site of the
infection may be very difficult for the antibiotic to reach via very small arteries and lactiferous
ducts. The continuous secretion of milk also dilutes and washes antibiotics out. As a result
treatment for mastitis is not very successful (<50%). It is therefore clear that this is for several
reasons, apart from the development of antibiotic resistance by mastitis-causing organisms.
Therefore is why the focus should be on the prevention and the monitoring through the pro-
active udder health programme rather than only on the actual treatment. The application of
this pro-active udder health programme has shown a reduced incidence of antibiotic
resistance through the management of S. aureus infections in these 20 well-managed herds

studied over an eleven-year period.

The limited range of antibiotics available as intramammary remedies in South Africa and the
fact that some of these remedies can be obtained without a prescription “over the counter”

under the Stock Remedies Act, might point to potentially contributing factors causing antibiotic
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resistance. However the focus generally has been for many years on the prudent use of

antibiotics.

6.1.2 Climatic and regional antibiotic resistance patterns of S. aureus in South African

dairy herds.

This second published manuscript described a few significant differences in antibiotic
resistance between the different seasons within the provinces of South Africa. Such
information is useful for producers and veterinarians when deciding on the best available
treatment in specific provinces of South Africa at particular times of the year. Although the
reasons for these differences are mostly unexplained, it could be due to different weather
conditions, different actions and spectrums of antibiotics and factors such as biofilm of the

bacteria produced under the differing weather conditions.

With the exception of cefuroxime, it is a concern that all of the tested antibiotics, showed a
predicted prevalence of resistance of above 50% in most provinces. The lowest predicted
prevalence of resistance for all antibiotics exceptt for cephalosporins, was in KwaZulu-Natal
during spring. For cephalosporins the lowest predicted prevalence of resistance was in

Gauteng during winter. The reasons for these differences are obscure.

6.1.3 Challenging the conventional identification of coagulase positive staphylococci

The coagulase positive, maltose negative S. aureus strain was identified as an emerging
pathogen, and is quite distinct from the previously classified maltose positive S. aureus.

Even though the conventional identification procedure was not accurate in diagnosing this
organism, it was still a useful, fast and cost effective method to use to differentiate between
maltose positive and maltose negative S. aureus in practice. This differentiation is important,
since maltose negative S. aureus is less pathogenic than maltose positive S. aureus. Even
though maltose negative S aureus appears to be less contagious (no repeat cases or chronic
cases isolated), it still shows a higher antibiotic resistance and thus requires different
management and treatment in practice. This information will assist producers and
veterinarians to make the correct decisions for the management and treatment of this
emerging pathogen which is different from the traditionally classified maltose positive S.
aureus. Although this study was done on a limited number (n = 23) of confirmed maltose
negative S. aureus isolates from 2009 to 2018, there was a complete correlation between

the method of identification using the MALDI-TOF MS (Matrix Assisted Laser
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Desorption/lonisation Time-of-Flight, Mass Spectrometry) and the 16S rRNA method. The
MLST (multi-locus sequence typing) further confirmed that this organism is a single strain
which has been isolated repeatedly over time and in different provinces of South Africa.

The phenotypic difference between the maltose positive and maltose negative S. aureus
strains was investigated through the identification of the malA and malR genes of maltose
negative S. aureus ST 2992 compared to previously classified maltose positive S. aureus
strains. This led to the discovery of a stop codon at base pair 844 of the malA gene, caused
by a cytosine to thymine transition which probably causes early termination of the a-
glucosidase protein. This is the reason why this maltose negative S. aureus strain had a

different phenotype in spite of the presence of the malA and malR genes.

6.1.4 Surveillance of antibiotic resistance of maltose negative Staphylococcus

aureus in South African dairy herds

This was a two-part study. In the first part, the data of a total of 271 antibiotic sensitivity tests
on maltose negative S. aureus isolates from 2010 to 2017 were analysed. The results of this
surveillance study and the availability of antibiotic resistance profiles for the maltose negative
S. aureus will allow for informed decisions to be made on treatment and management of this
emerging pathogen in practice. These results of antibiotic sensitivity tests (Kirby Bauer or MIC)
are merely an indication in vitro of possible treatment success but not necessarily in the
udder due to specific pharmacodynamics and other factors which can also limit successful

treatment with antibiotics.

The further MIC testing of both maltose negative and maltose positive S. aureus, confirmed
the antibiotic resistance results of the retrospective data analysis (Kirby Bauer- disc diffusion
method). This showed that the Kirby Bauer method, in addition to being a relatively quick and
cost-effective method, is also accurate enough for routine veterinary diagnostics for antibiotic

sensitivity testing in dairy cows.

