


STATE OF SOUTH DAKOTA 
DEPARTMENT OF ENVIRONMENT AND NATURAL RESOURCES 

 
      ) 
IN RE HEARING FOR REISSUING ) 
THE GENERAL WATER POLLUTION ) 
CONTROL PERMIT FOR   ) 
CONCENTRATED ANIMAL   ) 
FEEDING OPERATIONS   ) 
      ) 
 
 Pursuant to the Procedural and Scheduling Order dated March 15, 2016, the Intervener 
Dakota Rural Action designates the following individuals as their expert witnesses and witnesses 
for the hearing scheduled for September 27-29, 2016. 
 

1. Kathy Martin  expert curriculum vitae, disclosure and report attached 
2. Don Kelley  expert curriculum vitae and bibliography attached 
3. Glenn Mayer 
4. Laura Krebsbach 
5. Kennette Rogers 

 
 Interveners reserve the right to call additional witnesses or present any other exhibits to 
rebut any testimony which has not yet been disclosed. 
 
 

JOHNSON POCHOP & BARTLING 
 
/s/Kelsea K. Sutton   
Kelsea K. Sutton 
405 Main St. | PO Box 149 
Gregory, SD 57533 
(605) 835-8391 
kelsea@rosebudlaw.com 
Attorney for Intervener Dakota Rural Action 
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CERTIFICATE OF SERVICE 
 

 The undersigned certifies that on the 29th day of August 2016, she served a copy of this 
Witness Disclosure, Exhibit Disclosure, Letter and Exhibit Disc by U.S. First Class mail and 
email upon the following parties of record: 

 
Steven M. Pirner 

Secretary of the Dep’t of Environment & Natural Resources 
Foss Building 
523 E. Capitol 

Pierre, SD 57501-3182 
Steve.Pirner@state.sd.us 

 
Ellie Bailey 

DENR Feedlot Permit Program 
1302 E. Highway 14, Suite 1 

Pierre, SD 57501-8501 
Ellie.Bailey@state.sd.us 

 
Anthony Helland 
1013 W. 20th St. 

Sioux Falls, SD57105 
tony.helland@gmail.com 

 
David & Lisa Nehring 

27551 452nd Ave. 
Parker, SD 57053 

nehringd@crown.edu 
 

George Bogenschutz 
46135 222nd St. 

Nunda, SD 57050 
mtnmach@itctel.com 

 
Meghan Jarchow 

2523 Princeton Ave. 
Vermillion, SD 57069 

meghann.jarchow@usd.edu 
 

Roger & Ann Loeschke 
48464 155th St. 

Milbank, SD 57252 
arloe@tnics.com 

 
South Dakota Cattlemen’s Ass’n and 

South Dakota Dairy Producers 
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WILKINSON & WILKINSON 
103 Joliet Ave., SE | PO Box 29 

De Smet, SD 57231 
todd@wslawfirm.net 

cc: sddairyproducers@gmail.com 
 

South Dakota Pork Producers Council and 
Sonstegard Food Company 
DONAHOE LAW FIRM, P.C. 
401 E. 8th St., Suite 215 
Sioux Falls, SD 57103 

brian@donahoelawfirm.com 
 

William Powers 
512 W. Main St. 
White, SD 57276 
wjp@swcp.com 

 
 

 
/s/Kelsea K. Sutton   
Kelsea K. Sutton 

 
 
 



STATE OF SOUTH DAKOTA 
DEPARTMENT OF ENVIRONMENT AND NATURAL RESOURCES 

 
      ) 
IN RE HEARING FOR REISSUING ) 
THE GENERAL WATER POLLUTION ) 
CONTROL PERMIT FOR   ) 
CONCENTRATED ANIMAL   ) 
FEEDING OPERATIONS   ) 
      ) 
 
 Pursuant to the Procedural and Scheduling Order dated March 15, 2016, the Intervener 
Dakota Rural Action designates the following as their list of exhibits for the hearing scheduled 
for September 27-29, 2016. 
 

1. 1999 Zoning Setback Waiver 
2. 2008 Feedlot Expansion Building Permit & Variance/CUP Application 
3. 2008 Planning & Zoning April 24th Meeting Minutes 
4. Notice of Appeal of Planning & Zoning Decision 
5. 2008 Board of Adjustment May 16th Meeting Minutes 
6. 2008 Memorandum Decision Mayers v. Buffalo County, Civ. #08–08 
7. 2008 Board of Adjustment November 6th Meeting Minutes 
8. Odor Setback Radius Exhibit dated November 3, 2008  
9. 2009 Court-Ordered Variance Filing 
10. 2012 Lynn Mayer Animal Waste Management System Engineer Report/Expansion App. 
11. L13-5-7 from Samp to DENR with Complaint to DENR dated September 7, 2012 
12. Complaint to DENR dated September 7, 2012 
13. L13-9-3 from DENR to Glenn Mayer with Inspection Reports 
14. DENR Inspection Reports 2008-2012 
15. L13-10-9 from Samp to Denver Regional EPA Office 
16. L13-11-4 from Denver Regional EPA Office to Glenn Mayer  
17. L14-6-4 from Denver Regional EPA Office to Samp 
18. E12-8-14 from DENR to Glenn Mayer 
19. Letters from DENR to Lynn Mayer 1998-2012 
20. L15-8-27 from DENR to Glenn Mayer with Water License No. 7157-3 
21. Application Form for 2011 Izaak Walton League Wildlife Habitat Award 
22. Complaint to DENR dated June 1, 2008 
23. Complaint to DENR dated October 24, 2008 
24. Complaint to Buffalo County dated November 6, 2008 
25. 2010 Signed Landowner Permission form for U.S. Geological Survey 
26. 2010 Photos from EPA 
27. E11-6-14 and E12-11-6 from EPA to Glenn Mayer 

EXHIBIT DISCLOSURE 
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28. 2008 Water Sample Results from Crow Creek River 
29. 2010 U.S. Geological Survey Water Samples from and near Glenn Mayer Ranch 
30. SDSU Extension Extra: “Surface Water Pollution from Livestock Production” 
31. L16-8-24 from Samp to EPA and DENR 
32. Photograph, 3/23/10 Foam at Water Testing Location #3 (son taking sample) 
33. Photograph, 3/17/11 Drainage from Glenn Mayer Dam Pipe to Crow Creek (looking 

north, overflow from first spring after dam construction) 
34. Photograph, 4/8/11 Lynn Mayer Feed Yard, Testing Location #1 (looking northwest from 

road, visible standing water and algae) 
35. Photograph, 4/8/11 Water Testing Location #1 (looking east from road, visible standing 

water and algae) 
36. Photographs, 6/12/11 Fish Kill (right after dam was constructed and stocked) 

a. Close up fish and foam 
b. Distance fish and foam 
c. Close up fish and foam 2 
d. Distance fish and foam 2 
e. Close up fish  
f. Distance fish 
g. Shoreline and foam 1 
h. Shoreline and foam 2 

37. Photographs, 6/17/11 Fish Kill (right after dam was constructed and stocked) 
a. Close up fish 
b. Distance fish 

38. Photograph, 3/12/12 Aerial of Lynn Mayer Feedlot (taken sometime in 2012) 
39. Photograph, 3/15/12 Big Dam (from beach area looking east, no cattails) 
40. Photograph, 5/28/12 Dam Entry Point Water Testing Location #3 (visible algae) 

a. North side of the dam facing south 
b. Looking southwest from inlet of dam 

41. Photograph, 7/4/12 Water Testing Location #3 (Inlet side of dam close up) 
42. Photographs, 12/26/13-8/7/15 Dam Recreation 

a. Ice fishing 
b. Sledding 
c. Four wheeler paths 
d. Summer fishing 

43. Photograph, 4/18/16 Water runoff from where second lagoon should be (looking 
northwest from road, visible standing water) 

44. Photographs, 4/18/16 Water Testing Location #1 (water runoff and foam) 
a. Distance looking northwest from road 
b. Distance 2 looking northwest from road 
c. Close up west of road 
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d. Close up 2 west of road 
e. Close up 3 west of road 

45. Photograph, 5/30/16 Water Testing Location #3 (cattails in big dam close up)  
46. Photographs, 7/30/16 Big Dam (sprayed cattails encompass entire dam) 

a. Northeast side of dam facing southwest (only other adjacent field, no runoff) 
b. Southeast corner of dam facing southwest 
c. Northeast side of dam facing southwest 
d. Northwest corner of dam looking west 

47. Maps of Glenn and Lynn Mayer Property 
a. Points of Testing 
b. Seepage south of original lot (entire southeast draw full of water, dam is pure 

algae) 
c. Close up of Lynn’s new lagoon (dark edges are cattails, turquoise is algae) 
d. Seepage on east side of lagoon and road 
e. Glenn’s big dam (algae build up) 
f. Full feed lot (Lynn) and full dam (Glenn) 

48. Kathy Martin Curriculum Vitae 
49. Kathy Martin Expert Witness Testimony and Deposition History 
50. Kathy Martin Report, SD Permit Comments 
51. U.S. DEP’T OF HEALTH & HUMAN SERVICES, CENTERS FOR DISEASE CONTROL & 

PREVENTION, Antibiotic Resistance Threats in the United States (2013). 
52. PEW COMM’N ON INDUSTRIAL FARM ANIMAL PRODUCTION, Silbergeld, E.K., Price, L., 

and Graham, J., Antimicrobial Resistance and Human Health (2008). 
53. Food Marketing Institute, FMI Backgrounder, Low-Level Use of Antibiotics in Livestock 

and Poultry (2004). 
54. Consumers Union: Policy & Action from Consumer Reports, “The Overuse of 

Antibiotics in Food Animals Threatens Public Health (2013), available at 
http://consumersunion.org/news/the-overuse-of-antibiotics-in-food-animals-threatens-
public-health-2/. 

55. Storteboom, H., Mazdak, A., Davis, J.G., Crimi, B. and Pruden, A., Tracking Antibiotic 
Resistance Genes in the South Platte River Basin Using Molecular Signatures of Urban, 
Agricultural, And Pristine Sources, ENVIRON. SCI. TECHNOL. Vol. 44 Issue 19, pp. 7397–
7404 (2010). 

56. Pruden, A., Mazdak, A., and Storteboom, H., Correlation Between Upstream Human 
Activities and Riverine Antibiotic Resistance Genes, ENVIRON. SCI. TECHNOL. Vol. 46 
Issue 21, pp 11,541–11,549 (2012). 

57. Amy R. Sapkota, Frank C. Curriero, Kristen E. Gibson, and Kellogg J. Schwab, 
Antibiotic-Resistant Enterococci and Fecal Indicators in Surface Water and 
Groundwater Impacted by a Concentrated Swine Feeding Operation, ENVIRON. HEALTH 

PERSPECTIVES Vol. 115 Issue 7, pp. 1040-45 (July 2007). 
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58. Deniza Gertsberg, Antibiotic Resistance Threat and CAFOS, GMO Journal: Food Safety 
Politics (Jan. 15, 2014), available at http://gmo-journal.com/2014/01/15/antibiotic-
resistance-threat-and-cafos/. 

59. Juan Li, Thanh Wang, Bing Shao, Jianzhong Shen, Shaochen Wang, and Yongning Wu, 
Plasmid-Mediated Quinolone Resistance Genes and Antibiotic Residues in Wastewater 
and Soil Adjacent to Swine Feedlots: Potential Transfer to Agricultural Lands, ENVIRON. 
HEALTH PERSPECTIVES Vol. 120 Issue 8, pp. 1144-49 (Aug. 2012). 

60. Martin, M.J., Thottathil, S.E., and Newman, T.B., Antibiotics Overuse in Animal 
Agriculture: A Call to Action for Health Care Providers, AM. J. PUB. HEALTH Vol. 105 
Issue 12, pp. 2409-10 (2015). 

61. Gilchrist, M.J., Greko, C., Wallinga, D.B., Beran, G.W., Riley, D. G. and Thorne, P.S., 
The Potential Role of Concentrated Animal Feeding Operations in Infectious Disease 
Epidemics and Antibiotic Resistance, ENVIRON. HEALTH PERSPECTIVES Vol. 115 Issue 2, 
pp. 313–16 (Feb. 2007). 

62. Burkholder, J., Libra, B., Weyer, P., Heathcote, S., Kolpin, D., Thorne, P.S., and 
Wichman, M., Impacts of Waste from Concentrated Animal Feeding Operations on 
Water Quality, ENVIRON. HEALTH PERSPECTIVES Vol. 115 Issue 2, pp. 308-12 (Feb. 
2007). 

63. Willy Blackmore, “The Meat Industry Can’t Stop Buying More and More Antibiotics,” 
Takepart.com (Apr. 2015), available at http://www.takepart.com/article/2015/04/10/ 
antibiotics-sales-livestock-rise. 

64. Don Kelley Curriculum Vitae 
65. Photograph, 3/6/15 Rogers Cattle 
66. Photograph, 4/19/16  
67. Photograph, 4/29/16  
68. Photograph, 4/19/16  
69. Photograph, 4/19/16  
70. Photograph, 4/19/16  
71. Photograph, 4/19/16  
72. Photograph, 4/19/16   
73. Photograph, 4/29/16  
74. Photograph, Spring 15 
75. Photograph, 4/19/16 
76. 7/27/15 - Water Sample Test Results from SD Department of Health - North Dam 
77. 7/27/15 Water Sample Test Results from the SD Department of Health - South Dam 
78. 6/20/16 Water Sample Test Results from SD Department of Health - North Dam 
79. Aerial View of Rogers and Waring Farm 
80. Aerial View of Rogers and Waring Farm 
81. Photograph, 7/4/16 
82. Photograph, 4/4/15 
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83. Photograph, 11/3/15 
 
 Interveners reserve the right to call additional witnesses or present any other exhibits to 
rebut any testimony which has not yet been disclosed. 
 

JOHNSON POCHOP & BARTLING 
 
/s/Kelsea K. Sutton   
Kelsea K. Sutton 
405 Main St. | PO Box 149 
Gregory, SD 57533 
(605) 835-8391 
kelsea@rosebudlaw.com 
Attorney for Intervener Dakota Rural Action 
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CERTIFICATE OF SERVICE 
 

 The undersigned certifies that on the 29th day of August 2016, she served a copy of this 
Witness Disclosure, Exhibit Disclosure, Letter and Exhibit Disc by U.S. First Class mail and 
email upon the following parties of record: 

 
Steven M. Pirner 

Secretary of the Dep’t of Environment & Natural Resources 
Foss Building 
523 E. Capitol 

Pierre, SD 57501-3182 
Steve.Pirner@state.sd.us 

 
Ellie Bailey 

DENR Feedlot Permit Program 
1302 E. Highway 14, Suite 1 

Pierre, SD 57501-8501 
Ellie.Bailey@state.sd.us 

 
Anthony Helland 
1013 W. 20th St. 

Sioux Falls, SD57105 
tony.helland@gmail.com 

 
David & Lisa Nehring 

27551 452nd Ave. 
Parker, SD 57053 

nehringd@crown.edu 
 

George Bogenschutz 
46135 222nd St. 

Nunda, SD 57050 
mtnmach@itctel.com 

 
Meghan Jarchow 

2523 Princeton Ave. 
Vermillion, SD 57069 

meghann.jarchow@usd.edu 
 

Roger & Ann Loeschke 
48464 155th St. 

Milbank, SD 57252 
arloe@tnics.com 

 
South Dakota Cattlemen’s Ass’n and 

South Dakota Dairy Producers 
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WILKINSON & WILKINSON 
103 Joliet Ave., SE | PO Box 29 

De Smet, SD 57231 
todd@wslawfirm.net 

cc: sddairyproducers@gmail.com 
 

South Dakota Pork Producers Council and 
Sonstegard Food Company 
DONAHOE LAW FIRM, P.C. 
401 E. 8th St., Suite 215 
Sioux Falls, SD 57103 

brian@donahoelawfirm.com 
 

William Powers 
512 W. Main St. 
White, SD 57276 
wjp@swcp.com 

 
 

/s/Kelsea K. Sutton   
Kelsea K. Sutton 
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Expert Witness Testimony and Deposition for Kathy J. Martin, PE (OK#18254) Page 1 
 

Expert Witness Testimony and Deposition History  
Kathy J. Martin, PE (OK#18254) 
List updated October 2015 
 
 

Location 
 

File Name 
 

Date 
 

Other 
 
Okla Water 
Resources Board 

 
Seaboard - Nichols Radcliffe 
Nursery  Beaver County, OK 

 
Oct 1997 

 
OWRB Water permit 
administrative hearing 

 
Okla Dept of Ag 

 
BAR-D swine finisher 
Caddo County, OK 

 
Dec 1997 

 
CAFO permit 
administrative hearing 

 
Okla Dept of Ag 

 
Seaboard Fisher facility 
Texas County, OK 

 
Dec 1997 

 
CAFO permit 
administrative hearing 

 
Okla Water 
Resources Board 

 
PIC Gilt Facility 
Woodward County, OK 

 
Aug 1997 

 
OWRB Water permit 
administrative hearing 

 
Utah DEQ 

 
Circle Four Farms 
Administrative Hearing 

 
mid 1998? 

 
CAFO permit 
Board hearing 

 
Okla Dept of Ag 

 
Hanor/Kronseder Huffman Fac. 
Woodward County, OK 

 
Jan 1998 

 
CAFO permit 
administrative hearing 

 
Okla Water 
Resources Board 

 
Murphy Family Farms 
Luthi Facility  Ellis County, OK 

 
Jan 1998 

 
OWRB water permit 
administrative hearing 

 
Okla Dept of Ag 

 
Tyson Chapman Facility 
Seminole, OK 

 
Dec 1999 

 
OWRB water permit 
administrative hearing 

 
Okla Water 
Resources Board 

 
Land of Lakes Taylor Facility 
Beaver County, OK 

 
Mar 2000 

 
OWRB water permit 
administrative hearing 

 
Platte County 
Nebraska 

 
TeVelde Dairy 
District Court 

 
Nov-Dec 
2000 

 
County Permit Appeal 
to District Court 

 
Okla Dept of Ag 

 
Seaboard - Kendra East 
Beaver County, OK 

 
May 2001 

 
CAFO permit 
administrative hearing 

Iowa 
French Creek 

Wayne Weber hog farm 
Sierra Club, et al v Weber 

2001 Deposition 

 
Okla Dept of Ag 

 
Land of Lakes Reddick 
Beaver County, OK 

 
Mar 2002 

 
CAFO permit 
administrative hearing 

 
Okla Dept of Ag 

 
Seaboard Schnackenberg 
Texas County, OK 

 
Jan-Feb 
2003 

 
CAFO permit 
administrative hearing 

 
Okla Dept of Ag 

 
Land of Lakes, T Venable 
Beaver County, OK 

 
Jan-June 
2005 

 
CAFO permit 
administrative hearing 

 
Okla Dept of Ag 

 
Land of Lakes, J. Venable 
Beaver County, OK 

 
Jan-June 
2005 

 
CAFO permit 
administrative hearing 

    



Expert Witness Testimony and Deposition for Kathy J. Martin, PE (OK#18254) Page 2 
 

Okla Dept of Ag Land of Lakes - Ferguson Nursery 
#1 & #2  Beaver County TX 

Jan-Jun 
2005 

CAFO permit 
administrative hearing 

Okla Dept of Ag C&M Cattle Feedlot 
Cimarron County, OK 

April 2006 CAFO permit 
Administrative hearing 

Kendall County 
Illinois 

Toftoy v Rosenwinkel Oct 2006 Deposition 

Kentucky Cabinet 
of Public Health 
and Environment 

9 contract hog operations (Tosh) 
Fulton, Hickman and Carlisle 
counties combined into one 
hearing (wean-to-finish) 

Jan 2007 CAFO permit (KDNOP) 
Administrative hearing 
Deposition 

Kentucky Circuit 
Court 

9 contract hog operations (Tosh) 
Fulton, Hickman and Carlisle 
counties combined into one 
hearing (wean-to-finish) 

Oct 2007 Stay Hearing on agency 
permit action – air toxics 

Indiana Office of 
Environmental 
Adjudication 

Union Go Dairy (Vreba-Hoff) 
Appeal of Permit Issuance 
Appeal Hearing 

Jan-Feb 
2008 

CAFO Permit (NPDES) 
Administrative Hearing 

Missouri 
Administration 
Hearing 
Commission 

Ozbun Poultry Facility 
Appeal of Permit Issuance 
Appeal Hearing 

Jan 2009 CAFO Permit (state) 
Administrative Hearing 

New Mexico 
Environmental 
Department  

ParaSol Dairy 
Appeal of Ground Water Discharge 
Permit 

Feb 2009 Discharge permit (state) 
Administrative Hearing 

Indiana Office of 
Environmental 
Adjudication 

Steuber Hog Farm 
Appeal of Permit Issuance 
Appeal Hearing 

Feb 2009 CAFO Permit (NPDES) 
Administrative Hearing 

Indiana Office of 
Environmental 
Adjudication 

Duckwall Hog Farm 
Appeal of Permit Issuance 
Appeal Hearing 

June 2009 CAFO Permit (NPDES) 
Administrative Hearing 

Indiana Office of 
Environmental 
Adjudication 

Optima Dairy (Vreba-Hoff) 
Appeal of Permit Issuance 
Appeal Hearing 

July 2009 CAFO Permit (NPDES) 
Administrative Hearing 
Deposition 

New Mexico 
Water Quality 
Control 
Commission 

Dairy Rule-Making Hearing 
Technical testimony 

June 2010 Rule-making 

New Mexico 
Oil Conservation 
Commission 

Pit Rule-Making Hearing 
Technical rebuttal testimony 

Aug 2012 Rule-making 
 

Indiana Office of 
Environmental 
Adjudication 

Union Go Dairy (Vreba-Hoff) 
Appeal of Permit Modification 
Appeal Hearing 

Jan 2013 Deposition 

State of Wisconsin 
Div of Hearings 
and Appeals 

Richfield Dairy 
Appeal of Permit Issuance 
Adams County, WI 

June 2013 Plans and Specifications 
Administrative Hearing 

Scott County, 
Illinois 

Marsh, et al v Sandstone North, 
LLC, et al 

Aug 2013 Deposition 

Lea County, New Pearson, et al v Rock View Dairy, Oct 2013 Deposition 
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Mexico High Lonesome Dairy, Rick 
Schaap, and Eddie Schaap 

Superior Court of 
California, County 
of Santa Clara 

Acoba, et al v Olivera Egg Nov 2013 Deposition 

State of Wisconsin 
Div of Hearings 
and Appeals 

Kinnard Dairy 
Appeal of Modified Permit 
Kewaunee County, WI 

Feb 2014 Plans and Specifications 
Administrative Hearing 

State of Indiana Mark Holder v Trotter Farms, Inc, 
Ronald E. Trotter, Rosemary 
Trotter, and Barry Trotter 

Feb 2014 Deposition (Indianapolis, 
IN) 

State of Delaware Brownfield Remediation Plan - 
Pinnacle Foods/Vlassic and 
proposed site of Allen-Harim 
poultry processing facility 
Technical Testimony 

May 2014 Brownfield Remediation 
Plan Appeal Hearing 
Dover, Delaware 

State of Indiana Mark Holder v Trotter Farms, Inc, 
Ronald E. Trotter, Rosemary 
Trotter, and Barry Trotter 

May 2014 Deposition (continuation in 
Kansas City, MO) 

Superior Court of 
California, County 
of Santa Clara 

Acoba, et al v Olivera Egg June 2014 Testimony at Trial 

New Mexico 
Water Quality 
Control 
Commission 

Dairy Rule-Making Hearing 
Pre-filed Written Testimony and 
Rebuttal 

Nov 2014 Rule-making hearing was 
postponed until April 2015 

Missouri Clean 
Water Commission  

Callaway Farrowing, LLC 
Appeal of Permit Issuance 

Feb 2015 State No-Discharge permit 
appeal hearing before an 
administrative law judge. 

Pennsylvania 
Department of 
Environmental 
Quality 

Stedge v Chesapeake March 2015 Appeal Hearing of Frack 
Flowback Tank Storage 
Permit 

Nevada State 
Environmental 
Commission 

Smith Valley Dairy 
Appeal of Permit Issuance 

July 2015 Administrative Hearing 

State of Iowa Pauls v Warren Family Pork 
Dovico v Valley View Farms 
Winburn v Hoksbergen 

Aug and 
Sept 2015 

Deposition 

State of New 
Mexico 

Gonzalez, et al v Del Oro Dairy Aug and 
Sept 2015 

Deposition 

Missouri Clean 
Water Commission 

Trenton Farms RE, LLC 
Appeal of Permit Issuance 

Oct 2015 State No-Discharge permit 
appeal hearing before an 
administrative law judge. 
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Written Comments on Proposed CAFO General Permit 
Submitted to SD-DENR during Formal Comment Period 
 
The following written comments were prepared by Kathy J. Martin, PE (OK#18254) at 
the request of citizen groups, including Dakota Rural Action, South Dakota Farmers 
Union and Socially Responsible Agriculture Project. 
 
A. Rebuttal of DENR Response to Public Comments dated October 8, 2015 
 
A1.  Testing for leakage from concrete deep pits.   During the informal public 
comment period, the DENR response to a concern about a lack of monitoring or testing 
of manure pits is “staff [will] visually inspect wastewater containment structures and 
review containment structure inspection records when conducting inspections.”   
 

- How does one inspect the concrete integrity of deep pits under swine barns after 
they are in use and contain liquid swine manure wastewater? 

- If the operator only uses design factors to estimate the amount of manure and 
wastewater generated, how will the operator know if the amount of wastewater in 
the waste storage facility is undergoing “unusual changes”? 

 
There is concern that the design engineer is the same person that certifies that the 
facility was constructed according to design plans and specifications.  Perhaps the 
certification should also contain photographic evidence that shows the poured concrete 
does not have cracks and pits that could lead to excess seepage, infiltration into the 
concrete matrix and corrosion of the rebar. 
 
A2.  Restrictions for tiled land application fields.  The concern expressed about fall 
application of manure wastewater was addressed by DENR’s response that setbacks 
would apply in Section 1.4.4.3.k, however in the proposed General Permit there setback 
paragraph is found on page 33 of 45, item 1.4.4.2.k, which states: 
 

“A detailed map showing the outline of each field listed in item i. above and all 
buffer zones and separation distances required by this permit (including those in 
Sections 1.4.3.3.v, 1.4.4.1.g and any local government required buffers.  If 
application to saturated, snow covered, or frozen soil may occur routinely or in an 
emergency, separate maps for each land application field showing the outline of 
each field and all winter buffer zones and separation distances shall be 
submitted.” 

 
Neither section of the proposed General Permit refers to identifying field tiles on lands 
used to dispose of manure wastewater by land application.  Of the two sections listed, 
only 1.4.4.1.g refers to anything related to field tiles as follows (emphasis added): 
 

“The producer shall maintain at least a 100-foot buffer zone or 35-foot vegetated 
buffer between: (1) any manure land application areas and any down-gradient 
surface waters, open tile line intake structures, sinkholes, or other conduits to 



Public Comments regarding proposed modification to CAFO General Permit Page 2 
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surface waters of the state; and (2) any irrigation of process wastewater and any 
down-gradient surface waters, open tile line intake structures, sinkholes, or other 
conduits to surface waters of the state.” 

 
The proposed General Permit does not include a definition for “open tile line intake 
structures”.  The DENR response to the request to restrict land application on tiled fields 
is: 
 

“EPA does not have the authority to require a NPDES permit for discharges of 
return flows from irrigated agriculture and the legislature has given the authority 
to regulate drainage to local government not to DENR.” 
 

The assumption that preventing land application over tiled fields is somehow a 
requirement for NPDES discharge permit is not logical.  Typically, a field is tiled in order 
to drain excess water to provide a healthier root zone.  The concern is when land 
application occurs during rainy season or when fields are close to saturation – that the 
manure wastewater will be drained from the subsurface and discharged to surface 
water via the field tile outlet.  This contaminated drainage can be avoided by restricting 
land application on tiled fields during spring rains and during snow melt.  The DENR 
could address these valid concerns as simply as requiring sampling at the field outlet 
tile or capping the field outlet tile during the land application event if contaminated 
discharge occurs. 
 
A3.  Because NPDES doesn’t require it.  Numerous DENR responses to public 
comment claim nothing can be done to assuage public concerns because the US EPA 
does not have requirements or authority to address those concerns.  What is not stated 
is that the General Permit serves two purposes – a federal permit and a state permit – 
using the same exact language.  The DENR certainly has the authority to protect public 
health and the environment and thus can include necessary permit language to insure 
that CAFOs in South Dakota do not pollute waters of the state or adversely impact 
public health. 
 
A4.  Public notice in printed media.  According to their comments, the South Dakota 
Farm Bureau supports the removal of public notice in printed media for modifications to 
the manure management system or nutrient management plan.  The purpose of public 
notice is to notify the public of a potential permit action not make the information difficult 
to obtain.  How can the DENR fulfill its obligation of public notice when rural citizens 
may not have internet access to read the DENR website, much less know they would 
need to access the DENR website all of the time “just in case” a CAFO will be proposed 
in their neighborhood? There is no benefit to the public’s interest by reducing the 
public’s access to notice of permit actions. 
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B.  Additional Issues with final proposed General Permit language. 
 
B1.  Annual report requirements.  On page 39 of 43 in the proposed General Permit, 
items 2 (c) and (d) allow for estimation of amount of total manure generated at the 
facility and the total manure transferred to other persons. 
 

- Why wouldn’t the state require actual volumes of manure generated based on 
the depth to volume charts that indicate actual storage capacity of the waste 
storage facility and depth marker records? 

- Estimates of manure generated imply book values could be used, thus never 
providing public access to the actual manure volumes generated.  To continue to 
use book values after the facility is up and operational serves no purpose as the 
public and the state would never know if the design factors are accurate 
predictors of the actual volumes of manure generated. 

 
B2. Recordkeeping requirements.  On page 39 of 43 of the proposed General Permit, 
Section 1.4.6 lists the items required for the production area including “weekly records 
of the level of the manure and process wastewater in the process wastewater 
containment structures”. 
 

- This type of information would be more valuable if it was paired with the actual 
number of animals (rather than maximum permitted number) on the site that 
generated the manure and process wastewater.  Otherwise, how would the 
operator and/or the state determine if there are any “unexpected changes” to the 
level of waste in the containment structure? 

- Without groundwater monitoring or leak detection systems, the only indicator the 
operator and/or the state has to determine if leakage is occurring from the waste 
storage structure is changes in waste levels based on visual reading of liquid 
level on the depth marker.  It is not clear how a change in liquid levels will directly 
correlate to leakage or could otherwise be explained by less manure generated 
(eg. less than maximum animals or change in cleaning methods). 
 

B3. Allowed seepage rate.  On page 24 of 45, the ground water protection section (4) 
provides for a specific discharge of 9 x 10-7 cm/sec from earthen liners constructed of 18 
inches of clay materials.  Equivalent value of the allowable seepage rate can be 
calculated as follows: 
 

9 x 10-7 cm/sec x 3600 sec/hr x 24 hr/day x in/2.54 cm x gal/231 in3 x 144 in2/ft2 x 
43560 ft2/acre = 831 gal/acre/day 
 
or 303,427 gallons of manure wastewater per acre per year allowable seepage 

 
After 20 years of operation, a 5 acre lagoon could have allowable seepage of 30 million 
gallons.  If the concentration of nitrogen in the manure wastewater is 3000 ppm, the 
amount of nitrogen compounds discharged to the subsurface over a 20 year design life 
can be calculated as follows: 
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 30 mgal x 3000 ppm x 8.34 lbs/gal = 750,600 lbs nitrogen over the design life 
 

- At what maximum concentration of pollutants in the stored manure wastewater 
will the allowable seepage not cause degradation of ground water? 

- Once the waste storage facility is built, how will DENR measure the nitrogen 
compounds and other pollutants that are allowed to discharge to the subsurface 
in the “allowable seepage”? 

 
B4.  Animal type and waste characteristics.  A question was posed during the 
informal comment period about whether the DENR would consider additional permit 
requirements for very large CAFOs (Comment 53) to which the DENR claims “we do not 
believe additional requirements are needed for larger operations.”  No actual 
explanation was provided to help the public understand why DENR staff does not 
recognize a direct correlation between size of operation, amount of manure and 
wastewater generated, and the risk to public health and the environment. 
 

- Does DENR have access to published studies that show no matter how large a 
CAFO is, the risk to the environment and public health is equivalent to a CAFO of 
only 1000 animal units? 

- Does DENR believe that the risks from a dry manure system are the same as 
from a wet manure system? 

 
1000 animal units or 2500 swine finishers produce the following amount of manure (as 
excreted) not including washwater using waste characteristics from Midwest Plan 
Services MWPS-18 and assuming an average weight of 150 pounds: 
 

2500 hd finishers x 0.89 gal/hd/day x 365 days/yr = 812,125 gallons/yr 
 
1000 animal units or 2500 swine sows produce the following amount of manure (as 
excreted) not including washwater using waste characteristics from Midwest Plan 
Services MWPS-18 and assuming an average weight of 400 pounds with 80 percent 
gestating and 20 percent lactating: 
 2000 hd gest sow x 1.10 gal/hd/day x 365 day/yr = 803,000 gal/yr 
 500 hd lact sow x 2.42 gal/hd/day x 365 day/yr = 441,650 gal/yr 
 Total manure as excreted (no washwater) = 1,244,650 gal/yr 
 
1000 animal units or 700 dairy cattle produce the following amount of manure (as 
excreted) not including washwater using waste characteristics from Midwest Plan 
Services MWPS-18 and assuming an average weight of 1400 pounds and assuming all 
are lactating (not including the milking parlor wastewater, silage leachate, or any 
contaminated stormwater runoff directed to the waste storage facility): 
 
 700 dairy x 18.70 gal/hd/day x 365 days/yr = 4,777,850 gal/yr 
 
In other words, a 1000 animal unit sow facility generates 150% of the manure generated 
(as excreted, no washwater included) by a 1000 animal unit swine finisher. Similarly, the 
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700 head dairy would produce nearly 6 times more manure than a 2500 head swine 
finisher and nearly 4 times more manure than a 2500 head sow facility. 
 
B5.  Additional requirements for treatment systems.  The General Permit should 
incorporate by reference the National Engineering Handbook and specific NRCS-SD 
Conservation Practice Standards that include more detailed information about how a 
particular treatment system should be designed, constructed, operated, and maintained.  
On page 23 of 45 of the General Permit, section 1.4.3(3)(z) includes minimal design 
standards for anaerobic, naturally aerobic, and mechanically aerated lagoons.  Only the 
subparagraph for anaerobic digesters includes a reference to a specific NRCS-SD 
Standard (Standard 366). 

For example, an anaerobic lagoon should definitely be designed based on volatile solids 
loading, but it should also have a minimum treatment volume outside of the volumes 
required for waste storage, sludge accumulation, freeboard, and the 25-year, 24-hour 
storm event.  The Animal Waste Management Field Handbook (Part 651 of the National 
Engineering Handbook (NEH)) provides minimum engineering design standards for 
anaerobic lagoons and other waste treatment systems.  If the DENR included Part 651 
of the NEH in section 1.4.3.3(3)(z), all applicants would know what is expected in the 
design to insure that the intended treatment purpose does actually occur during 
operation. 

B6.  Constructing in a 100 year floodplain.  On page 22 of 45, subparagraph 
1.4.3(3)(t) allows construction of a manure containment structure if the “top of the 
freeboard” is at least one foot above the elevation of the 100-year flood.  This allowance 
does not make sense. 

- Is DENR claiming that an earthen structure can withstand a 100-year flood that 
reaches within 1 foot of the top of the berm?   

- How does the earthen berm survive the saturation and scouring of a flood event 
and still maintain structural integrity? 

- Would the DENR allow a 20 million gallon manure wastewater impoundment to 
be constructed in the 100 year flood zone if the one or all sides were built above 
grade? 

B7.  Changes to the General Permit that are less protective.  There are numerous 
occasions where a change in the proposed general permit seems to reduce or eliminate 
restrictive language.  The DENR has not satisfactorily defended a less protective permit 
in its Statement of Basis for the following:   
 

- Allowing land application on saturated or snow covered ground. 
- Reduced operator liability for transferred manure. 
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- Removed requirement for out-of-state manure to be land applied under the South 
Dakota permitting program. 

- Not providing contested case options for neighbors in the state permit approval 
process, but providing such for the applicant if DENR denies the application. 

- Change notification to DENR if land application on snow from “shall” to “should”. 
- Changes in public notice that relies too heavily on internet access. 

 
B8.  Storm water management of production area.  On page 20 of 45, subparagraph 
1.4.3(3)(h)(4) states: 

“If uncontaminated storm water runoff cannot be diverted away from the 
production area and manure management systems, the manure management 
system shall include adequate storage capacity for the additional clean water.” 

The permit language does not specify how the DENR will determine if uncontaminated 
storm water can be diverted within the confines of the particular proposed site, the 
surrounding watershed, and available culverts and ditch systems.  The use of HydroCad 
to predict stormwater runoff volumes and peak flow rates is an important part of proving 
that a proposed CAFO can control storm water and prevent its contamination.  DENR 
should require modeling by HydroCad to show that the proposed facility layout will be 
functional with respect to stormwater run-on and run-off controls during operation. 

