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CDC	report	
•  18	AMR	agents	of	concern	

•  >2	million	infecJons	

•  ≈23,000	deaths	
•  $35	billion	excess	costs	
•  AnJbioJcs	are	most	commonly	

prescribed	drugs	

•  But	up	to	50%	of	these	
prescripJons	are	not	needed	

•  FDA	Guidance	to	Industry	#213	
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“Farming	pracJces	are	largely	to	blame	for	
the	rise	in	anJbioJc-resistant	strains,	and	
at	last	there	is	hope	for	reform”	



Note:	Threat	levels	=	urgent,	serious,	concerning	
Note:	Campylobacter,	Salmonella,	and	ESBLS	=	7.5%	of	deaths	

Agent Human Animal Both Caveats 
Clostridium difficile X    
Carbapenem-resistant Enterobacteriaceae X   X 
Drug resistant Neisseria gonorrhoeae X    
Multidrug resistant Acinetobacter X    
Drug-resistant Campylobacter  X   
Fluconzaole-resistant Candida X    
ESBLS producing Enterobacteriaceae   X  
Vancomycin-resistant Enterococcus X   X 
Multidrug resistant Pseudomonas aeruginosa X    
Drug-resistant non-typhoidal Salmonella  X   
Drug-resistant Salmonella Typhi X    
Drug-resistant Shigella X   X 
Methicillin-resistant Staphylococcus aureus X   X 
Drug-resistant Streptococcus pneumoniae X    
Drug-resistant Tuberculosis X    
Vancomycin-resistant Staphylococcus aureus X    
Erythromycin-resistant Group A Streptococcus X    
Clindamycin-resistant Group B Streptococcus X    
 

Farming	pracJces	are	largely	to	blame?	

X	

X	



FDA	2012,	FDA	2015	

“Medically	important”	
73.6%	animal	
26.4%	people	
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Mass	acJon	hypothesis:	The	sector	receiving	
the	greatest	mass	of	anJbioJcs	is	where	we	
are	most	likely	to	make	gains	against	
anJbioJc	resistance	
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Khachatryan	et	al.	2004	



Liu	et	al.	2016	
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Dose	magers…	

Humphrey	et	al.	2005	AAC	



DANMAP	
•  2000-2012	ban	on	growth	promoJon	pracJces	

•  Swine	populaJon	increased	28%	
•  TherapeuJc	use	of	anJbioJcs	increased	80%	
•  2007-2012	–	MDR	Salmonella	Typhimurium	isolaJons	

increased	40-60%;	mirrors	sporadic	cases	

•  2003-2012	–	increases	in	resistance	of	clinical	isolates	of	
E.	coli	and	Streptococcus	pneumoniae	

	 	 	 	 	 	 	www.danmap.org	



DuJl	et	al.	2010	EID		



WHO	2012	

Controlling	incidence	of	disease	limits	
the	demand	for	anJbioJcs	



USDA-AFRI	FY	2015	RFA	
Animal	Health	and	ProducJon	of	Animal	Products	

	
•  Total	program	funds	=	$27	million,	to	be	
divided	between:	
– Animal	ReproducJon	
– Animal	nutriJon,	growth	and	lactaJon	
– Animal	well-being	
– Animal	health	and	disease	($11	million	total)	
– Tools	&	resources	–	animal	breeding,	geneJcs	&	
genomics	

– Tools	&	resources	–	veterinary	immune	reagents	

Food	for	thought:	
•  NIH	biomedical	funding	$24	billion	
•  USDA	funding	for	animal	health	<	0.09%		
	



1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

Year

N
um

be
r o

f s
ub

m
itt

ed
 is

ol
at

es
0

10
0

20
0

30
0

40
0

50
0

60
0

Animal
Human

Mather, A.E., Matthews, L., Mellor, D.J., Reeve, R., Denwood, M.J., Boerlin, P., Reid-Smith, R.J., Brown, D.J., Coia, J.E., 
Browning, L.M., Haydon, D.T., & Reid, S.W.J.  (2012). An ecological approach to assessing the epidemiology of antimicrobial 
resistance in animal and human populations.  Proceedings of the Royal Society B: Biological Sciences. 279, 1630-1639.  

Salmonella Typhimurium DT104  
       Humans         Livestock 

Pathogen	sequence	data	

Slide	from	Dr.	Dan	Haydon	



Mather, et al. 2012. Proc Royal Soc B: Biol Sci. 279:1630-39; Mather et al. 2013. Science 341:1514-17; Afema et al. 2014. Zoonosis 
Public Health doi: 10.1111/zph.12172   
 

these analyses on animal isolates by species and
with only cattle isolates, the main animal reser-
voir (15, 20). These results support two novel
hypotheses: (i) DT104 was predominantly circu-
lating separately within each population in Scot-
land, with a low frequency of spillover in both
directions, and/or (ii) that animals and humans
were each sinks for a different and separate source
of infection, also with a low level of spillover.
Scotland is a net importer of food (21); for ex-
ample, by value, 58% of all red meat and 38% of
raw beef are of non-Scottish origin (22). How-
ever, given a lack of surveillance data on food,
attribution to this potential source cannot be quan-
tified. Given the likely importance of imported
food to the disease burden in humans, the greater
global mobility of the human population, and the
recognition of this as a risk factor for bacterial
infections (23, 24), we suggest that, although these
two hypotheses are not mutually exclusive, the
second scenario is the more likely.

