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Abbreviations
AGP: Antimicrobial Growth Promoters;
AMR: Antimicrobial Resistance;
BSE: Bovine Spongiform Encephalopathy;
EHEC: Enterohaemorrhagic Escherichia Coli;
EFSA: European Food Safety Authority;
FAO: Food and Agriculture Organization of the United Nations;
GFN: Global Foodborne Infections Network;
GMI:	 Global	Microbial	Identifier;
INFOSAN: International Food Safety Authorities Network;
MERS: Middle East Respiratory Syndrome;
MDR: Multidrug Resistant;
NGS: Next Generation Sequencing;
SARS: Severe Acute Respiratory Syndrome;
WGS: Whole Genome Sequencing;
WHO: World Health Organization;
 OIE: World Organisation for Animal Health;

Introduction
 The disease burden of zoonotic diseases has been generally recog-
nized,	but	not	very	well	characterized	until	recently.	While	significant	
zoonotic diseases (e.g. Rabies, Lyme’s disease) relate to the direct 
contacts with animals (bites), most important zoonoses relate in some 
way to animals in the food production chain. For many decades, food 
safety	events	in	most	countries	have	been	significantly	affected	by	a	
lack of collaboration between the animal health, the food control and 
the human health sectors. Nevertheless, it was primarily the outbreaks 
of	SARS	(Severe	Acute	Respiratory	Syndrome),	zoonotic	 influenza	
(avian	flu-H5N1	and	swine	flu-H1N1)	and	BSE	(Bovine	Spongiform	
Encephalopathy) which alerted the world to the need for a One Health 
approach. This is a bit disappointing since we have known for some 
time that endemic cases of traditional foodborne zoonoses (salmo-
nellosis, campylobacteriosis, listeriosis, norovirus) causes a much 
larger-and continuous-disease burden than these dramatic global out-
breaks	[1].

 In	the	beginning	of	this	millennium,	zoonotic	influenza	outbreaks	
spread	very	quickly,	either	in	the	Animal	Population	(e.g.	H5N1)	or	
directly	 in	 the	Human	Population	 (e.g.	H1N1)	 and	 formed	 a	 glob-
al	 threat	 for	 human	 health.	 H1N1	 was	 therefore	 characterized	 by  
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Abstract
 A cascade of technological DNA sequencing advancements has 
decreased the cost of Whole Genome Sequencing (WGS) very fast. 
At the same time, the enormous potential of WGS in the surveil-
lance of microorganisms and Antimicrobial Resistance (AMR) is in-
creasingly realized. One Health Solutions-based on cross-sectoral 
typing and source attribution are increasingly spreading in relation to 
foodborne disease and AMR prevention. Collaboration for disease 
prevention between human, veterinary and food sectors is already 
instituted in some countries and has in some cases resulted in sig-
nificant reduction in foodborne disease risk, as well as AMR risk. The 
success of One Health risk mitigation is to a large part based on the 
potential to link relevant microbiological data from different sectors 
(animal, food and human) as the basis for science-based decision 
support to reduce the risk of foodborne diseases and AMR. Such 
linkage is only possible if the methodologies used, or at least the 
outcome microbiological characterizations, are comparable. While 

this has been a major problem in the past, novel DNA sequenc-
ing methodologies are now providing promising new potential. The 
case is made for the potential to develop a global, equitable sys-
tem of whole microbial genome databases to aggregate, share, 
mine and use microbiological genomic data, to address global food 
safety and public health challenges and most importantly to reduce 
foodborne and infectious disease burden.
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the World Health Organization (WHO) as a pandemic. Although, as 
mentioned, the human disease burden related to the endemic bacterial 
zoonoses	is	many	fold	higher	than	these	influenza	outbreaks,	it	is	ba-
sically these relatively few but fast spreading outbreaks that have put 
One Health on the global agenda. The failure to predict, monitor and 
control the spread of these diseases in animals presented regulators 
and especially politicians with a wake-up call and made them demand 
(better) cross-sectoral collaboration between the animal and human 
health sectors.