B9.  Ground water protection.  The DENR relies heavily upon the shallow aquifer map 
and the map of permeable sediments to determine if a facility should be required to 
have a separate ground water permit or allowed to use the surface water general permit 
with ground water monitoring.  The DENR has permitted numerous CAFOs in and 
amongst the upgradient watersheds to major river systems and their corresponding 
shallow aquifer systems in the east half of the state as can be seen when comparing 
Figure 1 and Figure 2 below.  According to the Permitted CAFO map, the east half of 
the state contains 41 dairies (103,232 head), 124 swine (621,557 head) and 7 poultry 
(4,663,060 hd).  The amount of manure that is land applied in the east half of the state 
can be estimated using Midwest Plan Services MWPS-18 waste characteristics as 
follows: 

 103,232 dairy x 18.70 gal manure/hd/day x 365 days/yr = 704,610,016 gal/yr 
 621,557 swine x 0.89 gal manure/hd/day x 365 days/yr = 201,912,792 gal/yr 
 4,663,060 poultry x 0.017 gal manure/hd/day x 365 days/yr = 28,934,287 gal/yr 
 Total gallons manure per year:  935,457,095 gallons manure per year 
 
This nearly one billion gallons of manure contains 61,902,656 lbs of nitrogen and 
28,782,306 lbs P2O5.  The DENR has chosen to control one billion gallons of manure 
using one general permit regardless of CAFO type or size or risk to human health and 
the environment.  Where is the monitoring data to justify this CAFO general permit? 
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Figure 1 – CAFOs located along I-29 corridor and westward amongst numerous 
shallow aquifer and alluvial areas. 
 

 
Figure 2 – Permeable sediments map of eastern South Dakota. 



nrpr15670
Text Box
Don Kelley Exhibits 51 through 64



ANTIBIOTIC RESISTANCE THREATS  
in the United States, 2013





TABLE OF CONTENTS
Foreword . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  5
Executive Summary. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  6
Section 1: The Threat of Antibiotic Resistance. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  11

Introduction. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  11
National Summary Data. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  13
Cycle of Resistance Infographics. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  14
Minimum Estimates of Morbidity and Mortality from Antibiotic-Resistant Infections . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  15
Limitations of Estimating the Burden of Disease Associated with Antibiotic-Resistant Bacteria. .  .  .  .  .  .  .  .  .  .  18
Assessment of Domestic Antibiotic-Resistant Threats . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  20
Running Out of Drugs to Treat Serious Gram-Negative Infections. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  22
People at Especially High Risk. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  24
Antibiotic Safety. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  25
Gaps in Knowledge of Antibiotic Resistance . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  27
Developing Resistance: Timeline of Key Antibiotic Resistance Events. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .28

Section 2: Fighting Back Against Antibiotic Resistance. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  31
Four Core Actions to Prevent Antibiotic Resistance. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  31

1. Preventing Infections, Preventing the Spread of Resistance . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  32
CDC’s Work to Prevent Infections and Antibiotic Resistance in Healthcare Settings. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  32
CDC’s Work to Prevent Antibiotic Resistance in the Community . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  34
CDC’s Work to Prevent Antibiotic Resistance in Food . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  36

2. Tracking Resistance Patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .39
3. Antibiotic Stewardship: Improving Prescribing, Improving Use. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  41
4. Developing New Antibiotics and Diagnostic Tests . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  44

Section 3: Current Antibiotic Resistance Threats in the United States, by Microorganism. .  .  .  49
Microorganisms with a Threat Level of Urgent . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  50

Clostridium difficile. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  51
Carbapenem-resistant Enterobacteriaceae . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  53
Drug-resistant Neisseria gonorrhoeae. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  55

Microorganisms with a Threat Level of Serious. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  58
Multidrug-resistant Acinetobacter . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  59
Drug-resistant Campylobacter. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  61
Fluconazole-resistant Candida (a fungus). .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  63
Extended spectrum β-lactamase producing Enterobacteriaceae (ESBLs). .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  65
Vancomycin-resistant Enterococcus (VRE). .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  67
Multidrug-resistant Pseudomonas aeruginosa. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  69
Drug-resistant non-typhoidal Salmonella. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  71
Drug-resistant Salmonella Typhi. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  73
Drug-resistant Shigella. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  75
Methicillin-resistant Staphylococcus aureus (MRSA). .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  77
Drug-resistant Streptococcus pneumoniae. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  79
Drug-resistant tuberculosis . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  81

Microorganisms with a Threat Level of Concerning. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  84
Vancomycin-resistant Staphylococcus aureus (VRSA). .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  85
Erythromycin-resistant Group A Streptococcus. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  87
Clindamycin-resistant Group B Streptococcus . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  89

Technical Appendix. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  93
Glossary . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 107
Acknowledgements . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 112



4ACINETOBACTER



5

FOREWORD
Antimicrobial resistance is one of our most serious health threats. Infections from resistant 
bacteria are now too common, and some pathogens have even become resistant to 
multiple types or classes of antibiotics (antimicrobials used to treat bacterial infections). 
The loss of effective antibiotics will undermine our ability to fight infectious diseases 
and manage the infectious complications common in vulnerable patients undergoing 
chemotherapy for cancer, dialysis for renal failure, and surgery, especially organ 
transplantation, for which the ability to treat secondary infections is crucial. 

When first-line and then second-line antibiotic treatment options are limited by resistance 
or are unavailable, healthcare providers are forced to use antibiotics that may be more toxic 
to the patient and frequently more expensive and less effective. Even when alternative 
treatments exist, research has shown that patients with resistant infections are often 
much more likely to die, and survivors have significantly longer hospital stays, delayed 
recuperation, and long-term disability. Efforts to prevent such threats build on the 
foundation of proven public health strategies: immunization, infection control, protecting 
the food supply, antibiotic stewardship, and reducing person-to-person spread through 
screening, treatment and education.

Dr. Tom Frieden, MD, MPH
Director, U.S. Centers for Disease Control and Prevention
Meeting the Challenges of Drug-Resistant Diseases in Developing Countries
Committee on Foreign Affairs Subcommittee on Africa, Global Health, Human Rights,  
and International Organizations
United States House of Representatives
April 23, 2013
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ANTIBIOTIC RESISTANCE THREATS IN 
THE UNITED STATES, 2013
Executive Summary
Antibiotic Resistance Threats in the United States, 2013 is a snapshot of the complex problem 
of antibiotic resistance today and the potentially catastrophic consequences of inaction. 
The overriding purpose of this report is to increase awareness of the threat that antibiotic 
resistance poses and to encourage immediate action to address the threat. This document 
can serve as a reference for anyone looking for information about antibiotic resistance. It is 
specifically designed to be accessible to many audiences. For more technical information, 
references and links are provided.

This report covers bacteria causing severe human infections and the antibiotics used to 
treat those infections. In addition, Candida, a fungus that commonly causes serious illness, 
especially among hospital patients, is included because it, too, is showing increasing 
resistance to the drugs used for treatment. When discussing the pathogens included in this 
report, Candida will be included when referencing “bacteria” for simplicity. Also, infections 
caused by the bacteria Clostridium difficile (C. difficile) are also included in this report. 
Although C. difficile infections are not yet significantly resistant to the drugs used to treat 
them, most are directly related to antibiotic use and thousands of Americans are affected 
each year. 

Drug resistance related to viruses such as HIV and influenza is not included, nor is drug 
resistance among parasites such as those that cause malaria. These are important 
problems but are beyond the scope of this report. The report consists of multiple one or 
two page summaries of cross-cutting and bacteria- specific antibiotic resistance topics. 
The first section provides context and an overview of antibiotic resistance in the United 
States. In addition to giving a national assessment of the most dangerous antibiotic 
resistance threats, it summarizes what is known about the burden of illness, level of 
concern, and antibiotics left to defend against these infections. This first section also 
includes some basic background information, such as fact sheets about antibiotic safety 
and the harmful impact that resistance can have on high-risk groups, including those with 
chronic illnesses such as cancer. 

CDC estimates that in the United States, more than two million people are sickened every 
year with antibiotic-resistant infections, with at least 23,000 dying as a result. The estimates 
are based on conservative assumptions and are likely minimum estimates. They are the best 
approximations that can be derived from currently available data.

Regarding level of concern, CDC has — for the first time — prioritized bacteria in this report 
into one of three categories: urgent, serious, and concerning. 
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Urgent Threats
■■ Clostridium difficile 

■■ Carbapenem-resistant Enterobacteriaceae (CRE)

■■ Drug-resistant Neisseria gonorrhoeae 

Serious Threats
■■ Multidrug-resistant Acinetobacter 

■■ Drug-resistant Campylobacter

■■ Fluconazole-resistant Candida (a fungus)

■■ Extended spectrum β-lactamase producing Enterobacteriaceae (ESBLs)

■■ Vancomycin-resistant Enterococcus (VRE)

■■ Multidrug-resistant Pseudomonas aeruginosa

■■ Drug-resistant Non-typhoidal Salmonella 

■■ Drug-resistant Salmonella Typhi

■■ Drug-resistant Shigella

■■ Methicillin-resistant Staphylococcus aureus (MRSA) 

■■ Drug-resistant Streptococcus pneumoniae

■■ Drug-resistant tuberculosis

Concerning Threats
■■ Vancomycin-resistant Staphylococcus aureus (VRSA)

■■ Erythromycin-resistant Group A Streptococcus

■■ Clindamycin-resistant Group B Streptococcus

The second section describes what can be done to combat this growing threat, including 
information on current CDC initiatives. Four core actions that fight the spread of antibiotic 
resistance are presented and explained, including 1) preventing infections from occurring 
and preventing resistant bacteria from spreading, 2) tracking resistant bacteria, 3) 
improving the use of antibiotics, and 4) promoting the development of new antibiotics and 
new diagnostic tests for resistant bacteria.

The third section provides summaries of each of the bacteria in this report. These 
summaries can aid in discussions about each bacteria, how to manage infections, and 
implications for public health. They also highlight the similarities and differences among 
the many different types of infections. 

 This section also includes information about what groups such as states, communities, 
doctors, nurses, patients, and CDC can do to combat antibiotic resistance. Preventing 
the spread of antibiotic resistance can only be achieved with widespread engagement, 
especially among leaders in clinical medicine, healthcare leadership, agriculture, and public 
health. Although some people are at greater risk than others, no one can completely avoid 
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the risk of antibiotic-resistant infections. Only through concerted commitment and action 
will the nation ever be able to succeed in reducing this threat. 

A reference section provides technical information, a glossary, and additional resources. 

Any comments and suggestions that would improve the usefulness of future publications 
are appreciated and should be sent to Director, Division of Healthcare Quality Promotion, 
National Center for Emerging and Zoonotic Infectious Diseases, Centers for Disease Control 
and Prevention, 1600 Clifton Road, Mailstop A-07, Atlanta, Georgia, 30333. E-mail can also 
be used: hip@cdc.gov. 

mailto:hip@cdc.gov
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THE THREAT OF  
ANTIBIOTIC RESISTANCE
Introduction
Antibiotic resistance is a worldwide problem. New forms of antibiotic resistance can 
cross international boundaries and spread between continents with ease. Many forms of 
resistance spread with remarkable speed. World health leaders have described antibiotic-
resistant microorganisms as “nightmare bacteria” that “pose a catastrophic threat” to people 
in every country in the world. 

Each year in the United States, at least 2 million people acquire serious infections with 
bacteria that are resistant to one or more of the antibiotics designed to treat those 
infections. At least 23,000 people die each year as a direct result of these antibiotic-resistant 
infections. Many more die from other conditions that were complicated by an antibiotic-
resistant infection. 

In addition, almost 250,000 people each year require hospital care for Clostridium difficile 
(C. difficile) infections. In most of these infections, the use of antibiotics was a major 
contributing factor leading to the illness. At least 14,000 people die each year in the United 
States from C. difficile infections. Many of these infections could have been prevented. 

Antibiotic-resistant infections add considerable and avoidable costs to the already 
overburdened U.S. healthcare system. In most cases, antibiotic-resistant infections require 
prolonged and/or costlier treatments, extend hospital stays, necessitate additional 
doctor visits and healthcare use, and result in greater disability and death compared with 
infections that are easily treatable with antibiotics. The total economic cost of antibiotic 
resistance to the U.S. economy has been difficult to calculate. Estimates vary but have 
ranged as high as $20 billion in excess direct healthcare costs, with additional costs to 
society for lost productivity as high as $35 billion a year (2008 dollars).1

The use of antibiotics is the single most important factor leading to antibiotic resistance 
around the world. Antibiotics are among the most commonly prescribed drugs used 
in human medicine. However, up to 50% of all the antibiotics prescribed for people are 
not needed or are not optimally effective as prescribed. Antibiotics are also commonly 
used in food animals to prevent, control, and treat disease, and to promote the growth 
of food-producing animals. The use of antibiotics for promoting growth is not necessary, 
and the practice should be phased out. Recent guidance from the U.S. Food and Drug 
Administration (FDA) describes a pathway toward this goal.2 It is difficult to directly 
compare the amount of drugs used in food animals with the amount used in humans, but 
there is evidence that more antibiotics are used in food production. 

1  http://www.tufts.edu/med/apua/consumers/personal_home_5_1451036133.pdf (accessed 8-5-2013); extrapolated from 
Roberts RR, Hota B, Ahmad I, et al. Hospital and societal costs of antimicrobial-resistant infections in a Chicago teaching 
hospital: implications for antibiotic stewardship. Clin Infect Dis. 2009 Oct 15;49(8):1175-84
2  http://www.fda.gov/downloads/AnimalVeterinary/GuidanceComplianceEnforcement/GuidanceforIndustry/UCM299624.
pdf

http://www.tufts.edu/med/apua/consumers/personal_home_5_1451036133.pdf
http://www.fda.gov/downloads/AnimalVeterinary/GuidanceComplianceEnforcement/GuidanceforIndustry/UCM299624.pdf
http://www.fda.gov/downloads/AnimalVeterinary/GuidanceComplianceEnforcement/GuidanceforIndustry/UCM299624.pdf
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The other major factor in the growth of antibiotic resistance is spread of the resistant strains 
of bacteria from person to person, or from the non-human sources in the environment, 
including food. 

There are four core actions that will help fight these deadly infections: 

■■ preventing infections and preventing the spread of resistance 

■■ tracking resistant bacteria

■■ improving the use of today’s antibiotics

■■ promoting the development of new antibiotics and developing new diagnostic 
tests for resistant bacteria 

Bacteria will inevitably find ways of resisting the antibiotics we develop, which is why 
aggressive action is needed now to keep new resistance from developing and to prevent 
the resistance that already exists from spreading. 

 



 

NATIONAL 
SUMMARY DATA

Antibiotic-resistant infections can happen anywhere. Data show that 
most happen in the general community; however, most deaths related 
to antibiotic resistance happen in healthcare settings, such as hospitals 
and nursing homes.

WHERE DO INFECTIONS HAPPEN?

CS239559

Estimated minimum number of illnesses and 
deaths caused by antibiotic resistance*:

*bacteria and fungus included in this report

2,049,442
23,000

At least illnesses,

deaths

250,000
14,000

At least illnesses,

deaths

Estimated minimum number of illnesses and 
death due to Clostridium difficile (C. difficile),  
a unique bacterial infection that, although 
not significantly resistant to the drugs used to 
treat it, is directly related to antibiotic use and 
resistance:



Simply using antibiotics creates resistance.  These drugs should only be used to treat infections.

Fertilizer or water 
containing animal feces 
and drug-resistant bacteria 
is used on food crops.

Animals get 
antibiotics and 
develop resistant 
bacteria in their guts.

George gets 
antibiotics and 
develops resistant 
bacteria in his gut.

Drug-resistant bacteria 
in the animal feces can 
remain on crops and be 
eaten. These bacteria 
can remain in the 
human gut.

Drug-resistant 
bacteria can 
remain on meat 
from animals.  
When not handled 
or cooked properly, 
the bacteria can 
spread to humans.

Healthcare Facility

Resistant bacteria 
spread to other 
patients from 
surfaces within the 
healthcare facility.

Resistant germs spread 
directly to other patients or 
indirectly on unclean hands 
of healthcare providers.

George stays at 
home and in the 
general community.  
Spreads resistant 
bacteria. George gets care at a 

hospital, nursing home or 
other inpatient care facility.

Vegetable Farm

Patients
go home.

How Antibiotic Resistance Happens

Examples of How Antibiotic Resistance Spreads

4.
Some bacteria give 

their drug-resistance to 
other bacteria, causing 

more problems.

3.
The drug-resistant 

bacteria are now allowed to 
grow and take over.

1. 
Lots of germs.  

A few are drug resistant.

  

2. 
Antibiotics kill

bacteria causing the illness, 
as well as good bacteria 
protecting the body from 

infection. 

CS239559
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Limitations of Estimating the Burden 
of Disease Associated with Antibiotic-
Resistant Bacteria
This report uses several methods, described in the technical appendix, to estimate the 
number of cases of disease caused by antibiotic-resistant bacteria and fungi and the 
number of deaths resulting from those cases of disease. The data presented in this report 
are approximations, and totals, as provided in the national summary tables, can provide 
only a rough estimate of the true burden of illness. Greater precision is not possible at this 
time for a number of reasons: 

■■ Precise criteria exist for determining the resistance of a particular species of 
bacteria to a specific antibiotic. However, for many species of bacteria, there are 
no standard definitions that allow for neatly dividing most species into only two 
categories—resistant vs. susceptible without regard to a specific antibiotic. This 
report specifies how resistance is defined for each microorganism.

■■ There are very specific criteria and algorithms for the attribution of deaths to 
specific causes that are used for reporting vital statistics data. In general, there 
are no similar criteria for making clinical determinations of when someone’s 
death is primarily attributable to infection with antibiotic-resistant bacteria, as 
opposed to other co-existing illnesses that may have contributed to or caused 
death. Many studies attempting to determine attributable mortality rely on 
the judgment of chart reviewers, as is the case for many surveillance systems. 
Thus, the distinction between an antibiotic-resistant infection leading directly to 
death, an antibiotic-resistant infection contributing to a death, and an antibiotic-
resistant infection related to, but not directly contributing to a death are usually 
determined subjectively, especially in the preponderance of cases where patients 
are hospitalized and have complicated clinical presentations. 

In addition, the estimates provided in this report represent an underestimate of the total 
burden of bacterial resistant disease.

■■ The methodology employed in this report likely underestimates, at least for 
some pathogens, the impact of antibiotic resistance on mortality. As described 
in the technical appendix, the percentage of resistant isolates for some bacteria 
was multiplied by the total number of cases or the number of deaths ascribed 
to that bacterium. A number of studies have shown that the risk of death 
following infection with a strain of resistant bacteria is greater than that following 
infection with a susceptible strain of the same bacteria. More accurate data for 
all bacteria would be necessary to estimate the extent of the differential risk for 
death associated with a resistant infection vs. the risk of death associated with a 
susceptible infection. But, lacking that data, the lower, more conservative estimate 
has been used. That estimate is the approximation of the number of deaths derived 
by applying the proportion of resistant isolates to the estimated total number of 
deaths caused by that pathogen. 
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■■ For several pathogens, complete data from all types of infections are not 
available since tracking is limited to the more severe types of infections. For some 
pathogens, such as methicillin-resistant Staphylococcus aureus (MRSA), only cases 
due to invasive disease are counted. For other pathogens, where resistance is 
predominately limited to healthcare settings, only disease occurring in acute care 
hospitals, or requiring hospitalization, are counted. 

The actual number of infections and the actual number of deaths, therefore, are certainly 
higher than the numbers provided in this report. 

This report does not provide a specific estimate for the financial cost of antibiotic-resistant 
infections. Although a variety of studies have attempted to estimate costs in limited 
settings, such as a single hospital or group of hospitals, the methods used are quite 
variable. Similarly, careful work has been done to estimate costs for specific pathogens, 
such as Streptococcus pneumoniae and MRSA. However, no consensus methodology 
currently exists for making such monetary estimates for many of the other pathogens listed 
in this report. For this reason, this report references non-CDC estimates in the introduction, 
but does not attempt to estimate the overall financial burden of antibiotic resistance to the 
United States. 
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Assessment of Domestic Antibiotic 
Resistance Threats
CDC conducted an assessment of antibiotic resistance threats, categorizing the threat 
level of each bacteria as urgent, serious, or concerning. The assessment was done in 
consultation with non-governmental experts in antibiotic resistance who serve on the 
Antimicrobial Resistance Working Group of the CDC Office of Infectious Diseases Board 
of Scientific Counselors (http://www.cdc.gov/oid/BSC.html). CDC also received input and 
recommendations from the National Institutes of Health (NIH) and the U.S. Food and Drug 
Administration (FDA). Threats were assessed according to seven factors associated with 
resistant infections: 

■■ clinical impact 

■■ economic impact

■■ incidence 

■■ 10-year projection of incidence 

■■ transmissibility 

■■ availability of effective antibiotics 

■■ barriers to prevention

The assessment was focused on domestic impact, but the threat of importing international 
antibiotic-resistant pathogens was taken into account in the 10-year incidence projection. 
Because antibiotic resistance is a rapidly evolving problem, this assessment will be revised at 
least every five years. Examples of findings that could result in a change in threat status are:

■■ Multidrug-resistant and extensively drug-resistant tuberculosis (MDR and XDR 
TB) infections are an increasing threat outside of the United States. In the United 
States, infections are uncommon because a robust prevention and control 
program is in place. If infection rates of MDR and XDR TB increase within the U.S., 
this antibiotic-resistant threat will change from serious to urgent, because it is 
transmissible through respiratory secretions, and because treatment options are 
very limited.

■■ MRSA infections can be very serious and the number of infections is among 
the highest of all antibiotic-resistant threats. However, the number of serious 
infections is decreasing and there are multiple effective antibiotics for treating 
infections. If MRSA infection rates increase or MRSA strains become more resistant 
to other antibiotic agents, then MRSA may change from a serious to an urgent 
threat.

■■ Streptococcus pneumoniae (pneumococcus) can cause serious and sometimes 
life-threatening infections. Antibiotic resistance significantly affects the ability to 
manage these infections. A new version of the pneumococcal conjugate vaccine 
(PCV13), introduced in 2010, protects against infections with the most resistant 
pneumococcus strains and rates of resistant infections are declining. The extent to 
which this trend will continue is unknown, but a significant and sustainable drop in 
resistant infection rates could result in this threat being recategorized  
as concerning.

http://www.cdc.gov/oid/BSC.html
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In general, threats assigned to the urgent and serious categories require more monitoring 
and prevention activities, whereas the threats in the concerning category require less. 
Regardless of category, threat-specific CDC activities are tailored to meet the epidemiology 
of the infectious agent and to address any gaps in the ability to detect resistance and to 
protect against infections. 

HAZARD LEVEL
URGENT

These are high-consequence antibiotic-resistant threats because of 
significant risks identified across several criteria. These threats may not be 
currently widespread but have the potential to become so and require urgent 
public health attention to identify infections and to limit transmission.

Clostridium difficile (C. difficile), Carbapenem-resistant Enterobacteriaceae (CRE), Drug-resistant Neisseria 
gonorrhoeae (cephalosporin resistance)

HAZARD LEVEL
SERIOUS

These are significant antibiotic-resistant threats. For varying reasons (e.g., 
low or declining domestic incidence or reasonable availability of therapeutic 
agents), they are not considered urgent, but these threats will worsen 
and may become urgent without ongoing public health monitoring and 
prevention activities.

Multidrug-resistant Acinetobacter, Drug-resistant Campylobacter, Fluconazole-resistant Candida (a fungus), 
Extended spectrum β-lactamase producing Enterobacteriaceae (ESBLs), Vancomycin-resistant Enterococcus 
(VRE), Multidrug-resistant Pseudomonas aeruginosa, Drug-resistant Non-typhoidal Salmonella, Drug-resistant 
Salmonella Typhi, Drug-resistant Shigella, Methicillin-resistant Staphylococcus aureus (MRSA), Drug-resistant 
Streptococcus pneumonia, Drug-resistant tuberculosis (MDR and XDR)

HAZARD LEVEL
CONCERNING

These are bacteria for which the threat of antibiotic resistance is low, and/
or there are multiple therapeutic options for resistant infections. These 
bacterial pathogens cause severe illness. Threats in this category require 
monitoring and in some cases rapid incident or outbreak response.

Vancomycin-resistant Staphylococcus aureus (VRSA), Erythromycin-resistant Streptococcus Group A, 
Clindamycin-resistant Streptococcus Group B

Although C. difficile is not currently significantly resistant to antibiotics used to treat it, it was included in the threat assessment 
because of its unique relationship with resistance issues, antibiotic use, and its high morbidity and mortality. 
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Running Out of Drugs to Treat Serious 
Gram-Negative Infections
Among all of the bacterial resistance problems, gram-negative pathogens are particularly 
worrisome, because they are becoming resistant to nearly all drugs that would be 
considered for treatment. This is true as well, but not to the same extent, for some of 
the gram-positive infections (e.g., Staphylococcus and Enterococcus). The most serious 
gram-negative infections are healthcare-associated, and the most common pathogens 
are Enterobacteriaceae, Pseudomonas aeruginosa, and Acinetobacter. Treating infections 
of either pan-resistant or nearly pan-resistant gram-negative microorganisms is an 
increasingly common challenge in many hospitals. The table below describes the drug 
classes used to treat these infections and a description of important drug resistance and 
other limitations. The classes are in order of most likely to be used to less likely to be used.

Drug Class Important Characteristics Resistance and Other Limitations

β-lactams A large class of broad-spectrum drugs 
that are the main treatment for gram-
negative infections. The subclasses are 
listed below and are presented in an 
order from narrow-spectrum (penicillins) 
to broad-spectrum (carbapenem) 
β-lactam drugs.

Gram-negative bacteria have developed 
several pathways to β-lactam resistance. 
Perhaps the most concerning are 
β-lactamases, enzymes that destroy the 
β-lactam antibiotics. Some β-lactamases 
destroy narrow spectrum drugs 
(e.g., only active against penicillins) 
while newer β-lactamases (e.g. 
carbapenemases found in carbapenem-
resistant Enterobacteriaceae or CRE) are 
active against all β-lactam antibiotics.

β-lactam subclass:

Penicillin, 
aminopenicillins, 
and early 
generation 
cephalosporins

Among the first antibiotics developed 
for treatment of bacterial infections. In 
the absence of resistance, these drugs 
are active against a broad range of 
bacterial pathogens.

Resistance among gram-negative 
bacteria is widespread. These drugs are 
rarely recommended as treatment for 
serious gram-negative infections.

β-lactamase 
inhibitor 
combinations

These drugs are still active against gram- 
negative bacteria that have β-lactamases 
with limited activity for destroying 
β-lactam antibiotics.

These drugs are important for treatment 
of serious gram- negative infections 
but resistance is increasing. Bacteria 
that are resistant to extended-spectrum 
cephalosporins and carbapenems are 
usually resistant to these drugs as well. 
New β-lactamase inhibitor combination 
drugs in development have the 
potential to overcome some, but not 
all, of resistance from the most potent 
β-lactamases such as those found in 
CRE.

Extended-spectrum 
Cephalosporins

These drugs have been a cornerstone 
for treatment of serious gram-negative 
infections for the past 20 years. 

Resistant gram-negative infections first 
emerged in healthcare settings but now 
are also spreading in the community. 
When resistance occurs, a carbapenem 
is the only remaining β-lactam agent.
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Drug Class Important Characteristics Resistance and Other Limitations

Carbapenems A broad-spectrum β-lactam antibiotic 
that is considered the last resort for 
treatment of serious gram-negative 
infections. 

CRE infections are spreading in 
healthcare facilities throughout the 
United States and the world. It is 
reasonable to expect that this resistance 
will expand to bacteria that circulate 
in the community, as witnessed by 
extended-spectrum β-lactamase 
producing bacteria. Carbapenem 
resistance can also be found among 
other gram-negative bacteria including 
Pseudomonas and Acinetobacter spp. 
Once bacteria become resistant to 
carbapenems, they are usually resistant 
to all β-lactams. 

Fluoroquinolones These are broad-spectrum antibiotics 
that are often given orally, making them 
convenient to use in both inpatients and 
outpatients.

Resistant bacteria develop quickly with 
increased use in a patient population. 
Increased use is also associated with 
an increase in infections caused by 
fluoroquinolone-resistant, hyper-
virulent strains of Clostridium difficile. 

Aminoglycosides These drugs are often used in 
combination with β-lactam drugs for 
the treatment of serious gram-negative 
infections.

Despite growing resistance problems, 
these drugs continue to be an 
important therapeutic option. However, 
clinicians rarely use these drugs alone 
because of concerns with resistance and 
side effects.

Tetracyclines & 
Glycyclines

Tetracyclines are not a first-line 
treatment option for serious gram 
negative infections; however, with 
increasing resistance to other drug 
classes, tetracyclines are considered 
as a treatment option. Glycyclines (i.e., 
tigecycline) are often considered for 
treatment of multidrug-resistant gram-
negative infections.

Tigecycline is a drug that does not 
distribute evenly in the body, so it is 
often used in combination with other 
drugs depending upon the site of 
infection. Resistance to tigecycline 
has emerged but it is still relatively 
uncommon.

Polymyxins These drugs are an older class that fell 
out of favor because of toxicity concerns. 
Now they are often used as a “last resort” 
agent for treatment of multidrug-
resistant gram-negative infections. 

Because these are generic drugs, there 
are limited contemporary data on 
proper dosing. In addition, resistance 
is emerging, but there are limited data 
guiding the accurate detection of 
resistance in hospital labs. As a result, 
use of these drugs present significant 
challenges for clinicians. In the absence 
of a drug sponsor, FDA and NIH are 
funding studies to fill these critical 
information gaps. 
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People at Especially High Risk
As antibiotic resistance grows, the antibiotics used to treat infections do not work as well 
or at all. The loss of effective antibiotic treatments will not only cripple the ability to fight 
routine infectious diseases but will also undermine treatment of infectious complications 
in patients with other diseases. Many of the advances in medical treatment—joint 
replacements, organ transplants, cancer therapy, and treatment of chronic diseases such as 
diabetes, asthma, rheumatoid arthritis—are dependent on the ability to fight infections with 
antibiotics. If that ability is lost, the ability to safely offer people many life-saving and life-
improving modern medical advantages will be lost with it. For example:

CANCER CHEMOTHERAPY
People receiving chemotherapy are often at risk for developing an infection when 
their white blood cell count is low. For these patients, any infection can quickly 
become serious and effective antibiotics are critical for protecting the patient 
from severe complications or death.

COMPLEX SURGERY
Patients who receive cardiac bypass, joint replacements, and other complex surgeries 
are at risk of a surgical site infection (SSI). These infections can make recovery from 
surgery more difficult because they can cause additional illness, stress, cost, and 
even death. For some, but not all surgeries, antibiotics are given before surgery to 
help prevent infections.

RHEUMATOID ARTHRITIS
Inflammatory arthritis affects the immune system, which controls how well the 
body fights off infections. People with certain types of arthritis have a higher risk 
of getting infections. Also, many medications given to treat inflammatory arthritis 
can weaken the immune system. Effective antibiotics help ensure that arthritis 
patients can continue to receive treatment.

DIALYSIS FOR END-STAGE RENAL DISEASE
Patients who undergo dialysis treatment have an increased risk for getting a 
bloodstream infection. In fact, bloodstream infections are the second leading 
cause of death in dialysis patients. Infections also complicate heart disease, 
the leading cause of death in diaysis patients. Infection risk is higher in 
these patients because they have weakened immune systems and often require 
catheters or needles to enter their bloodstream. Effective antibiotics help 
ensure that dialysis patients can continue to receive life-saving treatment.

ORGAN AND BONE MARROW TRANSPLANTS
Transplant recipients are more vulnerable to infections. Because a patient 
undergoes complex surgery and receives medicine to weaken the immune system 
for a year or more, the risk of infection is high. It is estimated that 1% of organs 
transplanted in the United States each year carry a disease that comes from the 
donor—either an infection or cancer. Effective antibiotics help ensure that organ 
transplants remain possible.
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Antibiotic Safety

1         5
ANTIBIOTICS ARE RESPONSIBLE  

FOR ALMOST

OUT OF
EMERGENCY DEPARTMENT VISITS 

FOR ADVERSE DRUG EVENTS

ANTIBIOTICS ARE THE 
MOST COMMON CAUSE OF  

EMERGENCY DEPARTMENT VISITS  
FOR ADVERSE DRUG EVENTS  

IN CHILDREN UNDER  
18 YEARS OF AGE.

■■ Antibiotics are powerful drugs that are generally safe and very helpful in fighting 
disease, but there are times when antibiotics can actually be harmful.

■■ Antibiotics can have side effects, including allergic reactions and a potentially 
deadly diarrhea caused by the bacteria Clostridium difficile (C. difficile). Antibiotics 
can also interfere with the action of other drugs a patient may be taking for 
another condition. These unintended reactions to antibiotics are called adverse 
drug events.

■■ When someone takes an antibiotic that they do not need, they are needlessly 
exposed to the side effects of the drug and do not get any benefit from it.

■■ Moreover, taking an antibiotic when it is not needed can lead to the development 
of antibiotic resistance. When resistance develops, antibiotics may not be able to 
stop future infections. Every time someone takes an antibiotic they don’t need, 
they increase their risk of developing a resistant infection in the future.  



26

Types of Adverse Drug Events Related to 
Antibiotics

Allergic Reactions
Every year, there are more than 140,000 emergency department visits for 
reactions to antibiotics. Almost four out of five (79%) emergency department 
visits for antibiotic-related adverse drug events are due to an allergic reaction. 
These reactions can range from mild rashes and itching to serious blistering skin 
reactions swelling of the face and throat, and breathing problems. Minimizing 
unnecessary antibiotic use is the best way to reduce the risk of adverse drug 
events from antibiotics. Patients should tell their doctors about any past drug 
reactions or allergies. 

C. difficile
C. difficile causes diarrhea linked to at least 14,000 American deaths each year. 
When a person takes antibiotics, good bacteria that protect against infection are 
destroyed for several months. During this time, patients can get sick from C. difficile 
picked up from contaminated surfaces or spread from a healthcare provider’s 
hands. Those most at risk are people, especially older adults, who take antibiotics 
and also get medical care. Take antibiotics exactly and only as prescribed. 

Drug Interactions and Side Effects
Antibiotics can interact with other drugs patients take, making those drugs or the 
antibiotics less effective. Some drug combinations can worsen the side effects of 
the antibiotic or other drug. Common side effects of antibiotics include nausea, 
diarrhea, and stomach pain. Sometimes these symptoms can lead to dehydration 
and other problems. Patients should ask their doctors about drug interactions and 
the potential side effects of antibiotics. The doctor should be told immediately if a 
patient has any side effects from antibiotics.
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GAPS IN KNOWLEDGE  
OF ANTIBIOTIC RESISTANCE

LIMITED NATIONAL, STATE, AND FEDERAL CAPACITY TO DETECT 
AND RESPOND TO URGENT AND EMERGING ANTIBIOTIC 
RESISTANCE THREATS

Even for critical pathogens of concern like carbapenem-
resistant Enterobacteriaceae (CRE) and Neisseria gonorrhoeae, 
we do not have a complete picture of the domestic incidence, 
prevalence, mortality, and cost of resistance.

CURRENTLY, THERE IS NO SYSTEMATIC INTERNATIONAL 
SURVEILLANCE OF ANTIBIOTIC RESISTANCE THREATS

Today, the international identification of antibiotic 
resistance threats occurs through domestic importation of 
novel antibiotic resistance threats or through identification 
of overseas outbreaks.

DATA ON ANTIBIOTIC USE IN HUMAN HEALTHCARE AND IN 
AGRICULTURE ARE NOT SYSTEMATICALLY COLLECTED

Routine systems of reporting and benchmarking antibiotic 
use wherever it occurs need to be piloted and scaled 
nationwide.

PROGRAMS TO IMPROVE ANTIBIOTIC PRESCRIBING ARE NOT 
WIDELY USED IN THE UNITED STATES

These inpatient and outpatient programs hold great promise 
for reducing antibiotic resistance threats, improving patient 
outcomes, and saving healthcare dollars.

ADVANCED TECHNOLOGIES CAN IDENTIFY THREATS MUCH 
FASTER THAN CURRENT PRACTICE

Advanced molecular detection (AMD) technologies, which can 
identify AR threats much faster than current practice, are not 
being used as widely as necessary in the United States.
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Developing Resistance
Timeline of Key Antibiotic Resistance Events

Dates are based upon early reports 
of resistance in the literature. In the 
case of pan drug-resistant (PDR)-
Acinetobacter and Pseudomonas, 
the date is based upon reports 
of healthcare transmission or 
outbreaks.  Note: penicillin was in 
limited use prior to widespread 
population usage in 1943.

