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“The future of humanity and microbes likely will unfold as episodes of a suspense thriller that 
could be titled 'Our Wits Versus Their Genes'.”

-- Joshua Lederberg



THE SHENANDOAH VALLEY OF VIRGINIA





MANURE PRODUCTION IN THE SHENANDOAH VALLEY

Water Pollution from Livestock in the Shenandoah Valley. April 26, 2017. Environmental Integrity Project. https://tinyurl.com/r7xed7z





Field application of poultry litter



CONTAMINATED
WATERWAYS

Water Pollution from Livestock in the Shenandoah Valley. 
April 26, 2017. Environmental Integrity Project. 
https://tinyurl.com/r7xed7z



https://tinyurl.com/r6gqmd8



Are there fecal pathogens in these impacted 
waterways? 



CONTRASTING LIFESTYLES OF SALMONELLA AND E. COLI
IN AQUATIC, SOIL, AND AGRICULTURAL ENVIRONMENTS

E. coli  negative growth rates in most secondary habitats

Salmonella uses secondary habitats to facilitate passage to 
new hosts



Salmonella:

• Has high survival rates in aquatic systems

• Is more resistant than E. coli to environmental 
fluctuations

• Can persist in a poultry house for > 1 year

• Can survive and grow in soil for at least a year

• Exhibits four-fold greater adherence to sediment 
particles than E. coli

E. coli  negative growth rates in most secondary habitats

Salmonella uses secondary habitats to facilitate passage to new hosts

CONTRASTING LIFESTYLES OF SALMONELLA AND E. COLI
IN AQUATIC, SOIL, AND AGRICULTURAL ENVIRONMENTS



Are there fecal pathogens in these impacted 
waterways?

Can we recover them?



WHY SAMPLE SEDIMENTS?

• Total bacterial counts in sediments typically much 
higher than in the water column

• Salmonella and other fecal bacteria can persist in 
sediments

• Sediment populations may represent a more 
long-term reservoir



SALMONELLA
ISOLATION AND
IDENTIFICATION
WORKFLOW

ChromAgar Plus



‘Crowd’-sourcing isolation, ID, and basic genomics



SAMPLING & METADATA (EPICOLLECT5)

https://five.epicollect.net

https://five.epicollect.net/project/bacterial-discovery/data
https://five.epicollect.net/project/bacterial-discovery/data


BIOINFORMATICS
WORKFLOW





https://docs.google.com/document/d/17ZBNdvl9guxK6_AqJI6RV1igKXODHm2-5no6uSMWvl0/edit?usp=sharing
https://docs.google.com/document/d/17ZBNdvl9guxK6_AqJI6RV1igKXODHm2-5no6uSMWvl0/edit?usp=sharing


WHOLE GENOME SEQUENCING PLATFORMS

Illumina Sequencing (2nd gen) Oxford Nanopore MinION

Produces highly accurate (>99.9%), 
short reads (~50 - 300 bp)

Produces lower accuracy (~85-95%), 
long reads (> 1kb)

Combine data for hybrid, de novo genome assembly





Serotype diversity 
and distribution of 

Salmonella 
enterica from 

stream sediments



48/88 isolates are members of the top 20 human disease-causing serotypes

National Enteric Disease 
Surveillance: Salmonella Annual 
Report, 2016 (CDC)



VISUALIZATION OF ISOLATE DATA USING MICROREACT

Microreact: Argimón et al. 2016. Microbial Genomics 2(11): doi:10.1099/mgen.0.000093

https://microreact.org/project/0hZpfnaMJ?tt=cr&tl=0&ms=outdoors
https://microreact.org/project/0hZpfnaMJ?tt=cr&tl=0&ms=outdoors


Identical S. Braenderup found in across multiple locations

Enterobase: Alikhan NF, Zhou Z,Sergeant MJ, Achtman M (2018) “A genomic overview 
of the population structure of Salmonella.” PLoS Genet 14 (4): e1007261.



Identical S. Braenderup found in across multiple locations & timepoints



Our isolates group 
closely with Salmonella 

from poultry

S. Typhimurium
Minimum 

Spanning tree

Zhou Z, et al. (2018) “GrapeTree: Visualization of core genomic relationships among 100,000 bacterial 
pathogens”, Genome Research



MOBILE GENETIC ELEMENTS (MGES)





“SUPER-
PLASMIDS”



 Introduced bacteria may persist 
long enough for horizontal gene 
transfer (HGT), especially in
sediments

 Possible “hot spots” for HGT due 
to:
 Large total surface area
 High numbers
 High nutrient content

Beyond the possible health implications 
of persistent pathogens in streams, what 
is the effect of having soil and stream 
bacteria constantly bathed in high 
numbers of fecal bacteria?

Environmental reservoirs of transmissible 
antibiotic resistance and virulence?