 Therefore, the one health concept was formulated to character-
ize	 the	benefit	 of	 cross-sectoral	 collaboration.	Taking	 the	 cue	 from	
high-level intergovernmental meetings, the relevant intergovernmen-
tal organizations suggested the set-up of systems and solutions based 
on	one	health	solutions.	The	first	such	intergovernmental	description	
of the one health concept is from the publication “Contributing to 
One	World,	One	Health”	[2],	but	the	concept	was	later	more	clearly	
enunciated as “One Health” in the seminal paper by WHO, 

 World Organisation for Animal Health (OIE) and Food and Agri-
culture Organization of the United Nations (FAO), “The FAO-OIE-
WHO Collaboration: Tripartite Concept Note-Sharing responsibili-
ties and coordinating global activities to address health risks at the 
animal-human-ecosystems	 interfaces”	 [3].	 It	 can	only	be	character-
ized as astounding that these three intergovernmental organizations 
had not at an earlier stage clearly described this need for coordination, 
although it must be recognized that in the food safety standards area 
the FAO/WHO Codex Alimentarius Commission as well as the FAO/
WHO Expert Committees have actually been a beacon for intersec-
toral	coordination	since	at	least	1963!

 Collaboration	between	sectors	is	generally	a	benefit	in	many	re-
spects, especially the potential linkage of relevant microbiological 
data is important. Since there is an obvious need for science-based 
decision	support	to	reduce	the	risk	of	zoonotic	diseases,	the	specific	
comparison of microbiological isolates from animal, food and human 
is now recognized as crucial. Such comparison is only possible if the 
methodologies used, or at least the outcome microbiological charac-
terizations, are comparable. While this has been a major problem in 
the past, novel DNA sequencing methodologies are now providing 
promising new potential (see Section New characterization and typ-
ing methodology).

 One of the fastest growing problems in the One Health arena is 
AMR in zoonotic and other microorganisms, which is an emerging 
public health issue all over the world. This problem will have societal 
and economic impact in developing as well as developed countries, 
spanning all One Health sectors from the environment, over husband-
ry	animals	to	food	and	finally	human.

 A One Health approach to AMR may help bridge gaps in the levels 
of commitment being shown to each sector and enable policy devel-
opment	that	is	inclusive,	sensitive	and	sufficiently	flexible	to	accom-
modate the varying needs of different sectors, countries and regions. 
Over the last 20 years a number of publications have documented a 
global	 trend	of	 a	 rising	AMR	 threat	 [4-7],	 notably	 including	emer-
gence of resistance against antimicrobials that are considered critical-
ly important in human medicine and in Multidrug Resistant (MDR) 
infections	 [8,9].	Some	of	 the	 recent	 serious	outbreaks	of	Antibiotic	
Resistant (AMR) foodborne disease underlines this trend (e.g. the 
EHEC (Enterohaemorrhagic Escherichia coli) outbreak in Germany  

[10],	but	it	is-again-important	to	note	that	although	outbreaks	are	of-
ten picked up by the press, the real AMR problem is actually an en-
demic	problem,	not	an	epidemic	problem	[11].	In	fact,	it	is	estimated	
that	in	the	absence	of	significant	risk	mitigation,	the	number	of	annual	
deaths	globally	 from	AMR	will	 reach	10	million,	 significantly	 sur-
passing	the	present	7-8	million	deaths	from	cancer	[12].	

 The use of antimicrobials in humans and animals has resulted in a 
selective	pressure	for	AMR	microorganisms,	contributing	significant-
ly to the human health problem of AMR bacteria. A WHO publication 
[13],	covers	the	broader	scope	of	AMR	in	relation	to	both	animals	and	
humans. Thus, a One Health approach has explicitly been proposed 
by international organizations to mitigate the risk of AMR. In partic-
ular, the use in animals as Antimicrobial Growth Promoters (AGP) is 
questionable, as the concentrations used are sub-therapeutic, thus re-
sulting	in	selection	for	resistance	but	not	efficient	kill	of	relevant	mi-
croorganisms. One Health systems, including cross-sectoral typing, 
may	provide	scientific	basis	for	risk	mitigation	relative	to	microbio-
logical and AMR problems in both human and animal reservoirs (Fig-
ures	1	and	2).	However,	there	seems	to	be	a	problem	in	assessing	the	
relative importance of human and animal use and the veterinary and 
medical	professions	are	still	hotly	debating	this	[14-17].	It	is	therefore	
important to be able to compare data on AMR from both the animal 
and the human side enabling integrated source attributions. Again, 
novel DNA sequencing methodologies are now providing promising 
new potential (see Section New characterization and typing method-
ology).

