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1. Introduction and hypothesis 
 

1.1. Dairy sector in Rwanda 

The production of milk plays an essential role in providing people in Rwanda with food of animal 

origin (1). Such foods, including milk, contribute to poverty reduction, improved nutrition and 

food security and livelihoods (2, 3).   

Rwanda's national cattle population amounted to around 1.64 million animals in 2023 (4) and 

has developed well since the mid-1990s, when an estimated 80 % of the herd was lost (5). 

This is based on projects and investments initiated by the Rwandan government in recent 

decades, such as the Rwanda Dairy Development Project (RDDP), which aims to increase 

cattle productivity and improve milk quality (6), or the “One cow per poor family” program 

(Girinka program), which has been supporting families living in poverty since 2006 (7, 8). 

Additionally, the National Dairy Strategy (NDS) was launched in 2013, aiming to improve the 

development of the dairy industry. The NDS includes guidelines for the development of the 

dairy industry by integrating livestock into a healthy ecosystem, increasing livestock 

productivity and improving milk quality (9). As a result of such strategies, dairy farming has 

been one of the fastest growing sectors within Rwanda agriculture. However, despite 

significant progress, there were still major challenges to overcome, including access to animal 

health services, limited financial resources for smallholder farmers, (5) as well as livestock-

related issues, such as insufficient numbers of improved dairy cows, inadequate feed 

composition or seasonal fluctuations in water availability (10).  

Ankole is the predominant cattle breed in Rwanda, followed by crossbreeds and even pure 

breeds, which are less common (3, 11). Indigenous breeds are well adapted to the harsh 

environmental conditions in Rwanda. This is partly due to genetic traits such as trypanosome 

tolerance found in some local breeds – most notably the N'Dama – and genetic factors 

contributing to the evolution of heat tolerance of indigenous populations (12). Surveys 

conducted at local smallholder farms also show that farmers rely on local breeds such as 

Ankole cattle due to their adaptations to the environment, but the future trend is towards 

crossbreds, as these achieve a higher milk yield (13) and are expected to be better adapted 

to the environment than exotic pure breeds (14). According to one study, about 21 % of the 

cows given away under the Girinka program were exotic purebreds or crossbreds, with a 

majority of exotic traits (e.g. imported Holstein or Jersey). These are less able to cope with 

environmental fluctuations and require better feeding strategies to maintain their milk yield 
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(14). Unfavorable conditions or stress factors, as described above, contribute to the 

development of diseases such as mastitis. 

 

1.2. Background Mastitis 

Mastitis is an inflammation of the mammary gland and a worldwide problem in dairy cows. It 

can be subclinical or clinical, although subclinical mastitis is much more common (15, 16). 

While clinical mastitis is accompanied by visible symptoms such as changes in the milk 

appearance (clots, flecks, changes in colour or consistency), inflammation of the udder (pain, 

swelling, redness), loss of appetite or fever, subclinical mastitis usually progresses without any 

obvious changes (16, 17). 

Various studies show a high prevalence of subclinical mastitis in Rwanda, ranging from 

approximately 52 % (18) to 76 % (19). Purebred cows in Rwanda, such as Friesian or Jersey, 

are affected significantly more often (74 %) than cross-bred (52 %) or Ankole (36 %) (18). A 

lack of training on hygiene practices during milking or inadequate cleaning and disinfection, as 

well as a lack of knowledge about animal health, leads to contamination right at the beginning 

of the milk chain (20). Udder health, such as the condition of the teat ends, has the greatest 

influence on the prevalence of mastitis, followed by the stage of lactation, the breed and the 

degree of soiling of the cows (18). Furthermore, a study shows that 84 % of farmers in Rwanda 

cite poor sanitation and hygiene as the main factor in the spread of subclinical mastitis (21). 

The consequences of mastitis include a drop in milk yield, which varies depending on the 

causative pathogen, such as non-aureus staphylococci (NAS), Staphylococcus aureus (S. 

aureus) or Escherichia coli (E. coli) (22). This decline in productivity leads to economic losses, 

as studies have shown (21, 23). Mastitis can be caused by various pathogens. According to 

some studies, infections with NAS are the most common (40.3-46 %), followed by S. aureus 

(23-25.5 %), E. coli (5.6 %), Streptococcus (Sc.) uberis (8.4 %) and Sc. dysgalactiae (7.9 %) 

(16, 22). Staphylococci, and in particular S. aureus, have been the subject of various research 

projects for many decades (24–27) due to their importance in both veterinary and human 

medicine.  

