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Abstract 
Today, brucellosis is the most common global bacterial zoonosis, bringing with it a range of 
significant health and economic consequences, yet it is rarely identified from the archaeological 
record. Detection and understanding of past zoonoses could be improved by triangulating evidence 
and proxies generated through different approaches. The complex socio-ecological systems that 
support zoonoses involve humans, animals, and pathogens interacting within specific environmental 
and cultural contexts, and as such there is a diversity of potential datasets that can be targeted. To 
capture this, in this paper we consider how to approach the study of zoonotic brucellosis in the past 
from a One Health perspective, one which explicitly acknowledges the health link between people, 
animals and environments (both physical and cultural).  One Health research is explicitly 
interdisciplinary and conceptually moves away from an anthropocentric approach, allowing the 
component parts to be considered in holistic and integrated ways to deliver more comprehensive 
understanding. To this end, in this paper we review the methods, selected evidence and potential 
for past brucellosis identification and understanding, focussing on osteological markers in humans 
and animals, historical, biomolecular and epidemiological approaches. We also present an agenda 
and potential for future research. 
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1  Introduction 
 
Brucellosis is a disease of global significance today, with major human and animal health and 
economic impacts. It is the most common bacterial zoonosis, with >500,000 new cases reported 
each year (Pappas et al., 2006), although the true incidence is estimated at 5-12.5 million cases 
annually (Hull and Schumaker, 2018). The causative agents are bacteria of the genus Brucella, which 
infect a range of mammalian hosts (Moreno, 2014). Brucella species are gram-negative, facultative 
aerobic, non-motile coccoid or rod-shaped aerobic bacteria which replicate within phagocytic cells of 
the host reticuloendothelial system (species and their preferred hosts are summarised in Appendix 
S1 and Table S1). 
 
Of the Brucella species known, those infecting domestic animals are generally both zoonotic and 
most virulent (with the exception of B. ovis) compared to strains affecting wild animals (Moreno, 
2014). Species that are generally pathogenic to humans are B. melitensis, B. abortus and biovars 1 
and 3 of B. suis. They exploit the reproductive cycle of their infected hosts, multiplying in the 
placenta inducing abortion, in mammary glands following pregnancy and shedding through milk, 
then mainly infecting other animals through ingestion (Díaz Aparicio, 2013). Human infection 
normally occurs through ingestion of unpasteurized dairy products and direct contact with infected 
animals (Moreno, 2014). 
 
Brucellosis is thus a very common zoonotic infection, yet it is rarely identified from the 
archaeological record. Detection and understanding of past zoonoses could be improved by 
triangulating evidence and proxies generated through different approaches. The complex socio-
ecological systems that support zoonoses involve humans, animals, and pathogens interacting within 
specific environmental and cultural contexts, and as such there is a diversity of potential datasets 
that can be targeted. To capture this, in this paper we consider how to approach the study of 
zoonotic brucellosis in antiquity from a One Health perspective, one which explicitly acknowledges 
the health link between people, animals and environments (both physical and cultural). In 
epidemiology, the ‘epidemiological triad’ of hosts, pathogens and environment is commonly used to 
summarise the factors that influence infections (Figure 1A). Studies of archaeological human remains 
have long drawn on the biocultural paradigm to emphasize that these factors can only be fully 
understood when placed within the context of culture and the constructed human niche (Figure 1B). 
The One Health approach is explicitly interdisciplinary and emphasizes communication and 
collaboration across multiple sectors in the delivery of improved health outcomes (Figure 1C). It also 
ensures that the component factors influencing infections are considered in holistic and integrated 
ways to deliver more comprehensive understanding than siloed approaches by single disciplines 
(Lebov et al., 2017). To this end, here we will review the methods, selected evidence and potential 
for past brucellosis identification, focussing on osteological markers in humans and animals, 
historical, biomolecular and epidemiological approaches (Figure 1D). We also present an agenda and 
potential for future research. 
 
2 Brucellosis and human palaeopathology  
 
Brucella causes systemic infections in humans; any organ of the body may be affected with bacteria 
localizing intracellularly in the immune system, transported through lymph and haematogenously 
spread to the spine and knee, sacroiliac and interphalangeal joints, amongst others (Buzgan et al., 
2010; Turan et al., 2011). However, a mouse model suggests dispersal of bacteria throughout the 
body results directly in localization in osteoarticulations suggesting that intermediate tissues may 
not be necessary for development of skeletal brucellosis (Magnani et al., 2013) as previously 
thought. Many patients experience joint pain that is often associated with joint swelling and 
development of septic arthritis, that is, infection of the joint and associated tissues. Although 



brucellosis can affect any region of the spine, it most often affects the lumbar vertebrae with 
concomitant lower back pain (Buzgan et al., 2010; Madkour et al., 1988; Turan et al., 2011). 
Localization of the disease in the sacroiliac joint(s) is also often accompanied by sciatica and back 
pain (Corbel, 2006; Priest et al., 2008). Fatality rate in humans is very low, most often following 
development of brucellar endocarditis (Buzgan et al., 2010; Hull and Schumaker, 2018).  
 
Skeletal manifestations of brucellosis are diverse and non-specific with potential for presentation of 
many atypical forms (Corbel 2006). The prevalence of complications varies among clinical studies 
ranging from ten to eighty per cent of brucellosis patients (Mehanic et al., 2012; Turan et al., 2011). 
Vertebral body lesions are resorptive in nature early in the disease process, with more bone 
deposition and sclerosis in healing stages (Lifeso et al. 1985) than is seen in tuberculosis, a disease 
with which brucellosis is often misdiagnosed (Buzgan et al., 2010; Glasgow, 1976). Vertebral 
destruction is usually less severe in brucellosis than in tuberculosis (Chelli Bouaziz et al., 2008). In 
addition, clinical manifestations vary with age of the individual: monoarthritis of knee and hip in 
children, sacroiliitis in children and young adults, and spondylitis in older adults (Chelli Bouaziz et al., 
2008; Esmaeilnejad-Ganji and Esmaeilnejad-Ganji, 2019). Thus diseases included in the differential 
diagnosis may differ depending on age of the individual and osseous elements affected. 
 
Monoarticular involvement of peripheral joints, seen mostly in children in the knee results in bone 
resorption starting at the joint capsule margins. However as complete joint destruction is unusual 
(al-Shahed et al., 1994), we might expect brucellar osteoarthrosis to be less severe and thus less 
visible in the archaeological record and thus more difficult to diagnose definitively than diseases 
such as tuberculosis and osteomyelitis that can cause more extensive bone destruction. As with 
peripheral arthropathy, sacroiliitis is seen as irregular areas of resorption on articular facets. In 
clinical setting it is visualized radiographically and through CT and MR imaging as widening and 
blurring of the joint space (Ariza et al., 1993). However, similar lesions are also seen in gout and 
psoriatic arthropathy (Dayan et al., 2009). To our knowledge, sacroiliitis has not yet been linked 
specifically with brucellosis in archaeological contexts. 
 
Brucellar spondyloarthropathy, seen in older adults, primarily affects the lumbar spine, although all 
regions are possible. Resorption is exhibited on the anterior superior margin of vertebral body below 
attachment site of the annulus fibrosis of the intervertebral disc. Resorptive lesions develop slowly, 
with sclerosis, increased bone density and thickening of trabeculae (Capasso, 1999; D'Anastasio et 
al., 2009, 2011). Brucellar lesions of vertebral body endplates (Madkour et al., 1988) have been 
noted clinically.  
 