Solutions Based on Microbiological Surveillance

 One Health Solutions-based on cross-sectoral typing and source 
attribution are increasingly spreading in relation to zoonotic disease 
and AMR prevention. Building on the idea of One Health to guide 
disease prevention collaboration between human, veterinary and food 
sectors has already been instituted in some countries and has in some 
cases	 resulted	 in	 significant	 reduction	 in	 foodborne	disease	 risk,	 as	
well as AMR risk. 

Figure 1: Schematic presentation of important microbial transmission routes via 
which the human and (food) animals are in contact with each other. In blue control 
mechanisms	are	shown	and	in	red	some	of	the	transmission	routes	that	are	more	difficult	
to control. Via the environment transmission may take place of microorganisms 
present in excretion products and in diseased animals and people. In addition, wildlife 
constitutes a risk, as it holds a broad spectrum of diseases, including many highly 
pathogenic diseases.
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 In Denmark, a program to reduce/eliminate Salmonella in egg-lay-
ing hens started with a simple and inexpensive serological surveil-
lance	of	egg	laying	hen	flocks,	followed	by	a	program	of	surveillance	
and	eradication	of	infected	broiler	flocks.	The	effect	of	the	program	
was evaluated through Salmonella typing linking animal isolates to 
cases of human salmonellosis, through using comparable detection 
and sero- and geno-typing techniques, which enabled comparison and 
sharing of data, thus clearly following One Health principles. The 
program	resulted	in	a	very	significant	reduction	in	human	salmonello-
sis and in the end in the total elimination of Salmonella in egg-laying 
hens	in	Denmark	[18].

 Many international organizations have generated guidelines to 
disseminate information aboutfood related zoonoses, such as for in-
stance WHO’s Global Foodborne Infections Network (GFN) (www.
who.int/gfn), WHO/FAO INFOSAN (International Food Safety 
Authorities Network) (https://www.who.int/activities/respond-
ing-to-food-safety-emergencies-infosan), the European Food Safety 
Authority (EFSA) (www.efsa.europa.eu/en/topics/topic/zoonotic-
diseases ), Food net from the US Centres for Disease Control and 
Prevention (www.cdc.gov/foodnet ) and others. The goals of these 
networks are essentially the same: To promote integrated, laborato-
ry based surveillance and intersectional collaboration among human 
health, veterinary and food-related disciplines to reduce the risk of 
foodborne infections.

 One Health approaches to mitigate zoonotic foodborne diseases, 
as well as AMR are important at international and national level. 
However, most of this work is presently done at international level, 
i.e. through the work of Expert Groups under WHO, OIE and FAO, or 
in the EU system through EFSA Committees. An example of the early 
application of a One Health approach relative to national AMR sur-
veillance and risk mitigation is the Danish program to contain AMR 
zoonoses,	DANMAP	[19-21].	Starting	 in	1995,	 the	Danish	govern-
ment decided to set up the Danish Integrated Antimicrobial Resis-
tance Monitoring and Research Program (DANMAP). The objectives 
of DANMAP are: 

1.	 To quantitatively monitor the consumption of antimicrobials used 
in (food) animals and humans; 

2. To quantitatively monitor the occurrence of AMR in (zoonotic) 
bacteria in animals, food and humans; 

3. To identify routes of transmission and areas for further research. 

 Data from the DANMAP programme was used as science-based 
decision support, ultimately resulting in the banning of AGP use in 
food	animals	in	Denmark	and	later	(2006)	in	all	of	EU.

 Not with standing such national examples of science-based action 
and good outcome, a stronger evidence base to inform effective poli-
cy interventions across both the human and animal sectors, is needed. 
Dar	et	al.	[22],	suggests	a	need	for	the	sharing	of	experience	covering	
three domains:

1.	 Responsible antimicrobial use; 
2. Surveillance and; 
3. Infection prevention and control, considering which policies are 

likely to be most effective at national and regional levels.

 In general, it must now be accepted that integrated surveillance 
across humans and animals is both possible and can lead to effective 
risk reduction. However, the traditional typing systems are cumber-
some, time-consuming and in many cases not generally applicable for 
instance for source attribution (source attribution using traditional mi-
crobiological typing systems are effective only used for Salmonella). 
Thus, again, the need for better typing tools is clear.