ANTIBIOTIC RESISTANCE 
INDENTIFIED

penicillin-R Staphylococcus	 1940

tetracycline-R Shigella	 1959

methicillin-R Staphylococcus	 1962

	 penicillin-R pneumococcus	 1965

	 erythromycin-R Streptococcus	 1968

	 gentamicin-R Enterococcus	 1979

	 ceftazidime-R Enterobacteriaceae	 1987
	 vancomycin-R Enterococcus	 1988

	 levofloxacin-R pneumococcus	 1996
	 imipenem-R Enterobacteriaceae	 1998

	 XDR tuberculosis	 2000
	 linezolid-R Staphylococcus	 2001
	 vancomycin-R Staphylococcus	 2002
	 PDR-Acinetobacter and Pseudomonas	2004/5

	 ceftriaxone-R Neisseria gonorrhoeae	 2009
	 PDR-Enterobacteriaceae	

	 ceftaroline-R Staphylococcus	 2011

ANTIBIOTIC 
INTRODUCED

1943	 penicillin

1950	 tetracycline

1953	 erythromycin

1960	 methicillin

1967	 gentamicin

1972	 vancomycin

1985	 imipenem and
	 ceftazidime

1996	 levofloxacin

2000	 linezolid

2003	 daptomycin

2010	 ceftaroline
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FIGHTING BACK AGAINST  
ANTIBIOTIC RESISTANCE
Four Core Actions to Prevent  
Antibiotic Resistance

1 PREVENTING INFECTIONS,
PREVENTING THE SPREAD OF RESISTANCE

Avoiding infections in the first place reduces the amount of 
antibiotics that have to be used and reduces the likelihood that 
resistance will develop during therapy. There are many ways that 
drug-resistant infections can be prevented: immunization, safe 
food preparation, handwashing, and using antibiotics as directed 
and only when necessary. In addition, preventing infections also 
prevents the spread of resistant bacteria.

TRACKING
CDC gathers data on antibiotic-resistant infections, causes of 
infections and whether there are particular reasons (risk factors) 
that caused some people to get a resistant infection. With that 
information, experts can develop specific strategies to prevent 
those infections and prevent the resistant bacteria from spreading.

2

3 IMPROVING ANTIBIOTIC PRESCRIBING/STEWARDSHIP
Perhaps the single most important action needed to greatly slow 
down the development and spread of antibiotic-resistant infections 
is to change the way antibiotics are used. Up to half of antibiotic 
use in humans and much of antibiotic use in animals is unnecessary 
and inappropriate and makes everyone less safe. Stopping even 
some of the inappropriate and unnecessary use of antibiotics in 
people and animals would help greatly in slowing down the spread 
of resistant bacteria. This commitment to always use antibiotics 
appropriately and safely—only when they are needed to treat 
disease, and to choose the right antibiotics and to administer them 
in the right way in every case—is known as antibiotic stewardship.

4 DEVELOPING NEW DRUGS AND DIAGNOSTIC TESTS
Because antibiotic resistance occurs as part of a natural process in 
which bacteria evolve, it can be slowed but not stopped. Therefore, 
we will always need new antibiotics to keep up with resistant 
bacteria as well as new diagnostic tests to track the development 
of resistance.
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FOUR CORE ACTIONS
PREVENTING INFECTIONS, 
PREVENTING SPREAD.
TRACKING RESISTANCE 
PATTERNS.
IMPROVING USE OF 
ANTIBIOTICS.
DEVELOPING NEW ANTIBIOTICS 
AND DIAGNOSTIC TESTS. 

1. PREVENTING INFECTIONS, 
PREVENTING THE SPREAD OF 
RESISTANCE

Preventing infections from developing reduces 
the amount of antibiotics used. This reduction in 
antibiotic use, in turn, slows the pace of antibiotic 
resistance. Preventing infections also prevents the 

spread of resistant bacteria. Antibiotic-resistant infections can 
be prevented in many ways. This section focuses on CDC’s 
works to prevent antibiotic-resistant infections in healthcare settings, in the community, 
and in food. 

CDC’s Work to Prevent Infections and Antibiotic Resistance in Healthcare 
Settings

Antibiotic resistance in healthcare settings is a significant threat to public health. Because 
almost all Americans will receive care in a medical setting at some point, the problem 
can affect anyone. In addition, many times, patients in medical settings such as hospitals 
and long-term care facilities (e.g., skilled nursing facilities and nursing homes) are already 
vulnerable due to weak immune systems and underlying illness. For these patients, 
contracting an antibiotic-resistant infection is especially dangerous. By preventing 
antibiotic resistance in healthcare settings, patients’ lives are better protected and their 
health can be better preserved. In addition, healthcare facilities, systems, insurers and 
patients can save dollars that otherwise would have been spent on more complex care and 
medications needed to manage antibiotic-resistant infections. 

CDC works to prevent antibiotic resistance in healthcare settings by providing a system to 
track resistance and prescribing patterns at national, regional, and local levels; providing 
guidance to healthcare facilities interested in better antibiotic use; and working to prevent 
all patient infections through infection control guidelines, assistance implementing these 
guidelines, and laboratory expertise. Here are some examples of how CDC is working to 
prevent antibiotic resistance in healthcare settings:

Tracking

CDC’s National Healthcare Safety Network (NHSN) is used by healthcare facilities to 
electronically report infections, antibiotic use, and resistance. Data currently submitted by 
hospitals to NHSN allow facilities, states, and regions the ability to track and benchmark 
antibiotic resistance in bacteria responsible for many healthcare-associated infections. As 
more hospitals submit data to the new NHSN Antibiotic Use and Resistance Module, they 
will be able to track and benchmark antibiotic resistance in all bacteria, as well as track 
antibiotic usage. This information will allow facilities to target areas of concern, to make 
needed improvements and to track the success of their efforts. In addition, NHSN allows 
CDC to perform and report national assessments of antibiotic resistance. 

CDC’s specialized, national reference laboratory tests bacteria samples from around the 
country to detect new and emerging resistance patterns that affect patient health. This 
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reference testing also provides an early warning of new resistance that has the potential to 
spread across the nation and that requires public health action.

Additionally, CDC recently conducted a survey in collaboration with its Emerging 
Infections Program to estimate the number of healthcare-associated infections and to 
better understand antibiotic use among inpatients in U.S. hospitals. The survey found that 
antibiotic use was frequent, that most antibiotic use was for treating active infections, and 
that vancomycin was the most commonly used antibiotic overall. Formal results are due to 
be published in late 2013 and 2014. CDC plans to conduct a repeat survey in 2014 that will 
include assessments of appropriate antibiotic prescribing.

Improving Antibiotic Prescribing

CDC manages the Get Smart program, a national campaign to improve antibiotic 
prescribing and use in both outpatient and inpatient settings. The program supports a 
variety of state-based programs modeled on the national effort. Each November, CDC 
publicizes its annual Get Smart About Antibiotics Week to raise awareness among patients, 
healthcare providers, hospital administrators, and policy makers about the threat of 
antibiotic resistance and the need to decrease inappropriate antibiotic use. CDC provides 
public health messages and resources for improving antibiotic use in healthcare settings 
and is now working with a variety of partners to improve the use of antibiotics in healthcare 
settings. One core activity is the development and implementation of the Antibiotic 
Stewardship Drivers and Change Package, a tool that provides healthcare facilities with 
a menu of interventions they can select from to improve antibiotic use. CDC developed 
and tested this tool with the Institute for Healthcare Improvement. Additional information 
about Get Smart About Antibiotics Week activities and messages can be found on CDC’s 
website: http://www.cdc.gov/getsmart/. The Drivers and Change Package can be found at 
http://www.cdc.gov/getsmart/healthcare/improve-efforts/driver-diagram/index.html.

Protecting Patients from Infections

Preventing infections negates the need for antibiotic use in the first place, and scientific 
evidence shows that reducing antibiotic use in a single facility can reduce resistance 
in that facility. Taken on a national scale, infection prevention efforts can significantly 
decrease resistance. To help prevent infections, CDC conducts research to find new ways of 
preventing infections; provides the nation with infection prevention guidelines and tools to 
prevent infections; serves as the nation’s reference laboratory to identify microorganisms; 
and offers the nation’s largest healthcare-associated infection tracking system, NHSN, 
allowing facilities and states to identify and address problem areas.

http://www.cdc.gov/getsmart
http://www.cdc.gov/getsmart/healthcare/improve-efforts/driver-diagram/index.html
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CDC’s Work to Prevent Antibiotic Resistance in the Community

Antibiotic-resistant infections outside of the hospital setting were rare until recently. 
Today, resistant infections that can be transmitted in the community include tuberculosis 
and respiratory infections caused by Streptococcus pneumoniae, skin infections caused by 
methicillin-resistant Staphylococcus aureus, and sexually transmitted infections such as 
gonorrhea.

CDC works to prevent antibiotic resistance in the community by providing systems to track 
infections and changes in resistance; improving prescribing at national, regional, and local 
levels; and limiting or interrupting the spread of infections. These activities are similar to 
the strategies used in medical settings, but the approach can differ because the population 
(potentially everyone) is large and the settings are different. Here are some examples of the 
strategies CDC uses to prevent antibiotic resistance in communities:

Tracking Community Infections and Resistance

These programs are examples of CDC’s effort to identify critical infections in the community 
and monitor resistance trends.

■■ Active Bacterial Core surveillance (ABCs): Tracking infections caused by Neisseria 
meningitidis, Streptococcus pneumoniae, Groups A and B Streptococcus, and 
methicillin-resistant Staphylococcus aureus

■■ Gonococcal Isolate Surveillance Project (GISP): Collecting isolates from 
gonorrhea infections to monitor antibiotic resistance

■■ National Tuberculosis Surveillance System (NTSS): National Electronic Disease 
Surveillance System (NEDSS)-based reporting of tuberculosis cases including 
resistance data

■■ Healthcare-Associated Infections-Community Interface (HAIC): Tracking 
infections with C. difficile and with multidrug-resistant gram-negative 
microorganisms.

Improving Antibiotic Prescribing

Prescribing antibiotics when they are not needed or prescribing the wrong antibiotic in 
outpatient settings such as doctors’ offices is common. In some cases, doctors might not 
order laboratory tests to confirm that bacteria are causing the infection, and therefore the 
antibiotic might be unnecessarily prescribed. In other cases, patients demand treatment 
for conditions such as a cold when antibiotics are not needed and will not help. Likewise, 
healthcare providers can be too willing to satisfy a patient’s expectation for an antibiotic 
prescription. CDC manages the Get Smart program, a national campaign to improve 
antibiotic prescribing and use in both outpatient and inpatient settings, and supports a 
variety of state-based programs modeled on the national effort. CDC provides local public 
health authorities with messages and resources for improving antibiotic use in outpatient 
settings and is now working with a variety of partners to identify new approaches for 
improving antibiotic use.
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Limiting and Interrupting the Spread of Antibiotic-Resistant Infections in  
the Community

Preventing the spread of infection in the community is a significant challenge, and  
many prevention interventions are used, depending on the type of infection and the route 
of transmission. 

Here are some examples of CDC’s activities to limit and interrupt the spread of antibiotic-
resistant community infections:

■■ Contact Tracing: A prevention strategy that has proven successful is tracking cases 
(individuals who are infected) and tracing contacts (people who have had contact 
with a case that puts them at risk for infection as well). This process is used to 
ensure that all persons requiring an intervention such as treatment, prophylaxis, 
or temporary isolation from the general public are identified and managed 
appropriately. This approach is resource intensive, but it has successfully limited 
transmission of infections including tuberculosis, gonorrhea, and meningococcus.

■■ Vaccination: There are few vaccines for antibiotic-resistant bacteria, but the S. 
pneumoniae vaccine has proven that an effective vaccine can reduce antibiotic 
resistance rates. The vaccine targets certain types of the bacteria, even if it is a 
resistant type, and reduces the overall number of infections, including those that 
are caused by resistant strains. The first version of the vaccine was introduced in 
2000 and reduced the frequency of antibiotic-resistant infections, but it did not 
protect against a particular strain of S. pneumoniae called serotype 19A. This strain 
became increasingly resistant to antibiotics and caused more infections because 
the vaccine did not offer protection. A new version of the vaccine, approved 
for use in 2010, protects against serotype 19A. As a result, the rate of resistant 
pneumococcal infections is decreasing.

■■ Treatment Guidelines: The spread of antibiotic resistance can be prevented if 
infections are effectively treated before the pathogen is spread to others. For some 
infections, laboratory tests for guiding treatment are not easily available or the 
turn-around time is slow or incomplete. This is the case for treating gonorrhea 
and tuberculosis. For these infections, healthcare providers rely on treatment 
guidelines for proper management of infections. CDC monitors resistance trends 
in Neisseria gonorrhoeae (the cause of gonorrhea) and Mycobacterium tuberculosis 
(the cause of tuberculosis) and publishes treatment guidelines to limit the 
progression of these diseases and the spread of bacteria.

■■ Promotion of Safe Sex: Increases in the spread of drug-resistant Neisseria 
gonorrhoeae poses unique challenges. To prevent transmission of this infection, 
CDC works to promote safer sexual behaviors such as abstinence, mutual 
monogamy, and correct and consistent condom use.
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Preventing Infections: CDC’s Work to Prevent Antibiotic Resistance in Food 

Each year, millions of people in the United States become sick from foodborne and other 
enteric (gastrointestinal) infections. While many of these infections are mild and do not 
require treatment, antibiotics can be lifesaving in severe infections. Antibiotic resistance 
compromises our ability to treat these infections and is a serious threat to public health. 
Preventing resistant enteric infections requires a multifaceted approach and partnerships 
because bacteria that cause some infections, such as salmonellosis and campylobacteriosis, 
have animal reservoirs, while other bacteria, such as those that cause shigellosis and 
typhoid fever, have human reservoirs. To prevent antibiotic-resistant foodborne infections, 
CDC works closely with state and local health departments; with the U.S. Food and Drug 
Administration (FDA), which regulates antibiotics, many foods, animal feed, and other 
products; and with the U.S. Department of Agriculture (USDA), which regulates meat, 
poultry, and egg products.

Tracking Antibiotic Resistance

In 1996, the National Antimicrobial Resistance Monitoring System (NARMS) was established 
as a collaboration among CDC, FDA, USDA, and state and local public health departments. 
This national public health surveillance system tracks antibiotic resistance among 
Salmonella, Campylobacter, and other bacteria transmitted commonly through food. 
NARMS tests bacteria from humans (CDC), retail meats (FDA), and food-producing animals 
(USDA) in the United States. The primary objectives of the NARMS program are to:

■■ Monitor trends in antibiotic resistance among enteric bacteria from humans, retail 
meats, and food-producing animals.

■■ Disseminate information on antibiotic resistance to promote interventions that 
reduce antibiotic resistance among foodborne bacteria.

■■ Conduct research to better understand the emergence, persistence, and spread of 
antibiotic resistance.

■■ Provide data that assist the FDA in making decisions about approving safe and 
effective antibiotic drugs for animals.

The CDC reference laboratory conducts antibiotic susceptibility testing on isolates from 
sporadic cases and outbreaks of illness. The lab also confirms and studies bacteria that 
have new antibiotic resistance patterns. NARMS provides information about patterns of 
emerging resistance among enteric pathogens to stakeholders, including federal regulatory 
agencies, policymakers, consumer advocacy groups, industry, and the public, to guide 
public health prevention and policy efforts that protect people from resistant infections. For 
more information about NARMS: www.cdc.gov/narms.

Improving Antibiotic Use

Antibiotics are widely used in food-producing animals, and according to data published 
by FDA, there are more kilograms of antibiotics sold in the United States for food-
producing animals than for people. (http://www.fda.gov/downloads/ForIndustry/UserFees/
AnimalDrugUserFeeActADUFA/UCM338170.pdf). This use contributes to the emergence 
of antibiotic-resistant bacteria in food-producing animals. Resistant bacteria in food-
producing animals are of particular concern because these animals serve as carriers. 

www.cdc.gov/narms
http://www.fda.gov/downloads/ForIndustry/UserFees/AnimalDrugUserFeeActADUFA/UCM338170.pdf
http://www.fda.gov/downloads/ForIndustry/UserFees/AnimalDrugUserFeeActADUFA/UCM338170.pdf
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Resistant bacteria can contaminate the foods that come from those animals, and people 
who consume these foods can develop antibiotic-resistant infections. Antibiotics must 
be used judiciously in humans and animals because both uses contribute to not only the 
emergence, but also the persistence and spread of antibiotic-resistant bacteria. 

Scientists around the world have provided strong evidence that antibiotic use in food-
producing animals can harm public health through the following sequence of events:

■■ Use of antibiotics in food-producing animals allows antibiotic-resistant bacteria to 
thrive while susceptible bacteria are suppressed or die.

■■ Resistant bacteria can be transmitted from food-producing animals to humans 
through the food supply.  

■■ Resistant bacteria can cause infections in humans. 

■■ Infections caused by resistant bacteria can result in adverse health consequences 
for humans.

Because of the link between antibiotic use in food-producing animals and the occurrence 
of antibiotic-resistant infections in humans, antibiotics should be used in food-producing 
animals only under veterinary oversight and only to manage and treat infectious diseases, 
not to promote growth. CDC encourages and supports efforts to minimize inappropriate 
use of antibiotics in humans and animals, including FDA’s strategy to promote the 
judicious use of antibiotics that are important in treating humans (http://www.fda.gov/
AnimalVeterinary/SafetyHealth/AntimicrobialResistance/JudiciousUseofAntimicrobials/
default.htm). CDC supports FDA’s plan to implement draft guidance in 2013 that 
will operationalize this strategy (http://www.fda.gov/downloads/AnimalVeterinary/
GuidanceComplianceEnforcement/GuidanceforIndustry/UCM299624.pdf). CDC has also 
contributed to a training curriculum for veterinarians on prudent antibiotic use in animals. 
CDC’s efforts to improve antibiotic prescribing in humans are described in other sections of 
this report.

Preventing Infections

Efforts to prevent foodborne and other enteric infections help to reduce both antibiotic-
resistant infections and antibiotic-susceptible infections (those that can be treated 
effectively with antibiotics). CDC activities that help prevent these infections include: 

■■ Estimating how much foodborne illness occurs. 

■■ Monitoring trends in foodborne infections.

■■ Investigating outbreaks and sporadic cases of foodborne illness to stop outbreaks 
and improve prevention.

■■ Attributing illnesses to specific foods and settings.

■■ Tracking and responding to changes in resistance.

■■ Determining the sources of antibiotic-resistant enteric infections. 

■■ Educating consumers and food workers about safe food handling practices. 

■■ Identifying and educating groups at high risk for infection.

■■ Promoting proper handwashing.

http://www.fda.gov/AnimalVeterinary/SafetyHealth/AntimicrobialResistance/JudiciousUseofAntimicrobials/default.htm
http://www.fda.gov/AnimalVeterinary/SafetyHealth/AntimicrobialResistance/JudiciousUseofAntimicrobials/default.htm
http://www.fda.gov/AnimalVeterinary/SafetyHealth/AntimicrobialResistance/JudiciousUseofAntimicrobials/default.htm
http://www.fda.gov/downloads/AnimalVeterinary/GuidanceComplianceEnforcement/GuidanceforIndustry/UCM299624.pdf
http://www.fda.gov/downloads/AnimalVeterinary/GuidanceComplianceEnforcement/GuidanceforIndustry/UCM299624.pdf
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■■ Strengthening the capacity of state and local health departments to detect, 
respond to, and report foodborne infections.

■■ Developing better diagnostic tools to rapidly and accurately find sources of 
contamination.

■■ Providing recommendations for travelers on safe food and clean water.
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2. TRACKING RESISTANCE 
PATTERNS 

CDC gathers data on antibiotic-resistant infections, 
causes of infections, and whether there are 
particular reasons (risk factors) that caused some 
people to get a resistant infection . With that 

information, experts develop specific strategies to prevent 
those infections and prevent the resistant bacteria from 
spreading .

CDC’s Antibiotic Resistance and Antibiotic-Resistant Infections Tracking Platform

provides access to bacterial and fungal 
samples for testing and detailed clinical 
case data

The three main programs within EIP 
collect different types of resistance data:

■■ ABCs provides clinical 
information and resistance 
data for bacteria that cause 
infections predominately in the 
community  

■■ The HAIC provides clinical 
information and resistance data 
for bacteria and fungi that cause 
infections at the intersection 
of healthcare and the general 
community

■■ FoodNet supplies clinical and 
epidemiologic data on some 
human isolates in the National 
Antimicrobial Resistance 
Monitoring System (NARMS)

ABCs:

Streptococcus pneumoniae

Groups A and B Streptococcus

Methicillin-resistant 
Staphylococcus aureus

HAIC:

C. difficile

Candida (a fungus)

Carbapenem-R 
Enterobacteriaceae

MDR Acinetobacter 

FoodNet: (see NARMS list)

NARMS

National Antimicrobial 
Resistance Monitoring System

A national public health surveillance 
system that tracks changes in the 
susceptibility of foodborne and other 
enteric bacteria to antibiotics of human 
and veterinary medical importance  
NARMS is a collaboration among CDC, 
FDA, USDA, and state and local health 
departments  CDC tests bacterial  
isolates from humans, while FDA and 
USDA test isolates from retail meats and 
food animals

Salmonella 

Campylobacter 

Shigella 

Tracking Networks Data Collected Resistant Bacteria/Fungus3

EIP

Emerging Infections Program

There are three main programs 
within the EIP:

■■ ABCs: Active Bacterial 
Core surveillance

■■ HAIC: Healthcare-
Associated Infections-
Community Interface

■■ FoodNet: Foodborne 
Diseases Active 
Surveillance Network

A network of public health-academic-
hospital collaborations in 10 states  It 

FOUR CORE ACTIONS
PREVENTING INFECTIONS, 
PREVENTING SPREAD.
TRACKING RESISTANCE 
PATTERNS.
IMPROVING USE OF 
ANTIBIOTICS.
DEVELOPING NEW ANTIBIOTICS 
AND DIAGNOSTIC TESTS. 
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Tracking Networks Data Collected Resistant Bacteria/Fungus3

NHSN

National Healthcare Safety 
Network

A system that collects and provides data 
on infections and drug-resistance in 
healthcare settings. Since NHSN collects 
data directly from healthcare facilities, 
it can provide facility-level information 
on healthcare-associated infections and 
antibiotic resistance (and in the future, on 
antibiotic use).

Staphylococcus aureus

Enterococcus 

Enterobacteriaceae

Acinetobacter 

Pseudomonas aeruginosa

Candida (a fungus)

GISP

Gonococcal Isolate Surveillance 
Program

A program to track antibiotic resistance 
data for gonococcal isolates. Isolates 
are collected from sexually transmitted 
disease clinics in approximately 28 cities.

Neisseria gonorrhoeae

NTSS

National Tuberculosis 
Surveillance System

National Electronic Disease Surveillance 
System (NEDSS)-based reporting of 
tuberculosis cases including resistance 
data. Public health departments from 50 
states and the US territories contribute 
data.

Mycobacterium tuberculosis

3ABCs also includes surveillance for Neisseria meningitidis and Haemophilus influenzae. NARMS also includes surveillance for  
E. coli O157 and Vibrio (non-V. cholerae).
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FOUR CORE ACTIONS
PREVENTING INFECTIONS, 
PREVENTING SPREAD.
TRACKING RESISTANCE 
PATTERNS.
IMPROVING USE OF 
ANTIBIOTICS.
DEVELOPING NEW ANTIBIOTICS 
AND DIAGNOSTIC TESTS. 

3. ANTIBIOTIC STEWARDSHIP:  
IMPROVING PRESCRIBING  
AND USE

Antibiotics were first used to treat serious infections 
in the 1940s. Since then, antibiotics have saved 
millions of lives and transformed modern medicine. 
During the last 70 years, however, bacteria have 

shown the ability to become resistant to every antibiotic that 
has been developed. And the more antibiotics are used, the 
more quickly bacteria develop resistance (see the Antibiotic Resistance Timeline in this report). 

Anytime antibiotics are used, this puts biological pressure on bacteria that promotes the 
development of resistance. When antibiotics are needed to prevent or treat disease, they 
should always be used. But research has shown that as much as 50% of the time, antibiotics 
are prescribed when they are not needed or they are misused (for example, a patient is given 
the wrong dose). This not only fails to help patients; it might cause harm. Like every other 
drug, antibiotics have side effects and can also interact or interfere with the effects of other 
medicines. This inappropriate use of antibiotics unnecessarily promotes antibiotic resistance. 

Antibiotics are a limited resource. The more that antibiotics are used today, the less likely 
they will still be effective in the future. Therefore, doctors and other health professionals 
around the world are increasingly adopting the principles of responsible antibiotic use, 
often called antibiotic stewardship. Stewardship is a commitment to always use antibiotics 
only when they are necessary to treat, and in some cases prevent, disease; to choose 
the right antibiotics; and to administer them in the right way in every case. Effective 
stewardship ensures that every patient gets the maximum benefit from the antibiotics, 
avoids unnecessary harm from allergic reactions and side effects, and helps preserve the 
life-saving potential of these drugs for the future. Efforts to improve the responsible use 
of antibiotics have not only demonstrated these benefits but have also been shown to 
improve outcomes and save healthcare facilities money in pharmacy costs.
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Antibiotic Prescriptions per 1000 Persons of All Ages According to State, 2010

 

529–656

843–896

689–774

899–972

780–836

996–1237

New England Journal of Medicine

The frequency with which doctors prescribe antibiotics varies greatly from state to 
state. The reasons for this variation are being studied and might suggest areas where 
improvements in antibiotic prescribing (fewer unnecessary prescriptions) would be 
most helpful.
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ANTIBIOTIC STEWARDSHIP
IN YOUR FACILITY WILL

DECREASE INCREASE
■ ANTIBIOTIC RESISTANCE

■ C. DIFFICILE INFECTIONS

■ COSTS

■ �GOOD PATIENT  
OUTCOMES

PROMOTE ANTIBIOTIC BEST PRACTICES— 
A FIRST STEP IN ANTIBIOTIC STEWARDSHIP

■ �ENSURE ALL ORDERS HAVE DOSE, DURATION, AND INDICATIONS

■ �GET CULTURES BEFORE STARTING ANTIBIOTICS

■ �TAKE AN “ANTIBIOTIC TIMEOUT” REASSESSING ANTIBIOTICS 
AFTER 48–72 HOURS

ANTIBIOTIC STEWARDSHIP PROGRAMS ARE  
A “WIN-WIN” FOR ALL INVOLVED

A UNIVERSITY OF MARYLAND STUDY SHOWED 
ONE ANTIBIOTIC STEWARDSHIP PROGRAM 
SAVED A TOTAL OF $17 MILLION 
OVER EIGHT YEARS

ANTIBIOTIC STEWARDSHIP HELPS IMPROVE 
PATIENT CARE AND SHORTEN 

HOSPTIAL STAYS, THUS BENEFITING 
PATIENTS AS WELL AS HOSPITALS
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FOUR CORE ACTIONS
PREVENTING INFECTIONS, 
PREVENTING SPREAD.
TRACKING RESISTANCE 
PATTERNS.
IMPROVING USE OF 
ANTIBIOTICS.
DEVELOPING NEW 
ANTIBIOTICS AND DIAGNOSTIC 
TESTS. 

4. DEVELOPING NEW ANTIBIOTICS 
AND DIAGNOSTIC TESTS

Because antibiotic resistance occurs as part of a 
natural evolution process, it can be significantly 
slowed but not stopped. Therefore, new antibiotics 
will always be needed to keep up with resistant 

bacteria as well as new diagnostic tests to track the 
development of resistance.

Tomorrow’s Antibiotics: The Drug Pipeline

The number of new 
antibiotics developed 

and approved has 
steadily decreased in 

the past three decades, 
leaving fewer options to 
treat resistant bacteria.

Number of Antibacterial New Drug Application (NDA)  
Approvals vs. Year Intervals*

*Intervals from 1980–2009 are 5-year intervals; 2010–2012 is a 3-year interval. Drugs are limited to systemic agents.
Data courtesy of FDA’ s Center for Drug Evaluation and Research (CDER).



45

Examples of Recently Approved Drugs

Drug Name
Year 
Approved

Key Targeted 
Pathogens Drug’s Use and Resistance Trends

Quinupristin/
Dalfoprisitin

1999 Staphylococcus

Streptococcus

This is a combination of two drugs that can be used to 
treat gram-positive infections. Because side effects are 
common, this drug is usually not a first choice for therapy. 
Resistance in target pathogens has been described, but the 
percentage in the United States is still low.

Moxifloxacin 1999 Enterobacteriaceae

Staphylococcus

Streptococcus

Moxifloxacin, like other fluoroquinolones, demonstrates 
broad spectrum activity, and it can be used to treat a 
range of infections. Unfortunately, there is cross-resistance 
among the fluoroquinolones, and resistance is increasing 
in all targeted pathogens, especially Enterobacteriaceae.

Linezolid 2000 Staphylococcus

Enterococcus

Linezolid can be used to treat serious gram-positive 
infections. Resistance has occurred but it is still 
uncommon.

Ertapenem 2001 Enterobacteriaceae

Staphylococcus

Streptococcus

Ertapenem is a carbapenem that can be used to treat a 
wide range of infections. Dissemination of carbapenem-
resistant Enterobacteriaceae (CRE) is impacting the drug’s 
overall effectiveness.

Gemifloxacin 2003 Enterobacteriaceae

Streptococcus

Gemifloxacin is a fluoroquinolone that can be used to 
treat mild to moderate community-associated respiratory 
disease. Like moxifloxacin, there is cross-resistance with 
other fluoroquinolone drugs so resistance is increasing.

Daptomycin 2003 Staphylococcus

Streptococcus

Enterococcus

Daptomycin is often used for treatment of serious gram-
positive infections. Resistance is emerging in all of the 
targeted pathogens, but the resistance rates are currently 
low.

Tigecycline 2005 Enterobacteriaceae

Staphylococcus

Streptococcus

Enterococcus

Tigecycline is often one of the only active agents for 
carbapenem-resistant gram-negative infections, and 
resistance is emerging. However, even in the absence of 
resistance, the effectiveness of this agent for treatment of 
the most serious infections is a concern. 

Doripenem 2007 Enterobacteriaceae

Pseudomonas 
aeruginosa

Acinetobacter spp.

Streptococcus spp.

Doripenem is a carbapenem drug most commonly used 
to treat serious gram-negative infections. Dissemination of 
carbapenem-resistant gram-negative pathogens like CRE is 
reducing the overall effectiveness of this drug. 

Telavancin 2008 Staphylococcus

Streptococcus

Enterococcus

Telavancin is approved for treatment of gram-positive 
skin and soft tissue infections. Use is limited because it is 
administered intravenously and is therefore difficult to use 
in an outpatient setting. In addition, it should not be used 
in a woman of childbearing age without a pregnancy test.
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Drug Name
Year 
Approved

Key Targeted 
Pathogens Drug’s Use and Resistance Trends

Ceftaroline 2010 Enterobacteriaceae

Staphylococcus

Streptococcus

Ceftaroline is a cephalosporin drug, but unlike other 
cephalosporins, this one can be used to treat MRSA 
infections. Resistance has been identified but is rare. 
Ceftaroline does not demonstrate any enhanced activity 
compared to other cephalosporins for Enterobacteriaceae. 
ESBL-producing isolates and CRE isolates are resistant to 
this drug as well. ESBL (extended-spectrum β-lactamase) 
is an enzyme that allows bacteria to become resistant to 
a wide variety of penicillins and cephalosporins .Bacteria 
that contain this enzyme are known as ESBLs or ESBL-
producing bacteria.
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CARBAPENEM-RESISTANT 
ENTEROBACTERIACEAE (CRE)
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CURRENT ANTIBIOTIC RESISTANCE 
THREATS IN THE UNITED STATES,  
BY MICROORGANISM
This section includes summaries for each microorganism, 
grouped by threat level: URGENT, SERIOUS, and CONCERNING. 
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MICROORGANISMS WITH  
A THREAT LEVEL OF URGENT
Clostridium difficile

Carbapenem-resistant Enterobacteriaceae

Drug-resistant Neisseria gonorrhoeae

THREAT LEVEL
URGENT

These bacteria are immediate public 
health threats that require urgent and 
aggressive action.



CLOSTRIDIUM 
DIFFICILE 

250,000
INFECTIONS PER YEAR

14,000
DEATHS

$1,000,000,000
IN EXCESS MEDICAL COSTS PER YEAR

THREAT LEVEL
URGENT
This bacteria is an immediate public health threat  

that requires urgent and aggressive action.

Clostridium difficile (C. difficile) causes life-threatening diarrhea. 
These infections mostly occur in people who have had both 
recent medical care and antibiotics. Often, C. difficile infections 
occur in hospitalized or recently hospitalized patients.

RESISTANCE OF CONCERN
■■ Although resistance to the antibiotics used to treat C. difficile infections 

is not yet a problem, the bacteria spreads rapidly because it is naturally 
resistant to many drugs used to treat other infections. 

■■ In 2000, a stronger strain of the bacteria emerged. This strain is resistant 
to fluoroquinolone antibiotics, which are commonly used to treat other 
infections.

■■ This strain has spread throughout North America and Europe, infecting and 
killing more people wherever it spreads.

PUBLIC HEALTH THREAT
■■ 250,000 infections per year requiring hospitalization or affecting already 

hospitalized patients.
■■ 14,000 deaths per year. 
■■ At least $1 billion in excess medical costs per year. 
■■ Deaths related to C. difficile increased 400% between 2000 and 2007, in part 

because of a stronger bacteria strain that emerged. 
■■ Almost half of infections occur in people younger than 65, but more than 

90% of deaths occur in people 65 and older. 
■■ About half of C. difficile infections first show symptoms in hospitalized or 

recently hospitalized patients, and half first show symptoms in nursing home 
patients or in people recently cared for in doctors’ offices and clinics.



CLOSTRIDIUM DIFFICILE

FIGHTING THE SPREAD OF RESISTANCE
Healthcare Providers Can:

■■ Prescribe antibiotics carefully (see http://www.cdc.gov/
getsmart/specific-groups/hcp/index.html). Once culture 
results are available, check whether the prescribed antibiotics 
are correct and necessary. 

■■ Order a C. difficile test (preferably a nucleic acid amplification test) 

WHAT CDC IS DOING
■■ Tracking and reporting national progress toward preventing  

C. difficile infections.
■■ Promoting C. difficile prevention programs and providing gold-

standard patient safety recommendations.
■■ Providing prevention expertise, as well as outbreak and laboratory 

assistance, to health departments and healthcare facilities.

WHAT YOU CAN DO
CEOs, Medical Officers, and other Healthcare 
Facility Leaders Can:

■■ Support better testing (nucleic acid amplification tests), 
tracking, and reporting of infections and prevention efforts.

■■ Ensure policies for rapid detection and isolation of patients 
with C. difficile are in place and followed.

■■ Assess hospital cleaning to be sure it is performed thoroughly,  
and augment this using an Environmental Protection Agency-
approved, spore-killing disinfectant in rooms where C. difficile 
patients are treated. 

■■ Notify other healthcare facilities about infectious diseases when 
patients transfer, especially between hospitals and nursing homes. 

■■ Participate in a regional C. difficile prevention effort. 

if the patient has had 3 or more unformed stools within 24 hours. 
■■ Be aware of infection rates in your facility or practice, and follow 

infection control recommendations with every patient. This includes 
using contact precautions (gloves and gowns) and isolation for 
patients who are suspected to have C. difficile, and continuing those 
practices for those with positive test results. 

Patients can:
■■ Take antibiotics only as prescribed by your doctor and  

complete the prescribed course of treatment. Antibiotics  
can be lifesaving medicines. 

■■ Tell your doctor if you have been on antibiotics and get diarrhea 
within a few months. 

■■ Wash your hands before eating and after using the bathroom. 
■■ Try to use a separate bathroom if you have diarrhea, or be sure the 

bathroom is cleaned well if someone with diarrhea has used it.
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ONLINE RESOURCES
Vital Signs, March 2012: Making Health Care Safer  
http://www.cdc.gov/vitalsigns/hai/

Clostridium difficile Infection resources 
http://www.cdc.gov/HAI/organisms/cdiff/Cdiff_infect.html

http://www.cdc.gov/vitalsigns/hai/
http://www.cdc.gov/HAI/organisms/cdiff/Cdiff_infect.html
http://www.cdc.gov/getsmart/specific-groups/hcp/index.html
http://www.cdc.gov/getsmart/specific-groups/hcp/index.html


CARBAPENEM-RESISTANT 
ENTEROBACTERIACEAE

9,000 DRUG-RESISTANT 
INFECTIONS
PER YEAR

CARBAPENEM- 
RESISTANT 

KLEBSIELLA SPP. 1,400 CARBAPENEM- 
RESISTANT 
E. COLI

600 DEATHS

CRE HAVE BECOME RESISTANT TO ALL  
OR NEARLY ALL AVAILABLE ANTIBIOTICS

7,900
THREAT LEVEL

URGENT
This bacteria is an immediate public health threat  

that requires urgent and aggressive action.

Untreatable and hard-to-treat infections from carbapenem-resistant 
Enterobacteriaceae (CRE) bacteria are on the rise among patients in 
medical facilities. CRE have become resistant to all or nearly all the 
antibiotics we have today. Almost half of hospital patients who get 
bloodstream infections from CRE bacteria die from the infection.

RESISTANCE OF CONCERN
■■ Some Enterobacteriaceae are resistant to nearly all antibiotics, including carbapenems, 

which are often considered the antibiotics of last resort.