6.2 Advantages of the complete study

One of the key outcomes of this study included the importance of the pro-active approach to
udder health, by identifying the antibiotic resistance profiles of pathogens responsible for
causing the highest percentage of mastitis cases in South Africa. Such pathogens would be

the maltose positive S. aureus and the emerging pathogen maltose negative S. aureus. The
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accurate identification of antibiotic resistance trends and correct treatment, should also be
likely to reduce the risk of developing multi-drug resistant organisms Such information about
the antibiotic resistance trends should enable dairy farmers to deal with these organisms in a
more effective manner in the different regions of southern Africa and during different seasons,
without having to perform extensive testing each time. The retrospective (Kirby Bauer)

antibiotic resistance data was also confirmed by the MIC analyses.

This whole pro-active udder health programme is essential in the context of the general public
health, by facilitating a safe dairy industry, controlling the incidence of antibiotic resistance in
dairy cows and contributing to food security. This might include the need to take account of
the possibility of zoonosis (transmission from animals to humans) and anthroponosis

(transmission from humans to animals) of antibiotic resistant bacteria.

Mastitis and antibiotic treatment have great financial implications for the milk producer when
assessing the cost of the treatment and also the cost incurred in discarding the milk for the
duration of the withdrawal period. Thus more information on the effective and prudent use of
antibiotics and the effective management of mastitogenic pathogens by intramammary
treatments should reduce expenses for the producer and improve their profitability and
sustainability.

The differentiation of the phenotypic characteristics and pathogenicity between the
conventionally identified maltose positive S. aureus and maltose negative S. aureus is helpful
for the management and the appropriate treatment of these organisms in practice. The
discovery of the stop codon at position 844 of the malA gene caused by a cytosine to thymine
transition and early termination of the a-glucosidase protein of the S. aureus ST 2992 maltose
negative strain, is genetic proof of the phenotypic difference between maltose positive S.
aureus and the maltose negative S. aureus ST 2992 strain. This discovery has beneficial
applications in udder health management because of the difference required in management
and treatment strategies in practice needed to control such organisms. In the case of the
maltose negative S. aureus ST 2992, only the clinical cases need to be treated, but care
should be taken to treat with effective antibiotics, as these organisms generally showed a high
incidence of antibiotic resistance. This contrasts with the much more serious implications of
maltose positive S. aureus infections, which are highly pathogenic and require strict

compliance to the pro-active udder health programme.
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6.3 Limitations of this research study

The MIC (Microscan 40 Walkaway system, Beckman Coulter, California, USA) testing was
done on only a limited number of samples and not on the entire data set. In addition, the
antibiotics used for MIC testing were limited to combinations of available commercial panels

which are formulated for human use and not specifically for veterinary use.

6.4 Future research envisaged

The following are some of the envisaged or suggested research topics that could follow on

and amplify this current research project.

The incidence of antibiotic resistance in dairy herds in South Africa should be evaluated for
other mastitis causing pathogens, such as: non-aureus staphylococci; Streptococcus uberis;
Streptococcus agalactiae; Streptococcus dysgalactiae; Gram negative bacteria. The ability of
bacterial strains to produce biofilm and the conditions that might enhance this defensive

mechanism need to be studied under South African conditions needs further investigation.

Future research is necessary to determine the antibiotic resistance genes present in maltose
negative S. aureus, including multi-resistant isolates. Research on the resistance of S.
pseudintermedius (phenotypically identified) from humans in South Africa, which would assist
in the investigation of the origin of the maltose negative S. aureus ST 2992 strains causing

increased resistance, is also deemed to be very important.

The whole genome sequencing of one of these maltose negative S. aureus isolates would
establish if there are any other mechanisms in addition to the stop codon in the malA gene

which have contributed to this unusual biochemical profile and its expression in practice.

6.5 General Conclusion

The initial study of this research showed the importance of good udder health management
and the application of the pro-active udder health programme which led to a reduced incidence
of antimicrobial resistance of S. aureus infections in 20 well-managed herds studied over an

11-year period (Isolates: n=5942).
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In subsequent studies this research showed that additional factors such as, environmental
factors, climatic and regional also had an effect on antimicrobial resistance and the efficacy of
antimicrobial drugs. However, there are many more factors which need to be considered in
future research, e.g. biofilm formation under challenging environmental conditions which
cause increased antimicrobial resistance.Thus this research shows the importance of the

collaboration of the animal-human-environmental interfaces of the One Health concept.

The subsequent discovery of coagulase positive and maltose negative staphylococci with
doubtful species identification, was confirmed by two molecular methods. MLST further
identified this strain of single origin as maltose negative S. aureus ST 2992 in which the a-
glucosidase gene present was not being expressed due to the abnormally placed stop codon
discovered. This highlights the importance of individual organisms in antimicrobial resistance
which is shown by the higher antimicrobial resistance of maltose negative S. aureus ST 2992
compared to that of maltose positive S. aureus. This research and the discovery of the unique
maltose negative S. aureus strain will contribute to the application of the One Health concept
in dairy herds.
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