 

1.3. Staphylococcus spp. 

Staphylococci are gram-positive, non-motile, facultatively anaerobic bacteria whose cell wall 

contains peptidoglycan and teichoic acid (28). The genus Staphylococcus currently contains 

94 child taxa. Of these, 70 are validly published with correct names and 76 are validly published 
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including synonyms (https://lpsn.dsmz.de/genus/staphylococcus, last accessed 14.09.2025). 

As catalase-positive bacteria and often occurring in clumps, they are subdivided into 

coagulase-negative staphylococci (CoNS) and coagulase-positive staphylococci (CoPS) 

based on their coagulase reaction (29). CoNS are often commensals of the skin and mucosa 

(30). In contrast, of the major representative within CoPS is S. aureus, which is usually 

associated with pathogenicity (31). Staphylococci can cause a wide variety of diseases in both 

humans and animals. In human medicine, staphylococci play a significant role and can cause 

urinary tract infections, endocarditis, life-threatening foreign body-associated bloodstream 

infections (30) and septicemia, particularly in newborns (52.86 %) (32). In veterinary medicine, 

staphylococci are isolated, for example, in mastitis, dermatitis, rhinitis, or wound infections in 

various animals, including cows (33). Closer contact associated with the domestication and 

globalization of livestock increased the possibility of bacterial bidirectional transmission 

between humans and animals. It is described that the adaptation of bacteria from one host 

species to another usually occurs through the loss of non-functional virulence factors in the 

new host and the acquisition of new genetic elements (34, 35). 

1.3.1. Staphylococcus aureus 

S. aureus can be a commensal bacterium by colonizing the skin of both humans and animals 

(36, 37) but it can also act as a pathogen causing a wide range of serious diseases as 

described above. The prevalence of S. aureus in carriers can vary depending on the species 

and location. For example, the prevalence of S. aureus on human skin can be approximately 

11 %, while skin colonization in pigs was detected at approximately 42 % (37). Another study, 

however, describes approximately 38 % prevalence in human nasal carriers and 39 % in cows 

with mastitis (26). 

The strains of S. aureus can be divided into sequence types (STs) by Multilocus Sequence 

Typing (MLST), which makes it possible to analyse clonal complexes (CC). STs assigned to a 

CC match the central genotype at four or more loci. This applies unless they match more 

closely with another central genotype (https://pubmlst.org/organisms/staphylococcus-aureus, 

last accessed 17.05.2025). Various phenotypic and molecular typing methods, such as 

antimicrobial susceptibility testing, Multi-locus sequence typing (MLST) or whole genome 

sequencing (WGS), are available for the characterization of S. aureus (38). MLST allows 

assignment to CC based on STs (39). Common CCs associated mainly with humans are, CC5, 

CC8, CC22, CC30 or CC45 (34, 40). CC152 is also frequently associated with humans, mainly 

https://lpsn.dsmz.de/genus/staphylococcus
https://pubmlst.org/organisms/staphylococcus-aureus
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in Africa, but sporadically also in Europe and on the Caribbean islands (41). Among other 

clonal complexes, one frequently CC detected in the animal kingdom is CC398, which is found 

in pigs, horses, poultry and cattle, among others, but also frequent in humans. This CC is quite 

well-studied, as it is frequently associated with methicillin-resistant Staphylococcus aureus 

(MRSA) (34).  

CCs mainly associated with humans or animals differ in the expression of virulence factors, 

antibiotic resistance, among other traits, and thus determine the distribution of strains into CCs. 

To describe evolutionary changes and epidemiological relationships, the S. aureus genome 

can be divided into three parts: the core genome, the core variable genome (CV), and the 

mobile genetic elements (MGE). While the core genome, which makes up approximately 75 % 

of the genome, is essential in S. aureus isolates and shows minimal variation within the 

species, the CV genome can vary (approximately 15 % of the genome). Thus, each CC 

possesses a unique and conserved combination of CV genes (42, 43).  

MGEs (approximately 10 % of the genome) can be exchanged between bacteria via horizontal 

transfer and include, for example, bacteriophages, plasmids, or staphylococcal chromosomal 

cassettes (SCCs), which may vary within and between CCs (42, 44). Recently, it was described 

that the acquisition of such MGEs often accompanies host-specific adaptation, and S. aureus 

strains are adapted to local host species as host specialists. Furthermore, it is described that 

the same animal CC possesses MGEs that are not present in the same human CC and vice 

versa (45).  