■■ More than 9,000 healthcare-associated infections are caused by CRE each year.

■■ CDC laboratories have confirmed at least one type of CRE in healthcare facilities in  
44 states.

■■ About 4% of U.S. short-stay hospitals had at least one patient with a serious CRE 
infection during the first half of 2012. About 18% of long-term acute care hospitals 
had one.

PUBLIC HEALTH THREAT
An estimated 140,000 healthcare-associated Enterobacteriaceae infections occur in the United 
States each year; about 9,300 of these are caused by CRE. Up to half of all bloodstream 
infections caused by CRE result in death. Fortunately, bloodstream infections account for 
a minority of all healthcare-associated infections caused by Enterobacteriaceae. Each year, 
approximately 600 deaths result from infections caused by the two most common types of 
CRE, carbapenem-resistant Klebsiella spp. and carbapenem-resistant E. coli. 

 

Percentage of Enterobacteriaceae 
healthcare-associated infections 
resistant to carbapenems

Estimated 
number of 
infections

Estimated 
number of deaths 
attributed

Carbapenem-Resistant 
Klebsiella spp.

11% 7,900 520

Carbapenem-resistant 
E. coli

2% 1,400 90

For more information about data methods and references, please see technical appendix.
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CARBAPENEM-RESISTANT
ENTEROBACTERIACEAE

FIGHTING THE SPREAD OF RESISTANCE
WHAT CDC IS DOING

■■ Tracking illness and identifying risk factors for CRE infections using two systems, 
the National Healthcare Safety Network and the Emerging Infections Program.

■■ Providing CRE outbreak support, such as staff expertise, prevention guidelines, 
tools, and lab assistance, to states and facilities. 

■■ Developing tests and prevention programs to identify and control CRE. 
CDC’s “Detect and Protect” effort (http://www.cdc.gov/hai/pdfs/cre/CDC_
DetectProtect.pdf) supports regional CRE programs. 

■■ Helping medical facilities improve antibiotic prescribing practices.

WHAT YOU CAN DO
States and Communities Can:

■■ Know CRE trends in your region. 
■■ Coordinate regional CRE tracking and control efforts in areas 

with CRE. Areas not yet or rarely affected by CRE infections can 
be proactive in CRE prevention efforts. 

■■ Require facilities to alert each other when transferring patients 
with any infection. 

■■ Consider including CRE infections on your state’s Notifiable Diseases list.

Healthcare CEOs, Medical Officers, and Other Healthcare Facility 
Leaders Can:

■■ Require and strictly enforce CDC guidance for CRE detection, prevention, 
tracking, and reporting. 

■■ Make sure your lab can accurately identify CRE and alert clinical and infection 
prevention staff when these bacteria are present. 

■■ Know CRE trends in your facility and in the facilities around you. 
■■ When transferring a patient, require staff to notify the other facility about 

infections, including CRE. 
■■ Join or start regional CRE prevention efforts, and promote wise antibiotic use. 

Health Care Providers Can:
■■ Know if patients with CRE are hospitalized at your facility, and 

stay aware of CRE infection risks. Ask if your patients have received 
medical care somewhere else, including another country. 

■■ Follow infection control recommendations with every patient, using 
contact precautions for patients with CRE. Whenever possible, dedicate 
rooms, equipment, and staff to CRE patients. 

■■ Prescribe antibiotics wisely (http://www.cdc.gov/getsmart/healthcare). Use 
culture results to modify prescriptions if needed. 

■■ Remove temporary medical devices as soon as possible. 

Patients Can:
■■ Tell your doctor if you have been hospitalized in another  

facility or country. 
■■ Take antibiotics only as prescribed. 
■■ Insist that everyone wash their hands before touching you.

ONLINE RESOURCES
Vital Signs, March 2013: Making Health Care Safer  
 

2012 CRE Toolkit 
http://www.cdc.gov/hai/organisms/cre/cre-toolkit/index.html

MMWR, March 2013 
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6209a3.htm?s_cid=mm6209a3_w

Get Smart for Healthcare 
http://www.cdc.gov/getsmart/healthcare

Carbapenem-resistant Enterobacteriaceae (CRE) Resources 
http://www.cdc.gov/HAI/organisms/cre/index.html

http://www.cdc.gov/hai/organisms/cre/cre-toolkit/index.html
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6209a3.htm?s_cid=mm6209a3_w
http://www.cdc.gov/getsmart/healthcare
http://www.cdc.gov/HAI/organisms/cre/index.html
http://www.cdc.gov/getsmart/healthcare


DRUG-RESISTANT 
NEISSERIA GONORRHOEAE

246,000
DRUG-RESISTANT

GONORRHEA INFECTIONS

188,600 RESISTANCE TO 
TETRACYCLINE

REDUCED SUSCEPTIBILITY 
TO CEFIXIME

REDUCED SUSCEPTIBILITY 
TO CEFTRIAXONE

REDUCED SUSCEPTIBILITY 
TO AZITHROMYCIN

11,480

3,280

2,460

820,000 GONOCOCCAL INFECTIONS  
PER YEAR

THREAT LEVEL
URGENT
This bacteria is an immediate public health threat  

that requires urgent and aggressive action.

Neisseria gonorrhoeae causes gonorrhea, a sexually transmitted 
disease that can result in discharge and inflammation at the 
urethra, cervix, pharynx, or rectum.

RESISTANCE OF CONCERN
N. gonorrhoeae is showing resistance to antibiotics usually used to treat it. These  
drugs include:

■■ cefixime (an oral cephalosporin)

■■ ceftriaxone (an injectable cephalosporin)

■■ azithromycin

■■ tetracycline 

PUBLIC HEALTH THREAT
Gonorrhea is the second most commonly reported notifiable infection in the United 
States and is easily transmitted. It causes severe reproductive complications and 
disproportionately affects sexual, racial, and ethnic minorities. Gonorrhea control relies on 
prompt identification and treatment of infected persons and their sex partners. Because 
some drugs are less effective in treating gonorrhea, CDC recently updated its treatment 
guidelines to slow the emergence of drug resistance. CDC now recommends only ceftriaxone 

plus either azithromycin or doxycycline as first-line treatment for gonorrhea. The emergence 
of cephalosporin resistance, especially ceftriaxone resistance, would greatly limit treatment 
options and could cripple gonorrhea control efforts. 

In 2011, 321,849 cases of gonorrhea were reported to CDC, but CDC estimates that more 
than 800,000 cases occur annually in the United States.

  Percentage Estimated number of cases

Gonorrhea 820,000

Resistance to any antibiotic 30% 246,000

Reduced susceptibility to cefixime <1% 11,480

Reduced susceptibility to ceftriaxone <1% 3,280

Reduced susceptibility to azithromycin <1% 2,460

Resistance to tetracycline 23% 188,600

Source: The Gonococcal Isolate Surveillance Project (GISP)–5,900 isolates tested for susceptibility in 2011.
For more information about data methods and references, please see technical appendix.

 



DRUG-RESISTANT
NEISSERIA GONORRHOEAE

FIGHTING THE SPREAD OF RESISTANCE
Cephalosporin-resistant N. gonorrhoeae is often resistant to multiple classes of other antibiotics 
and as a result, infections caused by these bacteria will likely fail empiric treatment regimens. If 
cephalosporin-resistant N. gonorrhoeae becomes widespread, the public health impact during a 
10-year period is estimated to be 75,000 additional cases of pelvic inflammatory disease (a major 
cause of infertility), 15,000 cases of epididymitis, and 222 additional HIV infections because HIV is 
transmitted more readily when someone is co-infected with gonorrhea. In addition, the estimated 
direct medical costs would total $235 million. Additional costs are anticipated to be incurred as a 
result of increased susceptibility monitoring, provider education, case management, and the need 
for additional courses of antibiotics and follow-up. 

Gonorrhea is a global problem, requiring a global approach. Action in the United States alone 
is unlikely to prevent resistance from developing, but rapid detection and effective treatment 
of patients and their partners might slow the spread of resistance. Preventing gonorrhea is 
critical. Screening, rapid detection, prompt treatment, and partner services are the foundations of 
gonorrhea control in the United States. Effectively addressing the heavy burden of gonorrhea and 
anticipated arrival of cephalosporin resistance requires continued use of these strategies as well 
as the use of expedited partner therapy, promotion of safer sexual behaviors such as abstinence, 
mutual monogamy, and correct and consistent condom use, and activities designed to rapidly 

detect and respond to antibiotic-resistant infections

WHAT CDC IS DOING
CDC is closely monitoring resistance in N. gonorrhoeae in the United States and actively 
collaborating with the World Health Organization to enhance global surveillance. In the 

United States, CDC recently released a national response plan and is working closely with 
local and state STD programs to enhance preparedness. CDC recently updated its gonorrhea 

treatment recommendations to stay a step ahead of this rapidly evolving bacterium, and is 
collaborating with the NIH National Institute of Allergy and Infectious Diseases to find new 
treatment options.

New resistance 
patterns have 

developed over 
time. Resistance 

to previously 
used antibiotics, 

such as penicillin, 
remains common.

Prevalence of Penicillin, Tetracycline and Fluoroquinolone  
Resistance and Reduced Cefixime Susceptibility in  

N. gonorrhoeae isolates, U.S., 1987-2011

Source: The Gonococcal Isolate Surveillance Project (GISP).

These trends are 
an early warning 
of cephalosporin 

resistance.

Prevalence of N. gonorrhoeae isolates with reduced cefixime  
(MICs ≥ 0.25μg/ml) and ceftriaxone (MICs ≥ 0.125μg/ml) 

susceptibility, U.S. 2006–2011

Source: The Gonococcal Isolate Surveillance Project (GISP).

C
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ONLINE RESOURCES
CDC’s gonorrhea website 
http://www.cdc.gov/std/gonorrhea/default.htm

CDC’s Antibiotic-Resistant Gonorrhea website:  
http://www.cdc.gov/std/Gonorrhea/arg/default.htm

New Treatment Guidelines for Gonorrhea: Antibiotic Change. MedScape CDC 
Expert Commentary, 2012. http://www.medscape.com/viewarticle/768883

Kirkcaldy RD, Bolan GA, Wasserheit JN. Cephalosporin-Resistant Gonorrhea in 
North America. JAMA 2013;209(2):185-187. 
http://jama.jamanetwork.com/article.aspx?articleid=1556135

CDC. Update to CDC’s Sexually Transmitted Diseases Treatment Guidelines, 
2010: Oral cephalosporins no longer a recommended treatment for gonococcal 
infections. MMWR 2012;61(31):590-594. 
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6131a3.htm?

http://www.cdc.gov/std/gonorrhea/default.htm
http://www.cdc.gov/std/Gonorrhea/arg/default.htm
http://www.medscape.com/viewarticle/768883
http://jama.jamanetwork.com/article.aspx?articleid=1556135
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6131a3.htm?
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MICROORGANISMS WITH  
A THREAT LEVEL OF SERIOUS
Multidrug-resistant Acinetobacter

Drug-resistant Campylobacter

Fluconazole-resistant Candida (a fungus)

Extended spectrum β-lactamase producing Enterobacteriaceae (ESBLs)

Vancomycin-resistant Enterococcus (VRE)

Multidrug-resistant Pseudomonas aeruginosa

Drug-resistant non-typhoidal Salmonella

Drug-resistant Salmonella Typhi

Drug-resistant Shigella

Methicillin-resistant Staphylococcus aureus (MRSA)

Drug-resistant Streptococcus pneumoniae

Drug-resistant tuberculosis 

THREAT LEVEL
SERIOUS

These bacteria are a serious 
concern and require prompt and 
sustained action to ensure the 
problem does not grow.



MULTIDRUG-RESISTANT 

ACINETOBACTER
7,300
MULTIDRUG-RESISTANT 
ACINETOBACTER INFECTIONS

500
DEATHS FROM MULTIDRUG-
RESISTANT INFECTIONS 

12,000 ACINETOBACTER 
INFECTIONS
PER YEAR

AT LEAST THREE DIFFERENT CLASSES OF ANTIBIOTICS  

NO LONGER CURE  
RESISTANT ACINETOBACTER INFECTIONS

THREAT LEVEL
SERIOUS
This bacteria is a serious concern and requires prompt  

and sustained action to ensure the problem does not grow.

Acinetobacter is a type of gram-negative bacteria that is a 
cause of pneumonia or bloodstream infections among critically 
ill patients. Many of these bacteria have become very resistant 
to antibiotics. 

RESISTANCE OF CONCERN
Some Acinetobacter strains are resistant to nearly all or all antibiotics including 
carbapenems, often considered antibiotics of last resort.

■■ About 63% of Acinetobacter is considered multidrug-resistant, 
meaning at least three different classes of antibiotics no longer cure 
Acinetobacter infections.

■■ Approximately 2% of healthcare-associated infections reported to CDC’s 
National Healthcare Safety Network are caused by Acinetobacter, but 
the proportion is higher among critically ill patients on mechanical 
ventilators (about 7%). 

PUBLIC HEALTH THREAT
An estimated 12,000 healthcare-associated Acinetobacter infections occur in 
the United States each year. Nearly 7,000 (or 63%) of these are multidrug-
resistant, and about 500 deaths are attributed to these infections.

Percentage of all Acinetobacter 
healthcare-associated 
infections that are  
multidrug-resistant

Estimated 
number of 
infections

Estimated 
number 
of deaths 
attributed

Multidrug-resistant 
Acinetobacter

63% 7,300 500

For more information about data methods and references, please see technical appendix.



MULTIDRUG-RESISTANT 
ACINETOBACTER

FIGHTING THE SPREAD OF RESISTANCE
WHAT CDC IS DOING

■■ Tracking illness and identifying risk factors for drug-resistant infections 
using two systems, the National Healthcare Safety Network and the 
Emerging Infections Program.

■■ Providing outbreak support such as staff expertise, prevention guidelines, 
tools, and lab assistance, to states and facilities. 

■■ Developing tests and prevention recommendations to control drug-
resistant infections.

■■ Helping medical facilities improve antibiotic prescribing practices.

WHAT YOU CAN DO
States and Communities Can:

■■ Know resistance trends in your region. 
■■ Coordinate local and regional infection tracking and 

control efforts. 
■■ Require facilities to alert each other when transferring patients with  

any infection.

Healthcare CEOs, Medical Officers, and other Healthcare 
Facility Leaders Can:

■■ Require and strictly enforce CDC guidance for infection detection, 
prevention, tracking, and reporting. 

■■ Make sure your lab can accurately identify infections and alert clinical and 
infection prevention staff when these bacteria are present. 

■■ Know infection and resistance trends in your facility and in the facilities 
around you. 

■■ When transferring a patient, require staff to notify the other facility about 
all infections. 

■■ Join or start regional infection prevention efforts.
■■ Promote wise antibiotic use.

Healthcare Providers Can:
■■ Know the type of drug-resistant infections that are present in your 

facility and patients.
●● Request immediate alerts when the lab identifies drug-resistant 

infections in your patients.
●● Alert the other facility when you transfer a patient with a drug-

resistant infection. 
■■ Protect patients from drug-resistant infections.

●● Follow relevant guidelines and precautions at every patient encounter.
●● Prescribe antibiotics wisely.
●● Remove temporary medical devices such as catheters and ventilators as 

soon as no longer needed. 

Patients and Their Loved Ones Can:
■■ Ask everyone including doctors, nurses, other medical staff,  

and visitors, to wash their hands before touching the patient.
■■ Take antibiotics exactly as prescribed.

CS239559-B

ONLINE RESOURCES
Acinetobacter in Healthcare Settings 
http://www.cdc.gov/HAI/organisms/acinetobacter.html

Healthcare-associated Infections, Guidelines and Recommendations 
http://www.cdc.gov/HAI/prevent/prevent_pubs.html

http://www.cdc.gov/HAI/organisms/acinetobacter.html 
http://www.cdc.gov/HAI/prevent/prevent_pubs.html


DRUG-RESISTANT 

CAMPYLOBACTER 
310,000

DRUG-RESISTANT 
CAMPYLOBACTER 
INFECTIONS 
PER YEAR

1,300,000
CAMPYLOBACTER  
INFECTIONS PER YEAR

13,000
HOSPITALIZATIONS

120
DEATHS

THREAT LEVEL
SERIOUS
This bacteria is a serious concern and requires prompt  

and sustained action to ensure the problem does not grow.

Campylobacter usually causes diarrhea (often bloody), 
fever, and abdominal cramps, and sometimes causes 
serious complications such as temporary paralysis.

RESISTANCE OF CONCERN
Physicians rely on drugs like ciprofloxacin and azithromycin for treating 
patients with severe disease. Resistant infections sometimes last longer. 
Campylobacter is showing resistance to: 

■■ ciprofloxacin
■■ azithromycin

PUBLIC HEALTH THREAT
Campylobacter is estimated to cause approximately 1.3 million 
infections, 13,000 hospitalizations, and 120 deaths each year in the 
United States. CDC is seeing resistance to ciprofloxacin in almost 25%  
of Campylobacter tested and resistance to azithromycin in about 
2%. Costs are expected to be higher for resistant infections because 
antibiotic-resistant Campylobacter infections sometimes last longer. 

Percentage of all 
Campylobacter*

Estimated number 
of illnesses per year

Estimated illnesses 
per 100,000 U.S. 
population

Estimated 
number of 
deaths per year

Resistance to ciprofloxacin 23% 310,000 102.3 28

Resistance to azithromycin 2% 22,000 7.4 <5

Resistance to azithromycin 
or ciprofloxacin 24% 310,000 103.9 28

Campylobacter drug 
resistance increased 

from 13% in 1997 to 
almost 25% in 2011.

Increasing 
Resistance to 
Ciprofloxacin in 
Campylobacter, 
1989–2011

*3-year average (2009–2011)

*Data for 1989–1990 were from a sentinel 
county survey. Annual testing began in 1997.

For more information about data methods and 
references, please see appendix.



DRUG-RESISTANT 
CAMPYLOBACTER

FIGHTING THE SPREAD OF RESISTANCE
Campylobacter spreads from animals to people through contaminated food, 
particularly raw or undercooked chicken and unpasteurized milk. Infections 
may also be acquired through contact with animals and by drinking 
contaminated water. Antibiotic use in food animals can result in resistant 
Campylobacter that can spread to humans. Resistant Campylobacter are 
common in many countries and cause illness in travelers. Key measures to 
prevent resistant infections include:

■■ Avoiding inappropriate antibiotic use in food animals.
■■ Tracking antibiotic use in different types of food animals.
■■ Stopping spread of Campylobacter among animals on farms.
■■ Improving food production and processing to reduce contamination. 
■■ Educating consumers and food workers about safe food handling 

practices.

WHAT CDC IS DOING
■■ Tracking changes in antibiotic resistance through ongoing 

surveillance. 
■■ Promoting initiatives that measure and improve antibiotic use in 

food animals. 
■■ Determining foods responsible for outbreaks of Campylobacter 

infections.
■■ Supporting and improving local, state, and federal public  

health surveillance. 
■■ Guiding prevention efforts by estimating how much illness occurs 

and identifying the sources of infection.
■■ Educating people about how to avoid Campylobacter infections.

WHAT YOU CAN DO
■■ Clean. Wash hands, cutting boards, utensils, sinks, 

and countertops.
■■ Separate. Keep raw meat, poultry, and seafood 

separate from ready-to-eat foods.
■■ Cook. Use a food thermometer to ensure that foods are cooked to a 

safe internal temperature.
■■ Chill. Keep your refrigerator below 40°F and refrigerate food that 

will spoil.
■■ Avoid drinking raw milk and untreated water.
■■ Report suspected illness from food to your local health department.
■■ Don’t prepare food for others if you have diarrhea or vomiting.
■■ Be especially careful preparing food for children, pregnant women, 

those in poor health, and older adults.
■■ Consume safe food and water when traveling abroad.

ONLINE RESOURCES
National Antimicrobial Resistance Monitoring System 
http://www.cdc.gov/narms

Campylobacter Information  
�http://www.cdc.gov/nczved/divisions/dfbmd/diseases/campylobacter/

Traveler’s Health 
http://wwwnc.cdc.gov/travel/yellowbook/2012/chapter-2-the-pre-travel-
consultation/travelers-diarrhea.htm

Vital Signs, June 2011: Making Food Safer to Eat 
http://www.cdc.gov/VitalSigns/FoodSafety/
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http://www.cdc.gov/narms/index.html
http://www.cdc.gov/nczved/divisions/dfbmd/diseases/campylobacter/
http://wwwnc.cdc.gov/travel/yellowbook/2012/chapter-2-the-pre-travel-consultation/travelers-diarrhea.htm
http://wwwnc.cdc.gov/travel/yellowbook/2012/chapter-2-the-pre-travel-consultation/travelers-diarrhea.htm
http://www.cdc.gov/VitalSigns/FoodSafety/


FLUCONAZOLE-RESISTANT

CANDIDA

3,400
FLUCONAZOLE-RESISTANT 

CANDIDA INFECTIONS

220
DEATHS

46,000
CANDIDA INFECTIONS 

PER YEAR

THREAT LEVEL
SERIOUS
This fungus is a serious concern and requires prompt  

and sustained action to ensure the problem does not grow.

Candidiasis is a fungal infection caused by yeasts of the genus Candida. 
There are more than 20 species of Candida yeasts that can cause infection 
in humans, the most common of which is Candida albicans. Candida yeasts 
normally live on the skin and mucous membranes without causing infection. 
However, overgrowth of these microorganisms can cause symptoms to 
develop. Symptoms of candidiasis vary depending on the area of the body 
that is infected. 

Candida is the fourth most common cause of healthcare-associated 
bloodstream infections in the United States. In some hospitals it is the most 
common cause. These infections tend to occur in the sickest of patients.

RESISTANCE OF CONCERN
■■ Some Candida strains are increasingly resistant to first-line and second-line antifungal 

treatment agents. Recent data demonstrate a marked shift among infections towards 
Candida species with increased resistance to antifungal drugs including azoles and  
echinocandins. 

■■ CDC conducts multicenter surveillance for antifungal resistance in the United States, 
candidal infections, their economic impact, and possible areas where prevention and 
control strategies can be focused.

PUBLIC HEALTH THREAT
An estimated 46,000 healthcare-associated Candida infections occur among hospitalized 
patients in the United States each year. Roughly 30% of patients with bloodstream 
infections (candidemia) with drug-resistant Candida die during their hospitalization. 
CDC estimates that each case of Candida infection results in 3–13 days of additional 
hospitalization, and a total of $6,000–$29,000 in direct healthcare costs. Based on these 
estimates, we calculate resistant Candida infections may add millions of dollars in excess 
costs to U.S. healthcare expenditures each year.

 

Percentage of Candida 
bloodstream isolates 
testing resistant 

Estimated number of 
infections per year

Estimated number 
of deaths

Fluconazole-resistant 
Candida species

7% 3,400 220

For more information about data methods and references, please see technical appendix.



FLUCONAZOLE-RESISTANT
CANDIDA

FIGHTING THE SPREAD OF RESISTANCE
Prevention strategies for candidemia are not well defined. Most infectious are thought to be caused by Candida that the patient carries on his or her own body. Therapy to 
prevent infections (antifungal prophylaxis) may be appropriate for some groups at high risk of developing Candida bloodstream infection, such as low-birth-weight infants.  
CDC recommendations for catheter care and handwashing can be helpful in reducing transmission in healthcare institutions. 

WHAT CDC IS DOING
Prevention of significant morbidity and mortality from candidemia remains a challenge. Although antifungal prophylaxis has been shown to be effective in selected 

patient populations, there is still debate on the application of risk prevention tools and other prevention strategies. There is a continued need for surveillance of 
candidemia to develop and evaluate prevention strategies and to monitor for changes in incidence and resistance.

There is increasing 
incidence of Candida 

infections due to azole- 
and echinocandin-

resistant strains.

Changes Over Time in Incidence of Resistant Species of Candida

CS239559-B

*This accounts for data collected from Atlanta, GA from 1992-1993 and from Baltimore, MD from 1998–2000.
**This accounts for data collected from 2008–present. 

ONLINE RESOURCES
CDC’s candidiasis website 
http://www.cdc.gov/fungal/candidiasis/

http://www.cdc.gov/fungal/candidiasis/


EXTENDED SPECTRUM 
β-LACTAMASE (ESBL) PRODUCING

ENTEROBACTERIACEAE
26,000 1,700
DRUG-RESISTANT 
INFECTIONS 

DEATHS
140,000
ENTEROBACTERIACEAE 
INFECTIONS PER YEAR

$40,000
IN EXCESS MEDICAL COSTS PER YEAR 

FOR EACH INFECTION

THREAT LEVEL
SERIOUS
This bacteria is a serious concern and requires prompt  

and sustained action to ensure the problem does not grow.

Extended-spectrum β-lactamase is an enzyme that allows bacteria to 
become resistant to a wide variety of penicillins and cephalosporins. 
Bacteria that contain this enzyme are known as ESBLs or ESBL-
producing bacteria. ESBL-producing Enterobacteriaceae are resistant to 
strong antibiotics including extended spectrum cephalosporins.

RESISTANCE OF CONCERN
Some Enterobacteriaceae are resistant to nearly all:

■■ penicillins

■■ cephalosporins

In these cases, the remaining treatment option is an antibiotic from the carbapenem  
family. These are drugs of last resort, and use of them is also contributing to resistance (see 
CRE fact sheet).

■■ Nearly 26,000 (or 19%) healthcare-associated Enterobacteriaceae infections are 
caused by ESBL-producing Enterobacteriaceae.

■■ Patients with bloodstream infections caused by ESBL-producing Enterobacteriaceae 
are about 57% more likely to die than those with bloodstream infections caused by 
a non ESBL-producing strain.

PUBLIC HEALTH THREAT
An estimated 140,000 healthcare-associated Enterobacteriaceae infections occur in the 
United States each year. CDC estimates that bloodstream infections caused by ESBL-
containing Enterobacteriaceae result in upwards of $40,000 in excess hospital charges per 
occurrence. Approximately 26,000 infections and 1,700 deaths are attributable to ESBLs.

 

Percentage of Enterobacteriaceae 
healthcare-associated infections resistant 
to extended spectrum cephalosporins

Estimated 
number of 
infections

Estimated 
number of deaths 
attributed

ESBL-producing  
Klebsiella spp.

23% 17,000 1,100

ESBL-producing E. coli 14% 9,000 600

Totals   26,000 1,700

For more information about data methods and references, please see technical appendix.



EXTENDED SPECTRUM β-LACTAMASE (ESBL) PRODUCING
ENTEROBACTERIACEAE

WHAT CDC IS DOING
■■ Tracking illness and identifying risk factors for drug-resistant 

infections using two systems, the National Healthcare Safety Network 
and the Emerging Infections Program.

■■ Providing outbreak support, such as staff expertise, prevention 
guidelines, tools, and lab assistance, to states and facilities. 

■■ Developing tests and prevention recommendations to control drug-
resistant infections.

■■ Helping medical facilities improve antibiotic prescribing practices.

WHAT YOU CAN DO
States and Communities Can:

■■ Know resistance trends in your region. 
■■ Coordinate local and regional infection tracking and 

control efforts. 
■■ Require facilities to alert each other when transferring 

patients with any infection.

Health Care CEOs, Medical Officers, and Other Healthcare 
Facility Leaders Can:

■■ Require and strictly enforce CDC guidance for infection detection, 
prevention, tracking, and reporting. 

■■ Make sure your lab can accurately identify infections and alert clinical 
and infection prevention staff when these bacteria are present. 

■■ Know infection and resistance trends in your facility and in the 
facilities around you. 

■■ When transferring a patient, require staff to notify the other facility 
about all infections. 

■■ Join or start regional infection prevention efforts.
■■ Promote wise antibiotic use.

FIGHTING THE SPREAD OF RESISTANCE
Healthcare Providers Can:

■■ Know when and what types of drug-resistant infections are 
present in your facility and patients.

■■ Request immediate alerts when the lab identifies drug-resistant 
infections in your patients.

■■ Alert the other facility when you transfer a patient with a drug-
resistant infection. 

■■ Protect patients from drug-resistant infections.
■■ Follow relevant guidelines and precautions at every patient encounter.
■■ Prescribe antibiotics wisely.
■■ Remove temporary medical devices such as catheters and ventilators 

as soon as no longer needed.

Patients and Their Loved Ones Can:
■■ Ask everyone including doctors, nurses, other medical  

staff, and visitors, to wash their hands before touching  
the patient.

■■ Take antibiotics only and exactly as prescribed.

CS239559-B

ONLINE RESOURCES
CDC’s Heathcare-associated Infections(HAI) website 
www.cdc.gov/hai 

Healthcare-associated Infections (HAIs), Guidelines and 
Recommendations 
www.cdc.gov/hicpac/pubs.html

www.cdc.gov/hai
www.cdc.gov/hicpac/pubs.html


VANCOMYCIN-RESISTANT 

ENTEROCOCCUS (VRE)

Enterococci cause a range of illnesses, mostly among patients receiving healthcare, but include bloodstream infections, surgical site 
infections, and urinary tract infections.

RESISTANCE OF CONCERN
■■ Enterococcus often cause infections among very sick patients in hospitals 

and other healthcare-settings.
■■ Some Enterococcus strains are resistant to vancomycin, an antibiotic of last 

resort, leaving few or no treatment options.
■■ About 20,000 (or 30%) of Enterococcus healthcare-associated infections are 

vancomycin resistant.

PUBLIC HEALTH THREAT
An estimated 66,000 healthcare-associated Enterococcus infections occur in the 
United States each year. The proportion of infections that occur with a vancomycin 
resistant strain differs by the species of Enterococcus; overall 20,000 vancomycin-
resistant infections occurred among hospitalized patients each year, with 
approximately 1,300 deaths attributed to these infections.

 

Percent of all Enterococcus 
healthcare-associated infections 
resistant to vancomycin

Estimated 
number of 
infections

Estimated number of 
deaths attributed

Vancomycin-resistant 
Enterococcus faecium

77% 10,000 650

Vancomycin-resistant 
Enterococcus faecalis

9% 3,100 200

Vancomycin-resistant 
Enterococcus (species 
not determined)

40% 6,900 450

Totals   20,000 1,300

For more information about data methods and references, please see technical appendix.

20,000 1,300
DEATHS FROM DRUG-RESISTANT 
ENTEROCOCCUS INFECTIONS

DRUG-RESISTANT
ENTEROCOCCUS INFECTIONS

THREAT LEVEL
SERIOUS
This bacteria is a serious concern and requires prompt  

and sustained action to ensure the problem does not grow.

SOME ENTEROCOCCUS STRAINS ARE RESISTANT TO VANCOMYCIN  

LEAVING FEW OR NO TREATMENT OPTIONS

66,000 ENTEROCOCCUS 
INFECTIONS
PER YEAR



VANCOMYCIN-RESISTANT 
ENTEROCOCCUS (VRE)

WHAT CDC IS DOING
■■ Tracking illness and identifying risk factors for drug-resistant 

infections using two systems, the National Healthcare Safety Network 
and the Emerging Infections Program.

■■ Providing outbreak support such as staff expertise, prevention 
guidelines, tools, and lab assistance, to states and facilities. 

■■ Developing tests and prevention recommendations to control drug-
resistant infections.

■■ Helping medical facilities improve antibiotic prescribing practices.

WHAT YOU CAN DO
States and Communities can:

■■ Know resistance trends in your region. 
■■ Coordinate local and regional infection tracking and 

control efforts. 
■■ Require facilities to alert each other when transferring patients with 

any infection.

Healthcare CEOs, Medical Officers, and other Healthcare 
Facility Leaders can:

■■ Require and strictly enforce CDC guidance for infection detection, 
prevention, tracking, and reporting. 

■■ Make sure your lab can accurately identify infections and alert clinical 
and infection prevention staff when these germs are present. 

■■ Know infection and resistance trends in your facility and in the 
facilities around you. 

■■ When transferring a patient, require staff to notify the other facility 
about all infections. 

■■ Join or start regional infection prevention efforts.
■■ Promote wise antibiotic use.

FIGHTING THE SPREAD OF RESISTANCE
Doctors and Nurses can:

■■ Know when and what types of drug-resistant infections are 
present in your facility and patients Request immediate 
alerts when the lab identifies drug-resistant infections in 
your patients.

■■ Alert the other facility when you transfer a patient with a drug-
resistant infection. 

■■ Protect patients from drug-resistant infections.
■■ Follow relevant guidelines and precautions at every patient encounter.
■■ Prescribe antibiotics wisely.
■■ Remove temporary medical devices such as catheters and ventilators 

as soon as no longer needed.

Patients and their loved ones can:
■■ Ask everyone including doctors, nurses, other medical staff, and 

visitors, to wash their hands before touching the patient.
■■ Take antibiotics only and exactly as prescribed.
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ONLINE RESOURCES
Vancomycin-resistant Enterococci (VRE) in 
Healthcare Settings 
http://www.cdc.gov/HAI/organisms/vre/vre.html 

Healthcare-associated Infections (HAIs), 
Guidelines and Recommendations 
www.cdc.gov/hicpac/pubs.html

http://www.cdc.gov/HAI/organisms/vre/vre.html
www.cdc.gov/hicpac/pubs.html


MULTIDRUG-RESISTANT
PSEUDOMONAS AERUGINOSA

Pseudomonas aeruginosa is a common cause of healthcare-associated infections including pneumonia, bloodstream infections, urinary 
tract infections, and surgical site infections.

RESISTANCE OF CONCERN
■■ Some strains of Pseudomonas aeruginosa have been found to be resistant 

to nearly all or all antibiotics including aminoglycosides, cephalosporins, 
fluoroquinolones, and carbapenems. 

■■ Approximately 8% of all healthcare-associated infections reported to CDC’s 
National Healthcare Safety Network are caused by Pseudomonas aeruginosa. 

■■ About 13% of severe healthcare-associated infections caused by 
Pseudomonas aeruginosa are multidrug resistant, meaning several classes of 
antibiotics no longer cure these infections.

PUBLIC HEALTH THREAT
An estimated 51,000 healthcare-associated Pseudomonas aeruginosa infections 
occur in the United States each year. More than 6,000 (or 13%) of these are 
multidrug-resistant, with roughly 400 deaths per year attributed to these 
infections. 

 

Percentage of all Pseudomonas 
aeruginosa healthcare-
associated infections that are 
multidrug-resistant

Estimated 
number of 
infections

Estimated 
number 
of deaths 
attributed

Multi-drug resistant 
Pseudomonas aeruginosa 13% 6,700 440

For more information about data methods and references, please see technical appendix.

6,700 440
MULTIDRUG-RESISTANT 
PSEUDOMONAS
INFECTIONS 

DEATHS

THREAT LEVEL
SERIOUS
This bacteria is a serious concern and requires prompt  

and sustained action to ensure the problem does not grow.
51,000 PSEUDOMONAS 

INFECTIONS 
PER YEAR



MULTIDRUG-RESISTANT
PSEUDOMONAS AERUGINOSA

WHAT CDC IS DOING
■■ Identifying and tracking risk factors for drug-resistant infections using 

two systems, the National Healthcare Safety Network and the Emerging 
Infections Program.

■■ Providing outbreak support such as staff expertise, prevention 
guidelines, tools, and lab assistance, to states and facilities. 

■■ Developing tests and prevention recommendations to control drug-
resistant infections.

■■ Helping medical facilities improve antibiotic prescribing practices.

WHAT YOU CAN DO
States and Communities Can:

■■ Know resistance trends in your region. 
■■ Coordinate local and regional infection tracking and 

control efforts. 
■■ Require facilities to alert each other when transferring 

patients with any infection. 

Health Care CEOs, Medical Officers, and Other Healthcare 
Facility Leaders Can:

■■ Require and strictly enforce CDC guidance for infection detection, 
prevention, tracking, and reporting. 

■■ Make sure your lab can accurately identify infections and alert clinical 
and infection prevention staff when these bacteria are present. 

■■ Know infection and resistance trends in your facility and in the 
facilities around you. 

■■ When transferring a patient, require staff to notify the other facility 
about all infections. 

■■ Join or start regional infection prevention efforts.
■■ Promote wise antibiotic use.

FIGHTING THE SPREAD OF RESISTANCE
Healthcare Providers Can:

■■ Know when and what types of drug-resistant infections that 
are present in your facility and patients.

■■ Request immediate alerts when the lab identifies drug-
resistant infections in your patients.

■■ Alert the other facility when you transfer a patient with a drug-
resistant infection. 

■■ Protect patients from drug-resistant infections.
■■ Follow relevant guidelines and precautions at every patient encounter.
■■ Prescribe antibiotics wisely.
■■ Remove temporary medical devices such as catheters and ventilators 

as soon as no longer needed.

Patients and Their Loved Ones Can:
■■ Ask everyone including doctors, nurses, other medical  

staff, and visitors, to wash their hands before touching  
the patient.

■■ Take antibiotics only and exactly as prescribed.
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ONLINE RESOURCES
Healthcare-associated Infections (HAI) 
www.cdc.gov/hai  

Healthcare-associated Infections (HAIs), Guidelines 
and Recommendations 

www.cdc.gov/hicpac/pubs.html

www.cdc.gov/hai
www.cdc.gov/hicpac/pubs.html


DRUG-RESISTANT NON-TYPHOIDAL

SALMONELLA

100,000
DRUG-RESISTANT

SALMONELLA INFECTIONS
PER YEAR

1,200,000
SALMONELLA INFECTIONS PER YEAR

$365,000,000
IN MEDICAL COSTS PER YEAR

THREAT LEVEL
SERIOUS
This bacteria is a serious concern and requires prompt  

and sustained action to ensure the problem does not grow.

