
!

4th	–	7th	March	2019		
2nd	Global	NAMRIP	Symposium	

Kampala,	Uganda		

Identification	of	antimicrobial	resistant	
bacteria	and	investigation	of	horizontal	

gene	transfer	in	agricultural	soil		

Marcela	Hernández	



Sources of antimicrobial resistance 

27 SEPTEMBER 2013    VOL 341    SCIENCE    www.sciencemag.org 1460

PERSPECTIVES

      T
he relentless rise in levels of anti-
microbial resistance is an unfolding 
global public health crisis ( 1). Resis-

tance to frontline antimicrobials such as 
fl uoroquinolones, third- and fourth-gener-
ation cephalosporins, and carbapenems is 
a particular concern, as is multidrug resis-
tance. The antimicrobial resistance problem 
is not confi ned to human medicine: Compa-
rable quantities of antimicrobials are used in 
livestock production, and resistance is rife 
in that setting, too, even on organic farms 
that restrict drug usage ( 2). Such observa-
tions have led to debate about whether anti-
microbial resistance in farm animals is an 
important source of antimicrobial resistance 
in humans ( 3,  4). On page 1514 of this issue, 
Mather et al. ( 5) shed light on this impor-
tant question in the context of Salmonella 
Typhimurium DT104 in humans and cattle 
in Scotland.

Antimicrobial resistance can spread from 
food animals to humans through a number 
of routes (see the fi gure). Direct contact with 
livestock is an important route of exposure 
for agricultural workers, but the most likely 
sources of exposure for the general popula-
tion are thought to be resistant bacteria in 
livestock-derived food products and animal 
waste, which is used as a fertilizer of crops 
and can contaminate water supplies. Yet, anti-
microbials are used in very large quantities in 
the human population, and bacteria carrying 
resistance genes can spread directly within 
human populations or indirectly through sew-
age contamination of food, water, or the wider 
environment. It is not clear how important the 
livestock-derived routes are compared with 
the human-derived routes.

In the 1990s, there was a global epidemic 
of S. Typhimurium DT104. These bacteria 
are multidrug resistant and are regarded as 
zoonotic, circulating in the domestic cattle 
population and acquired by humans mainly 
by way of food products from cattle—appar-
ently a clear example of the animal-derived 
route. Mather et al. tested this idea for DT104 
in Scotland. They conducted whole-genome 

sequencing on more than 200 isolates col-
lected by the Scottish Salmonella Reference 
Laboratory. The isolates were from both 
humans and livestock, collected over the 
same 20-year time period and from the same 
geographical region. Such well-structured 
samples are rare and valuable resources for 
epidemiological research.

The genetic sequence data were analyzed 
using a state-of-the-art approach to elucidate 
the histories of DT104 in human and animal 
hosts. The results suggest that the human and 
livestock epidemics were largely indepen-
dent, though with some jumps in both direc-
tions between the two populations. These 
fi ndings apply to the DT104 bacterium itself, 
but antimicrobial resistance can move by hori-
zontal transfer between bacteria. Mather et al. 
therefore investigated the distribution of dif-
ferent multidrug resistance profi les across the 
DT104 phylogeny. They found more than 30 
unique combinations of resistance to individ-
ual antimicrobials. The diversity of antimicro-
bial resistance profi les was at least as high in 

the human isolates as in the livestock isolates, 
and there was little relationship between indi-
vidual profi les and the phylogeny of the bacte-
ria or the origin of the isolates.

Taken together, the results do not support 
the hypothesis that the human population of 
Scotland acquired all their diversity of mul-
tidrug-resistant DT104 directly or indirectly 
from Scottish livestock. So where did it come 
from? The source is likely to be different 
DT104s introduced from outside Scotland, 
particularly in imported food products, with 
some circulation of these introduced DT104s 
in the human population.

This expectation can, in principle, be 
tested in a similar study on a larger geo-
graphic scale. However, as Mather et al. point 
out, surveillance and isolate collection out-
side Scotland have been too patchy to attempt 
this. This problem is not confi ned to DT104. 
The lack of good-quality surveillance data 
and of access to biological material interna-
tionally limits further research on antimicro-
bial resistance more widely, too.
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Pathways to antimicrobial resistance. Antimicrobial resistance may spread through multiple direct and 

indirect pathways to humans and food animals (arrows). The relative strength of these pathways will differ 

greatly not only for different bacteria and different kinds of resistance but also in different locations and 

environments. Mather et al.’s study contributes to the development of a quantitative understanding of this 

complex process.
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•  livestock-derived	routes	
•  human-derived	routes	



• Addition	of	an	antibiotic	to	soil	will	kill	or	inhibit	
growth	of	bacteria	sensitive	to	that	antibiotic.	

