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Introduction 

 

Most bacterial species contain a variable or accessory genome that encodes nonessential functions, ranging from 

virulence to drug and metal resistance. Many of the respective genes are located on Mobile Genetic Elements 

(MGEs). The accessory genome of the bacterium Staphylococcus aureus is made up of unique or strain-specific genes 

[1,2]. The expansion of the accessory genome makes this bacterium increasingly virulent and/or resistant, as 

exemplified by the Livestock-Associated Methicillin Resistant S. aureus (LA-MRSA) strains, which acquired the mecA 

gene [3]. LA-MRSA is an important pathogen with zoonotic potential. The interspecies transmission can occur 

sporadically or very frequently in humans in contact with animals and can lead to bacterial adaptation to the new 

host due to the Horizontal Gene Transfer (HGT) of MGEs. In this context, S. aureus transmission is not only of concern 

for the dairy industry, but also for public health. Examples are the ST1 and ST11 clones frequently found in human 

infections that also cause mastitis in cows [4,5]. 

 

Most horizontal transfer in S. aureus is dependent on bacteriophages, which play a pivotal role in the evolution of 

this pathogen and cause the accumulation of MGEs in some lineages [2]. Horizontal transfer of virulence genes by 

bacteriophages occurs in different ways, either by transfer and integration of a phage (phage conversion) or by 

generalized transduction [2]. Some of the biological features of S. aureus partially or fully depend on the presence of 

specific MGEs transferred by bacteriophages. For example, the toxicity of some strains is related to pore-forming 

toxins, which are associated with HGT by the temperate phage Sa2int of bovine origin [6,7]. Genomic islands (GIs) are 

regions that integrate in the genome transmitted by a helper phage [2,8]. The S. aureus Pathogenicity Islands (SaPIs) 

are part of those GIs [9]. The Staphylococcal Cassette Chromosomes (SCC), which are basically the integrons (Mobile 

Gene Cassettes) of S. aureus, are also transmitted by phages [10]. A well-known SCC is the SCCmec, which carries the 

mecA gene [2]. SCCmec type II carries a small plasmid, pUB110 carrying kanamycin and bleomycin resistance genes, 

demonstrating how plasmids can not only be transmitted via conjugation but also by generalized transduction [2]. 

GIs, SCCs and plasmids frequently include transposons [2], which means they are indirectly transferred via 

transduction and conjugation. Interestingly, virulence genes tend to be located on GIs, like SaPIs, while resistance 

genes mostly rely on SCCs, plasmids and transposons [1,9]. 

 

Because specific S. aureus lineages are more frequently isolated from bovine samples, it is generally accepted that 

they are undergoing host specialization. This is substantiated by three central lines of evidence: 1) phylogenetic 

clustering by the host; 2) presence of host-adaptive genes in phylogenetically distant lineages (homoplasy) and 3) 

inactivation or loss of host-adaptive genes from former hosts [11]. Examples of distantly related bovine lineages that 

carry similar islands of pathogenicity like SaPIbov, SaPIbov3, nSaBov, wSaBov and the SCCcap-associated toxin, are 

CC97 and CC151 [12]. S. aureus CC398 is an example of a lineage that emerged in humans as methicillin-susceptible, 

made a host jump to livestock, where it subsequently lost human-adapted genes (immune evasion cluster genes 
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Results 

 

Genetic variation among six Mexican S. aureus isolates from cows with mastitis and comparison with a global 

dataset 

 

The phylogenetic relationship between the six S. aureus isolates from cows with mastitis and S. aureus reference 

strains RF122 and MRSA252 was determined. The tree showed that isolate G-1 was distantly related to the other 

five isolates (Figure 1 A). Accordingly, isolate G-1 also was found to have a MLST (ST4551, CC1) that was different 

from the MLST of the other five isolates (ST4552, CC97). Based on the genetic distances between the isolates, we 

could distinguish 3 groups (Figure 1 A). Group 1 contained isolates E-3, F-1 and C-11, group 2 contained isolates D-1 

and B-1 and group 3 contained isolate G-1. The number of predicted open reading frames (ORFs) was similar for 

isolates of groups 1 and 2 while isolate G-1 contained 6% fewer ORFs (Figure 1 B). 