Non-typhoidal Salmonella (serotypes other than Typhi, Paratyphi A, Paratyphi B, and Paratyphi C) usually causes diarrhea (sometimes 
bloody), fever, and abdominal cramps. Some infections spread to the blood and can have life-threatening complications.

RESISTANCE OF CONCERN
Physicians rely on drugs, such as ceftriaxone and ciprofloxacin, for treating patients with 
complicated Salmonella infections. Resistant infections are more severe and have higher 
hospitalization rates. Non-typhoidal Salmonella is showing resistance to:

■■ ceftriaxone

■■ ciprofloxacin 

■■ multiple classes of drugs

PUBLIC HEALTH THREAT
Non-typhoidal Salmonella causes approximately 1.2 million illnesses, 23,000 
hospitalizations, and 450 deaths each year in the United States. Direct medical costs are 
estimated to be $365 million annually. CDC is seeing resistance to ceftriaxone in about 
3% of non-typhoidal Salmonella tested, and some level of resistance to ciprofloxacin in 
about 3%. About 5% of non-typhoidal Salmonella tested by CDC are resistant to five or 
more types of drugs. Costs are expected to be higher for resistant than for susceptible 
infections because resistant infections are more severe, those patients are more likely to be 
hospitalized, and treatment is less effective. 

 

Percentage 
of all non-
typhoidal 
Salmonella*

Estimated 
number of 
illnesses  
per year

Estimated 
illnesses per 
100,000 U.S. 
population

Estimated 
number of 
deaths  
per year

Ceftriaxone resistance 3% 36,000 12.0 13

Ciprofloxacin resistance or 
partial resistance

3% 33,000 10.9 12

Resistance to 5 or more 
antibiotic classes 

5% 66,000 21.9 24

Any resistance pattern above 8% 100,000 34.1 38

*3-year average (2009–2011)
For more information about data methods and references, please see technical appendix.



DRUG-RESISTANT NON-TYPHOIDAL
SALMONELLA

FIGHTING THE SPREAD OF RESISTANCE
Salmonella spreads from animals to people mostly through food. Antibiotic use 
in food animals can result in resistant Salmonella, and people get sick when 
they eat foods contaminated with Salmonella. Key measures to prevent resistant 
infections include:

■■ Avoiding inappropriate antibiotic use in food animals.
■■ Tracking antibiotic use in different types of food animals. 
■■ Stopping spread of Salmonella among animals on farms.
■■ Improving food production and processing to reduce contamination. 
■■ Educating consumers and food workers about safe food handling 

practices.

WHAT CDC IS DOING
■■ Tracking changes in antibiotic resistance through ongoing surveillance. 
■■ Promoting initiatives that measure and improve antibiotic use in  

food animals. 
■■ Determining foods responsible for outbreaks of Salmonella infections.
■■ Supporting and improving local, state, and federal public health 

surveillance. 
■■ Guiding prevention efforts by estimating how much illness occurs and 

identifying the sources of infection.
■■ Educating people about how to avoid Salmonella infections.

WHAT YOU CAN DO
■■ Clean. Wash hands, cutting boards, utensils, and  

countertops.
■■ Separate. Keep raw meat, poultry, and seafood  

separate from ready-to-eat foods.
■■ Cook. Use a food thermometer to ensure that foods are cooked to a  

safe internal temperature.
■■ Chill. Keep your refrigerator below 40°F and refrigerate food that  

will spoil.

■■ Avoid drinking raw milk.
■■ Report suspected illness from food to your local health department.
■■ Don’t prepare food for others if you have diarrhea or vomiting.
■■ Be especially careful preparing food for children, pregnant women, those 

in poor health, and older adults. 

Drug resistance 
in non-typhoidal 

Salmonella 
continues to 

climb from  
1996 levels.

Resistance in Non-Typhoidal Salmonella, 1996–2011

For more information about data methods and references, please see appendix.
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ONLINE RESOURCES
National Antimicrobial Resistance Monitoring System  
http://www.cdc.gov/narms

Salmonella 
http://www.cdc.gov/salmonella/index.html

Vital Signs, June 2011: Making Food Safer to Eat 
http://www.cdc.gov/VitalSigns/FoodSafety/?pkw=vs_fs009

http://www.cdc.gov/narms
http://www.cdc.gov/salmonella/index.html
http://www.cdc.gov/VitalSigns/FoodSafety/?pkw=vs_fs009


DRUG-RESISTANT
SALMONELLA  
SEROTYPE TYPHI

3,800
DRUG-RESISTANT SALMONELLA 
TYPHI INFECTIONS PER YEAR 

IN THE U.S.

67%
OF SALMONELLA TYPHI 

INFECTIONS ARE
DRUG RESISTANT 

620
HOSPITALIZATIONS

DUE TO SALMONELLA TYPHI 
PER YEAR IN THE U.S.

21,700,000 SALMONELLA TYPHI 
INFECTIONS WORLDWIDE

THREAT LEVEL
SERIOUS
This bacteria is a serious concern and requires prompt  

and sustained action to ensure the problem does not grow.

Salmonella serotype Typhi causes typhoid fever, a potentially life-threatening disease. People with typhoid fever usually have a high 
fever, abdominal pain, and headache. Typhoid fever can lead to bowel perforation, shock, and death.

RESISTANCE OF CONCERN
Physicians rely on drugs such as ceftriaxone, azithromycin, and ciprofloxacin for treating 
patients with typhoid fever. Salmonella serotype Typhi is showing resistance to: 

■■ ceftriaxone

■■ azithromycin

■■ ciprofloxacin (resistance is so common that it cannot be routinely used)

PUBLIC HEALTH THREAT
Salmonella Typhi causes approximately 21.7 million illnesses worldwide. In the United 
States, it causes approximately 5,700 illnesses and 620 hospitalizations each year. Most 
illnesses occur in people who travel to some parts of the developing world where the 
disease is common. Travel-associated infections are more likely to be antibiotic resistant. 
CDC is seeing some level of resistance to ciprofloxacin in two-thirds of Salmonella Typhi 
tested. CDC has not yet seen resistance to ceftriaxone or azithromycin in the United States, 
but this has been seen in other parts of the world. Resistant infections are likely to cost 

more than susceptible infections because illness may last longer. Deaths in the United 
States are rare now, but before there were antibiotics, 10% to 20% of patients died.

 

Percentage of 
all Salmonella 
Typhi*

Estimated number 
of illnesses per 
year

Estimated 
illnesses per 
100,000 U.S. 
population

Estimated 
number of 
deaths per 
year

Resistance or 
partial resistance to 
ciprofloxacin

67% 3,800 1.3 <5

*3-year average (2009–2011)
For more information about data methods and references, please see technical appendix.



DRUG-RESISTANT
SALMONELLA SEROTYPE TYPHI

FIGHTING THE SPREAD OF RESISTANCE
Salmonella serotype Typhi spreads from one person to another through food or water 
contaminated with feces. Typhoid fever is common in developing countries lacking 
safe water and adequate sanitation. Most U.S. cases are associated with travel to those 
countries. Sometimes the source is a carrier who is no longer ill, but is still infected. Key 
measures to prevent the spread of resistant infections include:

■■ Vaccinating people traveling to countries where typhoid fever is common.

■■ Consuming safe food and water when traveling in those countries. 

■■ Improving access to clean water and sanitation for people living in those 
countries. 

■■ Reporting changes in resistance to people who diagnose and treat patients with 
typhoid fever.

■■ Investigating cases of typhoid fever to identify and treat carriers.

WHAT CDC IS DOING
■■ Providing recommendations for travelers on vaccination, safe food, and clean 

water.

■■ Tracking and reporting changes in antibiotic resistance through ongoing 
surveillance.

■■ Determining settings and high-risk groups for resistant infections in the U.S. and 
other countries.

■■ Educating healthcare providers about specific resistance problems and the need to 
vaccinate travelers.

■■ Promoting safer water and sanitation in countries where typhoid fever is common.

■■ Building public health capacity in other countries to diagnose, track, and control 
typhoid fever.

WHAT YOU CAN DO
If you’re traveling to a country where typhoid fever is common: 

■■ Get vaccinated against typhoid fever before you depart.

■■ Choose foods and drinks carefully while traveling even if you are  
vaccinated. That means: boil it, cook it, peel it, or forget it.

●● Boil or treat water yourself.

●● Eat foods that are hot and steaming.

●● Avoid raw fruits and vegetables unless you peel them yourself.

●● Avoid cold food and beverages from street vendors.

■■ If you get sick with high fever and a headache during or after travel, seek medical 
care at once and tell the healthcare provider where you have traveled. 

ONLINE RESOURCES
National Antimicrobial Resistance Monitoring System  
http://www.cdc.gov/narms

Typhoid Fever 
http://www.cdc.gov/nczved/divisions/dfbmd/diseases/typhoid_fever/ 
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Drug resistance 
in Salmonella 

Typhi has jumped 
significantly—

from about 20% in 
1999 to more than 

70% in 2011.

Increasing Resistance or Partial Resistance to Ciprofloxacin  
in Salmonella Typhi, 1999-2011*

Traveler’s Health “Traveler’s Diarrhea”  
http://wwwnc.cdc.gov/travel/yellowbook/2012/chapter-2-the-pre-travel-
consultation/travelers-diarrhea.htm 

http://www.cdc.gov/narms
http://www.cdc.gov/nczved/divisions/dfbmd/diseases/typhoid_fever
http://wwwnc.cdc.gov/travel/yellowbook/2012/chapter-2-the-pre-travel-consultation/travelers-diarrhea.htm
http://wwwnc.cdc.gov/travel/yellowbook/2012/chapter-2-the-pre-travel-consultation/travelers-diarrhea.htm


DRUG-RESISTANT

SHIGELLA
27,000 DRUG-RESISTANT 

SHIGELLA INFECTIONS 
PER YEAR

500,000 SHIGELLA 
INFECTIONS 
PER YEAR 40 DEATHS 

PER YEAR

THREAT LEVEL
SERIOUS
This bacteria is a serious concern and requires prompt  

and sustained action to ensure the problem does not grow.

Shigella usually causes diarrhea (sometimes bloody), fever, and abdominal pain. Sometimes it causes serious complications such as reactive 
arthritis. High-risk groups include young children, people with inadequate handwashing and hygiene habits, and men who have sex with men.

RESISTANCE OF CONCERN
Resistance to traditional first-line drugs such as ampicillin and trimethoprim-
sulfamethoxazole has become so high that physicians must now rely on alternative 
drugs like ciprofloxacin and azithromycin to treat infections. Resistant infections 
can last longer than infections with susceptible bacteria (bacteria that can be 
treated effectively with antibiotics). Shigella is showing resistance to:

■■ ciprofloxacin
■■ azithromycin

PUBLIC HEALTH THREAT
Shigella causes approximately 500,000 diarrheal illnesses, 5,500 hospitalizations, 
and 40 deaths each year in the United States. CDC is seeing resistance to 
ciprofloxacin in 1.6% of the Shigella cases tested and resistance to azithromycin 
in approximately 3%. Because initial treatment can fail, costs are expected to be 
higher for resistant infections. 

 
Percentage of 
all Shigella*

Estimated 
number of 
illnesses 
per year

Estimated 
illnesses per 
100,000 U.S. 
population

Estimated 
number of 
deaths per 
year

Ciprofloxacin resistance 2% 12,000 4.0 <5

Azithromycin resistance 3% 15,000 5.1 <5

Azithromycin or 
ciprofloxacin resistance

6% 27,000 9.1 <5

*Percentage of all isolates that were resistant in 2011.
For more information about data methods and references, please see technical appendix.



DRUG-RESISTANT
SHIGELLA

FIGHTING THE SPREAD OF RESISTANCE
Shigella spreads from one person to another in feces through direct 
contact, or through contaminated surfaces, food, or water. Antibiotic use 
in humans can result in resistant Shigella and hasten further spread. Key 
measures to prevent resistant infections include:

■■ Promoting thorough and frequent hand washing with soap, 
especially in child care centers, elementary schools, restaurants, 
and homes with small children.

■■ Using antibiotics to treat more severe Shigella infections and 
managing milder infections with fluids and rest.

■■ Reporting changes in resistance to healthcare providers. 
■■ Detecting and controlling outbreaks of Shigella infections.
■■ Educating consumers and food workers about safe food handling 

practices.

WHAT CDC IS DOING
■■ Tracking changes in antibiotic resistance through ongoing 

surveillance.
■■ Determining settings and high-risk groups for outbreaks of 

resistant infections.
■■ Educating healthcare providers about specific resistance problems.
■■ Promoting prudent antibiotic use and handwashing.

WHAT YOU CAN DO
■■ Don’t prepare food for others if you have diarrhea  

or vomiting.
■■ Keep children who have diarrhea and who are in  

diapers out of child care settings and swimming pools.
■■ Avoid sexual behavior that is likely to transmit infection when you 

have diarrhea.
■■ Consume safe food and water when traveling abroad. 

Drug-resistant 
Shigella has 

been making 
steady increases 

since 2006.

Increasing Resistance to Ciprofloxacin in Shigella, 1999–2011

While resistance 
to ampicillin 

has decreased, 
Shigella continues 

to become more 
resistant to 

trimethoprim-
sulfamethoxazole.

Resistance to Ampicillin and Trimethoprim-Sulfamethoxazole  
in Shigella, 1978–2011*

*Data for 1978-1995 were from three sentinel county surveys. Annual testing  began in 1999.
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ONLINE RESOURCES
National Antimicrobial Resistance Monitoring System  
http://www.cdc.gov/narms

Shigellosis 
http://www.cdc.gov/nczved/divisions/dfbmd/diseases/shigellosis/

Traveler’s Health “Traveler’s Diarrhea”  
http://wwwnc.cdc.gov/travel/yellowbook/2012/chapter-2-the-pre-travel-
consultation/travelers-diarrhea.htm

http://www.cdc.gov/narms
http://www.cdc.gov/nczved/divisions/dfbmd/diseases/shigellosis
http://wwwnc.cdc.gov/travel/yellowbook/2012/chapter-2-the-pre-travel-consultation/travelers-diarrhea.htm
http://wwwnc.cdc.gov/travel/yellowbook/2012/chapter-2-the-pre-travel-consultation/travelers-diarrhea.htm


METHICILLIN-RESISTANT 
STAPHYLOCOCCUS AUREUS 
(MRSA)

80,461 11,285
SEVERE MRSA  
INFECTIONS PER YEAR

DEATHS FROM 
MRSA PER YEAR

STAPH BACTERIA ARE A LEADING CAUSE OF  

HEALTHCARE-ASSOCIATED INFECTIONS
THREAT LEVEL

SERIOUS
This bacteria is a serious concern and requires prompt  

and sustained action to ensure the problem does not grow.

Methicillin-resistant Staphylococcus aureus (MRSA) causes a range 
of illnesses, from skin and wound infections to pneumonia and 
bloodstream infections that can cause sepsis and death. Staph 
bacteria, including MRSA, are one of the most common causes of 
healthcare-associated infections.

RESISTANCE OF CONCERN
Resistance to methicillin and related antibiotics (e.g., nafcillin, oxacillin) and 
resistance to cephalosporins are of concern.

PUBLIC HEALTH THREAT 
CDC estimates 80,461 invasive MRSA infections and 11,285 related deaths occurred in 
2011. An unknown but much higher number of less severe infections occurred in both 
the community and in healthcare settings.

Severe MRSA 
infections 

mostly occur 
during or soon 
after inpatient 

medical care.

Revised Annualized National Estimates,  
ABCs MRSA 2005–2011 (updated Nov, 2012)

For more information about data methods and references, please see technical appendix.



METHICILLIN-RESISTANT
STAPHYLOCOCCUS AUREUS (MRSA)

FIGHTING THE SPREAD OF RESISTANCE
Although still a common and severe threat to patients, invasive MRSA infections in healthcare settings appear to be declining. Between 2005 and 2011 overall rates of invasive 
MRSA dropped 31%; the largest declines (54%) were observed among infections occurring during hospitalization. Success began with preventing central-line associated 
bloodstream infections with MRSA, where rates fell nearly 50% from 1997 to 2007. 

During the past decade, rates of MRSA infections have increased rapidly among the general population (people who have not recently received care in a healthcare setting). 
There is some evidence that these increases are slowing, but they are not following the same downward trends as healthcare-associated MRSA.

WHAT CDC IS DOING
■■ Tracking illness and identifying risk factors for drug-resistant infections using  

two systems, the National Healthcare Safety Network and the Emerging  
Infections Program.

■■ Providing states and facilities with outbreak support such as staff expertise, 
prevention guidelines, tools, and lab assistance. 

■■ Developing tests and prevention recommendations to control drug-resistant 
infections.

■■ Helping healthcare facilities improve antibiotic prescribing practices.

WHAT YOU CAN DO
States and Communities Can:

■■ Know resistance trends in your region. 
■■ Coordinate local and regional infection tracking and control efforts. 
■■ Require facilities to alert each other when transferring patients with any infection. 

Healthcare CEOs, Medical Officers, and Other Healthcare Facility 
Leaders Can:

■■ Require and strictly enforce CDC guidance for infection detection, prevention, 
tracking, and reporting. 

■■ Make sure your lab can accurately identify infections and alert clinical and 
infection prevention staff when these bacteria are present. 

■■ Know infection and resistance trends in your facility and in the facilities  
around you. 

■■ When transferring a patient, require staff to notify the other facility about all 
infections.

■■ Join or start regional infection prevention efforts.

■■ Promote wise antibiotic use.

Healthcare Providers Can:
■■ Know when and types of drug-resistant infections are present in your 

facility and patients.

■■ Request immediate alerts when the lab identifies drug-resistant 
infections in your patients.

■■ Alert the other facility when you transfer a patient with a drug-resistant infection. 

■■ Protect patients from drug-resistant infections.

■■ Follow relevant guidelines and precautions at every patient encounter.

■■ Prescribe antibiotics wisely.

■■ Remove temporary medical devices such as catheters and ventilators as soon as no 
longer needed.

Patients and Their Loved Ones Can:
■■ Ask everyone, including doctors, nurses, other medical staff,  

and visitors, to wash their hands before touching the patient.

■■ Take antibiotics only and exactly as prescribed.

ONLINE RESOURCES
Resources CDC’s MRSA website 
www.cdc.gov/hai/mrsa

Prevention Guidelines for MRSA 
www.cdc.gov/hicpac/pubs.html

Medscape/CDC Expert Commentaries about MRSA 
http://www.medscape.com/partners/cdc/public/cdc-commentary
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DRUG-RESISTANT 
STREPTOCOCCUS PNEUMONIAE 

1,200,000
DRUG-RESISTANT  
INFECTIONS PER YEAR

19,000

7,000
EXCESS HOSPITALIZATIONS

DEATHS

$96,000,000
IN EXCESS MEDICAL COSTS PER YEAR

THREAT LEVEL
SERIOUS
This bacteria is a serious concern and requires prompt  

and sustained action to ensure the problem does not grow.

Streptococcus pneumoniae (S. pneumoniae, or pneumococcus) is the leading cause of bacterial pneumonia and meningitis in the United States. It also is a major 
cause of bloodstream infections and ear and sinus infections.

RESISTANCE OF CONCERN
S. pneumoniae has developed resistance to drugs in the penicillin and 
erythromycin groups. Examples of these drugs include amoxicillin and azithromycin 
(Zithromax, Z-Pak). S. pneumoniae has also developed resistance to less commonly 
used drugs.

PUBLIC HEALTH THREAT
Pneumococcal disease, whether or not resistant to antibiotics, is a major public 
health problem. Pneumococcal disease causes 4 million disease episodes and 
22,000 deaths annually. Pneumococcal ear infections (otitis media) are the 
most common type of pneumococcal disease among children, causing 1.5 
million infections that often result in antibiotic use. Pneumococcal pneumonia 
is another important form of pneumococcal disease. Each year, nearly 160,000 
children younger than 5 years old see a doctor or are admitted to the hospital 
with pneumococcal pneumonia. Among adults, over 600,000 seek care for or are 
hospitalized with pneumococcal pneumonia. Pneumococcal pneumonia accounts 
for 72% of all direct medical costs for treatment of pneumococcal disease.

In 30% of severe S. pneumoniae cases, the bacteria are fully resistant to one or 
more clinically relevant antibiotics. Resistant infections complicate treatment 
and can result in almost 1,200,000 illnesses and 7,000 deaths per year. Cases 
of resistant pneumococcal pneumonia result in about 32,000 additional doctor 
visits and about 19,000 additional hospitalizations each year. The excess costs 
associated with these cases are approximately $96 million. 

Invasive pneumococcal disease means that bacteria invade parts of the body that 
are normally sterile, and when this happens, disease is usually severe, causing 
hospitalization or even death. The majority of cases and deaths occur among adults 
50 years or older, with the highest rates among those 65 years or older. Almost 
everyone who gets invasive pneumococcal disease needs treatment in the hospital.



DRUG-RESISTANT
STREPTOCOCCUS PNEUMONIAE

FIGHTING THE SPREAD OF RESISTANCE
Pneumococcal conjugate vaccine (PCV) is an effective tool to prevent infections. Vaccine use has 
not only reduced the burden of invasive pneumococcal disease, but it has also reduced antibiotic 
resistance by blocking the transmission of resistant S. pneumoniae strains. From 2000–2009, PCV7 
provided protection against seven pneumococcal strains, and beginning in 2010 use of PCV13 
expanded that protection to 13 strains. Achieving high vaccination coverage and encouraging 
appropriate antibiotic use will slow the spread of pneumococcal resistance. Using the right 

antibiotic at the right time is crucial. 

WHAT CDC IS DOING
Through partnerships between CDC, state health departments, and universities, CDC is 
tracking S. pneumoniae through its Active Bacterial Core surveillance (ABCs). CDC is 

promoting appropriate antibiotic use among outpatient health care providers and the 
public through its Get Smart: Know When Antibiotics Work program. As part of this program, CDC 
hosts Get Smart About Antibiotic Week, an annual one week observance of the importance of 
appropriate antibiotic use and its impact on antibiotic resistance. CDC is also working with many 
partners in the U.S. to ensure that pneumococcal vaccines are available for children and that 
uptake is high.

WHAT YOU CAN DO
■■ Prevent infections by getting recommended vaccines and practicing  

good hand hygiene. 

■■ Take antibiotics exactly as the doctor prescribes. Do not skip doses.  
Complete the prescribed course of treatment, even when you start  
feeling better. 

■■ Only take antibiotics prescribed for you; do not share or use leftover antibiotics. 

■■ Do not save antibiotics for the next illness. Discard any leftover medication once the 
prescribed course of treatment is completed. 

■■ Do not ask for antibiotics when your doctor thinks you do not need them. 

The very young 
and senior adults 

are most at risk 
for drug-resistant 

pneumococcal 
disease.

Vaccination 
prevents spread 

of drug-resistant 
S. pneumoniae 

infections.

Cases of antibiotic-resistant invasive disease per 100,000 persons,  
by age group and resistance profile — Active Bacterial Core surveillance

CA

2006 2007 2008 2009 2010 2011

HO HACO

Cases and deaths per 100,000 population  
by resistance profile — ABCs areas, 2000–2011
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In 2010, 13-valent pneumococcal conjugate vaccine (PCV13) replaced 7-valent pneumococcal conjugate 
vaccine (PCV7).

ONLINE RESOURCES
Pneumococcal Disease 
www.cdc.gov/pneumococcal

Pneumococcal Vaccine Recommendations  
http://www.cdc.gov/vaccines/vpd-vac/pneumo/in-short-both.
htm#who 

Get Smart: Know When Antibiotics Work Program 
http://www.cdc.gov/getsmart/

Active Bacterial Core surveillance (ABCs) 
http://www.cdc.gov/abcs/index.html

Drug-Resistant Streptococcus pneumoniae (DRSP) Surveillance Toolkit 
http://www.cdc.gov/abcs/reports-findings/surv-manual.html

http://www.cdc.gov/vaccines/vpd-vac/pneumo/in-short-both.htm
http://www.cdc.gov/vaccines/vpd-vac/pneumo/in-short-both.htm
http://www.cdc.gov/GETSMART
http://www.cdc.gov/abcs/index.html
http://www.cdc.gov/abcs/reports-findings/surv-manual.html


DRUG-RESISTANT 

TUBERCULOSIS 
1,042

DRUG-RESISTANT 
TUBERCULOSIS CASES  
IN 2011 (U.S.)

10,528
TUBERCULOSIS  
CASES IN 2011 
(U.S.)

TUBERCULOSIS IS AMONG THE MOST COMMON INFECTIOUS DISEASES AND  

FREQUENT CAUSES OF DEATH WORLDWIDE

THREAT LEVEL
SERIOUS
This bacteria is a serious concern and requires prompt  

and sustained action to ensure the problem does not grow.

Tuberculosis (TB) is among the most common infectious diseases and a frequent cause of death worldwide. TB is caused by the bacteria Mycobacterium tuberculosis 
(M. tuberculosis) and is spread most commonly through the air. M. tuberculosis can affect any part of the body, but disease is found most often in the lungs. In most cases, TB is 
treatable and curable with the available first-line TB drugs; however, in some cases, M. tuberculosis can be resistant to one or more of the drugs used to treat it. Drug-resistant TB 
is more challenging to treat — it can be complex and requires more time and more expensive drugs that often have more side effects. Extensively Drug-Resistant TB (XDR TB) is 
resistant to most TB drugs; therefore, patients are left with treatment options that are much less effective. The major factors driving TB drug resistance are incomplete or wrong 
treatment, short drug supply, and lack of new drugs. In the United States most drug-resistant TB is found among persons born outside of the country.  

RESISTANCE OF CONCERN
■■ Resistance to antibiotics used for standard therapy
■■ Resistance to isoniazid (INH) 
■■ Some TB is multidrug-resistant (MDR), showing resistance to at least INH 

and rifampicin (RMP), two essential first-line drugs
■■ Some TB is XDR TB, defined as MDR TB plus resistance to any 

fluoroquinolone and to any of the three second-line injectable drugs  
(i.e., amikacin, kanamycin, capreomycin)

PUBLIC HEALTH THREAT
Of a total of 10,528 cases of TB in the United States reported in 2011, antibiotic 
resistance was identified in 1,042, or 9.90%, of all TB cases.

  Number of cases
Cases per 100,000 
U.S. population

Percent of all TB 
cases in U.S.

Any first-line resistance 1,042 0.33 10%

INH resistance 740 0.24 7%

MDR TB 124 0.04 1%

XDR TB 6 0.0019 <1%

Deaths caused by antibiotic-
resistant TB

50

For more information about data methods and references, please see technical appendix.



DRUG-RESISTANT
TUBERCULOSIS

Health care providers can help prevent drug-resistant TB by quickly suspecting 
and diagnosing cases, following recommended treatment guidelines, monitoring 
patients’ response to treatment, and ensuring therapy is completed. Additional 
drug-resistant TB prevention measures include implementing effective infection 
control procedures that help limit exposure to known drug-resistant TB patients in 
settings such as hospitals, prisons, or homeless shelters.  

WHAT CDC IS DOING
CDC conducts ongoing surveillance for drug-resistant TB in all 50 states and 

the District of Columbia using the National Tuberculosis Surveillance System 
(NTSS). The TB Genotyping Information Management System (TBGIMS), 
a Web-based system designed to improve access and dissemination of 

genotyping information nationwide, complements the ongoing surveillance 
for drug- resistant TB by linking genotyping results to surveillance data. In 2009, 
CDC implemented the Molecular Detection of Drug Resistance Service (MDDR), a 
national clinical referral service which provides rapid confirmation of MDR and 
XDR TB. Molecular drug-resistant testing enhances but does not replace culture or 
conventional drug-susceptibility testing. 

Other CDC activities directed at preventing spread of drug-resistant TB include 
funding of five TB Regional Training and Medical Consultation Centers (RTMCCs) 
from 2013–2017. The RTMCCs are regionally assigned to cover all 50 states and the 
U.S. territories. One of the primary purposes of each RTMCC is to provide medical 
consultation to TB programs and medical providers, particularly for complex, drug-
resistant cases. Additionally, the RTMCCs offer trainings that provide information 
on diagnosing and treating drug-resistant TB.

Additionally, CDC international activities include studies to improve first and 
second line antibiotic use in patients with drug-resistant TB.

FIGHTING THE SPREAD OF RESISTANCE

Antibiotic resistance 
occurs most often among 

those aged 25-44.  

Cases of Antibiotic-resistant TB by Age Group, 2011

The number of TB 
cases with isoniazid 

resistance or any 
first-line antibiotic 
resistance declined 
from 2003 through 

2011. However, both 
types of resistance 

had increases in 
cases in 2011. 

Multidrug-resistant 
TB has been fairly 

consistent over this 
same time period

Cases of Antibiotic-resistant TB Over Time

ONLINE RESOURCES
http://www.cdc.gov/tb/

http://www.cdc.gov/tb/topic/drtb/default.
htm

http://www.cdc.gov/tb/publications/factsheets/
drtb/mdrtb.htm

http://www.cdc.gov/tb/topic/drtb/xdrtb.htm

http://www.cdc.gov/tb/statistics/reports/2011/
default.htm

http://www.cdc.gov/tb/topic/Laboratory/mddr.htm

http://www.aphl.org/aphlprograms/infectious/
tuberculosis/Pages/default.aspx

http://www.tbcontrollers.org/

http://www.who.int/tb/publications/mdr_
surveillance/en/index.html

C
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http://www.cdc.gov/tb
http://www.cdc.gov/tb/topic/drtb/default.htm
http://www.cdc.gov/tb/topic/drtb/default.htm
http://www.cdc.gov/tb/publications/factsheets/drtb/mdrtb.htm
http://www.cdc.gov/tb/publications/factsheets/drtb/mdrtb.htm
http://www.cdc.gov/tb/topic/drtb/xdrtb.htm
http://www.cdc.gov/tb/statistics/reports/2011/default.htm
http://www.cdc.gov/tb/statistics/reports/2011/default.htm
http://www.cdc.gov/tb/topic/Laboratory/mddr.htm
http://www.aphl.org/aphlprograms/infectious/tuberculosis/Pages/default.aspx
http://www.aphl.org/aphlprograms/infectious/tuberculosis/Pages/default.aspx
http://www.tbcontrollers.org
http://www.who.int/tb/publications/mdr_surveillance/en/index.html
http://www.who.int/tb/publications/mdr_surveillance/en/index.html
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MICROORGANISMS WITH  
A THREAT LEVEL OF CONCERNING
Vancomycin-resistant Staphylococcus aureus (VRSA)

Erythromycin-resistant Group A Streptococcus

Clindamycin-resistant Group B Streptococcus

THREAT LEVEL
CONCERNING

These bacteria are concerning, and 
careful monitoring and prevention 
action are needed.



VANCOMYCIN-RESISTANT
STAPHYLOCOCCUS AUREUS 

13
4 STATES SINCE 2002IN

CASES

SOME STAPHYLOCOCCUS STRAINS ARE RESISTANT TO VANCOMYCIN  

LEAVING FEW OR NO TREATMENT OPTIONS

THREAT LEVEL
CONCERNING

This bacteria is concerning, and careful monitoring  
and prevention action are needed.

Staphylococcus aureus is a common type of bacteria that is found on the skin. During medical procedures when patients require 
catheters or ventilators or undergo surgical procedures, Staphylococcus aureus can enter the body and cause infections. When 
Staphylococcus aureus becomes resistant to vancomycin, there are few treatment options available because vancomycin-resistant  
S. aureus bacteria identified to date were also resistant to methicillin and other classes of antibiotics.

RESISTANCE OF CONCERN
In rare cases, CDC has identified Staphylococcus aureus that is resistant to 
vancomycin, the antibiotic most frequently used to treat serious S. aureus 
infections. 

PUBLIC HEALTH THREAT
A total of 13 cases of vancomycin-resistant Staphylococcus aureus (VRSA) have 
been identified in the United States since 2002.

VRSA infection continues to be a rare occurrence. A few existing factors seem to 
predispose case patients to VRSA infection, including: 

■■ Prior MRSA and enterococcal infections or colonization 
■■ Underlying conditions (such as chronic skin ulcers and diabetes) 
■■ Previous treatment with vancomycin

 
Number of 
cases

Cases per 
100,000 U.S. 
population

Percentage 
of all Genus 
species cases 
in U.S.

Number of 
deaths

Deaths per 
100,000 U.S. 
population

Vancomycin-resistant 
Staphylococcus aureus

13 N/A N/A 0 N/A

For more information about data methods and references, please see technical appendix.



VANCOMYCIN-RESISTANT
STAPHYLOCOCCUS AUREUS

WHAT CDC IS DOING
■■ Confirming cases after being notified by local public health 

authorities.
■■ Providing states and facilities with outbreak support such as staff 

expertise, prevention guidelines, tools, and lab assistance. 
■■ Developing tests and prevention recommendations to control drug-

resistant infections.
■■ Helping medical facilities improve antibiotic prescribing practices.

WHAT YOU CAN DO
States and Communities Can:

■■ Know resistance trends in your region. 
■■ Coordinate local and regional infection tracking and 

control efforts. 
■■ Require facilities to alert each other when transferring patients with 

any infection.

Healthcare CEOs, Medical Officers, and Other Healthcare 
Facility Leaders Can:

■■ Require and strictly enforce CDC guidance for infection detection, 
prevention, tracking, and reporting. 

■■ Make sure your lab can accurately identify infections, and alert clinical 
and infection prevention staff when these bacteria are present. 

■■ Know infection and resistance trends in your facility and in the 
facilities around you. 

■■ When transferring a patient, require staff to notify the other facility 
about all infections. 

■■ Join or start regional infection prevention efforts.
■■ Promote wise antibiotic use.

FIGHTING THE SPREAD OF RESISTANCE
Healthcare Providers Can:

■■ Know when and what types of drug-resistant infections are 
present in your facility and patients.

■■ Request immediate alerts when the lab identifies drug-
resistant infections in your patients.

■■ Alert the other facility when you transfer a patient with a drug-
resistant infection. 

■■ Treat wounds aggressively.
■■ Use vancomycin responsibly.
■■ Protect patients from drug-resistant infections.

●● Follow relevant guidelines and precautions at every patient 
encounter.

●● Prescribe antibiotics wisely.
●● Remove temporary medical devices such as catheters and 

ventilators as soon as no longer needed.

Patients and Their Loved Ones Can:
■■ Ask everyone, including doctors, nurses, other medical  

staff, and visitors, to wash their hands before touching  
the patient.

■■ Take antibiotics only and exactly as prescribed.

ONLINE RESOURCES
Vancomycin-Intermediate/Resistant Staphylococcus (VISA/
VRSA) in Healthcare Settings  
http://www.cdc.gov/HAI/organisms/visa_vrsa/visa_vrsa.html 

Healthcare-associated Infections (HAIs), Guidelines and 
Recommendations 
www.cdc.gov/hicpac/pubs.html
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http://www.cdc.gov/HAI/organisms/visa_vrsa/visa_vrsa.html
www.cdc.gov/hicpac/pubs.html


ERYTHROMYCIN-RESISTANT GROUP A
STREPTOCOCCUS 

1,300
DRUG-RESISTANT GROUP A  
STREP INFECTIONS PER YEAR

160
DEATHS

GROUP A STREP IS THE LEADING CAUSE OF  

NECROTIZING FASCIITIS (“FLESH-EATING” DISEASE)

1–2.6 MILLION STREP THROAT  
INFECTIONS PER YEARTHREAT LEVEL

CONCERNING
This bacteria is concerning, and careful monitoring  

and prevention action are needed.

Group A Streptococcus (GAS) causes many illnesses, including pharyngitis (strep throat), streptococcal toxic shock syndrome, necrotizing fasciitis 
(“flesh-eating” disease), scarlet fever, rheumatic fever, and skin infections such as impetigo.

RESISTANCE OF CONCERN
GAS has developed resistance to clindamycin and a category of drugs called macrolides. 
Macrolides include erythromycin, azithromycin and clarithromycin. GAS has also developed 
resistance to a less commonly used drug—tetracycline. Of these, resistance to erythromycin 
and the other macrolide antibiotics is of the most immediate concern.  

PUBLIC HEALTH THREAT
Each year in the United States, erythromycin-resistant, invasive GAS causes 1,300 illnesses 
and 160 deaths. 

GAS is a leading cause of upper respiratory tract infections such as strep throat. There 
are 1-2.6 million cases of strep throat in the U.S. each year. These bacteria are also the 
leading cause of necrotizing fasciitis, an invasive disease that can be fatal in 25%–35% 
of cases. Invasive disease means that bacteria invade parts of the body that are normally 
sterile. When this happens, disease is usually very severe, causing hospitalization or even 
death. Those at highest risk for invasive disease are the elderly, those with skin lesions, 
young children, people in group living situations such as nursing homes, and those with 
underlying medical conditions, such as diabetes. 

