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High-throughput assay to determine 
susceptibility of Salmonella and 

Escherichia coli to biocides

Presenter
Presentation Notes
Good afternoon, I’d like to thank the conference organizers for inviting me to present some of our research today.I work in the Bacterial Epidemiology and Antimicrobial Resistance Research Unit of the Agricultural Research Service at the U.S. National Poultry Research Center in Athens Georgia.Please feel free to interrupt with questions anytime during the presentation. 



Why are we concerned about 
biocides?

• Biocides are used to reduce contamination with 
spoilage bacteria or pathogens like Salmonella

• Biocides and maximum concentrations that can be 
used on meat are approved by FDA and FSIS

• Could using biocides lead to biocide resistance?
• Could biocide resistance and antibiotic resistance 

(AR) be linked? 
• Could using biocides select for contamination of 

meat with AR strain?
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Presentation Notes
Biocides are used to control bacteria on foods and food handling surfaces.They are also used to reduce contamination with pathogens or spoilage bacteria to make food safer and last longer.Could over use of biocides lead to their loss of efficacy like we see with antibiotics?Could biocide resistance be selecting for antibiotic resistance?Could biocides be selecting for contamination of meat with more dangerous and resistant pathogens?



Mobile Genetic Elements (MGE) often carry 
antibiotic resistance and biocide resistance in
Salmonella, E. coli, and many other bacteria

Welch TJ, Fricke WF, McDermott PF, et al. Multiple Antimicrobial Resistance in Plague: 
An Emerging Public Health Risk. Petrosino J, ed. PLoS ONE. 2007;2(3):e309. 
doi:10.1371/journal.pone.0000309.
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Presentation Notes
The physical linage of biocide resistance to AR has been well documented in Salmonella.Here is a map of several incA/C plasmids that are spread widely in Salmonella in the U.S. At 4 and 5 o'clock you can see the sugE1 and sugE2 gene that is associated with resistance to quaternary ammonium compounds which is linked to AR genes on the plasmid.You can also see several truncated qacE genes at 9 and 10 o'clock. 



The Biocides
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Presentation Notes
We are investigating Biocide resistance. We began by determining the susceptibility of wild type Salmonella from our collection to this list of biocides. To address FSIS concerns about the effect of carry over biocides in carcass rinse samples used for compliance testing, we have focused on chemicals approved by FSIS as processing interventions. We have so far determined the MICs for these chemicals. Eventually we will also determine the susceptibility of Enterococcus and E. Coli from our isolate collection to these compounds. 



High-throughput broth micro-dilution assay for 
determining MICs to 17 biocides

developed by Dr. Shaheen Humayoun

Acidified Sodium Chlorite (ASC), Acetic acid (AA), Arsenite (ARI), 
Arsenate (ARA), Benzalkonium chloride (BC), Cetylpyridinium
chloride (CC), Citric Acid (CA), 1,3 dibromo, 5,5 
Dimethylhydantoin (DBH), Dodecyltrimethylammonium chloride 
(DC), Hexadecyltrimethylammonium Bromide (HB), 
Hexadecyltrimethylammonium Chloride (HC), Lactic acid (LA), 
Peroxyacetic acid (PXA), Sodium Hypochlorite (SHB), Sodium 
Metasilicate (SM), Trisodium phosphate (TP), Chlorhexidine (CH). 

96 well plate containing serial two-fold dilutions 
of biocides to be tested in growth media. The 
plate is inoculated with cells of the strain to be 
tested, and the plate is incubated overnight. Then 
growth versus no-growth is scored by turbidity 
from the growing cells. The lowest concentration 
that the bacteria cannot grow is the minimum 
inhibitory concentration or MIC
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Presentation Notes
Dr. Shaheen Humayoun in our group developed a 96 well broth micro-dilution assay similar to the Sensititer® method we used for antimicrobial susceptibility testing. She built 96 well plates with two-fold serial dilutions of the biocides we were testing in growth media. These were then inoculated with cells of the strain being tested and after an incubation, they were scored for growth or no growth. On the right you can see growth indicated by turbidity in the well whereas no growth is clear. On the left panel you can see our interpretations of the data.This data is then used to identify the minimum inhibitory concentration of the compound for isolate being tested.