Although most of the changes are resorptive as seen above, bone deposition is seen in the 
development of anterior bone spurs, the ‘parrot beak’ osteophytes projecting from the inferior end 
of the vertebral body zone of resorption. For beak osteophytes and Schmorl's nodes, differential 
diagnosis should include herniation of intervertebral disc or trauma (Aufderheide and Rodríguez-
Martín, 1998). Development of paravertebral abscesses (Ariza et al., 1985) including psoas abscess 
(Turan et al., 2011) similar to that seen in psoas fascia calcification of tuberculosis (Ortner 2003: 232; 
Roberts and Buikstra, 2019) have also been observed clinically but less frequently than in 
tuberculosis (Corbel, 2006). Deposition of new woven bone may be present on the visceral surfaces 
of ribs and the anterior and lateral surfaces of vertebral bodies. Presence of both resorption and 
deposition in the same bone counter-indicates tuberculosis, unless the new bone is solely for 
vertebral stabilisation following vertebral body collapse or joint destruction (Mehanic et al. 2012; 
Roberts and Buikstra, 2019; Waldron 2009). In a Turkish clinical study of 2018 cases, the most 
common laboratory result was anaemia (Buzgan et al., 2010). Thus, it may be useful to add 
indicators of anaemia (cribra orbitalia and porotic hyperostosis) to the list of potentially diagnostic 
criteria in palaeopathological studies. 



 
In bone, the feature most commonly observed is Pedro-Pons' sign in vertebrae, which is resorption 
of the anterior superior margin of one or several vertebrae with underlying sclerosis (Aufderheide 
and Rodríguez-Martín, 1998; Glasgow 1976; Mehanic et al., 2012; Roberts and Buikstra, 2019; 
Waldron, 2009). Other skeletal changes include subperiosteal new bone on anterior surfaces of ribs 
and vertebral bodies (D’Anastasio et al., 2011) and resorption of vertebral endplates (Chelli Bouaziz 
et al., 2008; Madkour et al., 1988). Any resorptive lesions thought to be pathogen-related on 
sacroiliac joint surfaces (Dayan et al., 2009) must be distinguished from those that are age-related. 
Thus, for adults, methods of age estimation other than that of auricular surface morphology should 
be used in cases of suspected brucellosis. Skeletal region targeted varies with the age-at-death of 
the individual observed: peripheral arthritis and sacroiliitis in children and young adults, and 
spondyloarthropathy in older adults (Chelli Bouaziz et al., 2008; Esmaeilnejad-Ganji and 
Esmaeilnejad-Ganji, 2019) although length of chronic infection may also play a part in the 
predominance of spinal changes in older individuals. In his macroscopic analysis of vertebral lesions 
from medieval Wharram Percy, England, Mays (2007) takes a conservative approach, suggesting that 
without at least two categories of evidence (one being biomolecular) diagnosis must be tentative. 
 
Good bone preservation and recovery of as much of each skeleton as possible are the ideal for 
securing a diagnosis. If death occurs early in disease progression, bony changes may not be 
sufficiently developed for accurate diagnosis. Because of the variability of disease expression we 
cannot assume that all cases of brucellosis will lead to advanced and pathognomonic changes in 
bone, nor that an infected individual, in life, exhibited skeletal brucellosis. Additionally, in a diseased 
individual, presence of one illness can decrease immune function increasing risk of co-infection. If 
the coinfecting organism also involves the skeletal system, bone morphology and pattern of lesion 
location may reflect neither of the infections adequately for definitive diagnosis (Christensen et al., 
2013; de Boer et al., 2016). Thus, any estimate in the archaeological record must be considered an 
underestimate of the true prevalence of brucellosis. Even with the above caveats and difficulties, 
human skeletons from past populations have been identified as having evidence of Brucella infection 
(e.g. Table 1). 
 
3 Brucellosis and animal palaeopathology  
 
In animals, brucellosis is a sub-acute or chronic disease (Corbel, 2006). The bacteria may enter the 
body via the gastrointestinal tract, inhalation or conjunctiva, and once they have accessed the 
circulatory system may spread and cause bacteraemia (Hull and Schumaker, 2018), then settle in the 
reproductive or musculoskeletal systems (Glynn and Lynn, 2008). In terms of the impact on 
reproductive tissues, in females infection frequently causes abortion, a key clinical sign of 
brucellosis, and in males it causes epididymitis and orchitis (Poester et al., 2013). 
 
Of relevance to osteoarchaeological identification, Brucella organisms can also localise in bones, 
especially vertebrae, and synovial structures such as joints, bursae and tendon sheaths causing 
inflammation and spill-over of infection and inflammation from these sites. The latter can impact on 
adjacent bone resulting in characteristic focally extensive periosteal responses that can be identified 
in skeletal remains (Table 2). Localisation in and inflammation of bursae is well known in horses, in 
conditions such as ‘fistulous withers’ or ‘poll evil’ (Denny, 1973), in cattle and, less commonly, sheep 
and goats with carpal bursitis (carpal hygromas) (Ramadan et al., 1991). In goats and sheep, arthritis 
may also occur as a rare clinical sign of B. melitensis infection (Corbel, 2006). Arthritis affecting the 
larger limb joints as well as lumbar vertebral lesions and spondylitis are commonly described in pigs 
with B. suis infection (Schlafer and Foster, 2016).  
 



Despite these well-documented impacts of brucellosis on the skeletal system of animals, the fact 
that these morphological responses simulate those of other bacterial infections within joints and 
bone (Lignereux and Peters 1999) presents a key challenge to zooarchaeological investigations. 
Limited modern comparative data on the skeletal manifestation of infectious diseases in domestic 
animals limits ability to provide definitive identifications, although some propositions have been 
forwarded in the palaeopathological literature on the separation of diseases, for example Baker and 
Brothwell (1980, 77) suggest that there is greater periosteal proliferation in brucellosis than 
tuberculosis. There are no definitive published cases of archaeological animal brucellosis (Table 3).  
 
Palaeopathological approaches should focus on detailed description and development of differential 
diagnoses of possible infectious agents, something easier attempted in more complete articulating 
skeletons, with subsequent biomolecular analysis to refine the disease identification. Analysis of 
disarticulated material should focus on the identification and quantification of potential markers of 
infection across the skeleton, and assessment of their correlation with locations of known skeletal 
involvement (Table 3), again supported with biomolecular analysis. Brucellosis also causes late foetal 
abortion in some taxa, and foetal age estimation of very young remains may therefore give clues as 
to the potential presence of an infectious agent. Given the range of other pathogens that cause late 
term abortions in domestic livestock (Tables S2), however, other evidence (e.g. biomolecular) would 
be needed to confirm an infectious agent. 
 
4 Biomolecular evidence for Brucella species in the archaeological record 
 
Reports of confirmed Brucella species retrieved from archaeological remains are limited (Table 4). 
The earliest DNA evidence comes from the Early Bronze Age North Caucasus (c.3700-3300 BC). 
During a study of mitochondrial DNA haplogroups and human origins in this region conducted on 
burials of the Maikop culture, a human burial from Novosvobodnaya was found to have generated 
sequences from Brucella abortus (Sokolov et al., 2016). The authors used a high-throughput 
sequencing approach rather than individual PCR methods. The DNA fragments obtained were short, 
in the region of 51-75 bp long and exhibited many C to T transitions, observations consistent with 
degraded ancient DNA. The isolation of B. abortus from these individuals is consistent with the 
known farming practices of Maikop culture peoples, who kept predominantly pigs and cattle, with 
the latter being the preferential host of B. abortus.  
 