Penicillin is the recommended first-line treatment for GAS infections. Amoxicillin is a type 
of penicillin that is often used to treat strep throat. Currently, GAS is not resistant to 
treatment with penicillin. If resistance to penicillin emerges, it would severely compromise 
treatment of invasive GAS infections. For people who are allergic to penicillin, two of 
the alternative antibiotics, azithromycin and clarithromycin, can be used to treat strep 
throat. In fact, azithromycin is prescribed more commonly than penicillin. Of GAS bacterial 
samples tested at CDC from 2010 and 2011, 10% were erythromycin-resistant (and therefore 
resistant to other macrolides such as azithromycin and clarithromycin), while 3.4% were 
clindamycin-resistant. Increasing resistance to erythromycin will complicate treatment of 
strep throat, particularly for those who cannot tolerate penicillin.

A more current concern is the increase in bacteria that show the genetic potential for 
becoming resistant to clindamycin. Clindamycin has a unique role in treatment of severe 
GAS infections. For severe, life-threatening infections, like necrotizing fasciitis and toxic 
shock syndrome, a combination of penicillin and clindamycin is recommended for treatment. 



ERYTHROMYCIN-RESISTANT
GROUP A STREPTOCOCCUS

FIGHTING THE SPREAD OF RESISTANCE
Encouraging appropriate antibiotic use, including using the right antibiotic at the 
right time, and for the right amount of time, is crucial to preventing the spread 
of drug-resistant GAS. Doctors should adhere to the recommended antibiotics for 
treating GAS infections, including using penicillin or amoxicillin whenever possible.

WHAT CDC IS DOING
CDC has collaborated with the Infectious Diseases Society of America to update 

guidance on diagnosing strep throat and selecting antibiotics to treat it. These 
guidelines reinforce appropriate use of antibiotics for this common illness. CDC 

is also promoting appropriate antibiotic use among outpatient healthcare 
providers and the public through its Get Smart: Know When Antibiotics Work 
program. As part of this program, CDC hosts Get Smart About Antibiotics 
Week, an annual one-week observance of the importance of appropriate 

antibiotic use and its impact on antibiotic resistance. Through partnerships 
between CDC, state health departments, and universities, CDC is tracking GAS 
through Active Bacterial Core surveillance (ABCs). 

WHAT YOU CAN DO
■■ Prevent infections by practicing good hand hygiene. 
■■ Take antibiotics exactly as the doctor prescribes. Do not skip  

doses. Complete the prescribed course of treatment, even  
when you start feeling better. 

■■ Only take antibiotics prescribed for you. Do not share or use  
leftover antibiotics. 

■■ Do not save antibiotics for the next illness. Discard any leftover medication 
once the prescribed course of treatment is completed. 

■■ Do not ask for antibiotics when your doctor thinks you do not need them.

Rates of resistance to 
two core antibiotics 
continue to increase 

for group A strep.

Prevalence of erythromycin, clindamycin and tetracycline resistance  
among group A streptococcal isolates, CDC’s Active Bacterial Core  

surveillance (ABCs), 2010–2011
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ONLINE RESOURCES
Active Bacterial Core surveillance (ABCs) 
http://www.cdc.gov/abcs/index.html

Get Smart: Know When Antibiotics Work Program 
http://www.cdc.gov/getsmart/

Group A Strep 
http://www.cdc.gov/ncidod/dbmd/diseaseinfo/groupastreptococcal_g.htm

Necrotizing Fasciitis 
http://www.cdc.gov/features/necrotizingfasciitis/

Strep Throat 
http://www.cdc.gov/features/strepthroat/

Scarlet Fever 
http://www.cdc.gov/features/scarletfever/

http://www.cdc.gov/abcs/index.html
http://www.cdc.gov/GETSMART
http://www.cdc.gov/ncidod/dbmd/diseaseinfo/groupastreptococcal_g.htm
http://www.cdc.gov/features/necrotizingfasciitis
http://www.cdc.gov/features/strepthroat
http://www.cdc.gov/features/scarletfever


CLINDAMYCIN-RESISTANT GROUP B
STREPTOCOCCUS 

7,600 DRUG-RESISTANT 
GROUP B STREP 
INFECTIONS 440 DEATHS

27,000
GROUP B STREP IS THE LEADING CAUSE OF  

SERIOUS BACTERIAL INFECTIONS IN NEWBORNS

SEVERE CASES OF 
GBS IN 2011

THREAT LEVEL
CONCERNING

This bacteria is concerning, and careful monitoring  
and prevention action are needed.

Group B Streptococcus (GBS) is a type of bacteria that can cause severe illnesses in people of all ages, ranging from bloodstream 
infections (sepsis) and pneumonia to meningitis and skin infections.

RESISTANCE OF CONCERN
GBS has developed resistance to clindamycin and erythromycin. GBS that are resistant 
to erythromycin will also be resistant to azithromycin. Recently, the very first cases with 
resistance to vancomycin have been detected among adults. These cases are extremely rare 
and also very concerning since vancomycin is the most commonly used drug for treatment of 
potentially resistant gram-positive infections in adults. Strains with decreasing responsiveness 
to treatment with penicillin drugs have been described but remain very rare. Resistance to 
clindamycin is of the most immediate clinical concern, although the other forms of resistance 
are worrisome.

PUBLIC HEALTH THREAT
Each year in the United States, clindamycin-resistant Group B Strep causes an estimated 
7,600 illnesses and 440 deaths.

In the United States, GBS is the leading cause of serious bacterial infections in newborns, 
including bloodstream infections, meningitis, and pneumonia. When these GBS infections 
occur in the first 7 days of life, they are known as early-onset disease. To prevent early-
onset disease in newborns, antibiotics are given during labor and delivery to mothers who 
test positive for GBS (tested at 35–37 weeks of pregnancy with a vaginal/rectal swab) and 
to those who have other risk factors for passing GBS to their newborns. 

GBS also is one of the most common causes of meningitis and other severe infections in 
infants from 7 days to 3 months old (late-onset disease). GBS is also an increasing cause 
of bloodstream infections, pneumonia, skin and soft tissue infections, and bone and joint 
infections in adults, especially among pregnant women, the elderly, and people with certain 
medical conditions such as diabetes.

CDC estimates from preliminary data that 27,000 cases of severe GBS disease, such as blood 
infections or meningitis, occurred in 2011, causing 1,575 deaths. Forty-nine percent of GBS 
isolates (samples) tested were erythromycin-resistant, and 28% were clindamycin-resistant. 
Although the incidence of early-onset disease has been decreasing, the proportion of GBS 
infections resistant to erythromycin and clindamycin has increased steadily since 2000. 

Resistance to the penicillin drug class could threaten the success of strategies to prevent 
early-onset disease and lead to treatment failures since penicillin drugs are the top choice 
for treating GBS. Additionally, the increasing resistance to recommended second-line drugs, 
clindamycin and erythromycin, limits prevention and treatment for patients with GBS who 
are allergic to penicillin. 



CLINDAMYCIN-RESISTANT GROUP B
STREPTOCOCCUS 

FIGHTING THE SPREAD OF RESISTANCE
Doctors should test all pregnant women for GBS at 35–37 weeks of pregnancy and 
adhere to the recommended antibiotics during labor and delivery for prevention of early-
onset disease. Broad efforts to promote appropriate use of antibiotics in outpatient and 
inpatient settings will also help minimize the spread of resistance among GBS bacteria.

WHAT CDC IS DOING
CDC, in collaboration with professional associations, has developed evidence-based 
Guidelines for the Prevention of Perinatal Group B Streptococcal Disease. These 

guidelines discuss diagnosis and management, and recommendations are provided 
regarding antibiotic choices and dosing. They also support GBS screening 
for all pregnant women at 35–37 weeks of pregnancy and use of antibiotics 
during labor and delivery to prevent newborn infection. Through partnerships 

between CDC, state health departments, and universities, CDC is tracking GBS 
through its Active Bacterial Core surveillance (ABCs). This program monitors 

antibiotic resistance and has contributed to the detection of the very first cases in the 
U.S. of vancomycin-resistant GBS, as well as tracking of susceptibility trends of other 
antibiotics important for treatment of GBS. CDC is promoting appropriate antibiotic use 
among outpatient health care providers and the public through its Get Smart: Know 
When Antibiotics Work program. 

WHAT YOU CAN DO
■■ Pregnant women should talk to their doctor or nurse about their GBS  

status and let them know of any medication allergies during a checkup.

■■ When women get to the hospital or birthing center for delivery, they  
should remind their doctor or nurse if they have GBS and if they are  
allergic to any medications.

■■ Practice appropriate antibiotic use whenever you see a doctor or are prescribed 
an antibiotic for any condition:

●● Take antibiotics exactly as the doctor prescribes. Do not skip doses. Complete 
the prescribed course of treatment, even when you start feeling better. 

●● Only take antibiotics prescribed for you. Do not share or use leftover 
antibiotics. 

●● Do not save antibiotics for the next illness. Discard any leftover medication 
once the prescribed course of treatment is completed. 

●● Do not ask for antibiotics when your doctor thinks you do not need them.

Group B strep 
continues to 
become more 

resistant to two 
major antibiotics, 

leaving those 
allergic to first 

line drugs in 
jeopardy.

Proportion of Group B Streptococcus isolates resistant  
to erythromycin and clindamycin— 

Active Bacterial Core surveillance (ABCs), 2000-2010*

*Most recent data available.

Early-onset 
group B strep 

disease has 
declined by 

80% since the 
introduction of 
evidence-based 

prevention 
strategies.

Incidence of Early-Onset Disease Caused by Group B Streptococcus—
Active Bacterial Core surveillance (ABCs), 1989–2010

ACOG = American College of Obstetricians and Gynecologists, AAP = American Academy 
of Pediatrics

CS239559-B

ONLINE RESOURCES
Group B Strep (GBS) 
http://www.cdc.gov/groupbstrep/about/index.html

Active Bacterial Core surveillance (ABCs) 
http://www.cdc.gov/abcs/index.html

http://www.cdc.gov/groupbstrep/about/index.html
http://www.cdc.gov/abcs/index.html
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EXTENDED SPECTRUM β-LACTAMASE 
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Technical Appendix

Clostridium difficile

Methods

National estimates of the number of Clostridium difficile (C. difficile) 
infections (CDI) requiring hospitalization or in already hospitalized 
patients were obtained from the data submitted through the 
Emerging Infections Program’s C. difficile surveillance in 2011, of 

34 counties in 10 U.S. states (http://www.cdc.gov/hai/eip/cdiff_techinfo.html). During 
2011, a total of 15,452 CDI cases were identified across the participating sites. Data on 
hospitalization following CDI or at the time of infection were obtained for all cases from 
8 of 10 U.S. states and from a random sample of 33% from cases from the other 2 states. 
The sampled cases were used to estimate total number of hospitalizations in the 2 states 
where sampling was performed. The national estimates were made using 2011 population 
estimates from U.S. Census Bureau adjusting for age, gender and race distribution of 
the American population.1 Approximately 18% of cases were reported without a race 
value. Multiple imputation was used to estimate the missing race based on the data that 
are available and the results were summarized. The C. difficile attributable mortality was 
estimated from death certificate data.2 Trends on deaths related to C. difficile were obtained 
from the CDC’s National Center for Health Statistics.3 Estimates were rounded to two 
significant digits.
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Technical Appendix

Carbapenem-Resistant Enterobacteriaceae

Multidrug-Resistant Acinetobacter

Fluconazole-Resistant Candida

Extended Spectrum Β-lactamase producing 
Enterobacteriaceae (ESBLs)

Vancomycin-Resistant Enterococcus (VRE)

Multidrug-Resistant Pseudomonas aeruginosa

Methods

National estimates of the number of healthcare-associated infections 
(HAIs) with Enterobacteriaceae, Pseudomonas aeruginosa, Candida, 
Acinetobacter, or Enterococci were obtained from a 2011 survey of 
11,282 patients in 183 hospitals in 10 different states, among whom 
452 were identified with at least one HAI for a total of 504 HAIs (some 
patients had >1 HAI). 

Many assumptions were made in deriving national estimates, using 
these 452 patients, and adjusting for age and length of stay using 
the 2010 Nationwide Inpatient Sample (NIS), Healthcare Cost and 
Utilization Project (HCUP), Agency for Healthcare Research and 
Quality. For 2011, an estimated 647,985 patients had at least one HAI, 
resulting in an estimated 721,854 HAIs.1 481 pathogens were reported 
among the 504 HAIs detected; 50 K. pneumonia or K. oxytoca (9.9%), 
47 E. coli (9.3%), 46 Enterococci spp. (9.1%), 36 P. aeruginosa (7.1%), 34 
Candida spp. (6.7%), 8 Acinetobacter spp. (1.6%). For each pathogen, the 
pathogen-specific annual estimate was obtained by multiplying this 
proportion (of all HAIs) by the national HAI estimate (721,854). Next, 
the estimated no. of resistant infections was obtained by multiplying 
the respective pathogen-specific national estimate by the proportion 
of pathogens reported as non-susceptible to the antimicrobial 
of interest from other CDC data systems. For Enterobacteriaceae, 
Pseudomonas aeruginosa, Acinetobacter, and Enterococci this was CDC’s 
National Healthcare Safety Network and includes the mean percent 
non-susceptible across the device and procedure-associated HAIs 
reported during 2009–20102; see individual fact sheets in this report 
for percent resistance for each pathogen. 

For Candida by the proportion of Candida species testing non-
susceptible to fluconazole that were submitted to CDC for 
confirmatory testing as part of the Emerging Infections Program 
Surveillance of Candida bloodstream infections during 2008-2011.3 In 
this program a total of 2,675 Candida species isolates associated with 
bloodstream infections were submitted as part of the EIP population-
based surveillance in 2 US cities, azole resistance was identified in 165 
cases, or 7%. 
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The number of deaths attributable to the antimicrobial-resistant healthcare-associated 
infection was determined by multiplying the estimated number of resistant infections by 
6.5%, an overall estimate of attributable mortality from antibiotic-resistant hospital-onset 
infections previously determined.4 This estimate accounts for the overall distribution of 
the different types of infections commonly caused by antibiotic-resistant pathogens in 
hospitalized patients and is generally much lower than the crude mortality observed in 
many of these patients owing to their severe underlying disease status. Definitions of 
multidrug resistance used in this analysis are published elsewhere.2 The proportion of U.S. 
hospitals reporting carbapenem-resistant Enterobacteriaceae was derived as reported 
elsewhere.5 Estimates were rounded to two significant digits.
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Technical Appendix

Neisseria gonorrhoeae

Methods

Estimates of the number of gonococcal infections with any resistance 
pattern, reduced susceptibility to cephalosporins or azithromycin, 
or resistance to tetracycline are reported. They are derived by 
multiplying an estimate of the annual number of gonococcal 
infections in the United States1 by the prevalence of reduced 
susceptibility or resistance among urethral Neisseria gonorrhoeae 
isolates collected and tested by the Gonococcal Isolate Surveillance Project (GISP)  
during 2011.2 

Many assumptions were made in deriving the estimates. Data from the National Health 
and Nutrition Examination Survey (NHANES) provided accurate gonorrhea prevalence 
estimates, although NHANES only measures urogenital infections and does not include 
oropharyngeal or rectal infections. The average duration of infection, used to calculate 
incidence, was based on expert opinion, due to an absence of published data. Also, 
estimates of resistance in GISP are nationally representative. However, compared to the 
regional distribution of reported gonococcal infections, GISP relatively over-samples 
patients from the West Coast, where resistance has traditionally first emerged in the United 
States. The Clinical Laboratory Standards Institute categorizes susceptibility to cefixime 
and ceftriaxone as minimum inhibitory concentrations (MICs) ≤0.25 µg/ml.3 For this 
analysis, isolates with cefixime MICs ≥0.25 µg/ml were considered to have reduced cefixime 
susceptibility, and isolates with ceftriaxone MICs ≥0.125 µg/ml were considered to have 
reduced ceftriaxone susceptibility. An azithromycin MIC ≥2.0 µg/ml was considered to have 
reduced azithromycin susceptibility, and a tetracycline MIC ≥2.0 µg/ml was considered 
resistant. Resistance to any antimicrobial includes resistance to penicillin (MIC ≥ 2 µg/ml), 
tetracycline, ciprofloxacin (MIC ≥ 1µg/ml), or spectinomycin (MIC ≥ 128 µg/ml), or reduced 
susceptibility to the cephalosporins or azithromycin.

GISP, established in 1986, is a sentinel surveillance system with partners that include CDC, 
sexually transmitted disease clinics at 25–30 sentinel sites, and 5 regional laboratories in the 
United States.4 Gonococcal isolates are collected from up to the first 25 men diagnosed with 
gonococcal urethritis at each sentinel site each month. Antimicrobial susceptibility testing 
is performed using agar dilution for a panel of antimicrobials that includes penicillin, 
tetracycline, ciprofloxacin, spectinomycin, cefixime, ceftriaxone, and azithromycin. 
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Technical Appendix

Drug-Resistant Campylobacter

Methods

Estimates of the number of illnesses and deaths from infections with 
Campylobacter resistant to ciprofloxacin or azithromycin are reported. 
They were derived by multiplying an estimate of the annual number 
of Campylobacter illnesses or deaths in the United States1 by the 
average prevalence of resistance among Campylobacter tested by the 

National Antimicrobial Resistance Monitoring System (NARMS) during the years 2009–2011. 
Resistance breakpoints from the NARMS 2011 Human Isolates Report were used.2 

Many assumptions were made in deriving the estimates. The estimated number of illnesses 
from resistant Campylobacter was divided by the U.S. population and multiplied by 100,000 
to calculate the estimated number of illnesses from resistant infections per 100,000 
people. The U.S. population in 2006 (approximately 299 million people) was used for the 
calculations because the estimated number of Campylobacter illnesses in the United States 
was based on this population.1 The sentinel county survey data displayed in Figure 1 was 
previously reported.3
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Drug-Resistant Non-Typhoidal Salmonella 

Methods

Estimates of the number of illnesses and deaths from infections with 
non-typhoidal Salmonella resistant to ceftriaxone, resistant or partially 
resistant to ciprofloxacin, or resistant to five or more antibiotic classes 
are reported. They were derived by multiplying an estimate of the 
annual number of non-typhoidal Salmonella illnesses or deaths in the 
United States1 by the average prevalence of resistance among non-typhoidal Salmonella 
isolates tested by the National Antimicrobial Resistance Monitoring System (NARMS) during 
the years 2009–2011. Resistance breakpoints from the NARMS 2011 Human Isolates Report 
were used.3 For ciprofloxacin, isolates with intermediate susceptibility results (minimum 
inhibitory concentration of 0.12–0.5 µg/ml) were considered partially resistant.

Many assumptions were made in deriving the estimates. The estimated number of illnesses 
from resistant Salmonella was divided by the U.S. population and multiplied by 100,000 
to calculate the estimated number of illnesses from resistant Salmonella per 100,000 
population. The U.S. population in 2006 (approximately 299 million people) was used for 
the calculations because the estimated number of non-typhoidal Salmonella illnesses in 
the United States was based on this population.1 The methods used to estimate the direct 
medical costs for Salmonella infections were previously reported.2
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Drug-Resistant Salmonella Serotype Typhi

Methods

An estimate of the number of illnesses and deaths from Salmonella 
serotype Typhi resistant or partially resistant to ciprofloxacin was 
derived by multiplying an estimate of the annual number of illnesses 
or deaths from typhoid fever in the United States1 by the average 
prevalence of ciprofloxacin resistance or partial resistance among 

Salmonella Typhi isolates tested by the National Antimicrobial Resistance Monitoring 
System (NARMS) during 2009–2011. Resistance breakpoints from the NARMS 2011 Human 
Isolates Report were used.2 For ciprofloxacin, isolates with intermediate susceptibility 
results (minimum inhibitory concentration of 0.12–0.5 µg/ml) were considered partially 
resistant.

 Many assumptions were made in deriving the estimates. The estimated number of illnesses 
from ciprofloxacin resistant or partially resistant Salmonella Typhi was divided by the U.S. 
population and multiplied by 100,000 to calculate the estimated number of illnesses from 
resistant or partially resistant infections per 100,000 people. The U.S. population in 2006 
(approximately 299 million people) was used for the calculations because the estimated 
number of typhoid fever illnesses in the United States was based on this population. 
Worldwide case estimates3 and pre-antibiotic era mortality4 are from published sources. 
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Drug-Resistant Shigella

Methods

Estimates of the number of illnesses and deaths from infections with 
Shigella resistant to azithromycin or ciprofloxacin are reported. They 
were derived by multiplying an estimate of the annual number of 
Shigella illnesses or deaths in the United States1 by the prevalence 
of resistance among Shigella tested by the National Antimicrobial 
Resistance Monitoring System (NARMS) in 2011, the year azithromycin testing began. 
Resistance breakpoints from the NARMS 2011 Human Isolates Report were used.2 As 
clinical azithromycin breakpoints have not been established for Shigella, the values used 
here were based on epidemiological cut-off values used in the NARMS report. Isolates with 
azithromycin minimal inhibitory concentrations of ≥32 µg/ml were considered resistant.

Many assumptions were made in deriving these estimates. The estimated number of 
illnesses from resistant Shigella was divided by the U.S. population and multiplied by 
100,000 to calculate the estimated number of illnesses from resistant infections per 
100,000 people. The U.S. population in 2006 (approximately 299 million people) was  
used for the calculations because the estimated number of Shigella illnesses in the United 
States was based on this population.1 The sentinel county survey data displayed were 
previously reported.3,4,5
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Technical Appendix

Methicillin-Resistant Staphylococcus aureus (MRSA) 

Methods

National estimates of the number of invasive MRSA healthcare-
associated infections (HAIs) were derived from the Emerging Infection 
Program/Active Bacterial Core Surveillance1 for Invasive MRSA using 
data reported for infections occurring during 2011 (http://www.
cdc.gov/abcs/reports-findings/surv-reports.html). During 2011, 

4,872 reports of invasive MRSA (isolates of MRSA cultured from a normally sterile site and 
identified by a participating clinical laboratory) were received from the 9 participating 
program sites (population of 19,393,677). Reports include both healthcare-associated 
infections and community-associated infections, but are limited to invasive infections 
(approximately 85% are bloodstream infections).

Estimates were made using National Center for Health Statistics bridged-race vintage 2011 
post-censal file and U.S. renal data systems, adjusting for race, age, gender, and receipt 
of dialysis. Mortality includes all-cause mortality during hospitalization, and estimates 
were adjusted in similar fashion as infection estimates. Approximately 18% of cases were 
reported without a race value, multiple imputation was used to estimate the missing race 
based on the data that are available and the results were summarized. Regarding device 
and procedure-associated infections with MRSA, the proportion of facilities reporting 
at least one S. aureus HAI reported as MRSA for each HAI type was obtained from CDC’s 
National Healthcare Safety Network Antimicrobial Resistance Report 2009–2010.2 Estimates 
were rounded to two significant digits.
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Vancomycin-Resistant Staphylococcus aureus

Methods

Vancomycin resistant S. aureus (VRSA) have been a nationally 
notifiable condition since 2004.1 The national estimate of the number 
of VRSA cases is derived from individual case reports and confirmation 
at the Centers for Disease Control and Prevention (CDC). All 
reported VRSA are submitted to CDC for confirmatory antimicrobial 
susceptibility with reference broth microdilution.2 Vancomycin resistance in S. aureus is 
defined as an MIC ≥ 16 ug/ ml. All isolates meeting this criterion are further characterized 
with PCR to detect known resistance mechanisms. All 13 U.S. VRSA identified to date have 
carried the vanA resistance determinant.3
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Drug-Resistant Streptococcus pneumoniae

Methods

Trends in the incidence of antibiotic-resistant invasive pneumococcal 
disease per 100,000 persons are from Active Bacterial Core 
surveillance (ABCs), which is part of CDC’s Emerging Infections 
Program (EIP) network.1  ABCs conducts surveillance for invasive 
bacterial infections, including Streptococcus pneumoniae, at 10 sites 

located throughout the United States representing a population of approximately 30 
million persons. Isolates are collected on ≥90% of all cases (approximately 3200 isolates 
per year) and sent to reference laboratories for susceptibility testing to eighteen different 
antibiotics using Clinical and Laboratory Standards Institute (CLSI) methods. Estimates of 
invasive pneumococcal disease are also from ABCs.2

Estimates of the burden of antibiotic resistant pneumococcal disease are derived from three 
sources. First, numbers of cases were estimated by applying the rate for full resistance to 
clinically relevant drugs (i.e. penicillin, ceftriaxone, cefotaxime, erythromycin, levofloxacin, 
tetracycline, trimethoprim/sulfamethoxazole) in 2011 (30%) to estimates of cases of all  
S. pneumoniae infections (4 million) as estimated by Huang and colleagues.3 Numbers of 
deaths were estimated by applying the rate of full resistance to a clinically relevant drug 
(33%) to the total number of deaths from pneumococcal disease.3  Excess pneumococcal 
pneumonia visits, hospitalizations, and costs were estimated using the previous overall 
burden estimates3 but consideration of the burden of disease that would have occurred in 
the absence of resistance to penicillin, erythromycin, and levofloxacin.4 
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Erythromycin-Resistant Group A Streptococcus

Methods

Estimates of the proportion of GAS isolates resistant to erythromycin, 
clindamycin and tetracycline are from isolates collected through 
Active Bacterial Core surveillance (ABCs), which is part of CDC’s 
Emerging Infections Program (EIP) network.1 ABCs conducts 
surveillance for invasive bacterial infections, including GAS, at 10 
sites located throughout the United States representing a population of approximately 32 
million people. Isolates are collected on ~80% of all cases (approximately ~1000 isolates 
per year) and sent to reference laboratories for susceptibility testing to twelve different 
antibiotics using Clinical and Laboratory Standards Institute (CLSI) methods. 

Cases and deaths were estimated by applying 2011 resistant rate to erythromycin (10%, see 
Strep Group A Streptococcus pathogen page) to total cases (13300) and total deaths (1,550) 
reported in the 2011 report of the Active Bacteria Core surveillance (ABCs).2
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Clindamycin-Resistant Group B Streptococcus

Methods

Estimates of the proportion of GBS isolates resistant to erythromycin 
and clindamycin are from isolates collected through Active Bacterial 
Core surveillance (ABCs), which is part of CDC’s Emerging Infections 
Program (EIP) network.1 ABCs conducts surveillance for invasive 
bacterial infections, including GBS, at 10 sites located throughout 

the United States representing a population of approximately 32 million persons. Isolates 
are collected currently from 7 of these states, from ~85% of the cases in these states 
(approximately ~1500 isolates per year) and sent to reference laboratories for susceptibility 
testing to twelve different antibiotics using Clinical and Laboratory Standards Institute 
(CLSI) methods. Estimates of severe disease are also from ABCs.2

Cases and deaths were estimated by applying the 2010 overall resistant rate to clindamycin 
(28%) from the ABCs antimicrobial susceptibilities report3 to total cases (27,000) and total 
deaths (1,575) reported in the 2011 ABCs GBS surveillance report.2
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GLOSSARY
Active Bacterial Core surveillance (ABCs): A core component of CDC’s Emerging 
Infections Programs network (EIP), a collaboration between CDC, state health departments, 
and universities. ABCs is an active laboratory- and population-based surveillance system 
that tracks invasive bacterial pathogens of public health importance. It currently operates 
among 10 EIP sites across the United States, representing a population of approximately 
41 million persons. At this time, ABCs conducts surveillance for six pathogens: group A 
and group B Streptococcus (GAS, GBS), Haemophilus influenzae, Neisseria meningitidis, 
Streptococcus pneumoniae, and methicillin-resistant Staphylococcus aureus (MRSA).

Adverse drug event: When therapeutic drugs (example, antibiotics) have harmful effects; 
when someone has been harmed by a medication.

Aminoglycoside: A type of antibiotic that destroys the functioning of gram-negative 
bacteria. Increased resistance to aminoglycosides has made them less useful.

Antibiotic: Type of medicine made from mold or bacteria that kills or slows the growth of 
other bacteria. Examples include penicillin and streptomycin.

Antibiotic class: A grouping of antibiotics that are similar in how they work and how they 
are made.

Antibiotic growth promotion: Giving farm animals antibiotics to increase their size in 
order to produce and sell more meat.

Antibiotic resistance: The result of bacteria changing in ways that reduce or eliminate the 
effectiveness of antibiotics. Antibiotic resistance is one type of antimicrobial resistance.

Antibiotic stewardship: Coordinated efforts and programs to improve the use of 
antimicrobials. For example, facilities with antibiotic stewardship programs have made 
a commitment to always use antibiotics appropriately and safely—only when they are 
needed to prevent or treat disease, and to choose the right antibiotics and to administer 
them in the right way in every case.

Antimicrobial: A general term for the drugs, chemicals, or other substances that either 
kill or slow the growth of microorganisms. Among the antimicrobial agents in use today 
are antibacterial drugs (which kill bacteria), antiviral agents (which kill viruses), antifungal 
agents (which kill fungi), and antiparisitic drugs (which kill parasites).

Antimicrobial resistance: The result of microorganisms changing in ways that reduce 
or eliminate the effectiveness of drugs, chemicals, or other agents used to cure or 
prevent infections. In this report, the focus is on antibiotic resistance, which is one type of 
antimicrobial resistance.

Azithromycin: A macrolide antibiotic used to treat infections caused by gram-positive 
bacteria and infections such as respiratory tract and soft-tissue infections.

Azoles: A large class of drugs developed to treat fungal infections.
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Bacteria: Single-celled organisms that live in and around us. Bacteria can be helpful,  
but in certain conditions can cause illnesses such as strep throat, ear infections, and 
bacterial pneumonia.

Bacteriology: The study of bacteria.

Beta (β)-lactamase enzyme: A chemical produced by certain bacteria that can destroy 
some kinds of antibiotics.

Broad-spectrum antibiotic: An antibiotic that is effective against a wide range of bacteria.

Carbapenem: A type of antibiotic that is resistant to the destructive beta-lactamase 
enzyme of many bacteria. Carbapenems are used as a last line of defense for many bacteria, 
but increased resistance to carbapenems has made them less useful. 

Cefixime: A cephalosporin antibiotic that is resistant to the destructive beta-lactamase 
enzyme of many bacteria.

Ceftriaxone: A cephalosporin antibiotic that is resistant to the destructive beta-lactamase 
enzyme of many bacteria.

Cephalosporin: Cephalosporins are a class of antibiotics containing a large number of 
drugs. Some more recently developed cephalosporins are resistant to the destructive beta-
lactamase enzyme produced by many bacteria. 

Ciprofloxacin: A broad-spectum fluoroquinolone antibiotic that is important in treating 
serious bacterial infections, especially when resistance to older antibiotic classes is 
suspected.

Clindamycin: An antibiotic used to treat certain types of bacterial infections, including 
infections of the lungs, skin, blood, female reproductive organs, and internal organs. 

Conjugate vaccine: A vaccine in which an antigen is attached to a carrier protein from the 
same microorganism. This approach enhances the immunological response to the vaccine 
and thereby enhances the overall effectiveness of the vaccine.

Echinocandins: A class of drugs developed to treat fungal infections.

EIP: The Emerging Infections Program network is a national resource for surveillance, 
prevention, and control of emerging infectious diseases. It was established in 1995. The 
EIP is a network of 10 state health departments and their collaborators in local health 
departments, academic institutions, other federal agencies, and public health and clinical 
laboratories; infection preventionists; and healthcare providers. 

Endogenous flora: Bacteria that naturally reside in or on the body.

Epidemiology: The study of diseases to find out who is affected, how disease is spread, 
trends in illnesses and deaths, what behaviors or other risk factors might put a person 
at risk, and other information that can be used to develop prevention strategies. 
Epidemiologists use surveys and surveillance systems to track illnesses, and they often 
investigate disease outbreaks.
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Erythromycin: An antibiotic used to treat certain infections caused by bacteria, such as 
bronchitis, diphtheria, Legionnaires’ disease, pertussis (whooping cough), pneumonia, 
rheumatic fever, sexually transmitted diseases, and infections of the ear, intestine, lung, 
urinary tract, and skin. It is also used before some surgery or dental work to prevent 
infection.

Extended-spectrum antibiotic: An antibiotic that has been chemically modified to attack 
additional types of bacteria, usually those that are gram-negative.

Extensively drug-resistant (XDR): Resistance to nearly all drugs that would be considered 
for treatment. Exact definitions for XDR differ for each type of bacteria. 

Fluconazole: An antifungal drug in the azole class. 

Fluoroquinolones: Broad-spectrum antibiotics that play an important role in treatment 
of serious bacterial infections, especially hospital-acquired infections and others in 
which resistance to older antibacterial classes is suspected. Increasing resistant to 
fluoroquinolones is making them less effective. 

Fungus: A single-celled or multicellular organism. Fungi can be opportunistic pathogens 
(such as aspergillosis, candidiasis, and cryptococcosis) that cause infections in people 
with compromised immune systems, such as cancer patients, transplant recipients, and 
people with HIV/AIDS. Fungi can also be or pathogens (such as the endemic mycoses, 
histoplasmosis and coccidioidomycosis, and superficial mycoses) that cause infections in 
healthy people. Fungi are used to develop antibiotics, antitoxins, and other drugs used to 
treat various diseases.

GISP: The Gonococcal Isolate Surveillance Project was established in 1986 to monitor 
U.S. trends in antimicrobial susceptibilities of strains of Neisseria gonorrhoeae, the type 
of bacteria that causes gonorrhea. The goal of GISP is to establish a rational basis for the 
selection of drugs used to treat gonorrhea. GISP is a collaborative project between selected 
sexually transmitted disease clinics, five regional laboratories, and CDC. 

HAIs: Healthcare-associated infections are those that occur in hospitals, outpatient clinics, 
nursing homes, and other facilities where people receive care.

Hand hygiene: The practice of cleaning hands. This practice protects against infection  
and illness.

Hypervirulent: Increased ability to cause severe disease, relapse rates, and death. 

Invasive disease: A disease that can spread within the body to healthy tissue.

Isolate/bacterial isolate: A pure culture or sample of bacteria used to study their 
properties.

Isoniazid (INH): A first-line drug used to treat tuberculosis. Strains of tuberculosis resistant 
to INH and rifampin are considered to be multidrug resistant. 

Macrolide: A type of antibiotic used to treat infections caused by gram-positive bacteria 
and infections such as respiratory tract and soft-tissue infections. Macrolides are often used 
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in people allergic to penicillin, but resistance to macrolides is increasing and has made 
them less useful. 

Methicillin: An antibiotic derived from penicillin. It was previously used to treat bacteria 
such as Staphylococcus aureus. 

Microbiology: The study of microorganisms. 

Microorganism: Organisms so small that a microscope is required to see them. This term 
includes bacteria, fungi, parasites, and viruses. 

Morbidity: The number of people who are infected with a specified illness in a given  
time period.

Mortality: The number of people who die in a given time from a specified illness.

MRSA: Methicillin-resistant Staphylococcus aureus is used to describe any strain of S. aureus 
that is resistant to all types of penicillin (not just methicillin) as well as cephalosporin.

Multidrug-resistant (MDR): Microorganisms that are resistant to multiple classes of 
antimicrobials. The exact number of drugs that a microorganism is resistant to varies 
depending on the infection or pathogen.

NARMS: The National Antimicrobial Resistance Monitoring System monitors antimicrobial 
resistance in foodborne and other enteric bacteria, including Salmonella, Campylobacter, 
Shigella, Escherichia coli O157, and Vibrio (non-V. cholerae). NARMS is a collaboration among 
CDC, the U.S. Food and Drug Administration (FDA), the U.S. Department of Agriculture 
(USDA), and state and local health departments. 

Narrow-spectrum antibiotic: An antibiotic that is active against a limited range of 
bacteria.

NHSN: CDC’s National Healthcare Safety Network is the nation’s most widely used 
healthcare-associated infection tracking system. NHSN provides facilities, states, regions, 
and the nation with data needed to identify problem areas, measure progress of 
prevention efforts, and ultimately eliminate healthcare-associated infections. In addition, 
NHSN allows healthcare facilities to track blood safety errors and important healthcare 
process measures such as healthcare personnel influenza vaccine status and infection 
control adherence rates. 

Outbreak: When a group of people develop the same illness around the same time, 
and the number of people affected is higher than normal. Outbreak investigations are 
conducted to identify what exposure the affected people had in common. 

Pan drug-resistance (PDR): Resistance to all drugs that would be considered for treatment. 
Exact definitions for PDR differ for each bacteria.

Penicillins: A class of antibiotics including amoxicillin, methicillin, piperacillin and other 
drugs based on the first true antibiotic discovered in 1928 by Dr. Alexander Fleming. 
Increased resistance has made many types of penicillins less useful. 

Pneumonia: An inflammatory condition of the lungs affecting primarily the microscopic air 
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sacs known as alveoli. It is usually caused by infection with viruses or bacteria, and typical 
symptoms include a cough, chest pain, fever, and difficulty breathing.

Reservoir: A person, animal, insect, plant, or other host that is carrying a pathogen (for 
example, bacteria or fungi) that causes infectious diseases. Some pathogens have animal 
reservoirs (to survive, they need animal hosts). Others pathogens have human reservoirs (to 
survive, they need human hosts).