New Characterization and Typing Methodology
 The technological advances and decreasing costs of DNA sequenc-
ing now provide tools to investigate the dynamics of infection-even 
in real time-through the analysis of microbial genome diversity. The 
projected	significant	increase	in	whole	(microbial)	genome	sequences	
will likely also enable a much better understanding of the pathogen-
esis of the infection and the molecular basis of the host response to 
infection.

 Data in this area should be comparable between labs and indeed 
between countries, preferably in open-source systems. There is there-
fore an obvious need to develop a global system of microbial DNA 
databases to aggregate, share, mine and use microbiological genomic 
data, to address global public health and clinical challenges and most 
importantly	to	identify	and	diagnose	infectious	diseases	[23]	(see	Sec-
tion The need for a global system for DNA sharing and use).

 Importantly, in the future, rapidly developing technologies such 
as the use of novel, continuously developing, DNA sequencing meth-
ods	for	microbiological	identification	and	characterization	will	enable	
national and global surveillance of both communicable diseases and 
AMR	in	humans,	animals	and	food	in	fully	integrated	systems	[24].	

 Nearly all of the most important human pathogens are either zoo-
notic	or	originated	as	zoonoses	[25].	Striking	examples	include	HIV/
AIDS	and	Spanish	influenza,	which	started	by	interspecies	transmis-
sion	of	the	causative	agents	[26]	and	have	caused	millions	of	deaths	
worldwide and more recently SARS and MERS (Middle East Re-
spiratory	Syndrome)	coronaviruses	and	H1N1	and	H5N1	influenza	A	
viruses. Realizing that detection and surveillance form the backbone 
of all systems currently used to control infectious diseases worldwide 
and that disease (including foodborne disease) surveillance is still 
typically	targeted	at	a	relatively	limited	number	of	specified	diseases,	
a more effective and rational approach to the prevention of microbial 
threats	is	essential	[26].	And	this	rational	approach	must	include	some	
sort of assurance of methodological linkage between isolates from 
humans, animals as well as food and the environment. With recent 
technological advances and declining costs in the Next Generation  

Figure 2: Farm-to-fork scheme showing how infectious diseases may travel through 
the food chain. Along the chain we have indicated some of the most prevalent causes 
of infectious disease introduction.
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Sequencing	(NGS)	field,	these	tools	will	play	an	increasingly	import-
ant	role	in	the	surveillance	of	existing	pathogens,	as	well	as	identifi-
cation of new and previously unrecognized pathogens in both animals 
and	humans	as	well	as	food	and	environment.	Thus,	a	very	significant	
increase in microbial DNA and RNA sequences, including Whole Ge-
nome Sequences (WGS) is to be expected. 

 Surveillance is done globally to monitor trends in endemic dis-
eases	(e.g.	influenza,	dengue	and	salmonellosis),	to	monitor	eradica-
tion efforts (polio, measles, brucellosis), or to signal unusual disease 
activities. Previous (‘traditional’) molecular diagnostic tools, which 
rely on the recognition of short pieces of unique genome sequence 
(e.g. PCR and microarray (biochip) technologies) have been used rou-
tinely for some time in clinical diagnostic and surveillance settings. 
Although	 the	partial	DNA	 information	can	be	 sufficient	 for	patient	
management and basic surveillance objectives, from a public health 
perspective, this trend is worrisome since recombination of viral ge-
nomes	may	generate	future	viral	threats	(e.g.	influenza	A	viruses	are	
able to undergo reassortment if a single cell is concurrently infected 
with more than one virus). These reassortment events can dramatical-
ly	change	the	evolution	of	influenza	A	viruses	in	a	certain	host	and	
lead to new epidemics and pandemics; and such events may easily be 
missed when/if surveillance is relying on molecular diagnostic tools 
that target small microbial genome fragments. 

 WGS determines the complete genome sequence of an organism, 
not only fragments, which can have important implications. During 
the recent outbreak of MERS coronavirus in the Middle East, analysis 
of	 small	 genome	 fragments	did	not	 provide	 sufficient	 phylogenetic	
signal	 for	 reliable	 typing	 of	 virus	 variants	 [27].	 Classically,	whole	
microbial genome sequences were determined by PCR and Sanger 
sequencing. Nowadays, next NGS techniques are used increasingly to 
genotype	microorganisms	in	almost	any	microbial	setting	[28].	