Mutolo et al. (2011) successfully amplified Brucella genomic DNA from two human skeletons from 
medieval Butrint, Albania (Table 4). The PCR targets used were the multi-copy element IS711 
(formerly known as IS6510) (Ouahrani et al., 1993) and DNA coding for the 31kDa membrane protein 
Bcsp31. Short templates were targeted; 58bp in the case of IS711 and 59 bp in the Bcsp31 PCR. They 
found that burial 4015 was positive for both loci and that burial 2272 was positive only with the 
more sensitive IS711 method, suggesting poorer DNA preservation in this individual. As infection 
with tuberculosis was part of the differential diagnosis, the remains were also tested for three MTB 
complex loci which have been used in ancient DNA (aDNA) studies for some years, namely IS6110, 
mtp40 and the oxyR pseudogene (e.g. Mays et al., 2001). All were negative. The authors were careful 
to apply tuberculosis PCR methods which would detect similarly degraded templates (62-65 bp) so 
that this mycobacterial pathogen should also have been detected in bone extracts, if present. 
 
Kay et al. (2014) also used a high-throughput approach (metagenomic shotgun sequencing) to study 
DNA extracted and amplified from a calcified abdominal nodule present in an adult male burial from 
Geridu, Sardinia (Table 4). The remains displayed lesions of DISH (diffuse idiopathic skeletal 
hyperostosis) but were without obvious morphological evidence of brucellosis other than the 
presence of multiple calcified nodules, which have sometimes been associated with chronic 
brucellosis, amongst other pathologies (Arcomano et al., 1977; Sevilla-López et al., 2011). Using this 



unbiased approach (i.e. without target-specific amplification or capture) they managed to obtain 6.5 
fold coverage of a strain of B. melitensis from this individual. Further analysis with SNP and deletion 
typing confirmed that the medieval Geridu-1 isolate belonged to the Ether clade of B. melitensis, a 
lineage considered basal to the phylogenetic tree of the species (Pisarenko et al., 2018). 
 
In a recent publication using proteomic analysis, Greco et al. (2018) reported the presence of a 
specific peptide sequence associated with B. melitensis extracted from organic material preserved in 
a storage jar from an Egyptian site dating back to the 19th Dynasty (1295-1186 BC). Analysis of the 
cheese residues by UHPLC/high-resolution nanoESI-mass spectrometry showed this contained cow’s 
milk and either sheep or goats milk proteins. The peptide sequence the authors described as 
indicative of B. melitensis (GSIKER) could conceivably have originated from another organism, 
Coxiella burnetii, a Gram-negative organism affecting ruminants. Unfortunately, aDNA analysis was 
not undertaken to validate the proteomic findings. 
 
This author (GMT) has applied screening PCR methods for Brucella to all cases of human skeletal 
tuberculosis where lesions have suggested that it might be a differential diagnosis. Over the years, 
this has resulted in testing over 200 human cases and several dozen animal bones (e.g. Bendrey et 
al., 2008) but in only one instance has any evidence of Brucella DNA been detected. This observation 
was made in an adult female from Tyva, south Siberia (Table 4), where evidence of Mycobacterium 
bovis had already been found in specimens taken from lumbar vertebrae (L3/L4) displaying the 
classic spinal lesions of tuberculosis (Murphy et al., 2009). The identification of Brucella DNA was a 
late observation made after the completion of the main aDNA analyses which had focused on the 
typing of M. bovis isolates retrieved from four burials of nomadic pastoralists. These individuals 
spent their lives in close proximity to a number of herd species. The amplification of Brucella 
pathogen DNA was a reproducible observation, but we were not able to pursue this at the time as 
the sample had been returned for reburial. However, a gel run of the 144 bp amplicon from the 
IS711 PCR product was subsequently published in a palaeopathology review (Donoghue, 2008). 
 
5 Screening archaeological samples for Brucella species: points for consideration and future 

studies 
  
After the death of an individual or animal, postmortem action of endonucleases and microbial 
activity results in fragmentation of both host and pathogen DNA. Over time, the DNA may be further 
modified by chemical processes such as hydrolysis and oxidation (Lindahl and Nyberg, 1972). The soil 
environment often contains the presence of naturally occurring fixative acids and tannins. These can 
damage DNA over time or inhibit PCR reactions, if co-extracted (Sidstedt et al., 2015). Extracted 
aDNA may thus block PCR polymerases due to both intra and inter-strand nucleic acid cross-linking. 
Modification or loss of nucleotide bases, particularly depurination (Lindahl, 1993) may introduce 
errors which allow extension but then appear as nucleotide transitions when remnant DNA 
templates are amplified by PCR and used later for downstream validation measures like cloning and 
sequencing. The majority of miscoding changes involve C →T/U and G →A transitions (Taylor, 2014 
and references therein).   
 
The study of mycobacterial pathogens in the past has been a productive area of research. By 
protecting them from initial degradation, the waxy outer cell wall of mycobacterial species may be 
partly responsible for the number of reports of tuberculosis and leprosy in the literature. Brucella 
species have an atypical lipopolysaccharide (LPS) responsible for structural and functional integrity 
of the bacteria (Cardoso et al., 2006) but lack the mycolic acids and derivatives, which makes the 
mycobacterial cell membrane relatively impermeable and resilient (Brennan and Nikaido, 1995). The 
limited reports of Brucella in the bioarchaeological literature may thus be a consequence of a 
greater susceptibility to degradation. Further studies are needed to investigate this aspect in both 



human and faunal remains. Information on the association of the pathogen to skeletal lesions and 
uninvolved or distant skeletal elements is also minimal. The recovery of Brucella DNA from the 
Russian burial lacking obvious osteoarticular lesions mentioned above (Sokolov et al., 2016), implies 
sampling skeletal remains without lesions might be productive. A factor possibly favouring detection 
is the faster doubling time (3-4 hours) of the Brucella species and hence potential higher bacterial 
load compared to the slower doubling times of pathogenic mycobacteria such as M. bovis (16-20 
hours) M. tuberculosis (18-54 hrs) or M. leprae (14 days). Testing of skeletal lesions proposed as 
indicators of Brucella infection should also be undertaken. Some authors have suggested that lytic 
erosions on the anterior-superior aspect of the vertebral body are indicative of Brucellosis in 
archaeological cases (Exteberria, 1994; Curate, 2006). However, this is as yet unsupported by testing 
for the pathogen and an alternative cause, traumatic anterior disc herniation, has been suggested 
(Mays, 2007). Suggestions for aDNA studies are included in supporting information (Appendix S2).  
 
6 Perspectives from historical records 
 
Sub-disciplines of history have explored questions relating to medical history, human health, 
demography, agriculture and socio-economic experiences. However, brucellosis remains under-
examined and rarely mentioned in historiography. It is not until the development of microbiology 
that this disease was identified explicitly in the historical record, although given what we know of its 
transmission, clinical manifestations and impacts, its likely presence and significance to past 
societies cannot be denied. Re-examination of source materials and their interpretations derived 
from across the separate fields of historical research have the potential to contribute to both the 
identification of the disease in the past and the cultural contextualisation of human-animal-
environment relationships (Figure 1); examples and future research potential are included in 
Appendix S3. 
 