Our results show that the ecological diversity
of AMR, at the level of the genome, is greater in
the isolates from the human population than in
those from animals and is not tightly coupled to
the bacterial evolutionary history. Examining
the distribution of the phenotypic AMR profiles
throughout themolecular phylogenetic tree (fig. S3)
(15) allowed us to investigate the degree to which
the evolutionary history of the organism is linked
to that of the resistance determinants it carries,
regardless of whether they are genes or SNPs
known to confer resistance.We show that isolates
demonstrating the same phenotypic resistance
profile, even those putatively conferred by SGI1
(17) (fig. S3A), do not cluster together exclusively.

The diversity of AMR was assessed further
by interrogating the presence or absence of re-
sistance determinants and profiles in the 147
Scottish isolates selected to cover the range of
phenotypic resistance profiles observed in the
epidemic period (Fig. 3) (15). A greater number
of both resistance determinants and genotypic-
resistance profiles are found in the human iso-
lates. As demonstrated by rarefaction analysis
(Fig. 3D), these results cannot be accounted for
by differential sampling intensity. Multiple, inde-
pendent recombination events in the multidrug-
resistance region occurred, as variants of SGI1
(25) are found throughout the tree (fig. S4). Sim-
ilarly, although there are some clades with a
single AMR gene profile, in many instances, pro-
files can be found in multiple clades and may
be due to the gain or loss by horizontal gene
transfer of accessory AMR determinants and
their plasmid vectors (tables S2 to S5). Although
the propensity for horizontal transmission is
well recognized (26), these results provide both
a unique insight into the genetic flux occurring
across a defined 22-year epidemic and a baseline
for the concomitant genetic flux in the DT104
core genome. In contrast to the relatively stable
core genome with an expected substitution rate,
the AMR features of these isolates varied appre-
ciably throughout the time period.

Fig. 3. Venn diagrams demonstrating the degree of overlap in AMR between the human and
animal populations of S. Typhimurium DT104. (A) The numbers of shared and unique AMR de-
terminants (acquired resistance genes or SNPs known to confer resistance) in the 147 Scottish human
and animal DT104 isolates investigated for AMR diversity; (B) the numbers of shared and unique AMR
profiles (unique combinations of AMR determinants) in the 147 isolates; (C) the numbers of shared and
unique AMR phenotypic profiles (unique combinations of AMR phenotypes) in the original 5200
surveillance isolates of DT104, 1990–2004, Scotland (11). (D) Rarefaction curves, with 95% confidence
intervals (vertical lines), of the number of genotypic AMR profiles in the 147 isolates investigated for
AMR diversity, demonstrating similar sampling intensity.
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Fig. 2. Bayesian maximum clade credibility phylogenetic tree and most probable ancestral state
reconstruction of host population for S. Typhimurium DT104 in Scotland. (A) Branches with a re-
constructed state (host population) posterior probability of >0.75 are colored red for human, blue for animal;
branches with a state probability of <0.75 are colored gray. The same tree is shown in fig. S6 with branch width
scaled by the posterior probabilities. (B) Posterior density plot of the numbers of human branches ancestral
to human branches, human branches ancestral to animal branches, animal branches ancestral to human
branches, and animal branches ancestral to animal branches integrated over the subsample of 3600
phylogenetic trees with reconstructed host population states along branches obtained by using BEAST. These
results suggest (i) circulation of DT104 predominantly within animals and humans separately, with only a
low frequency of spillover in both directions, and/or (ii) animals and humans were each sinks for different
and separate sources of infection, with only a low frequency of spillover in both directions.
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Scotland:	Limited	overlap	
between	Salmonella	
isolates	from	cagle	and	
people	



How	much	overlap	occurs	
when	people	and	livestock	
interact	more	frequently?	







Nelson	Mandela	African	Ins1tu1on	for	Science	
and	Technology	



“Picking”	E.	coli	from	MacConkey	agar	plates	

Validated	by	uidA	PCR;	>95%	correct	idenJficaJon	
	
We	have	assumed	that	idenJficaJon	errors	(E.	coli	or	not)	and	phenotyping	
errors	(resistant	or	not)	are	randomly	distributed	(i.e.,	no	bias)	



