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 Heat intolerance (HI) syndrome is a chronic condition sequel to Foot and Mouth 

Disease (FMD) in cattle. FMD is a highly contagious viral disease affecting cloven-

hoofed animals and is endemic in many regions of Africa, Asia, and the Middle East. 

FMD is typically characterized by fever, anorexia, excessive salivation, and vesicular 

lesions on the mouth, teats, and feet, often resulting in mastitis, lameness, and some 

cases, complications such as heat intolerance. HI syndrome has been reported in some 

cattle following FMD outbreaks in Egypt, Ethiopia, Iraq, and Tanzania. The 

syndrome is characterized by shade-seeking behaviour, panting, hair overgrowth, 

hyperthermia, weight loss, and reduced milk production. Despite extensive research 

on the pathogenesis and economic burden of FMD, HI syndrome remains poorly 

understood. This review synthesizes the existing knowledge on HI syndrome, 

highlights key knowledge gaps, and recommends future research directions for this 

neglected syndrome associated with FMD in cattle. 
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INTRODUCTION 

 

Foot and Mouth Disease (FMD) is a highly contagious viral 

disease that affects cloven-hoofed animals, including 

cattle, goats, sheep, pigs and various wildlife species. The 

disease is caused by the FMD virus (FMDV), which is a 

member of the genus Aphthovirus in the family 

Picornaviridae (Zell et al. 2017; Azeem et al. 2020). The 

virus is primarily transmitted through direct contact with 

infected animals or contaminated materials. The disease is 

endemic in many countries in Africa, Asia and the Middle 

East (Byomi and Zidan 2023; Aslam and Alkheragia 2023). 

However, FMD outbreaks can also occur in countries 

considered free of the disease, impacting animal health and 

resulting in severe economic losses (Knight-Jones and 

Rushton 2013). 

The clinical signs of FMD in cattle, especially young calves 

and highly productive breeds are normally severe. In young 

calves, heart failure is the most common outcome without 

developing lesions like vesicles in adults (Salim et al. 2019; 

Alagmy et al. 2022). In adults, the most common 

characteristic signs and lesions are fever and vesicles that 

appear in the mouth on the dental pad, gums, tongue, soft 

palate, nostrils, and muzzle (Azeem et al. 2020). As a result 

of the vesicles in the mouth, the animal becomes reluctant 

to eat, hence anorexia. Furthermore, the lesions may 

ulcerate, causing affected animals to produce copious 

amounts of saliva and nasal discharge, which starts as 

mucoid and eventually turns mucopurulent (Islam et al. 

2017; Azeem et al. 2020). Animals that are affected 

become lethargic, may quickly experience weight loss and 

progressive or abrupt, significant declines in milk output. 

In certain circumstances, milk production may stop until 

the following lactation or may permanently decrease. In 

addition to other manifestations like mastitis or foot 

deformities, it has been observed that some cattle that 

recover from clinical FMD also acquire heat-intolerance 

(HI) syndrome (Radostitis et al. 1994; Pereka et al. 2000; 

Chibunda et al. 2006; Ghanem and Abdel-Hamid 2010). 

Heat intolerance is normally a failure of the heat-regulating 

mechanisms of the body, resulting in an inability to cope 

with high environmental temperatures. Failure of the heat-

regulating mechanisms has been exhibited in cattle, 

especially as a sequel to foot-and-mouth disease. This 

syndrome has been observed and reported to be associated 

with previous outbreaks of FMD in various countries, 

including Egypt (Ghanem and Abdul-Hamid 2010), 

Ethiopia (Jibat et al. 2013), Iraq (Abbas et al. 2012) and 

Tanzania (Pereka et al. 2000; Catley et al. 2004; Chibunda 

et al. 2006). The syndrome is referred to as ‘luzwiga’ by 

the Sukuma people in Tanzania (Chibunda et al. 2006), as 

Mahrorah in Iraq (Abbas et al. 2012) and as hairy panting 
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syndrome in Egypt (Ghanem and Abdul-Hamid 2010). In 

Cambodia, farmers referred to HI animals as cattle that 

‘like to swim a lot’ and their ‘coats changed colour’ (Young 

et al. 2016). The syndrome is characterized by hair 

overgrowth, shade-seeking behaviour, panting, loss of 

body weight, increased body temperature, high respiration 

rate and reduced milk production (Pereka et al. 2000; 

Chibunda et al. 2006). Furthermore, affected animals 

reduce grazing and rumination time, especially on sunny 

days. These clinical presentations can affect the general 

well-being of animals, resulting in poor health and 

productivity. For instance, shade-seeking behaviour may 

cause reduced grazing time, which may also affect fertility 

and productivity. Similarly, HI syndrome associated with 

FMD may lead to substantial economic losses resulting 

from reduced milk production and fertility rate. As a result, 

the syndrome can impact the livelihoods of livestock 

keepers, who depend on cattle production as a source of 

income. 