Automation 
Auto Inoculation

Auto Incubation

Auto Visualization
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By using 96 well plates that fit into the Sensititre® system, we can automate the inoculation process, and in the future we could also automated the incubation and visualization steps thus making it as easy to perform as antimicrobial susceptibility testing.



Determine Median MIC for 100 Wild 
Type Salmonella to 17 biocides 
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Presentation Notes
These are the distributions of MICs for the various compounds.You can see that most are very discrete with most of the isolates falling within three 2-fold dilution range. However there are expetions especially with arsenate, arsenite, and acidified Sodium chlorite.



Pilot study screening Salmonella
isolates for resistance to biocides
•Select 195 mostly AR or multi-drug 
resistant (MDR) Salmonella animal 
isolates including 84 different serovars

•Assay to identify isolates that have two 
2-fold higher or lower MICs than 
median MIC of Wild Type Salmonella

•Sequence genomes and identify any 
mutations or genes that could be 
responsible for reduced susceptibility
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Presenter
Presentation Notes
This table demonstrates the results of the isolates tested.Not much resistance was detected except to bleach, Arsenite and Arsenate.



• 195 isolates were tested

• 105 isolates were resistant to two or more antibiotics (MDR Salmonella)

• 17 isolates were resistant to one antibiotic (SDR Salmonella)

• 73 isolates were susceptible to antibiotics (NDR Salmonella)

• Genomes were queried against ARG-ANNOT database for antibiotic 

resistance genes prediction

• Genomes were queried against the BacMet and local database to 

predict metal and biocide resistance genes

WGS analysis for antibiotic, metal,
and biocide resistance genes
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next we did whole genome analysis of the sequenced isolates  we identified the AR genes with ARG-ANNOTWe identified known biocide and metal resistance genes using the BacMet database



Antibiotic resistance genes predicted from WGS of 
195 Salmonella isolates

Antibiotics classes Gene Gene Variants Phenotypes** No. of Genes Genes in No. 
of isolates

Aminoglycosides aac3 aac(3)-IId, aac(3)-IVa, aac(3)-VIa, GEN 36 35
aac6* aac(6)-Iy, aac(6)-Ia AMK 190 190
aad aadA, aadA2, aadA3, aadA7, aadA12, aadA22, aadB, GEN, SPT, STR 60 59
ant ant(2`)Ia GEN 1 1
aph aphA2, aph3-Ia, aph4-Ia GEN 40 37
sph sph STR 15 15
str strA, strB GEN, SPT 131 67

Betalactamase carb carb-3 CAR 3 3
cmy cmy-58, cmy-59, cmy-60, cmy-90, cmy-94 TIO 44 44
tem tem1D, tem-147, tem-148, tem-150, tem-166, tem- 186 AMX, AMP 37 37

Chloramphenicol cat catA1 CHL 4 4
cml cmlA1, cmlA5 CHL 11 11
flo floR CHL 27 27

Fosfomycin fos fosA FOS 45 45
Macrolide ere ereA ERY, AZM 2 2

mef mefB ERY, AZM 1 1
mph mphA ERY 2 2

Rifampicin arr arr2 RIF 2 2
Sulfonamide sul sul-I, sul-II, sul-III FIS, SXT 91 67
Tetracycline tet tetA, tetB, tetC, tetM, tetR TET 163 96

Trimethoprim dfr dfrA1, dfrA14 SXT 8 8
*gene aac6 has genomic origin and these genes are cryptic in Salmonella sp.

** AMK: Amikacin, AMP: Ampicillin, AMX: Amoxicillin, AZM: Azithromycin, CAR: Carbenicillin, CHL: Chloramphenicol, ERY: 
Erythromycin, FIS: Sulfisoxazole, FOS: Fosfomycin, GEN: Gentamicin, RIF: Rifampin, SPT: Spectinomycin, STR: Streptomycin, SXT: 

Trimethoprim/Sulfamethoxazole, TET: Tetracycline, TIO: Ceftiofur

Presenter
Presentation Notes
AR genes were also detected, and a wide variety were found, with most isolates having one and up to a dozen AR genes. 