Breakpoint	assays	

Isolate	 Plate	 Row	 Col	 Amp	 Chlor	 Cipro	 Kan	 Tet	 Sulfa	

362	 5-10-13	 3	 3	 1	 1	 1	 1	 0	 0	

363	 5-10-13	 3	 4	 1	 0	 0	 1	 1	 1	

364	 5-10-13	 3	 5	 0	 0	 0	 0	 0	 0	

365	 5-10-13	 3	 6	 0	 1	 0	 0	 1	 1	

366	 5-10-13	 3	 7	 1	 0	 0	 0	 1	 1	

N 1% 0.1% 0.01%
48 0.38 0.05 0.005
100 0.63 0.10 0.01
300 0.95 0.26 0.03

35000 1.00 1.00 0.97

True	prevalence



Attributes	of	Study	Villages	(N=416	households).	
Ethnicity	 Site	 N	 Season		 	Year(s)	
	
	
Maasai	
N=197	

Monduli	 34	 Wet&Dry	 13/15	
Loibor	Siret	 45	 Dry	 13/15	
Terat	 23	 Wet	 13	
Nadonjukin	 45	 Wet&Dry	 13/14/15	
Loliondo	 20	 Dry	 13	
Komolo	 30	 Dry	 15	

Arusha	
N=118	

Aremeru	ward	 51	 Wet&Dry	 13/15	
Loroi	 33	 Dry	 15	
Meliot	 34	 Dry	 15	

Chagga	
N=101	

Masaera	kati	 27	 Wet&Dry	 14	
Masaera	juu	 23	 Dry	 14	
Mamsera	chini	 25	 Dry	 14	
Mamsera	juu	 25	 Dry	 14	

	



Proportion	of	livestock	owners	and	antibiotic	use	

Variable	 Chagga	
(n	=	95)	

Maasai	
(n	=	203)	

Arusha	
(n	=	75)	

Certified	veterinarian		 0.96	 0.36	 0.45	
Veterinary	drug	shop	 0.04	 0.58	 0.37	
Traditional	healers	 0.01	 0.19	 0.03	
No	withdrawal	 0.04	 0.93	 0.28	
Self-report	lay	use	of	VA	 0.01	 0.74	 0.21	
Owns	syringe	for	VA	 0.02	 0.95	 0.41	

	



Common	livestock	illnesses	and	frequency	of	antibiotic	use	for	these	presumptive	diseases	in	
Maasai	households	
Livestock	illness	 Freq	 Prop	 Treat	
"Endigana"	(East	Coast	Fever	&	Anaplasmosis)	 77	 0.38	 VA	
Pneumonia	(CBPP	or	CCPPa,	possibly	Pasteurellaceae)	 51	 0.25	 VA	
Foot	and	Mouth	Disease	(viral)	 33	 0.16	 VA	
Heartwater	disease	(Ehrlichia	ruminantium)	 20	 0.10	 VA	
Trypanosomiasis	(protozoa)	 11	 0.05	 Antiprotazoal	
Anthrax	(Bacillus	anthracis)	 9	 0.04	 Noneb	
Malignant	Catarrhal	Fever	(viral)	 3	 0.01	 None	

Total	 204	 		 		
	

VA	=	veterinary	anJbioJcs	



Proportion	of	common	veterinary	antibiotics	on	hand	in	Maasai	
and	Arusha	homesteads	
Veterinary	Antibiotics	 Maasai	 Arusha	
Oxytetracycline		 0.80	 0.15	
Penicillin	&	Streptomycin	 0.04	 0.01	
Tylosin	 0.05	 0.07	
Sulfonimides	 0.02	 0.00	
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Lyimo	et	al.	in	review;	closed	vs.	open	water	sources	
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Chagga	 Massai	

n	=	11	to	89	Chagga	households	
n	=	86-137	Massai	households	
≈35,000	E.	coli	isolates	included	
≈70%	of	Maasai	households	have	veterinary	
oxytetracycline	on	hand	

ABU	not	significantly	correlated	with	tetR	
#Markets	used	=	0.6-fold	increased	risk	of	tetR	
#Partners	=	0.1-fold	increased	risk	of	tetR	

Consuming	raw	milk	=	1.3-fold	increased	risk	
Boiled	milk	=	0.6-fold	reduced	risk	
Healthcare	visits	=	2.2-fold	increased	risk	
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20%	broke	in	3	
months	



Conclusions	from	TZ	study	

•  There	is	no	clear	veterinary	anJbioJc-use	
signature,	although	the	system	is	confounded	

•  ConsumpJon	of	raw	milk	is	an	important	risk	
factor	and	point	of	intervenJon	

•  The	high	prevalence	of	select	resistance	traits	
across	all	hosts	tested	is	consistent	with	
passive	transmission	from	background	
reservoirs.	
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(CFU=2.83;	P=50%)



AmplificaJon	

Emergence	&	
selecJon	

Persistence	

Transmission	via	direct	
contact,	transport,	
trade	&	travel	

SensiJve	
populaJon	

AnJbioJc	
exposure	

Limit	demand	for	an1bio1cs	
•  Vaccines	
•  ProbioJcs	
•  Animal	husbandry	
•  Waste	mgmt	&	composJng	
•  Biosecurity	
•  Bacteriocins	

Drug	
development	

Prudent	use	
pracJces	

Limit	selec1on	&	
reservoirs	in	the	
environment	
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Next Up!
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