Although FMD in cattle has been extensively studied, with 

good documentation on its epidemiology, pathogenesis and 

economic impacts, its potential association with HI 

syndrome remains relatively underexplored. However, HI 

syndrome may significantly affect productivity loss in 

affected animals, especially in the tropics. This scoping 

review explores the knowledge gaps related to HI 

syndrome associated with FMD, highlighting the 

importance of understanding the pathophysiology of the 

syndrome and its possible economic impacts on cattle 

productivity. 

 

Pathogenesis of Foot and Mouth Disease in Cattle 

Foot and Mouth Disease (FMD) is caused by the FMD 

virus (FMDV), a member of the Aphthovirus genus which 

belongs to the family Picornaviridae (Zell et al. 2017). The 

virus has seven serotypes namely, O, A, C, SAT1, SAT2, 

SAT3 and Asia1 (Byomi and Zidan 2023). The virus is 

transmitted through direct contact with infected animals or 

contaminated materials. The virus enters the animal body 

through the epithelium or mucosa of the nose and mouth. 

After entry, the virus multiplies in the epithelial cells of the 

oropharynx leading to a primary viremia. Following the 

primary replication site, the viruses are spread to regional 

lymph nodes, lungs and then disseminates to the rest of the 

body via the bloodstream resulting in systemic infection 

(Arzt et al. 2017). The systemic disease is characterized by 

fever, vesicular lesions on the tongue, gums and between 

the hooves. These lesions are caused by the necrotic change 

in epithelium and inflammation related to the viral attack 

of the skin (Kumar et al. 2017). These lesions may impair 

animal’s feeding and movement ability leading to a lot of 

economic loss in the affected herds (Knight-Jones and 

Rushton 2013; Ali et al. 2024). 

Although FMD in cattle is normally characterized by 

severe fever, vesicles and lameness, most cattle recover 

within 2-3 weeks depending on nutrition, environment and 

absence of secondary infections (Kumar et al. 2017; 

Ghonaim et al. 2025). However, some recovered cattle can 

remain viral carriers, particularly in lymphoid tissues 

(Stenfeldt et al. 2016). Furthermore, some cattle recovered 

from FMD develop heat intolerance (HI) syndrome 

(Radostitis 1994; Catley et al. 2004; Chibunda et al. 2006; 

Ghanem and Abdel-Hamid 2010; Young et al. 2016). 

Unfortunately, the main cause of the syndrome and its 

pathogenesis in cattle recovered from clinical FMD are not 

clear. Therefore, there is a need for a comprehensive study 

to examine the way FMD virus affects host cells and tissues 

in a way that alters thermoregulation in cattle. Similarly, 

there is a need for efforts to determine if some specific 

FMDV types or serotypes are associated with long-term 

sequelae including heat intolerance syndrome in cattle. 

 

Association of Heat Intolerance Syndrome with Foot 

and Mouth Disease in Cattle 

Heat intolerance (HI) syndrome which is a chronic 

condition, develops in some cattle following an outbreak of 

clinical FMD (Radostitis 1994; Chibunda et al. 2006; 

Ghanem and Abdel-Hamid 2010). The occurrence of the 

syndrome and its association with FMD appear to be very 

well-known among livestock keepers in Africa (Catley et 

al. 2004; Chibunda et al. 2006; Jibat et al., 2013) and in the 

middle East (Abbas et al. 2012). In Tanzania, Catley et al. 