 

Figure 1. Neighbour-joining tree and features of the six Mexican S. aureus study isolates from cows with mastitis, in relation 
to the reference strains RF122 and MRSA252. A) Distinction of three groups of isolates (1, 2 and 3, indicated in red boxes), based 
on 1864 core genes. Branches shorter than 0.0298 are shown as having length 0.0298. B) Genome size and number of ORFs 
identified. The scale bar under the tree represents the phylogenetic distance. 
 

To contextualize the six Mexican study isolates, we built a tree of 1804 S. aureus CC1 strains and another tree of 470 

S. aureus CC97 strains present in Pathogenwatch plus the six Mexican isolates (Suppl. Figures 1 and 2). While the 

CC97 strains clustered within a well-defined clade of CC97 bovine strains, the G-1 strain (CC1) did not cluster with 

any other CC1 strains. With respect to the CC1 strain the closest strain (raw core SNP difference of 265) was another 

bovine isolate from Norway (SAMEA1067955).  
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MGEs in Mexican S. aureus isolates from cows with mastitis 

 

To dissect and analyse the genes related to virulence and antibiotic resistance present on MGEs, the MGEs were 

identified using several tools. The pairwise comparison of MGEs between the six genome sequences and the 

reference strain RF122 was done using ACT and can be seen in Figure 2. 
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Figure 2. Genome alignments and comparison of MGEs of the six Mexican S. aureus isolates from cows with mastitis and the reference strain RF122. The MGEs were aligned 
and displayed on ACT for comparison. Genome sequences of the six Mexican isolates and the LA-reference strain RF122 were compared (Fig. 1A). The 3 groups of sequences 
(group1; E-3/F-1/C-11, group 2; D-1/B-1 and group 3; G-1) are indicated by black rectangles. The specific MGEs (Phage=pink, SAPI=blue, GI=green, Tn=red and Insertion Sequence 
(IS)= orange) are indicated. Bars (red and blue) separating each genome represent orthologous sequence matches identified by reciprocal FASTA, red lines link orthologous matches 
in the same orientation, blue lines link orthologous matches in the reverse orientation.
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Figure 3. Presence/absence of virulence genes as identified by ABRicate v1.0.1 (VFDB database) and VirulenceFinder v2.0. 
Colours represent percentage of identity with the reference gene. The lukG and lukH genes were manually curated (through 
BLASTP) since lukG was originally identified as lukF-PV by ABRicate, but with low identity (< 80%). 
 

mRNA expression of virulence genes 

 

To determine the expression of virulence genes in the six Mexican S. aureus study isolates upon growth in whey 

permeate, a RNA-seq analysis was performed. The expression levels of the cytolytic toxin genes identified in a 

MGE (lukE and lukD) and the gene flipr were higher for isolates of group 2 when compared to isolates of groups 

1 and 3 (Figure 4). On the other hand, expression of the isdB, sspA, sspB, hla and hlb genes was higher for groups 

1 and 3. The coa gene, as well as genes for the bacterial cell surface-bound proteins sbi, sdrC, fnbA, ebpS, clfB, 

clfA, sle1, esxA, lip2/geh and sdrE were expressed at higher levels in isolate G-1 than in isolates of groups 1 and 

2. 
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Figure 4. Expression of 31 genes which code for proteins related to pathogenicity. The values represent the average of 
three biological replications in each isolate. Each biological replication value is the average of four technical replicates. Grey 
indicates no expression. 
 

Expression of selected virulence proteins 

 

IsaA and EsxA are virulence factors that are involved in the pathogenesis of diverse S. aureus strains. 