The Need for a Global System for DNA Sharing 
and Use
 The	 Global	 Microbial	 Identifier	 (GMI-www.globalmicrobial-
identifier.org)	 initiative	 is	 a	 not-for-profit	 international	 consortium	
comprising	scientists	from	over	55	countries	suggesting	international	
agreements about the sharing of DNA data through the creation of 
open, accessible global databases.

 The GMI initiative, aims to build a database of whole microbial 
genome sequencing data linked to relevant metadata, which can be 
used to identify microorganisms, their communities and the diseases 
they	cause	(Table	1).	Such	interactive	database	(as	opposed	to	exist-
ing passive databases) would contain full DNA or RNA data from mi-
croorganisms (bacteria, virus, fungi and parasites) for the immediate 
identification	and	characterization	of	isolates,	for	the	identification	of	
relevant genes and for the comparison of genomes to detect outbreaks 
and emerging pathogens. Importantly, this potential future database 
or system of databases will not only cover pathogens, but indeed all 
microbiological	species	[29].	

 To harness the full potential of novel DNA sequencing, a shared 
global database of DNA, RNA and genomes linked to relevant meta-
data and the necessary software tools need to be generated, which is 
the key focus of the GMI initiative. This tool will ideally be used in 
amongst others in the diagnosis of infectious diseases in humans and 
animals,	in	the	identification	of	microorganisms-including	beneficial	 

microorganisms and microorganisms for technological use - in food 
and environment. 

 A cascade of technological NGS advancements has decreased the 
cost of WGS very fast. At the same time, the enormous potential of 
WGS	in	 the	 surveillance	of	 infectious	diseases	and	AMR	[30],	has	
been demonstrated in many studies now, including the tracking and 
tracing	of	the	cholera	outbreak	in	Haiti	in	2010	[31],	the	EHEC	out-
break	 in	Germany	 in	2011	 [32]	 and	others.	During	 the	EHEC	out-
break, scientists from around the globe performed NGS and shared 
their results for analysis. Similar collaborations exist globally during 
emerging viral infections such as MERS coronavirus and in recent 
Wuhan pneumonia outbreak that is caused by a novel coronavirus 
[33,34].	Within	 a	month	 after	 the	 first	 case	was	 reported,	 the	 “ini-
tial’ sequence of the novel coronavirus was released publicly by the 
consortium	[35]	and	the	coronavirus	research	community	begins	con-
ducting	 research	 in	 their	 area	of	 expertise	 [34].	This	highlights	 the	
importance of sharing WGS data between scientists and its impact 
on global public health. The sharing of WGS can be used to com-
pare the DNA sequence of an isolate to standardized reference se-
quences, thereby enabling investigation/documentation of important 

1.	 Many countries are currently re-thinking laws and policies that address the manage-
ment and conservation of biodiversity, as well as the protection of the public’s health 
and the promotion of Open Science. GMI urges governments and intergovernmental 
organizations to use this window of opportunity to support and regulate global micro-
bial DNA sequence data sharing.

Table 1:	Singapore	Sequencing	Statement,	agreed	at	the	GMI	12	meeting	in	Singapore,	
June	2019.

Recognizing that risks related to the spread of dangerous microorganisms in humans, 
plants, food, animals and environment, compounded by the growing threat of antimi-
crobial resistance (AMR), are a global concern.

•	 Recent Public health and One Health initiatives attempts to protect citizens from 
health	risks	posed	by	pathogenic	microorganisms,	which	could	cause	as	many	as	18-
19	million	 deaths	 annually	 including	 10	million	 due	 to	AMR	by	2050	 (more	 than	
present deaths from cancer);

•	 Novel developments in sequencing DNA from microorganisms is revolutionizing 
the detection and prevention of the spread of such microorganisms and AMR. Equal 
access and implementation of such new sequencing technology between countries 
can dramatically reduce the global burden of disease by enabling a novel, real-time 
surveillance of all animal and human diseases and food safety risks.

•	 Global sharing of sequencing results will allow for the early detection of emerging 
threat	and	rapid	identification,	investigation	and	prevention	of	national,	regional	and	
global disease outbreaks.