2004, using the matrix scoring and proportion piling of 

participatory appraisal methods revealed that heat 

intolerance syndrome is common in some FMD recovered 

cases. The study revealed further that whereas Sukuma 

livestock keepers in Mwanza region did not associate the 

HI syndrome with previous FMD outbreak, higher 

agreement that HI syndrome is associated with previous 

FMD outbreak was evident among Maasai pastoralists in 

Morogoro region (Catley et al. 2004). In Ethiopia, Jibat et 

al. (2013) used also the participatory appraisal methods to 

estimate the impacts of FMD on the livelihood of livestock 

keepers. The study revealed that all informant groups 

recognized HI syndrome as a sequela of FMD in cattle. The 

informants in Ethiopia were also conversant with clinical 

manifestations of the syndrome.  

The syndrome is characterized by hair overgrowth, shade-

seeking behaviour, panting, salivation, loss of body weight, 

increased body temperature and respiration rate and 

reduced milk production (Ghanem and Abdul-Hamid 2010; 

Chibunda et al. 2006; Abbas et al. 2012; Jibat et al. 2013). 

The affected animals also tend to reduce grazing and 

rumination time in the evening and during sunny days, and 

animals tended to wallow in water bodies at animal 

drinking points (Chibunda et al. 2006). The pathogenesis 

of HI syndrome associated with FMD is not fully 

understood, but hormonal disruption has been proposed 

(Rhadostitis 1994). However, association of HI syndrome 

with disruption of thyroid hormone has been disproved 

(Maddur et al. 2011). Unfortunately, to date there is no 

further study that has established pathogenesis of heat 

intolerance syndrome associated with FMD outbreaks in 

cattle. Unfortunately, to date there is no extensive 

epidemiological investigation that has been carryout to 

determine prevalence of HI syndrome associated with 

FMD in cattle. 

 

Possible Impacts of Heat Intolerance Syndrome on 

Cattle productivity and welfare 

Heat intolerance syndrome associated with FMD in cattle 

is characterized by increased body temperature, hair 

overgrowth, weight loss, panting, decreased grazing and 

rumination activity, and shade-seeking behaviour (Ghanem 

and Abdul-Hamid 2010; Chibunda et al. 2006; Abbas et al. 

2012; Jibat et al. 2013. These symptoms can reduce cattle 
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productivity in numerous ways. Cattle affected by HI 

syndrome exhibit persistently increased body temperature, 

even under moderate environmental conditions. The 

inability to dissipate heat efficiently leads to excessive 

metabolic heat accumulation, exacerbating oxidative stress 

and increasing cellular damage. Persistent hyperthermia 

impairs enzymatic activity and metabolic pathways, 

leading to oxidative stress and reduced productivity 

(Collier et al. 2018).  

The mechanisms underlying impaired thermoregulation in 

HI-affected cattle remain poorly understood. However, 

impaired thermoregulation may result in inadequate heat 

dissipation responses such as sweating and vasodilation 

(Sejian et al. 2019). Neurological dysfunction may also 

contribute to an impaired ability to activate 

thermoregulatory responses, further compounding heat 

stress. Neuromuscular damage further exacerbates the 

condition by weakening coordination and reducing the 

ability to seek cooler environments (Cheshire 2016). 

Excessive heat exposure leads to increased sweating and 

respiratory evaporation, resulting in the loss of essential 

electrolytes such as sodium, potassium, and chloride. Loss 

of electrolytes leads to electrolyte imbalances and 

dehydration, compromising circulatory and neuromuscular 

functions (Baumgard and Rhoads 2013). Electrolyte 

depletion may disrupt neuromuscular function, 

exacerbating symptoms such as weakness, and fatigue. The 

increase in the body temperature and panting in heat 

intolerance syndrome may result in additional energy costs 

to animal health and welfare (Das et al. 2016). As a result, 

cattle use much more energy to cool their bodies, which is 

likely to lead to negative energy balance and deteriorated 

body condition. The weight loss may lead to more adverse 

effects on dairy cows leading to decreased milk yield.  

The reduction of grazing and rumination time in heat 

intolerant animals can also negatively affect cattle 

productivity due to reduced digestive efficiency. Grazing 

and rumination are crucial for appropriate digestion and 

nutrient absorption. This would impede cattle's natural 

grazing and ruminating behavior and, over time, they risk 

being underfed on the important nutrients which is 

detrimental to their overall health and productivity (Iqbal 

et al. 2023). This, in turn, can magnify weight loss and 

impair the efficiency of converting feed into body weight 

or milk. In addition, heat intolerance induced stress can 

have a long time effects on animal health and productivity. 