Resistant bacteria: Microorganisms that have changed in ways that reduce or eliminate 
the effectiveness of drugs, chemicals, or other agents to cure or prevent infections.

Rifampin: A first-line drug used to treat tuberculosis. Strains of tuberculosis resistant to 
isoniazid (INH) and rifampin (RMP) are considered to be multidrug resistant. 

Strain/bacterial strain: A strain is a genetic variant or subtype of a microorganism (for 
example, a flu strain is a subtype of the flu virus). Some strains of bacteria are resistant to 
antibiotics, and others are not. When bacteria become resistant to antibiotics, they can 
share their resistance with other bacteria to create new resistant bacterial strains.

Superinfection: An infection following a previous infection, especially when caused by 
microorganisms that are resistant or have become resistant to the antibiotics used earlier.

Surveillance: The ongoing systematic collection and analysis of data. Surveillance systems 
that monitor infectious diseases provide data that can be used to develop actions to 
prevent infectious diseases.

Susceptible bacteria: When antibiotics are effective at killing or stopping the growth of a 
certain bacteria, the bacteria is known as susceptible to antibiotics. Susceptible infections 
are infections that can be treated effectively with antibiotics.

Systemic agents: Drugs that travel through the bloodstream and reach cells throughout 
the body.

Tetracyclines: A class of broad-spectrum antibiotics including tetracycline, doxycycline, 
minocycline, and other drugs. Increased resistance has made many types of tetracyclines 
less useful. 

Vaccine: A product that produces immunity in a person’s body and therefore protects them 
from an infectious disease. Vaccines are administered through shots, by mouth, and by 
aerosol mist. 

Vancomycin: A drug that is frequently used to treat methicillin-resistant Staphylococcus 
aureus infections and that is also effective against other bacteria. 

Virus: A strand of DNA or RNA in a protein coat that must get inside a living cell to grow 
and reproduce. Viruses cause many types of illness. For example, varicella virus causes 
chickenpox, and the human immunodeficiency virus (HIV) causes acquired immune 
deficiency syndrome (AIDS).
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PCIFAP Staff Summary  
of Antimicrobial Resistance, 
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iii

The Pew Commission on Industrial Farm Animal Production was established 

by a grant from The Pew Charitable Trusts to the Johns Hopkins Bloomberg 

School of Public Health. The two-year charge to the Commission was to 

study the public health, environmental, animal welfare, and rural community 

problems created by concentrated animal feeding operations and to recommend 

solutions.

	 The problem of antimicrobial resistance (amr) is growing in the United 

States and worldwide. The questions posed by the Commission were several: 

What is the scope of the amr problem? What is the contribution of industrial 

animal agriculture to the problem? What is the history of and reasons for the 

use of antimicrobials in animal agriculture? What can or should be done about 

amr, from the standpoint of animal agriculture?

	 It is difficult to calculate the scope of the amr problem as it relates to 

animal agriculture because of the types of surveillance that are in place and 

the way that amr is transmitted between bacteria. Only certain infectious 

bacteria are tracked by the Centers for Disease Control and Prevention (cdc) 

and state and local health agencies. Other types of bacteria, some infectious 

and some not, are not tracked, so only a certain cross section of the possible 

resistant microbes are seen by the tracking agencies. This is a problem because 

of the way resistance is spread between capable bacteria. These bacteria have a 

small “cassette” of genes that they transmit to each other in one piece. These 

cassettes can contain resistance to more than one antimicrobial, rendering 

formerly unexposed or nonresistant bacteria suddenly resistant to multiple 

kinds of antimicrobials. In addition, bacteria that are not tracked can still 
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transmit resistance elements. For example, many bacteria live in the human 

digestive tract or on human skin. These are not normally harmful (and are 

often helpful) and are not monitored. However, these harmless bacteria may 

still be capable of passing resistance to other bacteria that are harmful, or could 

then become harmful.

 Exposure of bacteria to antimicrobials exerts a selective pressure, killing 

susceptible bacteria and allowing resistant ones to survive and reproduce. Sir 

Alexander Fleming, the father of antibiotics, described the phenomena of antibiotic 

resistance and suggested in the 1940s that extensive use of antibiotics would 

cause bacteria to develop resistance, and further pointed out that new 

antibiotics would be necessary to combat this on a regular basis. While it is 

difficult to measure what percent of resistance is caused by antimicrobial use 

in agriculture, as opposed to other settings, it can be assumed that the wider 

the use of antibiotics, the greater the chance for the development of antibiotic 

resistance. 

 Antibiotics were first used in the early 1950s as a growth promoter 

in food animals. As “resistance” developed and the antibiotics lost their 

ability to promote growth in the animal, new generations of antibiotics 

and antimicrobials were used. Today, estimates vary on the amounts of 

antimicrobials that are used in food animal production, as well as the amounts 

that are used nontherapeutically versus therapeutically.

 Antimicrobials can save lives of humans and animals, but must be 

used judiciously given their biological properties. The greater the amount 

of antimicrobials present in the general environmental pool, the greater the 
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pressure for the development of resistance within many different bacterial 

populations. Animal agriculture industry representatives have recognized this 

in statements to the Commission. This report was commissioned to expand on 

these concepts.

	 By releasing this technical report, the Commission acknowledges that the 

author  /authors fulfilled the request of the Commission on the topics reviewed. 

This report does not reflect the position of the Commission on these, or any 

other, issues. The final report of the Commission, and the recommendations 

included in it, represents the consensus position of the Commission.
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As a complex and important part of the US economy and landscape, the 

industrial production of animals for human food presents many issues of 

relevance to human health, including infectious pathogens. This background 

report will review one topic in depth: the role of industrial food animal 

production (ifap) in the increasingly serious public health problem of 

antimicrobial resistance (amr) in human pathogens. Industrial food animal 

production is defined in terms of both organization and methods: economically 

and structurally, ifap is an integrated enterprise in which many aspects of 

food animal production are controlled by one entity; methodologically, it is a 

high throughput production system of animals for human food consumption, 

including poultry, swine, and cattle, in which animals of one species are raised 

in large groups in confinement in houses or enclosures under highly defined 

conditions of lighting, feed supply, and other aspects of animal husbandry 

(Martinez 2002).

	
Close contact between humans and the animals we 
grow for food has always been a source of transmissible 
pathogens between humans and animals among rural 
communities. Likewise, food-borne diseases have always 
been associated (if not recognized) with food products 
derived from animals (including meats, eggs, and milk) as 
a consequence of contamination throughout the processes 
of slaughter, butchering, storage, and preparation of 
consumable foods. In addition, domesticated animals have 
always (like humans) contaminated their environments 
—including fields and watersheds—through their wastes. 
	 These traditional risks have been recognized for 
centuries. What is under consideration by the Pew 
Commission is how the new intensive methods of food 
animal production may both reduce and intensify these 
traditional risks as well as introduce new risks to both 
animal and human health. From this perspective, two 
aspects of ifap are relevant to consider: the confinement 
of large numbers of animals for most and, in some cases, 
for all of their lifetimes, and new formulations of animal 
feeds. 
	 Confinement of large populations of animals 
has several impacts on pathogen risks: first, close contact 
of large numbers of host animals facilitates the evolution 
and exchange of viruses, bacteria, and microparasites; 
second, stresses induced by confinement may increase 
the likelihood of infection and illness in animal 
populations; and third, these large populations produce 
large amounts of waste, which can exceed traditional 
methods of management. These impacts are not limited 
to the conditions of confinement and animal husbandry 

practices; however, they are in many cases exacerbated by 
practices common to the ifap in the US.
	 Feed formulation influences pathogen risks 
because the feeds supplied to confined animal populations 
are significantly different from the unsupplemented 
foraged feeds of grains and grasses traditionally available 
to poultry, swine, or cattle (with relatively minimal 
supplementation by minerals or other substances). These 
feeds have been modified to meet the conditions of 
confined environments and also in response to research 
on animal growth and nutrition. The major goals in 
feed development have been twofold: to ensure healthy 
and uniform animals, and to reduce the costs of food 
animal production by reducing both the time needed to 
reach market weight for each species and the efficiency 
of feed conversion or the amount of food intake required 
to achieve this weight. In modern animal feeds, there is 
extensive recycling of animal fats and proteins through 
rendering, additions of industrial and animal wastes, and 
the addition of antimicrobials (ams), including arsenicals, 
as feed additives (reviewed by Sapkota et al. 2007). This 
latter innovation, which began more than 50 years ago in the 
us, has introduced a new public health risk into the context 
of food animal production,—the selection of antimicrobial 
-resistant bacteria. Because of the importance of this issue 
for public health, its high profile, and its specificity for 
ifap, this topic will be discussed in greatest depth in this 
background paper.
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Amr infections are often more difficult to treat and are 
associated with increased morbidity and risks of death 
(Travers and Barza 2002). The burden of these poorly 
controllable infections on health care systems has been 
evaluated by the Organization for Economic Co-operation 
and Development (oecd) (oecd 2003), among others.  
A comprehensive review of the topic, including a 
discussion of method for computing loss of economic 
productivity, was recently published by Smith et al. 
(Smith, Yago et al. 2005). In addition to the direct costs 
of increased hospital stays and increased costs of treatment 
(which may increase costs of individual patient care by 
sixfold (Capitano, Leshem et al. 2003)), there are major 
cost impacts on the health care system to monitor and 
prevent spread of resistant infections, which have not been 
fully calculated (Laxminarayan 2007). 
	 The scope and scale of amr have been well 
characterized by Levy (Levy 1998; Levy and Marshall 
2004). Information from the US government National 
Antimicrobial Resistance Monitoring System (narms) 
covers analyses of isolates from food, animals, and 
humans; this is available online (www.cdc.gov /narms). 
However, it is difficult to obtain data on trends in amr 
from this source, given variability in sampling, or to test 
associations with antimicrobial use, or to draw associations 
between food, animals, and humans. Moreover, there are 
few studies in which the origin of food contamination 
is fully traced; in some cases for fruits and vegetables 
(as discussed below), this may be related to waste 
contamination and a secondary impact of antimicrobial 
use in food animals.
	 Longitudinal studies confirm the increasing severity 
of amr (Erb, Sturmer et al. 2007). Specific analyses, 
using longitudinal data from clinical isolates collected by 
the same research group in the same setting, demonstrate 

increasing temporal trends in amr in several pathogens, as 
shown on the following page in a study from Philadelphia 
(Lautenbach, Strom et al. 2004). Similar trends were 
observed for P. mirabilis and K. pneumoniae. These data 
underscore the increasing severity of the drug resistance 
crisis such that attention to all preventable sources of 
resistance pressure requires consideration. 
	 Estimates of amr based upon analyses of persons with 
disease may significantly undercount the true prevalence 
of amr exposure in the general population. In a study of 
incoming patients at a tertiary care hospital in Boston from 
1998/9 to 2002/3, the likelihood of multidrug resistance 
in E. coli increased from 2% to almost 20% (Pop-Vicas 
and D’Agata 2005). A major study of E. coli isolated from 
newly hospitalized subjects not diagnosed with infectious 
disease reported that 20% of the isolates were resistant 
to fluoroquinolones, approximately twice the rates found 
by the same group in studies of hospital patients with 
diagnosed bacterial disease (Lautenbach, Tolomeo et 
al. 2006). Moreover, analyses based solely upon testing 
of pathogenic bacteria may miss the significance of 
increasing “reservoirs of resistance” in commensal (or 
nonpathogenic) organisms (Alekshun and Levy 2006). 
This broader view of microbial ecology and gene flow is 
an important issue for both science and policy (Summers 
2002).
	 The issue for consideration by the Pew Commission is to 
consider the appropriate policy response to an evaluation of the 
contribution of antimicrobial use in food animal production 
to the national and global crisis of antimicrobial resistance. 
Because of its importance to public health, antimicrobial 
resistance (amr) is one of the most important public 
health issues related to ifap, recognizing the difficulty in 
assessing the associations between food animal production 
and amr or to determine the fraction of amr infections 

Antimicrobial resistance is one of the major public health crises of our time. 

The discovery of ams and their application to clinical medicine are among the 

triumphs of twentieth century pharmacology and medicine. This triumph has 

been eroded with the rise and spread of antimicrobial resistance, and it has been 

suggested that we are entering the “post antibiotic age” of medicine (Falagas 

and Bliziotis 2007). Antimicrobial-resistant bacterial infections now account 

for much of the problem of emerging infectious disease worldwide (Okeke, 

Laxminarayan et al. 2005; Velge, Cloeckaert et al. 2005; Seybold, Kourbatova 

et al. 2006; Erb, Sturmer et al. 2007; Laxminarayan 2007). In some cases, 

selection for resistance also results in more virulent strains, as in the case of 

E. coli and S. aureus (Ohlsen, Ziebuhr et al. 1998; Johnson, Kuskowski et al. 

2005; Mora, Blanco et al. 2005; Stevens, Ma et al. 2007).
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Problem Definition: 

Antimicrobial1 resistance (AMR) 

is defined as changes in microbial 

biology that occur in response to 

antimicrobials and that reduce or 

block the effectiveness of drugs, 

chemicals, or other agents to 

cure or prevent infections. AMR 

is determined by in vitro tests of 

strain-specific cultures in which 

survival of the bacterial isolates 

is tested under conditions of 

increasing AM concentrations. The 

in vitro concentration at which 

bacterial survival is significantly 

affected is then compared 

to benchmarks that signify 

impacts on clinical efficacy; thus 

the MIC (minimum inhibitory 

concentrations) values are set by 

the NCCLS (National Committee 

for Clinical Laboratory Standards) 

to reflect a level of resistance that 

is likely to compromise the efficacy 

of AM treatment in an infected 

patient (Ginocchio 2002; NCCLS 

2006).

Figure 1: Prevalence of fluoroquinolone resistance in E. coli isolates from inpatients (Ipt) and 
outpatients (Opt) in Philadelphia, from 1989 to 2000. Approximately 60% of the samples 
were from inpatients and 40% from outpatients over this period.

that are attributable to food animal production. To assist 
the Commission in this task, this White Paper provides an 
overview of amr in the context of microbiological issues 
in ifap and then presents a brief review of the evidence 
base relevant to the issue of amr and ifap. The discussion 

includes information from the US and other countries; a 
global perspective is appropriate since amr bacteria and 
resistance genes can be transferred globally through the 
movement of people, food, animals, and via wind and 
water.
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From time immemorial, animals have been the source 
of some of the pathogens that can cause diseases in 
human populations (Orriss 1997; Bengis, Leighton et al. 
2004; Fevre, Bronsvoort et al. 2006). In the process of 
domesticating animals into herds as livestock, we have 
over time created denser populations, in closer proximity 
to humans, with accompanying problems of waste 
management and increased likelihood of animal-human-
animal microbial exchange and for pathogen mutation. 
These traditional risks have been recognized for centuries. 
We continue to be challenged by newly emerging zoonoses 
such as transmissible encephalopathies (mad cow disease), 
sars, Nipah virus infection, and avian influenza— 
all diseases caused by pathogens that are predominantly 
carried by animals we raise or hunt for consumption. 
	 Risks of zoonotic disease are greatly intensified by 
the changes in the scale of animal husbandry (Fevre, 
Bronsvoort et al. 2006). Large numbers of animal hosts 
in close contact facilitate the exchange and speed up 
the evolutionary transformation of pathogens (Saenz, 
Hethcote et al. 2006). Because of the confined conditions 
of ifap, animal health and the health of humans involved 
in animal husbandry are at risk due to intensified 
exposures to a range of zoonotic pathogens, including 
macro- and microparasites, viruses, and bacteria. In 
addition, domesticated animals held in confinement 
are unavoidably exposed to their wastes. Farmers and 
farm workers in the confined spaces of animal houses 
containing thousands of animals are at increased risks of 
exposure to microbes and biotoxins. Air emissions from 
animal houses can release pathogens from the house into 
the ambient environment. Finally, and probably of greatest 
importance to public health, these large populations of 
animals produce large volumes of waste, which, because 
of the regional intensification of production, greatly 
exceed the capacity of traditional methods of management 
through their use as fertilizers of nearby soils. There are 
no requirements in the US for predisposal treatment 
of animal wastes (such as composting under controlled 
conditions). Pathogens, including bacteria and viruses, 
survive in animal wastes for extensive periods of time and 
can be recovered in soils that have been “amended” by 
these wastes (Gerba and Smith 2005).
	 Likewise, human food products derived from animals 
(including meat, eggs, and milk) have always presented 
microbial risks to human health. Slaughterhouses, until 
recently, were grossly unhygienic as described in 1906 
by Upton Sinclair—rivaled probably only by hospitals 
prior to the 20th century as breeding grounds for virulent 

pathogens. From farm to market, there was little control 
over microbial contamination (and replication) at any 
stage. Meat products were sold in markets with no 
refrigeration, preservation, or containment; in addition, 
live animals were often sold at markets where slaughtering 
occurred at the place and time of sale—as it still does in 
many countries of the world.
	 With the recognition of the food-borne origin of many 
infectious diseases, and the realization that improvements 
in hygiene at the farm were essential to the control of 
animal diseases as well, great advances have been made in 
hygienic practices since the early 20th century, particularly 
with the advent in 1995 of a new philosophy of “farm to 
fork” and a systems approach to hygiene called Hazard 
Analysis and Critical Control Point (haccp) in the US 
(Billy and Wachsmuth 1997). The endorsement of these 
principles by national and international agencies around 
the world and the adoption of food and phytosanitary 
standards by the World Trade Organization have in many 
cases extended these practices internationally. In an age 
of the global market basket, where consumers in the US 
purchase foods from international sources, this is a critical 
element in food safety (Naimi, Wicklund et al. 2003).
	 The application of haccp in animal slaughtering and 
processing has reduced many risks of food contamination; 
however, new risks may not be effectively managed by 
older approaches (Morris 2003). While modern food 
processing plants have been greatly enhanced by the 
effective application of haccp principles, the cost of 
failure is magnified by their high throughput and the 
highly efficient national distribution system of food, both 
of which facilitate the widespread propagation of food- 
borne risks.

At the outset, it should be recognized that the production of animals for 

human food has always involved public health risks related to microbial 

exposure. In addition to the traditional risks of disease from microbial 

contamination of food, ifap has introduced a new risk related to practices in 

animal feeding. 
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The Science of AMR
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The second important scientific principle is that bacterial 
resistance to antimicrobials involves both genetic and 
nongenetic changes, of which the former have more serious 
implications for public health. Nongenetic changes typically 
involve enhanced activity or upregulation of physiological 
processes such as membrane transport pumps that extrude 
harmful agents, including antimicrobials. However, 
the capacity of these response mechanisms is limited, 
and usually bacteria express only low-level resistance as 
a consequence. Genetically encoded changes are more 
serious because these can usually confer higher-level 
resistance to specific agents and because they can be 
transferred among bacteria. Since most ams are derived 
from fungal and other natural sources, bacteria have 
evolved in the presence of these toxins (Wright 2007), 
and it is therefore not surprising that, even in the absence 
of antimicrobial pressure, there are sources of resistance 
encoded by specific genes within the community 
repertoire of bacterial genomes. In the presence of 

selection pressure by an am, bacterial populations quickly 
evolve to a resistant phenotype (Smith, Harris et al. 
2002; Tenover 2006). The speed of this evasion process 
is hastened by two factors: the rapid rate of bacterial 
reproduction and the ability of bacteria to transfer 
genetic information among organisms even across broad 
phylogenetic categories.
	 Resistance spread. The third important 
scientific principle is that bacteria can share resistance through 
the transfer of genes that encode resistance. Resistance is a 
trait expressed by specific bacteria and can result from 
new mutations that occur spontaneously in bacteria due 
to their rapid rate of cell division or from the selection of 
resistance genes already present within a bacterial colony. 
In the presence of antimicrobial pressure, strains that 
express resistance traits through spontaneous mutation 
are favored in terms of survival, and they will rapidly 
supplant susceptible strains in microbial populations. But 
in addition, and potentially of greatest significance for 

Understanding the scientific events in antimicrobial resistance is important 

to an evaluation of the contribution of ifap to this public health issue. The 

first scientific principle is that from the perspective of fundamental biology and 

evolution, selection of am resistance in response to exposure to ams is inevitable; 

moreover, the prevalence and rates of resistance in bacteria are proportional to 

the degree of exposure to antimicrobials. Microbes have evolved highly effective 

mechanisms to respond to environmental pressures, such as temperature 

change, oxygen concentrations, nutrient availability, and toxin exposure, 

including antimicrobial agents (ams). Thus, exposure of bacteria to sublethal 

concentrations of ams inevitably results in the selection of resistant strains,  

and under conditions of continued am pressure, resistant strains will propagate 

and spread. Because most ams are derived from natural products, bacteria 

have acquired, through evolution, biochemical responses to resist am attack; 

and amr can be observed in the absence of any deliberate human use of ams. 

Because of the speed of bacterial reproduction, these changes can be expressed 

with great efficiency. Thus, through an evolutionary process of microbial 

response to the pressure of antimicrobial agents, resistance is an inevitable 

consequence of antimicrobial use, and it is not surprising that observations of 

resistance came soon after the identification and isolation of the first natural 

antimicrobial substance. 
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The History of  

Antimicrobial Resistance

Bacteria acquired the genetic 

and physiological tools to resist 

antimicrobials long before 

scientists isolated and identified 

these natural agents in the early 

20th century (Wright 2007). 

Because many antimicrobials are 

natural products of fungi and other 

organisms, bacteria have evolved 

these mechanisms over millions 

of years, and thus it is possible to 

detect AMR in bacteria that have 

not been exposed to our uses of 

AMs in medicine or agriculture. 

Antimicrobial resistance was 

evident from the early history of 

penicillin. The isolation of the first 

naturally occurring antimicrobial 

(penicillin) in the 1930s ushered 

in a major change in clinical 

and veterinary medicine, and 

food animal production as well. 

With the discovery of natural 

antimicrobial compounds, the 

balance seemed at last to be 

tipped against the pathogens, but 

victory was short-lived. Even in 

the laboratory, Fleming observed 

that his bacterial cultures quickly 

demonstrated resistance to 

penicillin, and in 1945, he warned 

that the misuse of penicillin could 

lead to selection of resistant 

forms of bacteria (Levy 1998). 

Fleming suggested that resistance 

to penicillin could be conferred 

in two ways—either through 

changes in the bacterial cell wall, 

which was the target of penicillin 

action, or through the selection 

of bacteria expressing mutant 

proteins capable of degrading 

penicillin. Unfortunately, in the 

early period of its use, penicillin 

was available orally to the public 

without prescription until the 

mid 1950s. By 1946, one hospital 

reported that 14% of the strains 

of staphylococci isolated from sick 

patients were penicillin resistant 

(Barber, Hayhoe et al. 1949). By 

the 1950s, this same hospital 

reported that 59% of the strains 

of staphylococci were penicillin 

resistant.

public health, bacteria have a third mechanism of rapid 
evolution towards a resistant phenotype through the 
sharing of genes that encode resistance. By this process, 
resistance can be propagated within and among bacterial 
strains, species, and genera, including commensals 
(nonpathogenic) and pathogens, by mobile genetic 
elements including plasmids, transposons, integrons, gene 
cassettes, and bacteriophages. In contrast to chromosomal- 
based resistance determinants, these transfers account for 
more than 95% of antibiotic resistance (Nwosu 2001). 
These events have been detected in resistant E. coli isolated 
from consumer meat products (Sunde and Norstrom 
2006). This finding is of particular concern because 
integrons can transfer multiple resistance genes at a time 
(Zhang, Lin et al. 2003; Zhang, Sahin et al. 2006). 
	 Bacteria operate at the community level in terms of 
responding to stress, and therefore they have developed 
mechanisms to share genetic information, often across 
broad species divisions. Because it is the community 
response that is crucial (Summers 2002; Heuer, 
Hammerum et al. 2006), genetic change in response 
to am pressure is not dependent upon reproduction or 
cell division, as is the case for most higher organisms. 
Bacteria can exchange genetic information across broad 
classes by several mechanisms, as shown on the following 
pages. These mechanisms are in many cases enhanced by 
stressors such as am pressures that can enhance the rates 
and efficiency of genetic recombination.
	 Microbiologists now refer to “reservoirs of resistance” 
in recognition of the fact that it is the community of 
genetic resources that determines the rate and propagation 
of resistance (Salyers and Shoemaker 2006). The existence 
of these “reservoirs of resistance” has a considerable impact 
on how we conceptualize and deal with the challenge of amr 
associated with food animal production. Until recently, the 
focus of public health concern was on specific patterns 
of resistance in specific pathogens of concern, such as 
quinpristin /dalfopristin (Q/D) resistance in Enterococcus 
faecium. However, since genes for these and other 
resistance traits can be exchanged from a commensal 
or nonpathogenic species, such as E. coli in the gut of a 
patient being treated for campylobacteriosis, the “one 
bug one drug” definition of the scope of concern is 
increasingly recognized as inadequate (Summers 2002; 
Summers 2006). The contribution of agricultural am 
use to environmental reservoirs of resistance has been 
documented for both poultry and swine (Nandi, Maurer 
et al. 2004; Jensen, Jakobsen et al. 2006). 
	 The incorporation of these new perspectives into 
policy and risk assessment is of great importance. Aspects 
of this issue (such as the importance of commensals) 
have been considered by the fda in its rulings on 
fluoroquinolones (Bartholomew, Vose et al. 2005). It is 
not clear how this will be utilized in evaluating other 
related issues.
	P ersistence of resistance. The fourth 
important scientific principle is that resistance may continue 
even after ams are no longer present. As noted above, 
the microbial community can serve as a resource, or 
reservoir, of resistance genes. Earlier theories of microbial 

genetics assumed that this was unlikely to be a long- 
term phenomenon since the expression of resistance 
was thought to cost the organism (in terms of increased 
energy requirements, susceptibility to other stressors, or 
decreased reproductive rates) such that in the absence of 
am pressure, its occurrence was rare. Current research has 
cast doubt on the concept of a “cost of resistance” (Salyers 
and Amabile-Cuevas 1997). While the prevalence of 
resistant strains markedly decreases when antimicrobials 
are no longer present, this is not always the case for 
several reasons. First, in some cases, resistant organisms 
may outcompete susceptible strains: for example, 
Campylobacter jejuni that are resistant to fluoroquinolones 
have greater ability to colonize the guts of animals, 
resulting in a selective advantage over wild strains in 
competing for the ecological niche of the host. 
	 Second, resistance may also persist due to the 
clustering of resistance genes on the same transposable 
elements such that eliminating only one antimicrobial 
may not reduce the prevalence of the cluster (Aarestrup, 
Agerso et al. 2000). Such events have been observed in 
the setting of swine farms (Gebreyes and Thakur 2005). 
Third, it may in some cases be “cheaper” for a resistant 
bacterial strain to acquire an additional genetic change 
that reduces the biological cost of resistance rather than 
to revert genetically and phenotypically to the “wild” 
or susceptible state (Levin, Perrot et al. 2000; Wright 
2007). Finally, it may be the case that am pressure is 
now so widespread, due to multiple uses of ams for 
many purposes, that there is a community benefit of 
maintaining the genetic reservoir of resistance such that 
the frequency of genetic mutations encoding resistance has 
increased. 
	 Empirical evidence supports this: even after the 
removal of ams from animal feeds, researchers in 
Europe have reported on the persistence of resistant 
pathogens in animal houses, wastes, and food products 
from several types of food animals (Sorum, Johnsen et 
al. 2006). Similar findings are reported by Price et al. 
(Price, Johnson et al. 2005; Price, Graham et al. 2007; 
Price, Lackey et al. 2007) on the continuing prevalence 
of fluoroquinolone-resistant Campylobacter in chicken 
products sold in US supermarkets, after voluntary actions 
by producers and the fda ban on fluoroquinolone use in 
poultry production.



12

Figure 2: Genetic exchange among bacterial species (Adapted from Levy and Miller, 1989).
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The Role of IFAP 
in AMR
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All uses of ams contribute to the likelihood that bacteria will be resistant to am 

drugs. The focus on ifap is justified by three factors: 

•	� the nontherapeutic and prophylactic uses of antimicrobials as feed additives 

(as distinct from therapy; see below) set the stage for selection of resistant 

strains; 

•	� the antimicrobial drugs currently used as feed additives represent many of 

the critically important classes of ams, and resistance to one am results in 

resistance to all drugs in the same class; 

•	� the amounts of ams utilized in modern food animal production dwarf the 

amounts used in clinical and veterinary medicine. 

	 A wide range of am drugs are permitted for use in food animal production 

in the US and many other countries (Sarmah, Meyer et al. 2006). As shown 

in Table 1, these drugs represent all the major classes of clinically important 

pharmacotherapies, from penicillin to third generation compounds. In 

addition, arsenicals are also permitted for use as growth promotants and for 

enhancing skin quality (Roxarsone and arsanilic acid). In some cases, new ams 

have been licensed for agricultural use in advance of approvals for clinical use. 

In the case of quinpristin-dalfopristin (virginiamycin), this practice resulted 

in the emergence of resistance prior to eventual clinical registration, thus 

demonstrating how feed additive use can compromise the potential utility of 

a new tool in fighting infectious disease in humans (Kieke, Borchardt et al. 

2006). For existing drugs, Smith et al. (Smith, Harris et al. 2002) calculated 

that agricultural use can significantly shorten the “useful life” of antimicrobials 

for combating human or animal disease.
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Table 1. Antimicrobials registered for use as feed additives in Australia, Denmark, 
European Union (EU), Canada, and the United States (Data from Sarmah et al. 2006).

Countries Group / Class Antimicrobial Usage

Australia Arsenicals 3-nitro-arsonic acid Pigs, poultry

Glycopeptides Avoparcin Pigs, meat poultry, 
cattle

Macrolides Kitasamycin Pigs

Oleandomycin Cattle

Tylosin Pigs

Polyethers (ionophores) Lasalocid Cattle

Monensin (data available)

Narasin Cattle

Salinomycin Pigs, cattle

Polypeptides Bacitracin Meat poultry

Quinoxalines Olaquindox (data available) Pigs

Streptogramins Virginiamycin Pigs, meat poultry

Others Flavophospholiphol or 
Bambermycin

Pigs, poultry, cattle

European Union Glycopeptides Avoparcin Banned, 1997

Macrolides Tylosin Pigs

Spiramycina Turkeys, chickens, 
calves, lambs, pigs

Oligosaccharides Avilamycin Pigs, chickens, turkeys

Polyethers (ionophores) Monensin Cattle (growth 
promotion)

Salinomycin Pigs

Polypeptides Bacitracin Turkeys, laying hens, 
chickens (growth 
promotion), calves, 
lambs, pigs

Streptogramins Virginiamycin Turkeys, laying 
hens, cattle (growth 
promotion), calves, 
sows, pigs

Others Flavophospholiphol or 
Bambermycin

Turkeys, laying hens, 
other poultry, calves, 
pigs, rabbits, cattle 
(growth promotion)

Canada Aminoglycosides Neomycin Cattle

Lincosamides Lincomycin hydrochloride Breeder chickens

Macrolides Erythromycin Chicken (broiler, 
breeder)

Tylosin Sheep

Penicillins Penicillin G Chicken (broiler, 
breeder)

Potassium Turkey

Penicillin G procaine Chicken, turkey, sheep

Tetracyclines Chlortetracycline Chicken (layer, breeder)

Oxytetracycline Turkey, swine, cattle, 
sheep

Sulfonamides Sulfamethazine Pigs, cattle

Ionophores Lasolocid sodium Cattle

Monensin Cattle

Narasin Pigs

Salinomycin sodium Pigs, cattle
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Table 1. Antimicrobials registered for use as feed additives in Australia, Denmark, 
European Union (EU), Canada, and the United States (Data from Sarmah et al. 2006).

Countries Group / Class Antimicrobial Usage

Canada Polypeptides Bacitracin Chicken, pigs, turkey

Glycolipids Bambermycin Turkey, breeder 
chickens

Quinoxalines Carbadox Pigs

Others Arsanilic acid Broiler, turkey, pigs

USA Arsenicals Arsenilic acid Poultry

Roxarsone, cabarsone Poultry

Polypeptides Bacitracin Cattle, pigs, poultry

Glycolipids Bambermycin Pigs, poultry

Tetracyclines Tetracycline Pigs

Chlortetracycline Cattle, pigs, poultry

Oxytetracycline Cattle, pigs

Elfamycine Efrotomycin Pigs

Macrolides Erythromycin Cattle

Oleandomycin Chicken, turkey

Tylosin Cattle, pigs, chicken

Tiamulin Pigs

Lincosamides Lincomycin Pigs

Polyethers (ionophores) Monensin Cattle

Lasalocid Cattle

Penicillins Penicillin Poultry

Quinoxalines Carbadox Pigs

Streptogramins Virginiamycin Swine

Sulfonamides Sulfamethazine Cattle, pigs

Sulfathiazole Pigs
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Figure 2B. Antimicrobials used in feed or water for cattle fed in feedlots  
(Data from USDA/APHIS 2003).
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Many of these antimicrobials are widely used in US 
livestock production, as shown in the figures below 
from the usda (usda /aphis 2003). The most recent 
data reported to be available to the usda are from 
1994–5. Depending upon stage of growth, feeds with 
antimicrobials were supplied to between 38% and 
70% of pigs in the US and between 30% and 58% of 
cattle raised in feedlots (with higher percentages in the 

larger operations). A broad range of antimicrobials was 
supplied to these cattle, with 45% of operations using 
chlortetracycline and 42% using tylosin. Similar data were 
published on antimicrobial use in poultry, based upon 
reporting by poultry production units (defined as a set 
of farms served by one feed mill) as shown in Figure 2D 
(Chapman and Johnson 2002). 
 

 
Figure 2A. Use of antimicrobials in swine production, by route of administration and by type 
of pig (Data from USDA/APHIS 2003).
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Figure 2C. Types of antimicrobials utilized in feed or water supplied to cattle in larger 
feedlots (1000-plus head) (Data from USDA/APHIS 2003).
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Figure 2D. Average reported use of antimicrobials as feed additives in broiler poultry 
production, from 1995–2000 (Data from Chapman and Johnson 2002).
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As with cattle, several antimicrobials were used in feeds 
for broilers, with 37% reporting use of bacitracin and 
virginiamycin, as shown in Table 2 above (Chapman and 
Johnson 2002).	
	 There is a lack of publicly available validated 
information on the volume of am use as feed additives 
in ifap in the US and many other countries. In the 
eu, several countries collaborate in data collection and 
publication through the Veterinary Antibiotic Usage and 
Resistance Surveillance Working Group (vantures). 
However, there are still limitations on data availability 
in the eu ; for example, in the Netherlands, information 
on antimicrobials in feeds for growth promotion is not 
under veterinary authorization and not disclosed by feed 
manufacturers (maran 2002). In contrast, Denmark 
has maintained a publicly available national database of 
am use for more than 10 years (danmap 2000). In the 
US, there are unresolved debates over the proportion of 
am use in agriculture for this purpose, as compared to 
human and veterinary medicine. Most estimates suggest 
that nontherapeutic, agricultural use accounts for between 
60% and 80% of total am production in the US (Mellon 
et al. 2001) and, until recently, in the eu as well 
(Teuber 2001). These estimates are contested by industry 
sources (e.g., Animal Health Institute in the US). Global 
use is increasing as the ifap model of production is 
adopted in other countries (Sarmah, Meyer et al. 2006). 
Information on the amounts of ams utilized as feed 
additives in the US is not available since feed formulations 
are considered confidential business information under 
US law. Because of the relatively greater transparency 
of the Union of Concerned Scientists (ucs) calculation 
methods, some authorities have utilized those estimates 
(e.g., US epa, apua, etc.), but validated use information 
from the industry would be of great value in evaluating 
the relative importance of different uses of am in 
agriculture as well as in clinical and veterinary medicine. 
Because of the importance of obtaining reliable  
and accurate information on am use in agriculture, the 
pcifap may consider recommendations to improve access  
and transparency of data on this topic. 
	 The Union of Concerned Scientists, a 
nongovernmental organization, utilized the registration 
data published by the fda and animal census figures from 
usda (Mellon et al. 2001). The Animal Health Institute, 
an industry trade organization, published data based upon 

information from its members. These two estimates are 
shown in Figure 3.
	 One source of controversy arises from the problems in 
distinguishing between therapeutic and nontherapeutic 
uses. The use of ams for treatment and prevention of 
animal diseases is an important component for ensuring 
the health and well-being of domesticated animals. 
However, the addition of antimicrobials to feeds is claimed 
to be prophylactic as well as growth promoting. The 
World Organisation for Animal Health (oie) , nccls, 
and others divide medical use into different categories of 
use by purpose as shown in Table 3. 
	 There is some controversy over the validity of 
distinctions made in practice between prophylaxis and 
metaphylaxis and concerns that growth promotion is 
sometimes claimed to be prophylactic (see, for instance, 
(Phillips, Casewell et al. 2004)). Interestingly, the World 
Health Organization (who) in its report on antimicrobial 
resistance and agricultural antimicrobial use does not 
include metaphylaxis in its list of definitions (surveillance 
standards for amr downloadable from http: / /www.who.
int.emc).
	 Like appropriate clinical use of ams, the appropriate 
use of antibiotics in veterinary medicine, to treat or 
prevent disease, can also contribute to amr . There has 
been some discussion as to whether the veterinary need 
for ams is increased by the conditions of confined animal 
husbandry. As discussed in detail in other Commission 
reports, broiler poultry and other birds raised for meat 
are customarily housed on bedding or litter that is not 
cleaned after each flock; swine raised in confinement are 
often housed on slatted floors above cesspits that hold their 
wastes; dairy and beef cattle are also sometimes exposed to 
their wastes in feedlots and milking barns. 
	 It is the use of ams in feeds for food animal production 
that has raised the greatest concerns in terms of driving 
selection for resistance as discussed above. The key 
differences characterizing use of ams as feed additives are: 
addition of ams in the absence of specific medical purpose; 
administration in feeds provided ad libitum and thus without 
control over dose; and application at rates that result in 
exposures that are insufficient to kill bacteria. The focus of 
public health concerns on ams in animal feeds is based on 
the following: first, in many cases, ams are administered 
throughout the lifetime or for most of the lifetime of the 
animals; second, ams are delivered to the entire flock 

Table 2. Prevalence of multiple antimicrobial use in broiler feeds (Chapman and Johnson 
2002). BAC = bacitracin; BAM = bambermycin; LIN = lincomycin; TYL = tylosin;  
VIR = virginiamycin.