Typical ruminant-associated CCs described often in goats (46, 47) as well as in sheep are 

CC133 and CC522 (48). In cows, the most frequently occurring CC causing bovine mastitis is 

CC97 (26, 49–51), while the predominant CC in poultry (including turkey and chicken) is CC5 

(27, 52).  Both are known to be of human origin and crossed over to animals years ago, where 

they have ever since become widespread (26, 53). The assignment of S. aureus isolates 

obtained from cows to typically-human CCs, especially the same clone line (both the same ST 

and the same spa type), also suggests transmission of S. aureus from humans to animals in 

close proximity (54, 55). This was also observed in horses and to a lesser extent in goats (55). 

As already mentioned, S. aureus strains can be divided into clonal complexes by MLST, WGS, 

DNA microarray and other methods. Isolates can be further identified and classified using 

typing methods such as spa typing. The resulting spa types serve to differentiate between 

different strains and are used in epidemiology (56). There are currently 22,334 spa types 

described, which can be freely downloaded from a public database (Ridom SpaServer, last 

accessed 14.08.2025).  

https://spa.ridom.de/
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S. aureus is usually transmitted indirectly from cow to cow through milking, but humans also 

play a role as vectors, for example, during the milking process through poor milking hygiene 

such as contaminated hands of staff, milking utensils, or udders due to inadequate cleaning 

(57).  

Genotypically indistinguishable isolates from cattle and humans advocates for the need for 

surveillance of S. aureus populations in certain areas, such as dairy farms or similar facilities 

where a close animal-human contact is likely to occur in order to prevent zoonotic transmission 

(51).  

It is known that certain virulence genes and resistance genes are associated with certain CC 

(58, 59). Due to the close contact between humans and animals, the potential transmission of 

S. aureus strains between animals and humans, and in particular, the transmission of virulence 

genes present between different plays an essential role in the context of One Health. 

1.3.1.1. Virulence factors and genes of Staphylococcus aureus 

S. aureus possesses several virulence factors that determine its pathogenicity. As a 

coagulase-positive pathogen, it has the ability to produce coagulase, an enzyme that converts 

serum fibrinogen into fibrin (60). This leads to the formation of a fibrin wall that surrounds 

bacterial colonies, making phagocytosis more difficult (29).  

Many cytolytic toxins, such as hemolysins or leukotoxins, increase pathogenicity. One of the 

best known toxins is alpha-toxin, which has a lytic effect on red blood cells and is involved in 

the destruction of focal adhesion (61).  

Leukotoxins such as Panton-Valentine leucocidin (PVL) or the Luk toxins LukED and the 

mainly bovine LukMF´ can form pores in the cell membrane of leukocytes, especially 

neutrophils, and destroy them, thereby reducing host defenses. PVL also leads to tissue 

necrosis, which impedes the healing of the infection. In cattle with mastitis, LukMF´ is one of 

the most potent toxins, playing a key role in faster colonization of the udder (62, 63). 

There are also hyaluronidases, lipases and DNAses, which act locally and facilitate the local 

spread of the pathogen in the tissue. In addition, S. aureus can produce exogenous 

superantigens, which can cause food poisoning as enterotoxins or toxic shock syndrome 

toxin-1 (TSST-1), which stimulates the production of large amounts of cytokines, ultimately 

leading to shock symptoms (29).  

As several reviews show, S. aureus is also able to secrete an extracellular polymeric substance 

(EPS), which is defined as a so-called biofilm (64–66). As a structured embedded bacterial 

community located in the depths of the biofilm, they are largely protected from the immune 
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system and antibiotics (29). This makes biofilm control more difficult and increases the 

development of antimicrobial resistance (65).  

 

1.3.1.2. Antimicrobial resistance 

In Rwanda, there is a high level of antibiotic use in cattle farming (67, 68). According to a study 

by Manishimwe and coworkers (68), around 97 % of respondents stated that they used 

antibiotics in their livestock. All respondents in the study reported using antibiotics to treat 

diseases, often without prescription (at up to 56 %), but also as growth promoters (~ 27 %). 

Such improper antibiotic administration as prophylaxis, growth promoters or non-prescribed 

antibiotics can lead to the development of antibiotic resistance (68).  