Interestingly, the RNA-seq analysis indicated that the respective genes were differentially expressed in the six 

Mexican study isolates. Therefore, the presence of the extracellular forms of these proteins in the cells and 

growth medium fractions of these S. aureus isolates was inspected by Western blotting (Figure 5). IsaA was 

expressed in all strains but more in the G-1 isolate, which is in accordance with the RNA-seq results. EsxA, on 

the other hand, was barely expressed in the six study isolates, which is not in accordance with the RNA-seq 

results, suggesting either poor translation of the esxA mRNA or failure to identify the protein. 
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Figure 5. Detection of extracellular or cell-associated forms of the IsaA and EsxA proteins. Western blotting analysis of 
protein samples harvested in the late exponential growth phase of the six Mexican S. aureus study isolates from cows with 
mastitis upon growth in whey permeate. The IsaA (A) and EsxA (B) proteins were detected with specific antibodies. M= 
marker protein. The groups of isolates 1, 2 and 3 are showed in red rectangles. The protein IsaA (~24 kDa), EsxA (~11 kDa) 
and the IgG-binding protein A (~50 kDa) are indicated by arrows at the left side of the blots. 
 

Virulence determination of the Mexican S. aureus study isolates in a G. mellonella larval infection model 

 

To assess the virulence of the six Mexican S. aureus study isolates compared to the reference strain RF122, an 

infection model based on G. mellonella was applied. As controls, larvae were inoculated with heat-killed bacteria 

of S. aureus RF122, F-1, B-1 and G-1 and PBS. In general, the same killing rate of larvae was observed for the 

heat-killed bacteria, while the larvae of the PBS control and the non-injected larvae showed the lowest mortality. 

Larvae inoculated with the reference strain RF122 were found to have a lower mortality than the ones inoculated 

with either of the isolates of groups 1, 2 and 3 (Figure 6). The isolates of group 2 showed a higher larval killing 

rate than those of group 1, while the isolate G-1 (group 3) showed the highest killing rate. For the 3 groups, the 

greatest difference in larval mortality was detected between 24 h and 48 h after infection. Killing rates between 

groups were not statistically significant. 
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Figure 6. Mortality rates of six Mexican S. aureus study isolates and strain RF122 in a G. mellonella infection model. The 
larval killing was determined upon injection with the six Mexican study isolates (group1; E-3/F-1/C-11, group 2; D-1/B-1 and 
group 3; G-1), the reference strain RF122 or six controls (i.e. the heat-killed RF122, heat-killed bacteria of one isolate of each 
group (F-1, B-1 and G-1), injection with PBS and non-injected). Killing of the larvae was assessed at 24, 48, 72 and 96 hrs post 
inoculation. The inoculation was performed on 15 larvae per isolate and the values are the mean + the SD of three 
independent technical replicates (infection experiments).  
 

The survival percentages of the G. mellonella larvae are shown in Figure 7. The PBS controls and the non-injected 

controls showed survival percentages of 89% and 91%, respectively, while the four controls with heat-killed 

bacteria show survival percentages ranging from 76%-84% at 72 h after injection. At 96 h after inoculation almost 

all the larvae were dead. At 72 h after inoculation, larvae infected with strain RF122 showed a survival 

percentage of 45% while larvae infected with isolates of group 1 showed a survival percentage of 33% (F-1), 40% 

(C-11) and 48% (E-3). In larvae infected with group 2, the survival percentages were 28% (D-1) and 30% (B-1). In 

larvae infected with isolate G-1 (group 3), the percentage was of 26%. 

 

 
Figure 7. Survival of G. mellonella upon infection with six Mexican S. aureus study isolates and strain RF122. Survival of 
larvae (in %) was measured 24, 48, 72 and 96 h after inoculation of the six S. aureus study isolates (group1; E-3/F-1/C-11, 
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were responsible for the virulence of this group in the G. mellonella infection model when compared to group 1 

isolates, which were also CC97. The differences in gene expression could be a result of specific mutations in 

regulatory genes, which were not studied here. The genes for enterotoxin type H (seh), collagen-binding adhesin 