 Genes, transposons, genomic 
islands, and other mobile genetic 
elements may also recombine in 
situ within native and introduced 
stream populations

 These may then be transmissible to 
and from pathogens (e.g. via 
plasmids)

Potential in situ recombination and transmission 
in stream populations



ANTIMICROBIAL RESISTANCE GENES (ARGS) IN ISOLATED
SALMONELLA PRIMARILY PLASMID-BORNE

• 84% of the ARGs in isolated Salmonella were plasmid-
borne*

• All the S. Typhimurium ARGs were plasmid-borne*

• Some (nearly) identical isolates differed only in whether 
their ARGs were on plasmids or not

*Exclusive of aac6-Iaa and aac6-Iy, which are part of the core genome.



EXOGENOUS CAPTURE OF
TRANSMISSIBLE PLASMIDS FROM
STREAMS





Plasmids captured by Pseudomonas sp. from Muddy Creek 
sediments conferred decreased susceptibility to multiple antibiotics 

(n = 50 plasmids)
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Herrick et al. (2014) Journal of Applied Microbiology, 117,
380-389.



Percentage of transconjugants encoding 
decreased susceptibility to 12 antibiotics
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MICs of 
plasmids 
captured from 
litter-amended 
soil and 
adjacent stream 
sediments

MIC of recipient strain

Resistance breakpoint for 
P. aeruginosa

Susceptibility breakpoint 
for P. aeruginosa

Resistance

MIC of 
recipient 
(w/o 
plasmid)



MICs of plasmids 
captured from 
litter-amended soil 
and adjacent 
stream sediments

MIC of recipient strain
Resistance breakpoint for 
P. aeruginosa

Susceptibility breakpoint for 
P. aeruginosa

Ceftriaxone – 3rd generation  
Cefoperazone – 3rd gen
Cefotaxime – 3rd gen
Ceftazadime – 3rd gen
Cefepime – 4th gen



Plasmids captured from streams in the 
Shenandoah Valley have commonly conferred 
phenotypic resistance to:

• Tetracycline

• Streptomycin

• Gentamicin*

• Ciprofloxacin

• Lomefloxacin

• Ticarcillin*

• Tobromycin*

• Kanamycin

• Aztreonam*

• Piperacillin*

• Piperacillin/Tazobactam*

• Ceftriaxone*

• Cefepime*

• Cefoperazone

• Ceftzadime *

• Cefotaxime*

*Antibiotics generally reserved for human-only use



What is the genetic basis for the 
phenotypic resistance we see in these 
resistance plasmids?



BANDAGE GRAPHS OF HYBRID-ASSEMBLED CAPTURED
PLASMIDS

pCCP2

pCCP2

pCCP1

pCCRT11-6 pEG1-06

Short-read only Hybrid short + long read



oCaptured using E. coli 
host

o IncP-1β Plasmid (very 
broad host range)

o Encodes phenotypic 
resistance to 
tetracycline, kanamycin, 
piperacillin, ticarcillin, 
tobramycin, 
piperacillin/tazobactam, 
and cefepime 

o Two potentially mobile 
accessory modules

pEG1-1: a multiresistance plasmid captured from 
uncultivated stream sediment bacteria



Tn21-related transposon (15,054bp)

 One large Tn21 transposon

 mazE/F toxin/antitoxin “plasmid addiction” system

merR strB repA mazF mazE CDS3 tetA tetR IS200 tnpAaphA1

IR IR

CDS2 CDS3 CDS4 CDS5

Hypothetical protein

Transposon Replicase

Antibiotic resistance Heavy metal resistance

Accessory Module 1



A “complex integron”, typically associated with (chromosomal) Salmonella genomic island 

1 (SGI1)

• First identified in multidrug resistant Salmonella Typhimurium DT104 

• Found on chromosomes or in association with IncA/C plasmids

• In1521 is a new class 1 integron (in1521)

Hypothetical protein

Transposon Replicase

Antibiotic resistance Heavy metal resistance

In1521

ACCESSORY MODULE 2



Plasmid pFHS2

• Transmissible 303 kb 
megaplasmid identified in 
Salmonella Infantis FHS-
02

• Isolated from sediment of 
Cooks Creek, near Dayton 
Virginia



Levy, S. B. 2002. The 
Antibiotic Paradox. Perseus, 
Cambridge MA.

Plasmids pick up transposons as they move 
through the environment



• 11 predicted AR genes

• 11 predicted heavy metal resistance genes (mercury, arsenic, 
tellurite, molybdenum)

• Large potential for co-selection (genetic hitch-hiking)

• 4 predicted ‘plasmid addiction’ systems

• Multiple transposons & IS elements

• Phage-associated virulence gene (gipA), associated with Peyers
patch colonization and macrophage survival

Accessory gene region 3

Plasmid pFHS2



• Bacterial communities in stream 
sediments may harbor significant 
reservoirs of pathogens, as well as 
resistance, virulence & other genes.

• These genes are often found on mobile 
genetic elements.

• Animal husbandry carried out on a 
massive scale may be adding to these 
reservoirs.

• The ease of recovery of transmissible 
MDR plasmids suggests that these 
reservoirs exist, and that plasmids and 
other MGEs may facilitate gene 
recombination and spread to and from 
pathogens.

IMPLICATIONS
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