 

Knowledge gaps and future research direction 

Despite some reports on the occurrence of HI syndrome 

following FMD outbreaks in Africa, Asia and the Middle 

East, its association with FMD in cattle remains limited. 

The precise mechanisms through which FMD virus 

(FMDV) may disrupt thermoregulation are not yet well 

understood. It also remains unclear whether specific 

FMDV serotypes have a greater propensity to induce HI 

syndrome. Furthermore, evidence regarding breed-specific 

susceptibility is limited, particularly whether indigenous 

cattle breeds exhibit greater resilience compared to high-

yielding exotic breeds. Identifying genetic or physiological 

markers of heat tolerance among different cattle breeds is 

therefore of significant importance. 

Given these knowledge gaps, urgent research is needed to 

elucidate how FMDV infection affects thermoregulatory 

pathways at the cellular and tissue levels. This includes 

understanding the roles of stress hormones, inflammatory 

mediators, and other biochemical processes that may link 

viral infection to impaired thermoregulation. Investigating 

these pathways could shed light on how post-FMD 

complications contribute to chronic heat intolerance. 

Moreover, large-scale epidemiological studies are required 

to determine the prevalence of HI syndrome among cattle 

that have recovered from FMD, as well as to assess whether 

particular FMDV serotypes are more frequently associated 

with long-term sequelae such as HI. In parallel, there is a 

critical need to evaluate the economic impact of HI 

syndrome, especially the losses related to reduced milk 

yield, impaired recovery of muscle mass, and diminished 

meat productivity due to prolonged thermal stress. 

Addressing these research priorities will require a 

multidisciplinary approach integrating virology, 

immunology, animal physiology, and agricultural 

economics. Ultimately, a better understanding of HI 

syndrome will support the development of targeted 

interventions and improved management practices to 

enhance thermal resilience and productivity in cattle 

populations affected by FMD. 

 

Conclusions 

In conclusion, this paper documents a neglected heat 

intolerance syndrome in cattle recovered from FMD. 

Despite the increasing incidences of FMD, its association 

with HI syndrome remains insufficiently studied. The 

association of heat intolerance syndrome and FMD in cattle 

underscores a critical yet often overlooked area of research 

that may have significant implications for animal health, 

cattle productivity and welfare. This neglect not only limits 

our understanding of the disease pathogenesis but also 

underrates the economic losses associated with the 

syndrome. Despite its massive possible consequences, this 

syndrome has not been a focus for researchers, and its 

pathogenesis remains largely unexplored. Since climate 

change increases the intensity of heat stress it makes 

research of this ‘silent’ disorder crucial for a sustainable 

and healthy future of cattle production in areas where FMD 

is endemic. 

 

Authors contribution: The author V.W.M Conceptualize, 

collected literature, drafted the manuscript, reviewed and 

approved the final manuscript. 

 

Declarations statement: The author has no potential 

conflict of interest to disclose. 

 

Funding: The author declares that no funds, grants, or 

other support were received during the preparation of this 

manuscript. 

 

REFERENCES 
 

Abbas AM, 2012. Heat-Intolerance Syndrome Subsequent Foot-

and-Mouth Disease in Cattle; ThiQar–Iraq. The Iraqi Journal 

of Veterinary Medicine 36(0E):286-292. 

Alagmy GN, Abdel-Hamied SS, Salah S, Ewis HA, Megahed HM 

and Mohamed DT, 2022. Investigation of the pathological 

and biochemical characterizations in naturally infected 

calves with foot and mouth disease (FMD). Journal of 

Advanced Veterinary Research 12(6):728-735. 



Continental Vet J, xxxx, xx(x): xxx. 
 

 

4 

Ali MZ, Dewan D, Khan MMR and Meher MM, 2024. 