• Bacteria	with	resistance	to	the	antibiotic	can	continue	
to	grow.		

•  Therefore,	in	the	presence	of	antibiotic	and	18O-
water,	only	resistant	bacteria	will	become	labelled	

The principle 
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•  Antibiotics:	mem,	ctx,	cip,	tmp:	100	µg/ml	(each)		
•  Soil	(1	g)	in	1.5	ml	final	volume	(water	or	O18-water)	
•  Antibiotic	addition:	every	2	days		
•  Incubate	200	rpm,	dark,	room	temperature	
•  Sampling	time:	2	(only	treatment)	&	4	days	(treatment	

and	controls)		
•  Triplicates	for	all	incubations	

Which bacteria constitute the soil 
resistome in soil? 



18O-	
substrate	

3 

Bacterium	1	

Bacterium	2	

H2
18O	

Stable Isotope Probing (SIP) 



16O-DNA	

18O-DNA	

CsCl	

16O-DNA	

18O-DNA	

CsCl	

Stable Isotope Probing (SIP) of nucleic acids  



DNA	
45k	rpm	20°C	~	36	h	

DNA	
(CsCl)	

16O	

18O	
density	

-	

+	

quantitative	PCR	(qPCR)	

Stable Isotope Probing (SIP) of nucleic acids  

High	throughput	sequencing	

14	fractions	(300	µl)	

Gradient	fractionation:	
16O-DNA	

18O-DNA	

CsCl	



Abundance	of	bacterial	16S	rRNA	gene	in	CsCl	densitiy	
gradients	after	H2

18O	incubation	
Cs
Cl
	b
uo

ya
nt
	d
en

sit
y	
(g
	m

l-1
)	

	
	

	
	

Antib.	H2
18O	(day4)	 Antib.	H2O	(day4)	

Bacterial	16S	rRNA	gene	copy	numbers	



H2O-Light
Original soil

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

-0
.4

-0
.2

0
.0

0
.2

0
.4

P
C

o
A

-2
 (

2
0

.9
4

%
)

PCoA-1 (37.37%)