Scientists, gathered at the 12th Meeting of the GMI (Global Microbial Identifier) in 
Singapore, urge all countries to consider the public, animal and plant health, food 
safety and economic benefits of introducing a global mechanism for the sharing and 
analysis of DNA sequences ( www.globalmicrobialidentifier.org )

•	 The	GMI	initiative	is	a	not-for-profit	international	consortium	comprising	scientists	
from	over	55	countries	collaborating	and	sharing	sequencing	data	for	microorganisms,	
enabling	efficient	global	surveillance	and	a	new	understanding	of	the	importance	of	
microorganisms in general. Membership in GMI is entirely open and encouraged for 
everyone	working	in	this	field.

•	 GMI provides a framework for coordinating DNA data collection and analyses of 
microorganisms with the goal of open sharing of sequence data. GMI provides valida-
tion guidance for both the sequencing data collection and analyses, as well as capacity 
building efforts for developing countries

•	 In a fully realized global sequencing database (or interconnected databases), microor-
ganisms can be rapidly characterized in context of their global diversity, controlling 
disease outbreaks, enacting food recalls, providing a resource for preventive controls 
and tracking the spread of AMR.

•	 The use of sequencing methodologies revolutionizes our understanding and manage-
ment of plant, animal, environmental, human health and food safety. Optimal use is 
dependent on policies and the willingness and ability of countries to share genomic 
sequences across borders and in real-time.

Government and intergovernmental organizations must implement sequencing data 
sharing policies and mechanisms, ensuring equitable access and benefits to people 
worldwide, with the vision to improve global human health1.
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phenotypic characteristics of an organism, such as virulence factors or 
AMR. WGS has the highest possible resolution for isolate sub typing 
and is therefore optimal for rapid tracing and outbreak investigation. 
Comprehensive genome databases linked to standardized epidemio-
logical data would be an invaluable resource for animal health, food 
safety and public health, as well as for research in general, including 
research into non-pathogenic microorganisms, which are obviously 
important in food and environmental, and even in clinical microbiolo-
gy. It is, however, important to ensure that WGS surveillance data are 
of	sufficient	quality	to	inform	decision-making.	This	also	means	that	
there	is	an	urgent	need	to	define	internationally	standardized	formats	
for metadata.

 The need to integrate DNA databases and to harmonize and may-
be globalize, data collection and sharing has been recognized by the 
scientific	community	for	some	time	[36].	Further integration of these 
databases and linking the genomic data to metadata for optimal pre-
vention	of	infectious	diseases	and	to	make	it	fit	for	other	uses	includ-
ing routine diagnostics, is a new challenge. 

 While the NGS revolution has now been introduced in most rich 
countries, this major change provides an even more interesting po-
tential for developing countries, creating a potential for a diagnos-
tic leap-frog in these countries. NGS holds the potential of a simple 
one-size-fits-all	tool	for	diagnosis	of	all	infectious	diseases,	thereby	
dramatically improving public health in developing countries. At a 
systemic level, the use of NGS will enable uniform laboratory-, re-
porting- and surveillance-systems not only relative to human health, 
but	reaching	out	to	the	identification	of	microorganisms	in	all	other	
habitats, including animals, plants and the environment: A true One 
Health approach. 

 Recent studies have shown that it is possible to determine the spe-
cies, type as well as the antimicrobial/antiviral susceptibility of both 
bacterial and viral pathogens, even when using sequencing directly on 
clinical	samples	[30].	This	would	be	even	more	valuable	for	clinical	
laboratories in developing countries that do not currently have the 
same	diagnostic	capacities	as	most	developed	countries	[37].

 As NGS technology spreads more globally, there is an obvious 
potential to develop a global system of whole microbial genome da-
tabases to aggregate, share, mine and use microbiological genomic 
data, to address global public health and clinical challenges and most 
importantly to identify and diagnose infectious diseases.

 If created, a global DNA database system should be deployed in 
a manner, which promotes equity in access and use of the current 
technology. If the system is set up in an ‘open access’ format, it would 
likely enable comprehensive utility of NGS in developing countries, 
since open databases and relevant open algorithm platforms could be 
used for immediate translation of sequence data to microbial identity 
and	antimicrobial	resistance	pattern	[37].	In	general,	it	is	necessary	to	
have a comprehensive database of all known DNA sequences to make 
full use of local derived DNA sequence to characterize microbial iso-
lates and track epidemics. 
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