Common resistances in dairy cows worldwide are to penicillin, erythromycin, tetracycline, 

oxacillin, gentamicin, trimethoprim and others (69, 70). According to a study from 2021, the 

highest global prevalence of antibiotic-resistant S. aureus in bovine mastitis was seen for 

penicillin, followed by clindamycin, erythromycin and gentamicin. Over a period from before 

1999 to 2020, almost all antimicrobial substances studied showed an increasing trend, but 

clindamycin or gentamicin, for example, showed a greater increase in antimicrobial resistance 

(AMR) prevalence globally. Over the same period, the global AMR prevalence for cefoxitin 

decreased 1.63 times. Within Africa, there was high AMR of S. aureus to cefoxitin, clindamycin, 

penicillin, erythromycin, and gentamicin, among others, and is one of the countries with higher 

AMR of the drugs studied, according to the same study (71). Tetracycline was not considered 

in the study just mentioned. 

According to a preliminary report, tetracycline was the most imported antibiotic in Rwanda from 

2019 to 2021, followed by sulfonamides and aminoglycosides. Due to its low cost, tetracycline 

is widely used in livestock farming in Rwanda (72). Resistance to penicillin or tetracycline are 

frequently observed in Rwanda, ranging from 6.66-16 % (only tetracycline resistance), 

33.33-84 % (only penicillin resistance), and 12.0-33.33 % (a combination penicillin and 

tetracycline) (63, 73). 

The development of resistance in bacteria can be based on the formation of so-called 

resistance genes or through de novo mutation, such as point mutations. Antibiotic resistance 

genes (ARG) encode proteins that modify the metabolism or structure of the cell so that it 

becomes insensitive to certain antibiotics. They can be localized on non-mobilizable and 

mobilizable genetic elements like plasmids, integrons (In), transposons (Tn), or staphylococcal 

chromosomal cassette mec (SCCmec), among others. ARGs can be rapidly transferred 
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between bacteria – even of different genera – through ARG-carrying mobilizable elements, as 

mentioned above, by horizontal gene transfer (HGT). HGT can occur through intracellular 

conjugation (e.g., plasmids), transformation (through uptake of cellular DNA), or transduction 

(through bacteriophages) (74–76). Some of the most well-known ARGs of S. aureus in 

previously mentioned antibiotics and their mechanisms are described below. 

Resistance of S. aureus to ß-lactam antibiotics is due to several genes like blaZ, mecA, mecB 

or mecC which are characterized by different mechanisms. While resistance in blaZ occurs 

through enzymatic inactivation through the synthesis of ß-lactamase, in mecA/mecC, which is 

located within the SCCmec, resistance occurs through target site replacement by synthesis of 

a new protein called PBP2a (penicillin binding protein), which appears only in resistant strains 

(77, 78). Additionally, beta-lactam resistance can also be caused by mutations in PBP genes. 

Mutations of PBP2 and PBP4 genes, which cause oxacillin resistance, occur however less 

frequently (77). Tetracycline resistance is encoded on genes such as tet(K) or tet(L), which 

ensure the active transport of an antibiotic out of the cell through efflux pumps. Furthermore, 

tetracycline resistance can arise through target site protection by ribosome protection proteins, 

which supports the mechanism of tet(M). The genes aacA-aphD are responsible for gentamicin 

resistance, which use the mechanism of enzymatic inactivation by acetyltransferase and 

phosphotransferase. Trimethoprim resistance may be due to genes such as dfrA, dfrG, or dfrK, 

which use the target replacement mechanism (synthesis of dihydrofolate reductase) (77, 78). 

The mechanisms of resistance development to macrolides such as erythromycin include target 

site modification (rRNA methylase), target site protection (ribosome-protecting ABC-F protein), 

or enzymatic inactivation (phosphotransferase or esterase). Genes involved may include 

erm(A), erm(B), erm(C), mph(C), or ere(A) (78).  

 

1.4. Hypothesis 

There is a paucity of studies on cows with mastitis and their association with S. aureus and 

characterization of this bacterium from Rwanda. 

The aim of this study was to investigate the diversity of Staphylococcus aureus from cows with 

mastitis at the national level in Rwanda, i.e. all five provinces.  

The hypothesis of this study was:  

- The majority of Staphylococcus aureus isolates belong to the CCs typically found in 

East Africa, like CC97, CC3666, CC3591, and CC152.  
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2. Diversity of Staphylococcus aureus associated with mastitis from dairy cows in 
Rwanda  

 

 



9 
 

 

 

 

 

 



10 
 

 

 

 

 



11 
 

 

 



12 
 

 



13 
 

 

 



14 
 

 

 

 



15 
 

 

 



16 
 

 

 

 



17 
 

 

 

 



18 
 

 

3. Discussion 

There are few studies from Rwanda describing the diversity of S. aureus in relation to mastitis 

in dairy cows and also few studies on antibiotic resistance in S. aureus in the country. The S. 

aureus isolates obtained here were characterized by phenotyping and genotyping methods. 