Prevalence, genetic characteristics and economic losses of 

Foot-and-Mouth Disease Virus (FMD) in global and 

Bangladesh  context: A Review. Ukrainian Journal of 

Veterinary and Agricultural Sciences 7(2): 8-19.  DOI: 

https://doi.org/10.32718/ujvas7-2.02  

Arzt J, Juleff N, Zhang Z and Rodriguez LL, 2011. The 

pathogenesis of foot‐and‐mouth  disease I: viral pathways 

in cattle. Transboundary and Emerging Diseases 58(4): 291-

304. https://doi.org/10.1111/j.1865-1682.2011.01204.x 

Aslam M and Alkheraije KA, 2023. The prevalence of foot-and-

mouth disease in Asia.  Frontiers in Veterinary Science 

10:1201578. https://doi.org/10.3389/fvets.2023.1201578  

Azeem A, Rashid I, Hassan MM, Asad M, Kaukab G, Tehseen A 

and Aamir S, 2020. A  review on  foot and mouth 

disease in dairy animals, etiology, pathogenesis and clinical 

findings. Pure  and Applied Biology 9(1):821-832. 

http://dx.doi.org/10.19045/bspab.2020.90088 

Baumgard LH and Rhoads RP, 2013. Effects of heat stress on 

postabsorptive metabolism and  energetics. Annual 

Reviews in Animal Bioscience 1:311-337. 

https://doi.org/10.1146/annurev-animal-031412-103644 

Byomi A and Zidan S, 2023. Epidemiological patterns of foot and 

mouth disease in Egypt and  other  African 

countries. Journal of Current Veterinary Research 5(1):250-

282. https://doi.org/10.21608/jcvr.2023.296061 

Cheshire Jr WP, 2016. Thermoregulatory disorders and illness 

related to heat and cold stress. 

AutonomicNeuroscience196:91-104. 

https://doi.org/10.1016/j.autneu.2016.01.001 

Catley A, Chibunda RT, Ranga E, Makungu S, Magayane FT, 

Magoma G, Madege MJ and Vosloo W, 2004. Participatory 

diagnosis of a heat-intolerance syndrome in cattle in 

Tanzania and  association with foot-and-mouth disease. 

Preventive Veterinary Medicine 65(1-2):17-30. 

https://doi.org/10.1016/j.prevetmed.2004.06.007 

Chibunda RT, Makene VW, Pereka AE and Magayane FT, 2006. 

Heat intolerance  syndrome associated with Foot and 

Mouth Disease in cattle in Tanzania: Occurrence  and 

its effect on animal behaviour and physiological parameters. 

Tanzania Veterinary Journal 23(2):79-89. 

Collier RJ, Baumgard LH, Zimbelman RB and Xiao Y, 2018. 

Heat stress: physiology of  acclimation  and 

adaptation. Animal Frontiers 8(1):30-37. 

https://doi.org/10.1093/af/vfx009 

Das R, Sailo L, Verma N, Bharti P, Saikia J and Kumar R, 2016. 

Impact of heat stress on  health and  performance of 

dairy animals: A review. Veterinary World 9(3):260. 

Ghanem MM and Abdel-Hamid OM, 2010. Clinical, 

haematological and biochemical  alterations in  heat 

intolerance (panting) syndrome in Egyptian cattle following 

natural  foot-and-mouth  disease (FMD). Tropical 

Animal Health and Production 42:1167- 1173. 

https://doi.org/10.1007/s11250-010-9543-0 

Ghonaim AH, Rouby SR, Hopo MG and Li W, 2025. Foot-and-

Mouth Disease: A Persistent  Challenge for the 

Livestock Industry. In: Wang, L. (eds) Veterinary Virology 

of Domestic  and Pet Animals. Springer, Cham. 

https://doi.org/10.1007/978-3-031-54690-7_31-1 

Iqbal MW, Draganova I, Morel PCH and Morris ST, 2023. 

Associations of grazing and  rumination behaviours    

with performance parameters in spring-calving dairy cows in 

a pasture-based grazing system. Animals 13(24):3831. 

https://doi.org/10.3390/ani13243831 

Islam MS, Habib MA, Islam MR, Mahmud MS, Saha PC, Ruba 

T, Das PM and Khan  MA, 2017. Clinicopathological 

investigation of foot and mouth disease and serotype 

identification of the viruses in cattle of Bangladesh. 

Immunology of Infectious Diseases 5(2):16-23. 

https://doi.org/10.13189/iid.2017.050202 

Jibat T, Admassu B, Rufael T, Baumann MP and Pötzsch CJ, 

2013. Impacts of foot-and- mouth  disease on 

livelihoods in the Borena Plateau of Ethiopia. Pastoralism: 

Research, Policy and Practice 3:1-11. 

Knight-Jones TJ and Rushton J, 2013. The economic impacts of 

foot and mouth disease–What  are they, how big are they 

and where do they occur? Preventive Veterinary Medicine 

112(3-4):161-173. 