7 Exploring the dynamics of animal populations and Brucella transmission through 
epidemiological modelling   
 
Findings about the structure and management of domestic animal populations, the nature and 
intensity of animal-human interactions, and the trends in the consumption of animal products can 
also allow scientists to investigate the impact of those features on pathogens’ transmission 
dynamics, and in particular whether epidemiological conditions were met to support disease 
emergence and endemicity. Such an approach was adopted by Fournié et al. (2017) to explore the 
potential impact of the origins of animal husbandry on the emergence of zoonotic brucellosis. The 
Early Neolithic of the Zagros mountains was chosen as a case study for investigating past brucellosis 
emergence associated with early goat husbandry as there is strong indirect contextual evidence and 
probable human osteological evidence for the disease (Merrett 2002; 2004). Moreover, previous 
archaeological investigations had dated a sequence of site assemblages, and, for each of those sites, 
characterised the age and sex structure of managed goat populations based on the fusion of post-
cranial bone remains (Zeder, 2008). Mathematical models simulating the dynamics of domestic goat 
populations were developed and fitted to these reconstructed goat demographic profiles in each 
site. Brucella transmission was then modelled to assess the likely effect of changes in goat 
population structure (Fournié et al., 2017). The models indicate that the pathogen could have been 
sustained, even for low levels of transmission, in small domestic goat populations that lie within the 
likely ranges estimated for these early farming settlements. This resulted from the creation of dense 
domestic goat populations, but also the decisions made by early goat farmers on the demographic 
composition of their herds. As goat farming evolved, some communities began to preferentially 
retain domestic female goats into adulthood in herds, and selectively cull male goats at a younger 
age. In this way people inadvertently created population demographic structures which would have 
increased the transmission potential of the pathogen among goats, as the infectious material 



excreted by females following abortion or full-term parturition is the main source of infection. 
Conditions were thus met for the maintenance of a permanent reservoir of zoonotic infection in 
close proximity to human settlements, exposing humans to greater risk of infection. 
 
Such an approach has several limitations, due to the nature of the data on which the models rely, 
and the assumptions about the transmission of Brucella, which are based on current knowledge 
about the disease epidemiology. However, these models can be used to generate hypotheses about 
factors promoting the circulation and maintenance of pathogens within domestic animal populations 
and their zoonotic transfer; hypotheses which could then be tested by other disciplines. 
 
8 Conclusions 
 
Although brucellosis is today’s most common bacterial zoonosis, it is only rarely identified in the 
past. It is notable, for example, that the Brucella melitensis sequenced draft genome from medieval 
Sardinia shows a close relationship with modern Italian strains indicating continuity of this disease 
on a regional basis (Kay et al., 2014), however this continuum through time is currently not visible to 
us. This is due to the diverse challenges of positively identifying the disease using current 
approaches. Attempts to build up a picture of past human-animal-pathogen relationships must 
engage with a range of evidence. We propose taking a One Health approach and triangulating 
evidence and proxies generated through different methods to improve detection of past zoonoses 
(Figure 1). Such an approach – integrating studies that are typically performed independently – will 
help maximise understanding for different diseases for which there is differential ability to identify 
accessible records of their presence. This interdisciplinary review has identified potential for the 
advancement of methods and integration of datasets. For both human and animal skeletons, 
researchers should be aware of the potential distribution of brucellosis lesions to support 
investigations, from which to develop differential diagnoses, and where potential cases are 
identified, samples should be subject to biomolecular analyses. The anthropological and 
epidemiological contextualisation of palaeopathological and biomolecular investigations can help to 
move beyond the description of suspected and evidenced cases of infection in humans and their 
animals in the distant past, towards the analysis of the factors promoting zoonotic disease 
emergence. The description and conceptualisation, through epidemiological modelling, of the 
contexts within which domestic animal populations are structured, managed and humans exposed 
to these animal populations, can be used to generate hypotheses about zoonotic disease emergence 
drivers. These hypotheses could then inform the design of osteological and genetic research studies, 
i.e. the choice of sites, time period and samples, allowing the testing of these hypotheses. 
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Table 1. Selected examples of human skeletal evidence interpreted as brucellosis from different 
contexts.  
 

provenance 
 

discussion references 

Sterkfontein, South 
Africa dated to 2.8-
2.4 MYA 

Australopithecus africanus with possible 
evidence for brucellosis; indicates that 
zoonotic pathogen transfer is possible 
without the context of agriculture. 

D’Anastasio et al., 
2009; D’Anastasio et 
al., 2011  

Early Neolithic Ganj 
Dareh, Iran, 10,000 
CalBP 

Tentative identification; peri-domestication 
context - early herd management and 
intensive exploitation of goats  

Merrett, 2002; 
Merrett 2004 

Bronze Age Bhab-
Edh-Dhra, Jordan, 
5100-4200 BP 

Spinal changes and possible Pedro-Pons 
sign have been interpreted as evidence of 
brucellosis; full animal domestication 
context; development of transhumant 
pastoralism and secondary products (dairy)  

Ortner, 2003; 
Rashidi et al., 2001 

Herculaneum, Italy, 
dated to the Mt. 
Vesuvius eruption of 
79 AD 

Lesions consistent with brucellosis have 
been observed in 16 of 151 individuals 
recovered. Diagnosis was based on Pedro-
Pons sign of lumbar vertebrae, radiographic 
evidence of sclerosis below the vertebral 
body lesions and thickening and increased 
density of trabeculae. Results are 
consistent with historic records of the 
importance of milk and milk products in 
Roman society and the potential for 
endemic zoonoses in the past. 

Capasso, 1999 

Fate Bell Rock 
Shelter, Texas, 
dating 4,000-1300 
BP 

Based on bone macroscopic morphology 
and CT imaging; hunting/gathering context 
again indicates that zoonotic pathogen 
transfer is possible without the context of 
agriculture 

Jones, 2019 

Medieval Butrint, 
Albania, 10th to 13th 
centuries AD 

Both osteological and molecular methods 
were applied to skeletal remains with 
macroscopic possible brucellar lesions (see 
Table 4). In this case the diagnosis is 
definitive; Brucella spp. aDNA was 
recovered from the lesions. 

Mutolo et al., 2012 

 
 
 
  



Table 2. Routes of infection of Brucella spp. that result in skeletal lesions in domestic animals 
 

 Osteological response Reference 

Bacteraemia with 
haematogenous 
seeding of bone 

Direct localisation in vertebra triggering 
inflammation and bone 
modelling/periosteal new bone formation 

Schlafer and Foster, 2016 

Bacteraemia with 
haematogenous 
seeding of articular 
joints, bursae and 
tendon sheaths 

Inflammation at these sites extends locally 
to impact adjacent bone causing periosteal 
new bone formation at specific anatomical 
sites, e.g. inflammation of supra-atlantal 
bursa (poll evil) causing osseous lesions on 
adjacent occipital bone of equine cranium   

Craig et al., 2016; Denny, 
1973  

 
  



Table 3. Published zooarchaeological remains for which brucellosis is considered in the differential 
diagnosis or as a possible cause. 
 

Provenance Species / 
element 

Brief description and diagnosis Reference 

Early Iron Age 
Arzhan 1, Tyva 

Horse 
skull 

Occipital bone lesions interpreted as foci of 
inflammation and necrosis following local 
infection. It is suggested that the pathology 
represents a case of ‘poll-evil’, most likely due to a 
bacterial infection such as Brucella abortus, 
Actinomyces bovis, or Streptococcus 
zooepidemicus 

Bendrey et al., 
2011 

Late Iron 
Age/Early 
Roman, Viables 
Farm, UK 

Horse 
skeleton 

Proliferative periosteal lesions on the atlas, two 
thoracic vertebrae (one with lytic damage), the 
sacrum, four rib fragments, and right pelvis 
suggestive of systemic infection, most likely due 
to Trueperella pyogenes, Mycobacterium bovis, 
Brucella abortus or Aspergillus spp. 