H18
2O-Heavy

H18
2O-Light

H2O-Heavy

2 days

2 days

AntibioticsNo Antibiotics



18H-AB-heavy

OTU-575: Gamma-proteo, Acidibacter

OTU-115: Alpha-proteo, Bradyrhizobium

OTU-361: Alpha-proteo, Pseudolabrys

OTU-466: Alpha-proteo Hyphomicrobium

OTU-3934: Verrucomicrobia, DA101

OTU-1460: Actinobacteria, Gaiella

OTU-1031: Actinobacteria, Solirubrobacterales

OTU-2599: Actinobacteria, Gaiellales

OTU-669361: Bacteroidetes, Saprospiraceae

OTU-11488: Bacteroidetes, Cytophagaceae

OTU-17446: Bacteroidetes, Terrimonas

OTU-97202: Bacteroidetes, Saprospiraceae

OTU-3582019: Bacteroidetes, Flavobacterium

OTU-1764: Gamma-proteo, Arenimodas 

OTU-1611177: Gamma-proteo, Arenimodas

OTU-7289808: Beta-proteo, Commamonadaceae

OTU-8196: Verrucomicrobia, OPB35

OTU-683: Acidobacteria

OTU-5863: Bacteroidetes, Chitinophagaceae

OTU-1292010: Beta-proteo, Rhodoferax

OTU-7246: Beta-proteo, Xenophilus

OTU-8449: Beta-proteo, 

OTU-840: Actinobacteria, Cellumonas

OTU-427389: Beta-proteo, Commamonadaceae

OTU-8474: Actinobacteria, Microbacteriaceae

OTU-2401398: Acidobacteria

OTU-353881: Bacteroidetes, Flavobacterium

OTU-267: Gamma-proteo, Steroidobacter

OTU-416: Gammatimonadetes

OTU-:2042 Proteobacteria, unclasified

OTU-946: Acidobacteria

OTU-707: Beta-proteo, Commamonadaceae

OTU-472: Acidobacteria

OTU-2966: Beta-proteo, Commamonadaceae

OTU-7: Gamma-proteo, Stenotrophomonas

OTU-424: Verrucomicrobia, DA101

18H-AB-light Original soil

0.1 0.2 0.3
Value

0
5

10
15

C
ou
nt

Day 2

18H-AB-heavy

OTU-575: Gamma-proteo, Acidibacter

OTU-115: Alpha-proteo, Bradyrhizobium

OTU-361: Alpha-proteo, Pseudolabrys

OTU-466: Alpha-proteo Hyphomicrobium

OTU-3934: Verrucomicrobia, DA101

OTU-1460: Actinobacteria, Gaiella

OTU-1031: Actinobacteria, Solirubrobacterales

OTU-2599: Actinobacteria, Gaiellales

OTU-669361: Bacteroidetes, Saprospiraceae

OTU-11488: Bacteroidetes, Cytophagaceae

OTU-17446: Bacteroidetes, Terrimonas

OTU-97202: Bacteroidetes, Saprospiraceae

OTU-3582019: Bacteroidetes, Flavobacterium

OTU-1764: Gamma-proteo, Arenimodas 

OTU-1611177: Gamma-proteo, Arenimodas

OTU-7289808: Beta-proteo, Commamonadaceae

OTU-8196: Verrucomicrobia, OPB35

OTU-683: Acidobacteria

OTU-5863: Bacteroidetes, Chitinophagaceae

OTU-1292010: Beta-proteo, Rhodoferax

OTU-7246: Beta-proteo, Xenophilus

OTU-8449: Beta-proteo, 

OTU-840: Actinobacteria, Cellumonas

OTU-427389: Beta-proteo, Commamonadaceae

OTU-8474: Actinobacteria, Microbacteriaceae

OTU-2401398: Acidobacteria

OTU-353881: Bacteroidetes, Flavobacterium

OTU-267: Gamma-proteo, Steroidobacter

OTU-416: Gammatimonadetes

OTU-:2042 Proteobacteria, unclasified

OTU-946: Acidobacteria

OTU-707: Beta-proteo, Commamonadaceae

OTU-472: Acidobacteria

OTU-2966: Beta-proteo, Commamonadaceae

OTU-7: Gamma-proteo, Stenotrophomonas

OTU-424: Verrucomicrobia, DA101

18H-AB-light Original soil

0.1 0.2 0.3
Value

0
5

10
15

C
ou
nt

Day 2

-	Heatmap	showing	
the	relative	abundance	
of	selected	OTUs	
-	OTUs	with	the	
highest	contribution	to	
PCA	ordination	were	
selected	

Day	2	

Acidobacteria	

Proteobacteria	



18H-AB-heavy 18H-AB-light Original soil

OTU-8196: Verrucomicrobia, OPB35

OTU-3934: Verrucomicrobia, DA101

OTU-326742: Verrucomicrobia, DA101

OTU-3812: Alpha-proteo, Variibacter

OTU-17446: Bacteroidetes, Terrimonas

OTU-11488: Bacteroidetes, Cytophagaceae

OTU-97202: Bacteroidetes, Saprospiraceae

OTU-5538243: Acidobacteria

OTU-3582019: Bacteroidetes, Flavobacterium

OTU-1280: Verrucomicrobia, DA101

OTU-26200: Beat-proteo, SC-I-84

OTU-626: Alpha-proteo, Pseudolabrys

OTU-5863: Bacteroidetes, Chitinophagaceae

OTU-575: Gamma-proteo, Acidibacter

OTU-115: Alpha-proteo., Bradyrhizobium 

OTU-946: Acidobacteria

OTU-707: Beat-proteo, Comamonadaceae

OTU-472: Acidobacteria

OTU-7: Ganna-proteo, Stenotrophomonas

OTU-424: Verrucomicrobia, DA101

OTU-361: Alpha-proteo, Pseudolabrys

OTU-1339: Beat-proteo, SC-I-84

OTU-6115349:

OTU-683: Acidobacteria

OTU-2728: Acidobacteria

OTU-160: Delta-proteo, Haliangium

OTU-1184: Alpha-proteo, Rhizobiales

OTU-466: Alpha-proteo, Hyphomicrobium

OTU-1538: Acidobacteria

Day 4

0.1 0.2 0.3 0.4
Value

0
5

10
15

C
ou
nt -	Heatmap	showing	

the	relative	abundance	
of	selected	OTUs	
-	OTUs	with	the	
highest	contribution	to	
PCA	ordination	were	
selected	

Day	4	

Acidobacteria	

Proteobacteria	



•  Acidobacteria	are	highly	abundant	after	two	days	of	
incubation	with	antibiotics	
• We	also	observed	the	presence	of	Stenotrophomonas	
after	four	days	of	incubation	with	antibiotics	
•  	The	results	indicate	that	both	non-pathogenic	soil-	
dwelling	bacteria	as	well	as	potential	clinical	pathogens	
are	present	in	this	agricultural	soil,	but	it	is	still	unclear	if	
horizontal	gene	transfer	between	these	groups	can	occur.		

Conclusions 
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Horizontal gene transfer (HGT) in soil 

Can	HGT	between	two	defined	bacterial	
strains	occur	in	a	soil	environment?	



Soil sampling 

Chilworth	(sandy	loam)	
Boxworth	(Clay	loam)	
Rosemaund	(Silty	clay)	

Boxworth	
Rosemaund	

Chilworth	

Percent	sand	



•  Sodium	azide-resistant	E.	coli	J53	(J53	ArR)	RECIPIENT	
•  Klebsiella	pneumoniae	NCTC13443	(encodes	blaNMD-1)	DONOR	
•  Escherichia	coli	NCTC13441	(encodes	blaCTX-M-15)	DONOR	
•  Destructive	samples:	0,	3,	24	and	48	h,	incubation	at	room	temp.	
•  Triplicates	for	all	incubations	
•  Total	samples:	72	plants	
•  Some	transconjugants	kept	in	glycerol	20%	

References:		
Scott	et	al.,	2006	
Wolffs	et	al.,	2006	
Warnes	et	al.,	2012	
Highmore	et	al.,	2017	

Plant	+	PBS		
	

Pulsifier	30	sec		
	

Filtration	
(11,	5	&	0.2	μm)	

	
	

0.2	μm	+	1	ml	PBS	
Vortex	2	min	

	
	

NCTC13443		
TBX+	100		µg/mL	
sodium	azide	+		
2	µg/mL	mem		

Recovery	of	transconjugants	(0,	3,	24	&	48	h)	

NCTC13441		
TBX+	100		µg/mL	
sodium	azide	+		
2	µg/mL	ctx	

Recovery	of	donors	and	recipient	(24	&	48	h)	

NCTC13443		
TBX+	100		µg/mL	
sodium	azide	+		
2	µg/mL	ctx	

NCTC13443		
TBX+	2	µg/mL	

mem	

E.	coli	J53	
TBX+	100		µg/mL	
sodium	azide		

NCTC13443		
TBX+	2	µg/mL	

ctx	

NCTC13441		
TBX+	2	µg/mL	

ctx	

Sites:	
Chilworth		
Rosemaund		
Boxworth	

E.	coli		
NCTC13441		
+	E.	coli	J53	

K.	pneumoniae	
NCTC13443	
	+	E.	coli	J53	

5.0x106	cells/g	soil	

Methods 



Recovery from the soil after 24 h 
incubation (examples) 

Escherichia	coli		
NCTC13441	

Klebsiella	pneumoniae		
NCTC13443	

Escherichia	coli	J53	SA	
resistant	carrying	the	

plasmid	pEK499	with	gene	
blaCTX-M-15	(ctx	resistance)	
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Klebsiella pneumoniae as donor 

Transconjugants	
selected	on	
TBX+SA+ctx	
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•  The	results	indicate	that	potential	pathogens	can	survive	
in	soil	and	transfer	their	plasmid	to	a	recipient	after	48	h	
incubation.	
•  Transconjugants	carrying	plasmid	conferring	resistance	
through	the	gene	blaCTX-M-15	from	both	donors	(K.	
pneumoniae	and	E.	coli)	were	found.		
•  No	conjugation	of	the	plasmid	containing	NDM-1	metallo-
β-lactamase	was	observed.	
•  These	are	early	studies	confirming	that	horizontal	gene	
transfer	can	occur	in	the	soil.	

Conclusions 
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