Kumar R, Balena V and Patel SK, 2017. Vesicular Diseases in 

Livestock with Special  Reference to  Foot and 

Mouth Disease. Journal of Pure and Applied Microbiology 

11(1): 417-422. http://dx.doi.org/10.22207/JPAM.11.1.54 

Maddur MS, Rao S, Chockalingam AK, Kishore S, 

Gopalakrishna S, Singh N,  Suryanarayana VVS, 

Sathyanarayana ML and Gajendragad MR, 2011. Absence of 

heat intolerance (panting) syndrome in Foot‐and‐Mouth 

Disease affected Indian  Cattle (Bos indicus) is associated 

with intact thyroid gland function. Transboundary  and 

Emerging Diseases 58(3):274-279. 

https://doi.org/10.1111/j.18651682.2011.01203.x 

Pereka AE, Makene VW, Chibunda RT, Maselle RM, Phiri ECJH 

and Kambarage DM, 2000. Heat intolerance associated with 

foot and mouth disease in cattle: haematological parameters 

and plasma metabolites. Tanzania Veterinary Journal 

20:210-214. 

Radostits OM, 1994. Foot-and mouth disease. Eds, Radostits OM, 

Blood DC, Gay CC Veterinary Medicine: A Textbook of the 

Diseases of Cattle, Sheep, Pigs, Goats and Horses. 8th 

Edition. Bailliere Tindall, London, pp 1223-1230.  

Salim SAS, Talb OQ, Saad MSand Yousif AS, 2019. Clinico-

pathological and biochemical  aspects of foot and 

mouth disease in calves. Advancement in Animal Veterianry 

Science 7(10):835-843.  

http://dx.doi.org/10.17582/journal.aavs/2019/7.10.835.843 

Sejian V, Bhatta R, Gaughan JB, Dunshea FR and Lacetera N, 

2019. Adaptation of animals to heat  stress. Animal 

13(1):201-211. 

https://doi.org/10.1017/S1751731118001945 

Stenfeldt C, Eschbaumer M, Rekant SI, Pacheco JM, Smoliga 

GR, Hartwig EJ, Rodriguez LL and Arzt J, 2016. The foot-

and-mouth disease carrier state divergence in cattle. Journal 

of Virology 90(14):6344-6364. 

https://doi.org/10.1128/jvi.00388-16 

Young JR, Suon S, Rast L, Nampanya S, Windsor PA and Bush 

RD, 2016. Benefit‐cost  analysis of foot and mouth disease 

control in large ruminants in Cambodia. Transboundary and 

Emerging Diseases 63(5):508-522.  

https://doi.org/10.1111/tbed.12292 

Zell R, Delwart E, Gorbalenya AE, Hovi T, King AMQ, Knowles 

NJ, Lindberg AM, Pallansch MA, Palmenberg AC, Reuter G 

and Simmonds P, 2017. ICTV virus taxonomy profile: 

Picornaviridae. Journal of General Virology 98(10): 2421-

2422. https://doi.org/10.1099/jgv.0.000911  

 

https://doi.org/10.32718/ujvas7-2.02
https://doi.org/10.1111/j.1865-1682.2011.01204.x
https://doi.org/10.3389/fvets.2023.1201578
http://dx.doi.org/10.19045/bspab.2020.90088
https://doi.org/10.1146/annurev-animal-031412-103644
https://dx.doi.org/10.21608/jcvr.2023.296061
https://doi.org/10.1016/j.autneu.2016.01.001
https://doi.org/10.1016/j.prevetmed.2004.06.007
https://doi.org/10.1093/af/vfx009
https://doi.org/10.1007/s11250-010-9543-0
https://doi.org/10.1007/978-3-031-54690-7_31-1
https://doi.org/10.3390/ani13243831
http://dx.doi.org/10.13189/iid.2017.050202
http://dx.doi.org/10.22207/JPAM.11.1.54
https://doi.org/10.1111/j.18651682.2011.01203.x
http://dx.doi.org/10.17582/journal.aavs/2019/7.10.835.843
https://doi.org/10.1017/S1751731118001945
https://doi.org/10.1128/jvi.00388-16
https://doi.org/10.1111/tbed.12292
https://doi.org/10.1099/jgv.0.000911