Bendrey et al., 
2008 

Late Iron 
Age/Early 
Roman, 
Downlands 
Farm, UK 

Horse 
skeleton 

Proliferative periosteal lesions on six thoracic and 
one lumbar vertebrae, and eight rib fragments 
suggestive of systemic infection, most likely due 
to Trueperella pyogenes, Mycobacterium bovis, 
Brucella abortus or Aspergillus spp. 

Bendrey et al., 
2008 

Dragonby, UK Horse 
mid-
cervical 
vertebra 

‘lesion closely resembling modern brucella 
osteomyelitis’. No further detail. 

Baker and 
Brothwell, 
1980, 76 

 
 
  



Table 4. Archaeological human remains with confirmed biomolecular evidence for Brucella species 
 

Provenance Age and sex pathology reference 

Bronze Age 
Novosvobodnaya 
(Republic of Adygea, 
Russia); Kurgan (burial 
mound) 25 grave 1 

Not 
described 

Not described Sokolov et al., 
2016 

Iron Age Aymyrlyg,  
Tyva, south Siberia 

25-35 year 
old female 
(SkXXXI.34) 

Lytic lesions in eight vertebrae (C7, T6-
9, L3-L5) 
 

Murphy et al., 
2009; Taylor 
et al., 2007 

medieval Butrint, in 
Southwest Albania, 
burial 2272 (10-12th 
centuries AD)  

young male 
individual 
aged 
between 17-
21 years old 

Skeletal lesions included, amongst 
others, cavitating lytic foci in the 
thoracic vertebrae (T3-T12) and lumbar 
vertebrae (L1, L2 and L4), sacrum was 
affected, as were some ribs, which 
showed cortical thickening and 
trabecular expansion with porosity on 
the parietal surface of some fragments 

Mutolo et al., 
2011 

medieval Butrint, in 
Southwest Albania, 
burial 4015 (12th-13th 
centuries AD) 

young male 
individual 
aged 
between 17-
21 years old 

Skeletal lesions included, amongst 
others, cavitating lytic lesions in 
vertebrae (T3–T12, L1, L2), sacrum was 
affected, as were some ribs, which 
showed some cortical and porosity on 
the parietal surfaces. 

Mutolo et al., 
2011 

Medieval Geridu, 
northwestern 
Sardinia; second half 
of the 14th century 

50-60 year 
old male 
individual 
(Sk2568) 

Diffuse idiopathic skeletal hyperostosis 
(DISH) – fusions between thoracic 
vertebrae (T4-T10), and L5 and sacrum; 
also extraspinal enthesopathies. Thirty-
two calcified nodules found in the pelvic 
girdle. 

Kay et al., 
2014 

 
 
 
  



Appendix S1. Background to the genus Brucella 
 
Bacteria of the genus Brucella are named after Sir David Bruce (1855-1931). In 1886 the then Captain 
Bruce, Scottish physician, assisted by his microbiologist wife Mary, first isolated and cultured the 
organism responsible for Malta fever whilst posted to the island. At that time, both local inhabitants 
and soldiers in the British garrison were experiencing an outbreak of fever of unknown origin. Bruce 
showed that the organism, later named Micrococcus melitensis, obeyed the rules laid down by 
Robert Koch for causation and transmission of infectious diseases (Koch’s postulates). Later in 1905, 
“Temi” Zammit, Maltese archaeologist, medic and member of the Mediterranean Fever Commission, 
established that infected goats were a reservoir of disease and were transmitting the fever to 
humans in their milk. Since then, a number of closely related species have been identified and now 
comprise the genus Brucella. These are: Brucella abortus, isolated from an infected cow’s udder in 
1897; B suis identified in pigs (1914), B. ovis, a cause of ovine epididymitis (1956), B. canis from dogs 
(1966) and B. neotomae from desert rats in 1957. 
 
Brucella is one of eight genera in the Family Brucellaceae which belong to the alpha-2 
proteobacteria, a class of bacteria in the ancient and diverse phylum of proteobacteria. Brucella 
species are all Gram-negative, facultative, non-motile coccoid or rod-shaped aerobic bacteria which 
replicate within phagocytic cells of the host reticuloendothelial system. Adaptation to the 
intracellular environment of diverse hosts has been associated with genome downsizing, as genes no 
longer required for life in the environment are lost. Current evidence suggests that Brucella (typical 
genome size 3.3Mb) originally evolved from free-living Ochrobactrum (4.77 Mb) a related genus of 
the Brucellaceae (Wattam et al., 2014). 
 
Species that are generally pathogenic to humans are B. melitensis, B. abortus and biovars 1 and 3 of 
B. suis. These are species associated with some of the earliest domesticated animals and it seems 
probable that past human activities such as farming and animal domestication will have influenced  
the selection and clonal expansion of individual Brucella species and their opportunities to cause 
human disease. B. canis infection of humans has been reported, but is relatively rare. This species 
appears to have diverged from an ancestral strain of B. suis in the last 22,500 years (Foster et al., 
2009). 
 
In the last decade or so a number of novel species have been described, such as B. ceti affecting 
whales, B. pinnipipedialis from marine mammals (dolphins, porpoises and seals), B. microti from the 
common vole, B. vulpis from red foxes, B. papionis form baboons (Whatmore et al., 2014) and B. 
inopinata isolated from an infected human breast implant (Scholz et al., 2010).  The preferred host 
range of B. inopinata is as yet unknown but the species appears to be one of the most diverse 
lineages of the genus and other novel species closely related to B. inopinata, continue to be 
described from amphibians (Eisenberger et al., 2012) and Australian wild rodents (Tiller et al., 2010). 
Table S1 summarises the classical and more recently recognised and emerging Brucella species and 
their preferred hosts. 
 
The six classical members of the genus were primarily considered to be separate species but were 
later seen as biovars of a single species (B. melitensis) (Verger et al., 1985). They are best viewed as a 
complex of host-adapted species causing disease in their preferred hosts. However, host specificity is 
not absolute and other animal species may become infected when in prolonged close contact. For 
example, both B. abortus and B. melitensis have been reported in camels kept in association with 
sheep and goats (Cooper et al., 1991). Further, a novel species closest to B. microti (DNA > 99.8% 
homologous) has been reported in domestic marsh frog (Jaÿ et al., 2018). 
 
The Brucella genomes of a number of the species and biovars have been sequenced and annotated, 



for example B. melitensis (DelVeccio et al., 2002), B. suis (Paulsen et al., 2002), B. abortus (Halling et 
al., 2005) and B. pinnipedialis isolate B2/94 (Audic et al., 2011). All species are highly similar at the 
nucleotide level. The genome is composed of two circular chromosomes, containing a total of 
approximately 3.3Mb with 2,124 Mb on chromosome 1 and 1,162 Mb on chromosome 2.  The G + C 
content is 57.2%.  A total of approximately 3,200 open reading frames (ORFs) have been predicted 
on both chromosomes. The Brucella Bioinformatics Portal (http://www.phidias.us/bbp/) is a 
gateway to a variety of genomic resources, bioinformatics tools and literature for researchers in the 
field. 
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Table S1. Brucella species and their preferred hosts. 
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Primer BLAST1 search. 
Suárez-Esquivel et al, 
2017. 
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(most diverse in 
host range) 

 

QH05 
1330 

7 
7 

BLAST search. 
BLAST search. 
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Appendix S2. Suggestions for aDNA studies 
 
Multi-copy loci within pathogen genomes make ideal initial targets for molecular screening methods, 
as demonstrated (Mutolo et al., 2011). The insertion element IS711 (Ouahrani et al., 1993) is an ideal 
target for detection of all Brucella species.  Other IS are present within the genus, but not in such 
high copy number. IS711 is an 842 bp sequence bounded by 20 bp inverted repeats. It appears to be 
unique to the Brucella genus and is not present in the closely related family of alpha-
proteobacteriacae.  In the past, movements and transpositions of this element may well have driven 
genetic variation between Brucella species and biovars. Transposition has been described in two 
species, B. ovis and B. pinnipedialis using transposon mutagenesis with the plasmid pGBG1 (Ocampo-
Sosa and Garcia-Lobo, 2008). This raises the possibility that IS711 may still initiate variation in some 
high-copy strains like those present in marine mammals. 
 