(4.9 kb; GC 54.50%)

(1.2 kb; GC 54.99%)

(5.0 kb; GC 57.74%)

(6.5 kb; GC 56.16%)

(5.5 kb; GC 55.50%)

(1.2 kb; GC 62.25%)

(10.0 kb; GC 57.58%)

Class 1 integron carrying antibiotic resistance 
genes in Salmonella genomes 

• Class 1 integrons were detected in 66 isolates.
• 20 different class 1 integrons including 6 novel integrons with 

0-4 gene arrays were predicted. 



Genes Confer resistance MDR SDR NDR Origin

arsC/arsR

Arsenic 

68 5 50 genomic

arsBADR and arsC 31 10 17 MGE

ArsBADR/arsCBR and 
arsC 6 2 6 MGE

merEDACPTR

Mercury

12 0 0 MGE

merEDBAPTR 25 2 1* MGE

merACPTR 2 0 0 MGE

merPTR 1 0 0 MGE

pcoABCDRSE Copper 29 7 7 MGE

terEDCBAZW Tellurium 18 3 0 MGE

qac Quaternary ammonium 
componds 51 1 0 MGE

Metal and biocide resistance genes 
detected in Salmonella genomes

* genes are located on different contigs
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Interestingly we do find arsenic resistance genes and they are in the strains that have lower susceptibility to arsenic.



Isolates Year of 
Isolation Origin Serotype Antibiotic 

resistant (AR)**
Arsenate 

(ARA)
Arsenite 

(ARI)
MH37151 2007 Ground turkey Anatum var. O 15+,34+ 

(Minneapolis) AMP, GEN, TET >6528 1920

MH72995 2009 Market hog swab Havana AMP, AUG, AXO, FOX, 
TIO >6528 960

MH98631 2006 Market hog swab Alachua FIS, TET >6528 960

IA8590 2004 Swine Cubana FIS, TET >6528 1920

IA2313 2005 Swine Ohio
AMP, AUG, AXO, CHL, 
COT, FIS, FOX, STR, 

TET, TIO
>6528 960

MF87944 2008 Ground veal Oranienburg - >6528 1920

MB00404 2002 Whole eggs Alachua - >6528 960

FL117658 2004 Horse Saintpaul - >6528 480

MH31332 2008 Young chicken 
rinse Orion AMP, AUG, AXO, FOX, 

TIO >6528 1920

MH34024 2006 Turkey carcass 
swab

Orion var. O 15+ 
(Binza) TET >6528 960

MH92313 2004 Young chicken 
rinse Ouakam TET >6528 1920

MH38582 2000 Chicken Schwarzengrund - >6528 960

MH54710 2004 Ground beef Orion var. O 15+ 
(Binza) - >6528 960

MH23894 2007 Ground chicken Braenderup STR, TET >6528 1920

TN2515b 2004 Snake IIIb 35:i:z35 - >6528 960
(8.2Kb; GC 50.58%)

(4.2Kb; GC 55.60%)

(3.1Kb; GC 56.88%)

(3.1Kb; GC 56.88%)

(5.0Kb; GC 54.08%)

(3.0Kb; GC 51.95%)

(1.2Kb; GC 44.68%)

Correlation between antibiotic resistance 
and predicted arsenic resistance genes

**AMP: Ampicillin, AUG: Amoxicillin-clavulanic acid, AXO: Ceftriaxone, CHL: 
Chloramphenicol, COT: Trimethoprim/Sulfamethoxazole, FIS: Sulfisoxazole, FOX: 
Cefoxitin, GEN: Gentamycin, STR: Streptomycin, TET: Tetracycline, TIO: Ceftiofur

• High level of resistance to Arsenite and Arsenate was 
detected in MDR, SDR and NDR Salmonella