The present work was conducted to obtain results that extend or compare findings from 

previously conducted studies in Rwanda by examining samples from all provinces of Rwanda. 

A typically occurring CC in S. aureus-associated mastitis in cattle described worldwide in 

Algeria, Brazil, Europe, Japan and the USA is CC97 (26, 79–81). This was consistent with the 

results of our study, in which 37 % of isolates belonged to CC97, followed by CC3666 (33 %) 

and CC3591 (16 %). Nevertheless, CC97 also appears to be one of the predominant clonal 

complexes in apparently healthy cattle from which samples were taken in their studies (skin 

swab, nasal swab, milk) (82–84). But there are only a few studies on healthy cows and further 

investigations are necessary. CC97 is also occasionally described in humans (skin infection, 

pus, nasal carriage), especially when there is close contact between humans and cattle (26, 

85), and this is also reflected in East Africa (86).  

In the present study, 11 different spa types were found within CC97, with the most common 

spa type t9432, followed by t2421, t10103, and t3992, which is much more diverse than 

CC3666. Within this CC, two isolates were examined by WGS and could be assigned to ST97 

and a new ST8320. The study by Antók et al. (87) describes the spa type t1236 in mastitis 

cows as predominant within ST97 and associated with CC97, while in the present study its 

occurrence is rather low. While the isolates examined by Antók et al. (87) originated from 

northern Rwanda and Kigali, the present study examined isolates from all provinces of 

Rwanda. Regarding the geographical distribution of the spa types, t1236 was also found in the 

present study, as in the previously mentioned study, in northern Rwanda, but also in the west. 

This could indicate a geographical distribution of the spa types but requires further 

investigation. It has been described that intramammary infections (IMI) can occur more 

frequently depending on the season, herd, and location, especially in spring and winter (15). 

This could also be reasons for the seasonal and geographical occurrence of certain spa types, 

depending on time and location of sampling. However, this is purely speculative and requires 

further investigation, especially since the northern isolates belonging to CC97 in the present 

study represent only a fraction of the samples collected from northern Rwanda, compared to 

Antók et al. (87). Similar to a study on the geographical and seasonal distribution of antibiotic 

patterns in africa, which found significant regional and seasonal differences (88), further 
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studies on spa types could also look like this, and investigations are necessary. Furthermore, 

the same spa types (t10103, t380, and t9432) are described by Antók et al. (87) as in the 

present study. Spa type t18853 was first described by Antók et al. in Rwanda (87) and was 

also found in the current study. In CC97 the resistance gene blaZ mediated resistance to 

penicillin was detected in most of the examined isolates and is often found in combination with 

tet(K). This is also confirmed by previous studies from this region (73, 86, 87). The blaZ gene 

is a common cause of penicillin resistance in S. aureus infections worldwide. This can also be 

observed in cows with mastitis, including within CC97, where penicillin resistance is frequently 

found (51, 69, 82, 89). It has even been detected in apparently healthy cows and humans (82).   

CC3666 and CC3591, which were found in the present study, have so far only been described 

in Rwanda and partly also in neighboring countries, as for example the study by Antók et al 

shows with a more frequent occurrence of both CCs (87). A higher presence of CC3666 was 

also described in another study of cows with subclinical mastitis from Rwanda with around 

17 % (73), as well as in some milk samples from cows from neighboring Tanzania (~13 %) 

(86). It appears that CC3666 is currently only present in these geographical areas and is 

restricted to livestock, particularly cattle but now also in goats (63). In the present study, all but 

five isolates assigned to CC3666 exhibit the spa type t18853, which was also detected by 

Antók et al (87). The remaining five isolates exhibit new spa types t20842 and t20844. 

Compared to CC97, CC3666 is far less diverse. ARGs were found in all isolates of this CC, 

either as the sole resistance gene blaZ or in combination with tet(K), which are associated with 

penicillin and tetracycline resistance. These results are consistent with other studies from 

Rwanda (73, 86, 87). Furthermore, in the present study, the bovine superantigen tsst-1 was 

found in all isolates except one commonly found in CC3666. This gene is widespread among 

mastitis isolates, as studies show (87, 90). All isolates from this CC were positive for the 

leukocidin gene lukD but negative for lukE. This is also reflected in a previous study from 

Rwanda (87). Another study describes the presence of sigma factor B (SigB) within CC3666, 

among others, which plays an important role as a stress regulator in S. aureus and may enable 

better survival in the bovine mammary gland in the case of SigB deficiency, but further studies 

are required (91).  