(cna) and fibronectin-binding protein B (fnbpB) were only present in the G-1 isolate. The presence of fnbpB has 

been shown to increase the risk of intramammary infections [16]. In addition, isolate G-1 highly expressed several 

other virulence genes, which could explain its high virulence in the G. mellonella infection model. The isolates 

of group 1 showed the lowest killing rates during the infection experiment. Reasons for this could be the that 

isolates from group 1 expressed the cytolytic toxin genes (lukE and lukD) at a very low level and expressed a 

SasG protein that lacks the LPxTG-motif needed for attachment to the cell-wall (data not shown). These results 

highlight the fact that strains with similar core backbones can display very different virulence profiles and so the 

detection of virulence genes by WGS is not always completely informative. 

 

The CC97 strains possessed one complex transposon, Tn552, and two simple transposons, ISSau2 and multiple 

copies of ISSau3. ISSau3 was also detected in the CC1 isolates. Tn552 carried the blaZ gene encoding resistance 

to procaine benzylpenicillin, an antibiotic that is commonly used to treat cows with mastitis. One important 

characteristic of the complex transposons is that they not only carry a transposase but also an antibiotic 

resistance gene or another passenger gene [44,71]. On the other hand, the simple transposon is smaller since it 

only carries the function for its own transposition (no resolvase and no resolution site) like a transposase [10,72]. 

Such transposons are also described as Insertion Sequences (IS), which can become complex transposons [10,72] 

after capturing a resistance gene. An entire family of IS-elements only related to bovine strains has been 

reported [73]. These IS-elements can be considered as potential entities of evolution in that they can eventually 

result in new complex transposons if two IS-elements flank a resistance gene [74]. Five of our six Mexican study 

isolates were resistant to penicillin, but all six were susceptible to all other antibiotics. This agrees with the idea 

that resistance to antibiotics among LA-strains is less common than in human strains or human lineages 

associated with animals [75], of which RF122 is a representative case [16]. The relatively low incidence of 

resistance in bovine isolates, despite the use of antibiotics on dairy farms, has been reported in several studies 

[16,75] and highlights the fact that livestock are not a hub for antibiotic-resistance genes. 

 

The three isolates of group 1 possessed an identical replicating plasmid, which was previously named pSAM1 

[15]. The plasmid consists of 1.5 kbp and six ORFs, and it does not encode any known virulence or antibiotic 

resistance genes. Mora Hernandez et al. suggested that pSAM1 and its encoded proteins could be associated 

with bovine colonization or even mastitis [15]. However, the presence of this plasmid has now also been reported 

for at least three human isolates (Genbank ID NZ_CP033987, unpublished), which also shared the same SaPI as 

group 1 of our present study isolates. Further studies would be important to elucidate the possible roles of this 

plasmid in host specificity or pathogenesis. Although G-1 lacks the pSAM1 plasmid, it does contain a replicon 

integrated in the chromosome. No known virulence or resistance genes were found close to the replicase, once 

again suggesting the presence of a cryptic plasmid. 
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Supplementary Figures  

 
 

Supplementary Figure 1. Phylogenetic tree of 1804 S. aureus CC1 strains present in Pathogenwatch and the 6 Mexican 
strains associated with mastitis. The ST4451 (CC1) strain is highlighted by a blue circle. The leaves are coloured according 
to legend. More information can be found here https://microreact.org/project/bERQwKQQt1jYjKnhLPw66r-s-aureus-cc1. 

  

https://microreact.org/project/bERQwKQQt1jYjKnhLPw66r-s-aureus-cc1
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Supplementary Figure 2. Phylogenetic tree of 470 S. aureus CC97 strains present in Pathogenwatch and the 6 Mexican strains 
associated with mastitis. The ST4452 (CC97) strains are highlighted by a blue circle. The leaves are coloured according to 
legend. More information can be found here https://microreact.org/project/rr7d2G1tQE9aU1tYd34g91-s-aureus-cc97. 
 

  

https://microreact.org/project/rr7d2G1tQE9aU1tYd34g91-s-aureus-cc97
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