• Genomes were examined to correlate the phenotype to 
genotype data
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Four-fold higher MIC than the median MIC in 15 Salmonella isolates was noticed for arsenate and arsenite compounds. Higher resistance to arsenate and arsenite was detected in six susceptible isolates (Figure 1). Diverse arrays of arsenic RG (arsBADCR, arsRBCH, arsHRBC, arsRH and arsDA-modE-safE-arsCBADR) conferring resistance to arsenic compounds through reduction or extrusion were detected in these resistant isolates (Figure 1). Highly identical arsRBCH was detected in most of the isolates (80%) followed by arsBADCR that was detected in 53% of resistant isolates. These genes are flanked by mobile elements that makes it mobile. The resistant isolate MH23894 only carried a diverse arsRH gene and higher resistance in this isolate was due to an arsenical reductase arsH gene as reported previously (7). Yang HC, Rosen BP. 2016. New mechanisms of bacterial arsenic resistance. Biomedical J. 39(1):5-13



• Higher resistance to arsenate than arsenite was detected in six
susceptible isolates.

• Two of the susceptible isolates were further examined that did not
carry the frequently detected ars gene array.

• The susceptible isolate FL117658 carried arsHRBC that may confer
resistance to arsenic compounds in this isolate. Similar gene array
was identified in the closed genomes of S. Saintpaul (CP023512),
and S. Schwarzengrund (CP011277).

• The susceptible isolate TN2515b carried arsDA-modE-safE-
arsCBADR genes and may confer resistance to arsenic compound.
Similar gene array was identified in the closed genomes of S.
Saintpaul (CP023166), and S. Bareilly (CP006053).



Future work
• Assay 1,000 isolates selected randomly from our

collection of 65,000 to determine the level of biocide 
resistance and detect any linkage to AR

• Sequence isolates with biocide resistance to 
identify genetic linkages between biocide and AR

• Automate the construction of 96 well assay plates
• Modify assay for other bacteria including 

Escherichia coli and Enterococcus spp. as 
indicators of resistance in commensal bacteria

• Develop experiments using a processing plant 
model to detect any selection for AR by biocides
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Automated 96 well plate 
assay preparation

Presenter
Presentation Notes
In the future we hope to automate not only the assay but also the construction of the microarrays. Making them by hand is not only tedious, but the possibility of pipette error or a mistake could result in erroneous results. Fortunately Dr. John Johnson of FSIS set us up with Dr. Glenn Tillman from the Eastern lab who has loaned us a robot to automate this process. This will be especially important where we adapt the assay to different organisms that will require different concentrations and also as we add new biocides to test with the assay. 



MICs of 80 wild type Escherichia coli 
Isolates with greater than two 2-fold dilution higher than the median 

MIC were categorized as resistant
Biocides Concentration 

tested (µg/ml)
Median MIC

(µg/ml)
Isolates susceptible 
to median MIC (%)

Isolates susceptible 
to 1-fold higher than 

median MIC (%)

Isolates Resistant 
(%)

BC 5-80 20 100 0 0

ASC 75-1200 300 66 33 1

LA 1000-16000 4000 98 0 2

SM 7500-120000 3000 80 19 1

DC 32-512 64 58 42 0

HB 10-160 40 100 0 0

DB 150-2400 1200 100 0 0

CC 10-160 20 96 4 0

CA 1500-24000 6000 100 0 0

AA 400-6400 1600 68 32 0

PXA 200-3200 800 88 12 0

TP 5000-80000 4000 100 0 0

HC 10-160 40 94 6 0

CH 0.25-32 1 100 0 0

SHB 13875-222000
(1.25%-20%)

55500
(5%)

81 0 19

ARI 10-1280 640 96 3 1

ARA 25-3200 ≥3200 100 0 0
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Presentation Notes
We have used the plates to test E.coli and they do work as you can see in this table.We were able to establish median MICs for most compoundsA notable exception is to Arsinate, where we did not have a high enough concentration to determine an MIC. So, the plates will need to be adjusted for E. coli We expect the asset to work for many bacteria with some minor modifications in concentration range tested.
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