All isolates from mastitis cows that could be assigned to CC3591 in the present study belonged 

to spa type t458, despite having different STs (ST7983, ST7110) and they were therefore less 

diverse. Isolates which belong to CC3591 have been so far only described in cows with mastitis 

in Rwanda (73, 87) and, like CC3666, it could evolve into a mastitis-specific CC in cows in this 

region. It can be observed that all CC3591 isolates in the present study contain the bovine 
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lukF-P83/lukM genes, which attacks bovine neutrophils and thus promotes the pathogenesis 

of mastitis (90). These genes have already been observed in previously analyzed strains from 

Rwanda (87).  

Furthermore, CC152 and CC5477 are described as common in East Africa (86). While in this 

study isolates belonging to clonal complex 152 were found only sporadically (6 %) in mastitis 

milk from Rwanda, another study describes the occurrence in Rwanda as the most frequent 

CC with about 32 % (73). Like the current study, the study by Antók et al. also showed a rather 

low prevalence of CC152 in cows with mastitis (87). Further investigations are necessary, as 

the study by Ndahetuye et al. (73) examined only a fraction of the isolates compared to the 

current study. In Africa, there is an increasing tendency for human-derived S. aureus strains 

to belong to the human clonal complex 152 (92), and in recent years it has become one of the 

most important clonal lineages in human medicine (93). CC152 is described as a typically 

African complex in humans associated with S. aureus (94, 95). This CC exhibits higher 

resistance to trimethoprim, which could be due to a specific gene. It has been described that 

dfrG can occur independently of a genetic element or prophage, but it can also occur in the 

PVL-encoding prophage φSa2 (41). In this study, the trimethoprim resistance gene dfrG was 

also detected exclusively in isolates belonging to CC152 with the spa type t355. As other 

studies from East Africa also describe, this resistance gene is common in ST in CC152 (73, 

86). According to the study by Mzee et al. (86), dfrG was also detected in CC121 with spa type 

t272 in humans without contact with animals. Another important finding in the present study is 

that Panton-Valentine leucocidin (PVL) genes were detected in six of the eight isolates that 

could be assigned to CC152. As mentioned above, CC152 is widely distributed among human 

isolates worldwide, but especially in Africa. CC152 is thought to have originated from a PVL-

positive ancestor, which may explain the frequent association of PVL genes with CC152 (41). 

The emergence of cattle isolates in Africa that can be attributed to CC152 supports human-to-

animal transmission (73, 82). 

Other clonal complexes rarely observed in the present study were CC1, CC130 and CC705. 

The CC1 found in this study (4 %) has been detected in other studies primarily in human 

isolates worldwide (80, 93, 96). However, some other studies also describe a worldwide 

occurrence in cattle (38, 49, 81, 89). In Africa, CC1 is primarily detected in human isolates (92, 

93), but has also been detected in dwarf goats in Nigeria (47) and cattle in mozambique (97). 

According to Boss et al. (80), CC130 and CC705 originate from a common ruminant lineage, 

which in turn probably originated from a human ancestor. While CC705 has adapted to cattle, 

CC130 is considered to be adapted to sheep (80). However, Shepheard et al. (98) and Campos 
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et al. (81) contradict this statement, as CC130 has also been found to occur in cattle (81, 98) 

or also appears to be common in wild animals such as lagomorphs and hedgehogs as further 

studies show (99, 100). In the present study, this clone lineage was detected among 1 % of 

the isolates. CC705 occurs sporadically in bovine isolates worldwide (e.g. China, Germany, 

Italy, Switzerland) (81), which is also reflected in this study with 1 %.  

In comparison, according to a study by Boss et al. (80), 80 % of mastitis cases in Europe are 

attributable to only six different clonal complexes (CC8, CC71, CC97, CC133, CC479, CC705) 

with CC8, CC705 and CC97 being the largest occurring complexes. The remaining 20 % are 

to be considered as isolated cases and negligible (80). A more recent study by Nemati et al. 