The element does share approximately 53% homology with IS427 found in Rhizobium radiobacter, a 
rod-shaped Gram-negative bacterium belonging to the Rhizobactereacae, suggesting a possible 
common distant ancestry. There is also some minor variation in sequence between individual copies 
of IS711. However, it is straightforward to design primers to conserved regions of the transposase to 
develop specific PCR methods suitable for aDNA applications.  
 
Table S3 details the primers and FAM labelled probe used in our screening PCR method. The four 
primers allow for various combinations of single round, nested, or hemi-nested variants of the 
method to be used as either a conventional or real-time method with a single dual-labelled probe.  
In general however, the use of a DNA binding fluorescent dye like either SYBR Green 1 or (the less 
PCR Inhibitory) EVAGreen™ are cost effective and more sensitive, as many fluorescent dye molecules 
intercalate into each amplicon. The minimum detection limit of this method has been found to be 
3.6 fg of Brucella DNA, or less than 1 genome equivalent. In contrast, the use of a labelled 
oligonucleotide probe is more specific and reports only the product rather than primer-dimer, but is 
less sensitive. The recommendation for future studies would be to use primer combinations 
amplifying shorter templates e.g. F2/R3 (85bp) for initial screening combined with EVAGreen™, 
confirmed by probe-based reporters as suggested (Table 6.1; Hinić et al., 2008).  
 
The copy number of IS711 (where known) in the classical and more recently described species, along 
with key references are shown in Table S1. The higher copy number of IS711 in B. ovis and the 
marine isolates, means that these species might be easier to detect under some circumstances. 
Although isolation of a marine species seems unlikely in human remains, infection with B. 
pinnipedialis has been reported in a few instances in humans in the medical literature, showing 
these species do have some zoonotic potential (Whatmore et al., 2008; McDonald et al., 2006; Sohn 
et al., 2003). It is also worth noting that the seal-adapted strain of tuberculosis, Mycobacterium 
pinnippedii was recovered from pre-Colombian human remains in Peru with evidence of skeletal 
tuberculosis (Bos et al., 2014).  
 
Follow-up PCR tests should be undertaken to confirm the presence of the pathogen. Genetic loci 
which are conserved across all genus members are useful for this purpose. The region coding for 
membrane protein Bcsp31, has been used by several authors (Mutolo et al., 2011; Mukhergee et al., 
2007).  Other candidate regions include the recA gene, coding for a protein involved in DNA repair 
and the per gene (Bogdanovich et al., 2004; Bounaadja et al., 2009). In the six classical species, recA 
is highly conserved but variation has been reported in more recently described members (Scholz et 
al., 2010; Scholz et al., 2016). These are useful confirmatory tests for the pathogen and indicate if 
other, single copy targets for genotyping might be successful or if applying a WGS protocol might be 
worthwhile. 
 



The fragmented nature of aDNA precludes the use of PCR methods which rely on longer sequences 
for typing and species identification, like the multiple loci variable nucleotide tandem repeat analysis 
(MLVA-VNTR type approaches (Le Flèche et al., 2006; Whatmore et al., 2007). Identifying species and 
biovars can be found by amplification and sequencing of polymorphic genes (Cloekaert et al., 2001; 
Ficht et al, 1996). Moreover, with information from phylogenetic and WGS studies, there now exists 
more opportunities for developing specific methods based on species and lineage-specific 
disruptions such as insertions, deletions and SNPs. Deletions provide the best opportunities for 
designing specific PCR methods with primers spanning the deletion to generate a short amplicon in 
the region of about 60-120 bp. For added specificity, a dual-labelled probe can be used to hybridize 
across the deletion breakpoint and report product formation. If the deletion has not occurred, a PCR 
can be devised to target the sequence and report product with a differently labelled probe. For strict 
comparison, the amplicon size should match that of the deletion spanning PCR. Hinić and colleagues 
(2008) describe 7 separate PCRs which target species-specific loci or exploit deletions to differentiate 
the six classical species, B. melitensis, B. abortus, B. suis, B. ovis, B. canis and B. neotomae (Hinić et 
al, 2008). The amplicon sizes are all small (63-116 bp) and appropriate for aDNA uses.  
Kaden and colleagues (2017) have developed a real-time PCR for specific detection of B. melitensis 
isolates, the most important human pathogen of the genus. This exploits a very short deletion of 2bp 
in the acetyl Co-A acetyl transferase gene. 
 
Other approaches for genotyping include exploiting phylogenetically informative SNPs with 
conventional PCR and sequencing (Scott et al., 2007; Foster et al., 2012).  Methods for 
bioarchaeological studies need to be optimised for constraints imposed by aDNA fragmentation and 
evaluated for specificity and sensitivity in the complex milieu, which is co-extracted from 
archaeological contexts. Even with the advent of high-throughput sequencing techniques and the 
enormous amount of information which can be obtained from isolates, there remains a place for 
conventional PCR and sequencing to confirm loci with poor coverage.  
 
Negative results can sometimes be the result of PCR inhibitory substances co-extracted along with 
aDNA. An internal amplification control (IAC) assay can be run up to assess if inhibition is present. 
This can be achieved by addition of a limited amount of synthetic DNA template with identical 
binding sites for the primers but with a differing internal sequence. This target is reported with 
different probe chemistry and generation of amplicons shows inhibition is not problematical 
(Hoorfar et al., 2004). An alternate approach is to use a universal method for assessing inhibition 
such as the SPUD assay (Nolan et al., 2006). Primers are used to amplify a unique sequence from the 
potato genome and the effect of aDNA extracts assessed on amplification profiles (Cq) compared to 
addition of water (non-template controls). 
 
 
References 
 
Bogdanovic T, Skumic M, Lübeck PS, Ahrens P, Hoorfar J. 2004. Validated 5’ nuclease PCR assay for 
rapid identification of the genus Brucella. Journal of Clinical Microbiology 42: 2261-2263. 
 
Bos K, Harkins KM, Herbig A, Coscolla M, Weber N, Comas I, Forrest SA, Bryant JM, Harris SR, 
Schuenemann VJ, Campbell TJ, Majander K, Wilbur AK, Guichon RA, et al. 2014. Pre-columbian 
mycobacterial genomes reveals seals as a source of New World tuberculosis. Nature 514: 494–497. 
doi:10.1038/nature13591. 
 
Bounaadja L, Albert D, Chénais B, Hénault S, Zygmunt MS, Poliak S, Garin-Bastuji B. 2009. Real-time 
PCR for identification of Brucella spp.: A comparative study of IS711, bcsp31 and per target genes. 
Veterinary Microbiology 137: 156-164. 

http://dx.doi.org/10.1038%2Fnature13591


 
Cloekaert  A, Verger J-M, Grayon M,  Paquet J-Y,  Garin-Bastuji B,  Foster G, Godfroid J. 2001. 
Classification of Brucella spp. isolated from marine mammals by DNA polymorphism at the omp2 
locus. Microbes and Infection 3: 729-738. 
 
Ficht TA, Husseinen HS, Derr J, Bearden SW. 1996. Species-specific sequences at the omp2 locus of 
Brucella type strains. International Journal of Systematic Bacteriology 46: 329-331. 
 
Foster JT, Price LB, Beckstrom-Sternberg SM, Pearson T, Brown WD, Kiesling DM, Allen CA, Liu CM, 
Beckstrom-Sternberg J, Frank F Roberto FF, Keim P. 2012. Genotyping of Brucella species using clade 
specific SNPs. BMC Microbiology 12:110 
 
Hinić V, Brodard I, Thomann A, Cvetnić Z, Makaya PV, Frey J, Abril C. 2008. Novel identification and 
differentiation of Brucella melitensis, B. abortus, B. suis, B. ovis, B. canis, and B. neotomae suitable 
for both conventional and real-time PCR systems. Journal of Microbiological Methods 75: 375–378. 
 
Hoorfar J, Malorny B, Abdulmawjood A, Cook N, Wagner M. Fach P. 2004. Practical considerations in 
design of internal amplification controls for diagnostic PCR assays.  Journal of Clinical Microbiology 
42: 1863–1868. 
 
Kaden R, Ferrari S, Alm E, Wahab T. 2017. A novel real-time PCR assay for specific 
detection of Brucella melitensis. BMC Infectious Diseases 17:230. 
 
Le Flèche P, Jacques I, Grayon M, Al Dahouk S, Bouchon P, Denoeud F, Nöckler K, Neubauer H, 
Guilloteau LA, Vergnaud G. 2006. Evaluation and selection of tandem repeat loci for a Brucella MLVA 
typing assay. BMC Microbiology 6: 9 doi:10.1186/1471-2180-6-9 
 
McDonald WL, Jamaludin R, Mackereth G, Hansen M, Humphrey S, Short P, et al. 2006. 
Characterization of a Brucella sp. strain as a marine-mammal type despite isolation from a patient 
with spinal osteomyelitis in New Zealand. Journal of Clinical Microbiology 44: 4363–4370. 
 
Mukherjee F, Jain J, Patel V, Nair M. 2007.  Multiple genus-specific markers in PCR assays improve 
the specificity and sensitivity of diagnosis of brucellosis in field animals. Journal of Medical 
Microbiology 56:1309-16. 
 
Mutolo MJ, Jenny LL, Buszek AR, Fenton TW, Foran, DR 2011. Osteological and molecular 
identification of Brucellosis in ancient Butrint, Albania. American Journal of Physical Anthropology 
147: 254-263.  doi: 10.1002/ajpa.21643 
 
Nolan T, Hands RE, Ogunkolade W, Bustin SA. 2006. SPUD. A quantitative PCR assay for the detection 
of inhibitors in nucleic acid preparations.  Analytical Biochemistry 351: 308-310. 
 
Ocampo-Sosa AA, Garcia-Lobo JM. 2008. Demonstration of IS711 transposition in Brucella ovis and 
Brucella pinnipedialis. BMC Microbiology 8:17 doi:10.1186/1471-2180-8-17. 
 
Ouahrani S, Michaux S, Sri Widada J, Bourg G, Tournebize R, Ramuz M, Liautard JP, 1993. 
Identification and sequence analysis of IS6501, an insertion sequence in Brucella spp: relationship 
between genomic structure and the number of IS6501 copies. Journal of General Microbiology 139: 
3265-3273. 
 
Scholz HC, Nöckler K, Gö llner C, Bahn P, Vergnaud G, Tomaso H, et al. 2010. Brucella inopinata sp. 



nov., isolated from a breast implant infection. International Journal of Systematic and Evolutionary 
Microbiology 60: 801-808. doi: 10.1099/ijs.0. 
 
Scholz HC, Mühldorfer K, Shilton C, Benedict S, Whatmore AM, Blom J, et al. 2016. The Change of a 
Medically Important Genus: Worldwide Occurrence of Genetically Diverse Novel Brucella Species in 
Exotic Frogs. PLoS ONE 11 (12): e0168872. doi:10.1371/journal.pone.0168872. 
 
Scott JC, Koylass MS, Stubberfield MR, Whatmore AM. 2007. Multiplex assay based on single-
nucleotide polymorphisms for rapid identification of Brucella Isolates at the species level. Applied 
and Environmental Microbiology 73: 7331–7337. Doi: 10.1128/AEM.00976-07. 
 
Sohn AH, Probert WS, Glaser CA, Gupta N, Bollen AW, Wong JD, Grace EM, McDonald WC. 2003. 
Human neurobrucellosis with intracerebral granuloma caused by a marine mammal Brucella spp. 
Emerging Infectious Diseases 9: 485-488.  
 
Whatmore AM, Perrett LL, MacMillan AP. 2007. Characterisation of the genetic diversity of Brucella 
by multilocus sequencing. BMC Microbiology 7:34 doi:10.1186/1471-2180-7-34. 
 
Whatmore AM, Dawson C, Groussaud P, Koylass MS, King A, Shankster SJ, et al. 2008. Marine 
mammal Brucella genotype associated with zoonotic infection. Emerging Infectious Diseases 14: 517-
518. https://dx.doi.org/10.3201/eid1403.070829. 
 
 
 
 
 
 
 
 
 
 
  



Appendix S3. Historical perspectives and potential 
 
The study of history has evolved considerably across the centuries, and the energies of successive 
generations of historians have been channelled into an increasingly diverse array of sub-disciplinary 
studies in response to changes in historiographical emphasis. In general terms, these disciplinary 
shifts have taken historians from a traditional focus upon great men and great deeds, to a much 
wider exploration of economic, social, and cultural history. In recent decades this had broadened out 
much further, with historical studies of particular social groups or themes. As the foci of historical 
studies have shifted, so too have the methodologies employed by historians in order to examine a 
much broader range of documentary and other evidence, the value of which might have been 
overlooked in the context of previous historiographical debates. It is for this reason that source 
materials and previous historical studies should be returned to in the context of new 
interdisciplinary questions, to interrogate whether the historical record might yet have more to yield 
in relation to previously unposed questions. In particular, it is hoped that drawing together materials 
from across previously separated fields of study and temporal periods of investigation may 
contribute different perspectives to our understanding of this disease in the historical past and to its 
potential visibility in the historical record.  
 
Each modern day country and region has its own historiographical journey, shaped in part by the 
trends observed in the broader studies in history across the international stage, but also in part by 
the documentation and evidence that has survived within each geopolitical region as it has evolved. 
It is beyond the scope of this appendix to provide a detailed examination of all potential historical 
sources for the study of brucellosis in the past. However, Table S4 below points to the directions in 
which the sub-disciplines of history might be explored in the context of English history, as an 
example, to contribute to the interdisciplinary investigation of brucellosis in the past (Figure 1). This 
includes some examples of the types of sources that may be utilised from across different periods of 
English history. Historians are exceptionally lucky in the rich and fertile sources that have been 
preserved for the study of English history, and also in the phenomenal steps that have already been 
taken to bring elements of such evidence together in the form of authoritative volumes on specific 
topics. These seminal works are logical starting points for any such study, pointing the way to other 
sources and evidence of relevance, and again examples of such works are given in the table below. 
Both the primary and secondary evidence cited below serve as illustrative examples only, and the 
exclusion of other materials should not be taken as an oversight.  
 