(101) also describes similar results with a frequent occurrence of CC8, CC705 and CC97 in 

Europe. Furthermore, CC151 and CC398 are described as quite common in Europe (89).  
The occurrence of typical European clonal lines in Africa, such as CC705, could have 

developed from the import of European cattle breeds to Africa during various projects. This is 

purely conjectural and has not yet been investigated in detail. 

As already mentioned in the introduction, CC8 is one of the typical human clonal complexes. 

As one of the most frequent clonal complexes in mastitis cattle in Europe, CC8 is described as 

having originated from a human CC8 ancestor. This also supports a human to animal 

transmission (80). This bovine-adapted CC8 (CC8bov) is frequently found in Alpine regions in 

Austria, for example. It has been detected primarily in cattle kept by different farms in 

communally used areas, where transmission from cow to cow occurs, causing the spread of 

CC8bov.This makes monitoring necessary to minimize spread among animals and ultimately 

to significantly reduce transmission from animals to humans (102). CC8 has also been 

described as a typical of humans in Africa and has occasionally been described in goats of 

that continent (47). 

In the present study, bovine mastitis-associated S. aureus isolates from all five provinces of 

Rwanda were examined. In addition to new STs and spa types found, the results demonstrate 

a high resistance and pathogenicity due to various virulence factors, similar to previous studies. 

However, there are still few studies on mastitis in dairy cows from East Africa, especially 

Rwanda, and further investigations are necessary. As a pathogen containing mobile genetic 

elements, it is highly adaptable and, if inadequately monitored, can spread across species and 

become a medical or economic problem, especially in developing countries. 
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4. Summary 

Staphylococcus aureus is a predominant mastitis pathogen in cows worldwide. Subclinical to 

clinical and acute to chronic forms are possible and directly impact the welfare and milk yield 

of animals as well as the quality of the milk. Frequent, too rapid and often prophylactic use of 

antibiotics, poorer veterinary care, especially in rural areas, and the connection with a lack of 

hygiene measures, for example during milking, favor the occurrence of mastitis in dairy cows. 

Frequent consequences are the development of resistance, chronic mastitis, a decline in 

performance, and a negative impact on human health. A previously conducted study by Antók 

et al. (2019) focused on the characterization of Staphylococcus species limited to the northern 

province of Rwanda and Kigali. In general, little information is available on Staphylococcus 

aureus-associated mastitis in cattle from sub-Saharan Africa. The aim of the current study is 

to investigate the diversity of Staphylococcus aureus from cows with mastitis at the national 

level of Rwanda, i.e. all five provinces. 

A total of 1080 milk samples were collected from different farms across Rwanda. One hundred 

and thirty-five Staphylococcus aureus isolates were obtained and characterized by 

antimicrobial susceptibility testing and spa typing. In addition, the presence of the trimethoprim 

resistance gene dfrG was tested using PCR. Seven clonal complexes were detected, which 

are CC97, CC3666, CC3591, CC152, CC1, CC130 and CC705. While CC97 was frequently 

found globally in both mastitis-affected and healthy cows, CC3666 and CC3591 were found 

exclusively in Rwanda and partly also in neighboring countries. As a complex typically found 

in humans in Africa, CC152 is becoming increasingly important in these countries, especially 

since it is also frequently found in bovine isolates. Most of the isolated strains were assigned 

to CC97, followed by CC3666 and CC3591. Nineteen different spa types were detected. Within 

CC97, the most common spa type was t9432. Within CC3666, t18853 was identified as the 

most common spa type, while CC3591 harboured t458. Strains belonging to CC152 presented 

the spa type t355 and had the dfrG resistance gene. 

In the present study, isolates associated with bovine mastitis were investigated in all five 

provinces of Rwanda and the findings support previous studies. Pathogenic Staphylococcus 

spp. strains in dairy cows able to cause mastitis has far-reaching consequences for the entire 

dairy industry in Rwanda, including the population, and plays a crucial role in One Health. An 

understanding of this disease, the antibiotic use and hygiene practices must be improved, and 

long-term success can be achieved with appropriate medical care and monitoring strategies. 
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5. Zusammenfassung 

Staphylococcus aureus ist ein weltweit vorherrschender Mastitiserreger bei Kühen. 