 
 
 
 
 
 
  



Table S1. Brucella species and their preferred hosts. 
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CCM4915T 
BCM4915 
CCM4915T 

       “ 

5-6 
14 
13 
13 

Scholz et al, 2008. 
Suárez-Esquivel et al, 
2017. 
Audic et al, 2009. 
BLAST search. 

B. neotomae Desert woodrats  ? Stoenner et al, 1957. 

 
B. inopinata Uncertain BO-1 4-5 Scholz et al, 2010. 
B. pinnipedii Seals  

B2/94 
6/566 

45-46 
31 
29 

Suárez-Esquivel et al, 
2017. 
Audic et al, 2011. 
BLAST search. 

B. ceti Dolphins, 
Porpoises, 
Whales 

Various, 
TE28753 

42-53 
14 

Suárez-Esquivel et al, 
2017. 
BLAST search. 

B. papionis Baboon F80/08-60T 

F80/08-61 
High, 
uncertain 

Whatmore et al, 2014. 

B. vulpis Red Foxes 
 
Bank vole 

F60 
F965 

27 
27 
? 

Hofer et al, 2012. 
Hofer et al, 2012. 
Hammerl et al, 2015. 

1. Novel motile 
species, closest 
to B. inopinata 
 
 
2. Microti-like 

 
Amphibians 
 
 
 
Domestic Marsh 
frog 

09RB8471 
10RB9215 
UK 8/14 
Various 
 
17-2122-4144 

 
Uncertain 
 
 
 
Uncertain 

 

Eisenberg et al, 2012. 
Eisenberg et al, 2012. 
Whatmore et al, 2015. 
Scholz et al, 2016. 
 
Jaÿ et al, 2018. 

 
 
BLAST search available at: https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch. 
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Table S2. Selected common infectious causes of abortion in domestic cattle, goats, sheep and pigs, summarised from Givens and Marley (2008). 
 

  Embryonic death Early foetal death Mid-gestational  foetal 
death 

Late foetal death 

Cattle Bacterial 
pathogens 

Campylobacter fetus  Campylobacter fetus,  
Trueperella pyogenes,  

Campylobacter fetus, Histophilus somni,  
Ureaplasma spp., Brucella abortus,  
Leptospira spp., Listeria monocytogenes,  
Trueperella pyogenes, Chlamydophila 
spp., Coxiella burnetti, Salmonella spp. 

 Fungal 
pathogens 

  Aspergillus fumigatus, 
Mucor spp., Morteriella 
wolfii 

Aspergillus fumigatus, Mucor spp., 
Morteriella wolfii 

 Protozoan 
pathogens 

Tritrichomonas fetus Tritrichomonas fetus Neospora caninum Anaplasma marginale 

 Viral 
pathogens 

Bovine herpesvirus 1,  
Bovine viral diarrhoea virus 

Bovine viral diarrhoea 
virus, Bluetongue virus 

Bovine herpesvirus 1, 
Bovine viral diarrhoea virus 

Bovine herpesvirus 1, Epizootic bovine 
abortion 

goat Bacterial  
pathogens 

   Listeria monocytogenes, Chlamydophila 
abortus, Brucella melitensis, Coxiella 
burnetti, Mycoplasma spp., Leptospira 
spp., Salmonella abortus-ovis, 
Campylobacter spp. 

 Protozoan 
pathogens 

  Sarcocystis spp. Toxoplasma gondii 

 Viral 
pathogens 

Border disease virus   Caprine herpesvirus 

sheep Bacterial  
pathogens 

   Campylobacter spp., Listeria 
monocytogenes, Brucella spp., 
Chlamydophila abortus, Coxiella burnetti 
Salmonella spp., Leptospira spp. 

 Protozoan 
pathogens 

Toxoplasma gondii   Toxoplasma gondii 

 Viral 
pathogens 

Cache valley virus Border disease virus Border disease virus, 
Bluetongue 

Border disease virus 

pig Bacterial  
pathogens 

Brucella suis Brucella suis Brucella suis, Leptospira 
pomona, Streptococcus suis, 
Mycoplasma suis 

Brucella suis, Leptospira pomona, 
Chlamydia spp. 



 Protozoan 
pathogens 

Toxoplasma gondii    

 Viral 
pathogens 

Porcine parvovirus, 
Porcine enterovirus and 
teschovirus, Pseudorabies 
virus (Suid herpesvirus-1), 
Classical swine fever 

Porcine parvovirus, 
Porcine enterovirus and 
teschovirus, Pseudorabies 
virus (Suid herpesvirus-1), 
Classical swine fever virus, 
Japanese encephalitis 
virus 

Porcine parvovirus, 
Pseudorabies virus (Suid 
herpesvirus-1), Classical 
swine fever virus, 
Japanese encephalitis virus 

Pseudorabies virus (Suid herpesvirus-1), 
Classical swine fever virus, Porcine 
circovirus type 2, 
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Table S3. Primers and FAM labelled probe used in our Brucella screening PCR method. 
 

Primer Sequence Anneal 
oC 

Amplicon bp 
(primers) 

F1 5’-AGCCTTTCCCATACACCGGCGT-3’  60 141 
(F1/R1) R1 5’-TAACCGATTATTTGTCGACGCCATCTT-3’ 

F2  5’-TACACCGGCGTGCGACCAGCGC-3’ 60 108 
(F2/R2) R2  5’-ATCTTGTGGATGGCTGCCAATGCAGC-3’ 

R3  5’-CGCACTGGCGCGATCTGCCT-3’ 58 85 
(F2/R3) 

Probe 5’-(6FAM)-GCATGAACCGCTGTCCATTTGCCGAAGGTCGC-BHQ1-3’ Acquire 
at 74 

 

 
 
  



Table S4. Examples of historical approaches and evidence for potential case study examination of 
brucellosis in English history  
 

Historical sub-disciplines of 
relevance 

Questions/topics of 
interest 

Examples of relevant 
historical events, topics or 
source materials 

Political History Contextual evidence of 
changing practices relating 
to agricultural production 
and public health 

Impact of national level 
policies such as labour 
legislation, taxation, 
enclosures, food supply 
strategies, milk 
pasteurisation etc. (e.g. 
Steere-Williams, 2015) 

Economic History Economic value of livestock 
on national and local levels 
Demographic profiles of 
sheep flocks 

Seminal work on the 
Agrarian History of England 
and Wales, including 
analysis of regional 
variations and the practices 
of larger and smaller scale 
agricultural holdings (eight 
volumes covering the period 
43 A.D. to 1939, e.g. Thirsk, 
1985). 

Agrarian History Animal husbandry 
techniques and farming 
practices 
Contribution of small scale 
animal husbandry to 
individual households 

Social History Proximity of people to 
animals 
Personal living standards 
and diet 

Probate inventories and 
records of debt 
Studies of agrarian 
communities and peasant 
society (e.g. Dyer, 1989) 

Historical Demography Health and demographic 
status of local populations 

Examination of life 
expectancy and other 
indicators of human health 
and longevity (e.g. Wrigley 
et al., 1997) 

Medical History  Past understanding of 
medicine and of disease 
risks 
Public health measures to 
prevent disease risk 
Diagnosis of disease in the 
past 

Studies of medical 
knowledge and its 
application in the past (e.g. 
Porter, 1997) 

Local History Exploration of detailed case 
study examples of changing 
agricultural practices in 
specific areas and the 
potential impacts upon local 
populations 

Studies of specific estates or 
farming communities, such 
as those utilising the pipe 
rolls of the medieval 
Bishops of Winchester (e.g. 
Stone, 2017) 
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