Subklinische bis klinische über akute bis chronische Ausprägungsformen sind möglich und 

haben einen direkten Einfluss auf das Wohlergehen und die Milchleistung von Tieren sowie 

auf die Qualität der Milch. Eine häufige, zu schnelle, oft prophylaktische Verwendung von 

Antibiotika, schlechtere tierärztliche Versorgung besonders in ländlichen Gegenden und der 

Zusammenhang mit mangelnden Hygienemaßnahmen beispielsweise beim Melkvorgang 

begünstigen das Auftreten von Mastitiden bei Milchkühen. Häufige Folgen sind 

Resistenzbildung, chronische Mastitiden, Leistungsrückgang aber auch negativer Impakt auf 

die Gesundheit des Menschen sind zu verzeichnen. Eine bereits zuvor durchgeführte Studie 

von Antok et al. (2019) beschäftigte sich mit der Charakterisierung von Staphylococcus-Arten 

auf die nördliche Provinz Ruandas und Kigali beschränkt. Generell sind nur wenige 

Informationen Staphylococcus aureus assoziierter Mastitis bei Rindern aus Subsahara-Afrika 

vorhanden. Ziel der aktuellen Studie ist es, die Diversität von Staphylococcus aureus von 

Kühen mit Mastitis auf nationaler Ebene Ruandas, das heißt aller fünf Provinzen zu 

untersuchen.  

Insgesamt wurden 1080 Milchproben aus verschiedenen Betrieben in Ruanda entnommen. Es 

wurden 135 Staphylococcus aureus-Isolate gewonnen und durch Prüfung der Empfindlichkeit 

gegenüber antimikrobiellen Mitteln und spa-Typisierung charakterisiert. Darüber hinaus wurde 

das Vorhandensein des Trimethoprim-Resistenzgens dfrG mittels PCR getestet. 

Es konnten sieben Klonale Komplexe nachgewiesen werden, welche CC97, CC3666, 

CC3591, CC152, CC1, CC130 und CC705 sind. Während CC97 weltweit häufig sowohl bei 

mastitiskranken als auch bei gesunden Kühen gefunden wurde, wurden CC3666 und CC3591 

ausschließlich in Ruanda und teilweise auch in den Nachbarländern nachgewiesen. Als 

typisch für Menschen in Afrika vorkommender Komplex gewinnt CC152 in diesen Ländern 

zunehmend an Bedeutung, insbesondere da er auch häufig in Rinderisolaten vorkommt. Die 

Mehrheit der untersuchten Stämme sind CC97 zuzuordnen, gefolgt von CC3666 und CC3591. 

Neunzehn verschiedene spa-Typen wurden nachgewiesen. Innerhalb des CC97 ist der 

häufigste spa-Typ t9432. Innerhalb des CC3666 wurde t18853 als häufigster spa-Typ 

identifiziert, während CC3591 ausschließlich t458 beinhaltet. Dem CC152 zugehörige Stämme 

beinhalten alle den spa-Typ t355 und weisen das dfrG Resistenzgen auf.  

Im Rahmen dieser Studie wurden in allen fünf Provinzen Ruandas Isolate untersucht, die mit 

Rindermastitis in Verbindung stehen und die Erkenntnisse stützen bisherige Studien. Der 
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Nachweis von pathogenen Staphylokokkus Stämmen in Milchkühen, welche Mastitis 

verursachen können, hat weitreichende Folgen für die gesamte Milchwirtschaft in Ruanda 

einschließlich der Bevölkerung und spielt im Rahmen von One Health eine entscheidende 

Bedeutung. Ein Verständnis für Krankheit, Antibiotikaeinsatz und Hygiene muss geschaffen 

werden und mit geeigneter medizinischer Versorgung sowie Überwachungsstrategien können 

langfristige Erfolge erzielt werden.  
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6. List of abbreviations 
 

AMR:  antimicrobial resistance 

ARG:  antibiotic resistance gene 

CC:  clonal complex 

CoNS:  coagulase-negative Staphylococci spp. 

CoPS:  coagulase-positive Staphylococci spp. 

E.:  Escherichia 

EPS:  extracellular polymere substance  

HGT:  horizontal gene transfer  

IMI:  intramammary infection 

In:  integron 

MLST:  multi-locus sequence typing 

MRSA:  methicillin-resistant Staphylococcus aureus 

NAS:  non-aureus staphylococci 

NDS:  National Dairy Strategy 

PVL:  Panton-Valentine leucocidin 

RDDP:  Rwanda Dairy Development Project 

S.:  Staphylococcus   

Sc.:  Streptococcus 

SCCmec: staphylococcal chromosomal cassette mec 

SigB:  sigma-factor-B 

ST:  sequence type  

Tn:  transposon 

TSST-1: toxic shock syndrom toxin-1 

WGS:  whole-genome sequencing 
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