One antibiotic Two antibiotics Three antibiotics

Antibiotic %PU Antibiotic %PU Antibiotics %PU

BAC 13.7 BAC, VIR 37.8 BAC, BAM, VIR 5.0

BAM 3.0 BAC, BAM 16.0 BAC, BAM, LIN 1.8

LIN 3.1 BAC, LIN 9.3 FLA, VIR, LIN 0.7

VIR 2.0 BAC, TYL 3.1 BAC, VIR, LIN 0.6

– – VIR, BAM 2.5 – –
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through additions to feed; third, the concentrations of 
ams are sufficiently low and uncontrolled such that doses 
to individual animals are likely to be subtherapeutic; 
and fourth, the use of ams as feed additives involves 
many of the major classes of ams useful in clinical and 
veterinary medicine. There is evidence to indicate that 
this use compromises the efficacy of ams used in the US 
and throughout the world, and for this reason, the who, 
together with the Food and Agriculture Organization 
(fao) and oie, convened several international expert 
work groups and conferences since 1997 on the issue of 
agricultural antimicrobial use and amr . At that time, an 
expert work group made the following recommendations: 
•	� the use of any antimicrobial growth promoters should 

be terminated if they are used as human therapeutics, 
or known to select for cross-resistance to antimicrobials 
used in human medicine;

•	� no antimicrobial should be administered to a food 
animal unless it has been evaluated and authorized by 

competent national authorities;
•	� a systematic approach aiming at replacing growth-

promoting antimicrobials with safer nonantimicrobial 
alternatives should be established;

•	� national authorities should maintain records of 
export/import figures of bulk chemicals with potential 
antimicrobial use as such information is vital for 
quantitative assessments of the medical risks related to 
the use of antimicrobials in livestock production;

•	� national authorities should continue to monitor and 
review levels of antimicrobial agent residues in food 
from animal sources and ensure compliance with 
national standards.

(surveillance standards for amr downloadable from 
http: / /www.who.int.emc).
These principles have been repeatedly referenced, 
for example, in the who Global Strategy for the 
Containment of Antimicrobial Resistance (2001; who/
cds /csr /rds 2001.2a).	  

Figure 3: Estimated antimicrobial use in food animal production (in millions of pounds).
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Table 3: Definitions of antimicrobial use in veterinary medicine.

Therapy: administration to an animal or animals showing clinical disease

Control: administration to a group of animals in which rates of disease or death have exceeded �
a baseline

Prophylaxis: administration to healthy animals at risk of disease but without signs of disease or infection

Metaphylaxis: the timely mass medication of large groups of animals in the presence of disease in �
some animals 

Growth 
Promotion:

administration, usually in feed, to improve growth or other physiological performance
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Associations between IFAP AM use in 
feeds and AMR in human pathogens

Extensive literature exists on the prevalence of 
antimicrobial resistance in both commensal and 
pathogenic bacteria in association with am use in food 
animal production. The major papers on this topic have 
been reviewed in the annotated bibliography provided to 
the Commission. There is substantial evidence that the 
use of ams in animal feeds is associated with the presence 
of amr bacteria in the animal environment, that is, in the 
guts of animals (including cows, pigs, and poultry), in 
their feces, and in containers and confinements in which 
they are held (Mathew, Upchurch et al. 1998; Aarestrup, 
Agerso et al. 2000; Joseph, Hayes et al. 2001; Wegener 
2003; Hayes, English et al. 2004; Boerlin, Travis et al. 
2005; Berge, Moore et al. 2006; Donaldson, Straley 
et al. 2006). The causal role of ams has been clearly 
demonstrated in studies where dairy cattle, pigs, and 
poultry have been raised with and without am additives 
to feed (Aarestrup, Seyfarth et al. 2001; Halbert, Kaneene 
et al. 2006; Ray, Warnick et al. 2006). amr bacteria 
have been isolated from environmental samples in and 
near production facilities, including air, water, and soils 
(Chee-Sanford, Aminov et al. 2001; Nwosu 2001; Jensen, 
Agerso et al. 2002; Chapin, Rule et al. 2005; Anderson 
and Sobsey 2006; Gibbs, Green et al. 2006; Schmitt, 
Stoob et al. 2006). 
	 In order to review the large body of literature on the 
presence of amr bacteria resulting in both food-borne 
and environmental exposures, this review focuses on four 
types of studies. The first type is ecological, that is, studies 
that have followed the prevalence of amr after changes in 
agricultural antibiotic use (either introduction or removal 
of specific drugs). The second type is cross-sectional, that 
is, studies of specific groups in close contact with food 
animal production settings where antibiotics are used 
(such as farmers and farm families) as well as the presence 
of amr bacteria in animals, animal houses, animal wastes, 
and the environment. A third type of study has examined 
the prevalence of amr in bacteria isolated from consumer 
products produced by conventional producers (i.e., using 
antibiotics) and those produced by organic and other 
producers not using antibiotics. A fourth type of study 
has attempted to develop models, based upon molecular 
microbiology and evolutionary theory, to discern the 
contribution of agricultural antimicrobial use on risks of 
human infection by amr pathogens.

Evidence for food-borne exposures  
to AMR

Repeated studies by fda and others have reported on 
the high prevalence of amr in pathogenic bacteria 
isolated from consumer food products in the US, and 
there is an extensive literature on the topic from the eu 
and many other countries (e.g., Emborg, Andersen et 
al. 2003; Johnson, Kuskowski et al. 2005). Simjee et al. 
(Simjee, White et al. 2002), from the fda, conducted 
one of the more comprehensive surveys of antibiotic 
resistance in consumer poultry products (turkey and 
chicken) in the US. Enterococcus isolates were tested 
for antibiotic resistance, with an emphasis on resistance 
to virginiamycin and quinpristin-dalfopristin. The 
streptogramins are commonly used to treat infections that 
are resistant to older antibiotics. The presence of specific 
streptogramin-resistant genes was assessed using Pulsed 
Field Gel Electrophoresis (pfge) and Polymerase Chain 
Reaction (pcr). Over 80% of non faecalis enterococci 
were resistant to streptogramins. In addition, a high 
prevalence of resistance to penicillin, tetracycline, and 
erythromycin in enterococci was also found. Between 
75% and 100% of E. faecium isolates were resistant to 
these antibiotics. The fda has reported similar findings 
for meat products as well (White, Zhao et al. 2001; 
Hayes, English et al. 2003). Correlations among Q/D 
resistance in E. faecium isolates have been drawn between 
humans, farm animals, and grocery store meats in the US 
(Donabedian, Perri et al. 2006).
	 There have also been studies demonstrating 
associations between am use in animal feeds and amr 
bacteria isolated from US consumer food products 
(Price, Johnson et al. 2005; Luangtongkum, Morishita 
et al. 2006). It is noteworthy that in both studies the 
conventionally produced meats and poultry were not less 
likely to carry pathogens; producers and the drug industry 
have sometimes claimed that the nontherapeutic use of 
ams in food animal production in some way reduces 
pathogen carriage.

How did AMs enter industrial 

food animal production?

The history of the use of AMs 

in IFAP has been examined by 

several, including a recent paper 

by Graham et al. (Graham, Boland 

et al. 2007). Most accounts 

indicate that wastes from 

pharmaceutical fermentation 

processes were utilized as 

protein sources in feeds late in 

the 1940s (NRC 1999). Empirical 

observation, followed by relatively 

limited experiments (Stokstad 

and Jukes 1958-1959; Jukes 1979), 

indicated that these unpurified 

additions appeared to enhance 

growth rates without increasing 

food consumption. Further 

experimentation demonstrated 

that the observed effect was 

due to AMs, and from the period 

from 1947 to 1955, there was 

active investigation of different 

AMs for this valued property. It 

is noteworthy that even in the 

early literature two phenomena 

were observed: increased hygiene 

produced the same results in 

terms of productivity, and the 

efficacy of each AM appeared 

to attenuate over time. For that 

reason, the food-producing 

industry has sought, and obtained 

until recently, permission from 

regulatory authorities in the US 

register many AMs for use as 

growth promoters.  
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Figure 4. Trends in prevalence of fluoroquinolone (FQ) resistance in clinical isolates of 
Campylobacter jejuni in Spain, examined for resistance from 1987 to 1996. As indicated, 
before the approval of FQ use in poultry and livestock production, resistance was relatively 
rare (<10%); after approval, the prevalence of resistance rose quickly (Data from Smith, in 
Nachamkin 2000).
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Until recently, there has been 

no examination of large-scale 

data on the actual effect of AMs 

in any food animal production 

system (NRC 1999). Graham 

et al. (Graham, Boland et al. 

2007) recently addressed this 

using data from a large-scale 

real-world experiment carried 

out by researchers at Perdue 

Corporation, who conducted the 

largest study of AMs as growth 

promoters in broiler poultry 

(Engster, Marvil et al. 2002). They 

found that the positive impacts of 

AMs as feed additives were very 

small and the marginal benefit 

(in terms of growth rates, feed 

conversion efficiency, uniformity 

of the flock, and reduced illness 

or other losses) did not offset 

the cost of purchasing AMs for 

addition to feeds. These findings 

suggest that since the early 1950s 

innovations and improvements 

in poultry production—such as 

selective breeding, managed 

environments, and developments 

in feed formulation—may have 

replaced the production benefits 

reported earlier as associated with 

AMs as feed additives. Studies of 

poultry and swine production in 

the US and Europe indicate that 

the assumed benefits of AMs as 

growth promoters can be achieved 

by improved cleanliness of animal 

houses (Emborg, Ersboll et al. 

2001; Engster, Marvil et al. 2002; 

Miller, Algozin et al. 2003).

Ecological evidence:  
studies of temporal trends 

These studies utilize data collected at different time 
points and often from different sources. With these 
limitations, it can be concluded that, taken together, the 
data provide additional evidence for the role of agricultural 
am use in changes in the prevalence of amr on the 
farm, in consumer food products, and in the general 
population. Although causal inferences may be contested 
(Radostits 2004), the studies are consistent with an 
association between registration of ams for agricultural 
use and increasing risks of amr in bacterial isolates 
from human populations. The use of vancomycin and 
pristinamycin in swine production was associated with 
increased prevalence of amr enterococci in humans in 
the Netherlands (van den Bogaard et al. 1997). A sharp 
increase in drug-resistant Campylobacter infection in the 
US was associated with am use in ifap in an analysis by 
the cdc (Gupta, Nelson et al. 2004; Collignon 2005). 
In Spain, where fluoroquinolones were introduced into 
poultry production in 1993, the rates of resistance in 
human isolates quickly rose to over 80% (Nachamkin 
2000), (Figure 4); separate studies reported that by 2000 
approximately 99% of poultry- associated Campylobacter 
isolates were fluoroquinolone resistant (Garau, Xercavins 
et al. 1999; Saenz, Zarazaga et al. 2001). 
	 In a study by the cdc on trends in resistant 
Campylobacter, no isolates from US hospital patients were 

found to be resistant to fluoroquinolones prior to 1991, 
before this family of compounds was permitted in poultry 
production by the fda ; after this time, there has been a 
steady increase in the prevalence of resistance ((Gupta, 
Nelson et al. 2004) comment by (Collignon 2005)). 
In contrast, the relatively low rate of fluoroquinolone 
resistance in clinical isolates in Australia has been 
attributed to the ban on use of this drug in agriculture 
(Unicomb, Ferguson et al. 2006). Similar data were found 
in studies of isolates from poultry and humans in Norway 
(Norstrom, Hofshagen et al. 2006) and the Netherlands 
(Endtz, Ruijs et al. 1991). 
	 Some of the most powerful temporal data are 
drawn from surveillance of both antimicrobial use in 
agriculture and trends in resistance in bacterial isolates 
from several sources, carried out in Europe prior to and 
following the ban on feed additive use of antimicrobials. 
For example, studies carried out in Denmark over this 
period have demonstrated a rapid and parallel decrease in 
antimicrobial use and the prevalence of antibiotic-resistant 
E. faecium recovered from pigs or broilers, as shown 
in Figure 5 (Aarestrup, Seyfarth et al. 2001). A similar 
pattern of decreases in vancomycin resistance in poultry 
isolates was observed in Taiwan after a ban on avoparcin 
in 2000 (Lauderdale, Shiau et al. 2007).
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Figure 5. The impact of banning antimicrobials from animal feeds on the prevalence  
of erythromycin, vancomycin, avilamycin and virginiamycin resistance in E. faecium and  
E. faecalis isolates from pigs and broilers in Denmark (Aarestrup, Seyfarth et al. 2001).
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	 The prevalence of resistant-enterococci isolates from 
human subjects also declined in the eu over the same 
period (Klare, Badstubner et al. 1999; Wegener 2003). As 
shown in Figure 6, the carriage of vancomycin-resistant 
enterococci (vre) in human isolates from Germany, the 
Netherlands, and Belgium declined over the period after 
banning avoparcin use as a feed additive.

Evidence for nonfood exposures to 
AMR: farming communities, farmers, 
and farm workers

The issue of nonfood pathways of exposure has only 
recently received substantial attention. This is a central 
matter in evaluating the effectiveness of current policies, such 
as haccp, which are designed to reduce risks “from farm to 
fork,” not including releases along the process to environmental 
pathways. For this reason, this topic is discussed at length 
in this technical paper. 
	 Most of the earlier studies have consisted of case 
reports, exemplified by the report by Fey et al. (Fey, 
Safranek et al. 2000), who carried out a case investigation 
of a child infected by ceftriaxone-resistant Salmonella 
acquired from living on a farm. Molecular methods 
(including dna sequencing) were utilized to compare the 
salmonella isolate from the affected child with salmonella 
from the farm environment. Studies of farmers and farm 
workers have also reported that these groups are at high 
risk of exposure to amr pathogens in and around animal 
houses, and they may transfer resistant infections to the 
general community. Two studies have examined exposures 
of farmers and farm workers to amr pathogens in poultry 
houses. Van den Bogaard and Stobberingh et al. (van den 
Bogaard and Stobberingh 1999) reported that poultry 
farmers were at greatly increased risks of carrying drug-
resistant Enterococci as compared to community referents, 

while Price et al. (Price, Graham et al. 2007) found that 
poultry house workers were 30 times more likely to carry 
gentamicin-resistant E. coli as compared to community 
referents. More recently, Huijsdens et al. (Huijsdens, 
van Dijke et al. 2006) reported on a case of methicillin- 
resistant Staphylococcus aureus infection in seven persons 
living or working at a large hog farm in the Netherlands; 
molecular methods were also used to confirm the 
clonality of the human and hog isolates. In a follow-up 
study, this group found a high prevalence of methicillin-
resistant Staphylococcus aureus (mrsa) in pigs sampled at 
slaughterhouses in the Netherlands (39% of 540 pigs) (de 
Neeling, van den Broek et al. 2007). 
	 These exposures can translate into community risks as 
well, through person-to-person contacts (Smith, Dushoff 
et al. 2005). Smith et al. (Smith, Besser et al. 1999) 
carried out investigations of amr C. jejuni in Minnesota, 
confirming elevated risks among communities in close 
contact with ifap operations. As shown in Figure 7, 
an increasing number of outbreaks of enteric disease 
have been reported in association with animal contact, 
including farms as well as petting zoos and other events, to 
indicate the importance of ascertaining nonfood pathways 
of exposure (Steinmuller, Demma et al. 2006). Salmonella 
and E. coli 0157 were the most frequently reported 
pathogens in these outbreaks.

Figure 6. The impact of banning avoparcin from animal feeds on the prevalence of VRE  
in stool culture samples collected from healthy human subjects in the Netherlands  
and Germany and in hospitalized patients in Belgium (Klare, Badstubner et al. 1999).
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Environmental routes of release  
of AMR bacteria

Increasing attention is now being paid to nonfood routes 
of exposure, through environmental pathways of air, 
water, and dusts or soils. Exposures via these routes may 
contribute to the community burden, and they are also 
of importance because increased vigilance in terms of 
food safety and consumer initiatives (such as improved 
handling and cooking of meat products) will not diminish 
these nonfood risks. Because of the failure of current 
regulations and practice to cover nonfood routes of exposure to 
amr from ifap, this issue is examined in further detail in this 
section. amr pathogens can be released into the general 
environment from animal houses through ventilation 
and waste disposal. Because confinement of thousands 
of animals requires controls to reduce heat and regulate 
humidity, poultry and swine houses are ventilated with 
high-volume fans that result in considerable movement 
of materials into the external environment. Tunnel 
ventilation systems that are increasingly used in the 
US industry generally consist of eight 1-meter-diameter 
fans positioned at one end of the building. These fans 
generate large quantities of aerosolized dust. Emissions 
of small particles (<10 m in size) from broiler house fans 
over a period of 24 hours can range from 25 to 40 grams  
per cubic meter, representing a million-fold increase of 
aerosolized dust near poultry house fans as compared 
to air sampled in a semi-rural area (Power 2004). amr 
bacteria, originating in swine houses, have been detected 
in the environs of these houses as far as 30 meters (m) 
upwind and 150 m downwind (Gibbs, Green et al. 2006). 
Campylobacter strains with identical dna fingerprints 

to those colonizing broilers have been measured in air up 
to 30 m downwind of broiler facilities. In addition, the 
antimicrobial drugs themselves have been found in dust 
from swine cafos (Hamscher, Pawelzick et al. 2003). 
There is evidence for the spread of resistant bacteria from 
animal houses by insects, rodents, and wild avians that 
may be particularly attracted to poultry Concentrated 
Animal Feeding Operations (cafos) where sources of 
food exist (e.g., spilled feed, animal manure, and poultry 
carcasses). For example, flies are found in significantly 
increased numbers in areas close to animal houses 
(Winpisinger, Ferketich et al. 2005). Houseflies have 
been found to play a major role in the epidemiology of 
Campylobacter infections in communities near cafos 
(Nichols 2005). Rodents can also transfer pathogens 
in and out of animal houses (Henzler and Opitz 1992). 
In a study of antibiotic resistance in E. coli, isolated 
from wild avians near cafos, the proportion of isolates 
resistant to antibiotics was significantly higher among 
isolates from birds in proximity to swine waste lagoons 
as compared to a reference set of samples (Cole, Drum et 
al. 2005). Additionally, the resistance patterns observed 
matched those most commonly reported by the National 
Antimicrobial Resistance Monitoring System for 
Enterobacteriaceae isolated from swine (Cole, Drum et al. 
2005). 
	

Figure 7. Number of reported outbreaks of enteric disease associated with animals in public 
settings in the US, by year, 1991-2005 (Steinmuller, Demma et al. 2006).
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	 The major route of transfer of amr pathogens to the 
environment is via waste generation and disposal on land. 
The magnitude of this transfer is more fully described in 
another technical paper. According to the US Department 
of Agriculture, confined food animals produce roughly 335 
million tons (dry wt.) of waste per year (usda National 
Program Annual Report—www.ars.usda.gov /research /
programs /programs.htm?np_code=206&docid=13337), 
which is more than 40 times the mass of human 
biosolids generated by publicly owned treatment works 
(7.6 million tons in 2005). In contrast to human 
biosolids, no treatment-process control requirements or 
prescribed criteria for pathogens have been established 
for animal waste, although levels of pathogens, as well 
as antimicrobial-resistant bacteria, are often higher than 
levels found in human feces. For swine and cattle (i.e., 
beef feedlots and dairy cows), an estimated 95% to 99% 
of the waste produced is applied to land (usda /aphis 
1995; Walton 2002), and for poultry litter (i.e., excreta, 
spilled feed, feathers, soil, and bedding material), over 
90% is applied to land (Moore, Daniel et al. 1995). 
	 Animal wastes carry a vast number of bacteria (Gerba 
and Smith 2005), and in cases where animals are exposed 
to ams, these bacteria include resistant strains. A study 
of fecal samples from dairy cattle in Minnesota found 
significant increases in the prevalence of multidrug 
resistant E. coli from animals provided ams in feed as 
compared to those from organic farms (Sato, Bartlett et 
al. 2005). Land disposal of animal wastes can have near 
and distant impacts. Tetracycline-resistant genes in pig 
waste are highly persistent in lagoons of hog waste and 
in soils amended with these wastes (Jensen, Agerso et al. 
2002; Schmitt, Stoob et al. 2006). amr E. coli from ifap 
have been detected in surface waters and in groundwater 
sources for drinking water sampled near hog farms in 
Maryland (Sapkota, Curriero et al. 2007; Stine, Johnson 
et al. 2007), North Carolina (Anderson and Sobsey 
2006), and Iowa (Chee-Sanford, Aminov et al. 2001), 
and in soils amended with hog wastes (Jensen, Agerso et 
al. 2002). In terms of public health significance, it should 
be noted that groundwater makes up roughly 40% of the 
water used for public water supplies and provides drinking 
water for more than 97% of rural US populations (Hutson  
et al. 2005). However, no studies have been done on 
population exposures via drinking water or water contact. 
	 Contamination of surface waters from waste disposal 
can also impact food safety through irrigation (Stine 
2005). Runoff from land amended with cafo wastes has 
been implicated as a source of amr pathogens recovered 
from food crops grown in soils amended by animal wastes 
or irrigated with contaminated water (Tauxe 2002; Islam, 
Doyle et al. 2004; Sivapalasingam, Friedman et al. 2004). 
These events can occur through water contamination 
from relatively distant sites of land disposal. This is the 
probable pathway for two recent outbreaks of E. coli 0157:
H7 in the US involving spinach and green onions used by 
fast food restaurants. 
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Attributable risk of AM use in 
agriculture to AMR as a public  
health problem 

An important element in policy making is estimating the 
proportion of the risk that can be attributed to a specific 
source or activity; this information permits estimation 
of the benefit (risk reduction) that may be attained by 
controlling this source or activity. Attributable risk is the 
amount of proportion of the incidence of a disease or other 
adverse health impact in populations exposed to a specific 
risk factor that can be attributed to exposure to that factor 
(Last 1995). It is an important concept in medicine 
and epidemiology, and it has real-world importance in 
evaluating options for controlling or reducing a risk. As 
noted in the introduction to this technical report, amr 
is associated with all uses of ams, including clinical, 
veterinary, and agricultural (nonveterinary). Both 
appropriate and inappropriate uses contribute to amr as 
we have learned from studies of ams in the laboratory as 
well as in practice. Moreover, from the microbial “point 
of view,” all sources of selection pressure contribute to 
amr, and its appearance (in a hospital or food-borne 
illness outbreak) may result from multiple sources. For 
this reason, it may not be possible or even appropriate 
to determine the attributable risk of am use specific to 
agriculture or to the use of ams as feed additives, in terms 
of the overall incidence of amr in human infections given 
a community model of both risk and exposure.
	 Overall, there is a lack of critical data on human 
exposures to amr from agricultural sources sufficient 
to support a rigorous analysis of the attributable risks 
of agricultural am use. The existing monitoring and 
surveillance programs are passive systems, and the 
investigations following detection of amr usually focus 
on nosocomial (hospital or healthcare or food sources 
of exposure and infection. For example, waterborne 
infections are not usually traced back to agricultural 
inputs (for example, Lee, Levy et al. 2002).
	 Moreover, the surveillance network (FoodNet) does 
not provide coverage of those regions in the US where 

most ifap are located. Thus, our ability to evaluate these 
impacts is significantly limited by the data available 
for source attribution (Sivapalasingam, Friedman et 
al. 2004). It is both methodologically difficult and 
scientifically inappropriate to attempt an apportionment 
of the burden of these impacts to agricultural am use and 
other uses given the flow of resistance among bacterial 
species and human populations. That is, in attempting to 
calculate attributable risks on the basis of data related to 
infections by specific pathogens with specific resistance 
traits, it is imperative to incorporate the concepts of 
resistance reservoirs, movement of resistance cassettes, and 
gene flow among commensals and pathogens, as discussed 
previously. Moreover, a simple concept of antimicrobial 
pressure in terms of mass action supports the conclusion 
that the preponderant use of antimicrobials—which is in 
food animal production—must be a significant source of 
antimicrobial resistance.
	 Some of the research discussed earlier, in terms of time 
trend studies, can be related to the question of attributable 
risk. As discussed above, there are data to indicate that 
substantial increases in amr in bacterial isolates from 
human populations have followed on the registration 
of ams for application in drinking water for animals 
or use in animal feeds. These data are reviewed here to 
emphasize their relevance to discussions of attributable 
risk. In Spain, a striking increase was observed starting 
in 1990 in the prevalence of fluoroquinolone resistance 
in C. jejuni isolates from hospitalized patients in Spain. 
In 1990, the Spanish government authorized the use of 
fluoroquinolones in poultry production; otherwise, no 
dramatic changes occurred in the volume of clinical use 
of this antimicrobial. In a study by the cdc on trends 
in resistant Campylobacter, no isolates from US hospital 
patients were found to be resistant to fluoroquinolones 
prior to 1991, at which point this family of compounds 
was permitted in poultry production by the fda ; after this 
time, there has been a steady increase in the prevalence of 
resistance, as shown below (Gupta, Nelson et al. 2004) 
comment by (Collignon 2005)). While these studies did 
not trace the origin of resistant isolates in the population 

The burden of food-borne disease in the US and other countries has been dealt 

with extensively (oecd 2003); this burden is increased in terms of direct  

and indirect health care costs when bacterial disease involves amr organisms  

(see introduction; also review by (Barza and Travers 2002), among others). 

Thus, for example, in the case of Campylobacteriosis, one of the leading food- 

borne causes of gastroenteritis in the US, the additional costs of infections by 

amr Campylobacteriosis in humans was considered by the fda in evaluating 

regulatory interventions to remove fluoroquinolones from use in poultry 

production (Bartholomew, Vose et al. 2005). 
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sampled, the trend is consistent with an impact associated 
with governmental registration.
	 The intervention studies conducted by European 
researchers following up on amr in animals, food 
products, and clinical isolates subsequent to the ban on 
avoparcin in agriculture are also relevant. As discussed 
previously, monitoring of food animals in Denmark 
indicates a significant decline within five years in the 
prevalence of vancomycin-resistant isolates collected from 
pigs and poultry, as well as in the prevalence of vancomycin 
resistance in human isolates. These data are not conclusive, 
but they are also consistent with a role for animal 
agriculture use of antimicrobial resistance in that resistance 
prevalence appears to rise and fall with regulatory decisions 
and practice concerning agricultural use.
	 While these studies provide some measure of the 
likely contribution of agricultural am use to the incidence 
and prevalence of vancomycin-resistant enterococci in 
human isolates, the incompleteness of these data must be 
recognized (Bywater 2004). More importantly, amr may 
be “silent” in the reservoir of microbial communities or 
within asymptomatic persons. Its impact—expressed as 
incidence of an amr infection—will appear only when a 
person enters medical treatment and treatment failure is 
recognized.
	 These data are also of special interest since they indicate 
that interventions to reduce agricultural am use can have a 
significant public health benefit in the relatively short term. 
	 There may be more fundamental challenges to 
estimating attributable risk in terms of any specific use, 
such as agricultural vs. clinical am uses, given the flow 
of resistance among bacteria and human populations 
(Summers 2006; Wright 2007). In terms of human 
disease risk, there is a similar and increasing realization of 
the role of community infections as sources of nosocomial 
(hospital) infections, in contrast with assumptions that 
amr infections in hospitals were largely associated with 
hospital use of ams (Smith, Yago et al. 2005). While 
hospital use of ams has generally been assumed to 
generate the highest risk of amr and transmission of 
amr infection, this conclusion may be biased by the fact 
that most resistant infections are identified in hospitals. 
From an ecological perspective, the greater selection 
pressure for resistance generated by agricultural uses 
may result in carriage of amr bacteria, both pathogenic 

and commensal, by persons in the nonhospitalized 
population. When these people enter hospital, they may 
be a major source of transmitted infections in the hospital 
environment. The community basis of hospital infections 
is increasingly recognized (Pop-Vicas and D’Agata 2005; 
de Neeling, van den Broek et al. 2007). Although hospital 
use of ams may generate the highest risk of transmission of 
resistant infection (due to opportunities for contact among 
large populations of susceptible populations, similar to 
poultry houses), agricultural uses may result in a larger 
reservoir of antimicrobial resistance outside the hospital, 
in the form of pathogenic and nonpathogenic bacteria, 
as well as transposable genetic elements. As these people 
enter hospital, they may be a major source of resistant 
infections to the hospital environment. Because conditions 
in the hospital enhance the likelihood of person-to-person 
transmission, the risks of becoming infected by a resistant 
pathogen are higher in hospitals, but the source of 
resistance from outside the hospital is largely determined 
by this larger community reservoir of resistance (which, 
for many reasons discussed in this paper, is driven in large 
part by the magnitude of agricultural uses and affects 
environmental and dietary pathways of exposure through 
drinking water and consumer meat and poultry products). 
As Smith et al. (Smith, Yago et al. 2005) conclude, a large 
number of people exposed to a low risk may generate more 
cases than a small number of people exposed to a high 
risk. This is shown visually in Figure 8.

Valuation of impacts

The same limitations on attributing risk also impede our 
ability to value the impacts of amr on human health, 
in monetized and other metrics. The economic burden 
of amr on medical care systems has been evaluated in 
studies carried out in specific hospitals (Kim, Oh et al. 
2001; Capitano, Leshem et al. 2003) and more generally 
(Okeke, Laxminarayan et al. 2005; Smith, Yago et al. 
2005) as well as by governmental and international 
organizations (oecd, cdc) as well as Non-Governmental 
Organizations (ngos) (apua). The fda also conducted 
an impact analysis in connection with its regulatory 
assessment for the ban on fluoroquinolones in poultry 
production. This analysis was challenged by industry. 

Figure 8. How large is the impact of antibiotic use in agriculture? The community reservoir is 
driven by the animal reservoir, which then largely determines the entry of resistance into the 
hospital (From Smith et al. (2005).
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The principles of risk assessment have been adopted 
by international organizations and national agencies, 
including the US fda, in activities to evaluate agricultural 
antimicrobial use (Doyran 2004; Helmuth and Hensel 
2004; Maudoux, Saegerman et al. 2006). While there is 
an extensive literature and research base on risk assessment 
methods with respect to chemicals and agents such 
as ionizing radiation, the methodologies and critical 
evaluations are more limited with respect to microbial 
risk assessment (see amr annotated bibliography). These 
methods are not as sophisticated as those that have been 
developed for chemical regulation, particularly with 
respect to the incorporation of biological and mechanistic 
principles such as growth rates, evolutionary rates, and 
gene flow. 
	 For these reasons, there are substantial limits on 
current methods of risk assessment (Barza and Travers 
2002). Most risk assessments continue to focus on specific 
resistance traits in specific bacteria, with an emphasis 
on resistance to clinically important antimicrobials in 
clinically significant pathogens (e.g., nrc 1999). As 
discussed above, this approach does not reflect current 
understanding of the role of resistance reservoirs and the 
multiple opportunities for exposures to amr pathogens. 
There is moreover a lack of attention to the importance 
of bacteria as living organisms—which are fundamentally 
different from chemicals—since living organisms are 
capable of expanding in number and potential risk. This 
complicates the notion of “threshold of resistance,” which 
is utilized by the epa in its microbial risk assessments. 

US Government Risk Assessments 

The risks of consumer exposure to amr pathogens via 
food consumption have stimulated considerable regulatory 
and voluntary risk reduction activity. The nature of the 
hazard—amr in food-borne pathogens—is recognized 
in the haccp principles, which cover from farm to fork 
(emphasis added) and not within the farm. Thus, haccp 
accepts the fact that, under current practices, animals 
will be contaminated with pathogens and amr pathogens 
during their raising; controls are instituted to contain 
this problem after the animals leave the farms. Whether 
this is an effective or reliable policy approach is an issue for 
the pcifap to consider. The focus of haccp is to reduce, 
insofar as possible, the presence of all pathogenic bacteria, 
whether or not they are resistant, through ensuring a high 
standard of operations at the processing plant, including 
slaughter, processing, packaging, storage, and shipment. 
Additional guidance is provided to wholesale and retail 
sales outlets, restaurants and food service organizations, 
as well as to consumers. From the perspective of a fully 

implemented haccp system, there is no added burden 
on the management of all aspects of food animal 
production to contain risks of amr bacteria as compared 
to susceptible bacteria. haccp does not consider the 
potential for health risks associated with nonfood 
pathways of release and exposure, as discussed above. 
	 In the process of reviewing and eventually revoking 
the registration for fluoroquinolones in poultry 
production, the fda has recently developed approaches to 
the risk assessment of ams as feed additives (Bartholomew, 
Vose et al. 2005). This approach utilizes a linear model 
for estimating risk that is consistent with a conservative 
approach utilized in chemical risk assessment (nrc 
1983; nrc 1990). This approach has been criticized by 
industrial consultants (Phillips, Casewell et al. 2004; 
Cox 2005 but see many commentaries on this article), 
but constitute US policy at the present time. In the 
context of recent proposals to register a fourth-generation 
cephalosporin (cefquinome) for use in confined food 
animals, some limitations on the scope of the fda 
risk assessment guidelines as proposed have emerged. 
These concern the barriers to assessing risks of a novel 
antimicrobial for which the first use will be in agriculture 
as well as the lack of a comprehensive risk assessment that 
incorporates both-food borne risks as well as contributions 
to the amr reservoir.

World Health Organization (WHO) /
Food and Agricultural Organization 
(FAO) / CODEX Alimentarius (CA) Risk 
Assessments

These three organizations coordinate many international 
activities related to food safety, and they have explicitly 
coordinated their consultations and policies on the subject 
of antimicrobial resistance (see above). In addition, these 
organizations are now reference organizations under 
the World Trade Organization (wto) with respect to 
resolution of national differences on risk assessment and 
other policies related to international trade in animals, 
animal products, and other foods (Luetzow et al. 2003). 
Thus, if there were trade issues arising from different 
policies on agricultural antimicrobial use (for example, 
between the US and the eu), the risk assessment methods 
of the fao and ca would be dispositive in any adjudicative 
process, as they were in the US/eu dispute over hormonal 
additives for cattle production (eea 2001). 
	 The fao/who/codex adopted principles for risk 
assessment of microbiological risks (sometimes referred to 
as “risk analysis” in Europe) in 1999.
	 The elements of risk assessment are similar to those 
first explicated in the US (nrc 1983), that is, consisting 

Because of the importance of risk assessment as a formal method in policy 

making in the US, we review risk assessments and scientific issues relevant  

to ifap.

Definitions and 

methodologies (US): 

Risk assessment is the process 

of assembling, evaluating, and 

integrating information related 

to hazard, dose-response, and 

exposure in order to inform 

appropriate management and 

protection of health. 
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of hazard identification (nature of the toxicity or health 
impact associated with the entity being assessed), 
dose/response evaluation, quantitation of the magnitude 
(severity or likelihood) associated with the amount or 
duration of exposure, and exposure assessment (evaluation 
of the range of likely exposures to be encountered by 
human populations). A report on recent assessments by 
fao, who, and oie on agricultural antimicrobial use and 
amr is available in a set of papers published in the Journal 
of Veterinary Medicine Series B, Volume 51 (2004).

Conclusions

One of the most significant public health issues associated 
with ifap is its contribution to the increasing crisis of 
antimicrobial resistant infections worldwide. All uses of 
antimicrobials contribute to the selection of resistance 
among commensal and pathogenic bacteria, and for that 
reason, controls over inappropriate use are of high priority 
internationally. There is considerable evidence associating 
antimicrobial use in agriculture with resistant pathogens 
in the food supply, on the farm, and in the environment. 
Temporal studies following both the introduction  
and the removal of antimicrobials from feeds and water 
have demonstrated strong associations between these 
uses and the prevalence of antimicrobial resistance in 
animal wastes, human food, and isolates from human 
populations. Because of opportunities for dispersal from 
farms into the environment, agricultural antimicrobial use 
is a significant contributor to the expanding reservoir of 
resistance within microbial communities. It is increasingly 
recognized that the reservoir of resistance is the source of 
resistance genes in pathogens that may be recognized in 
hospitals.
	 Finally, the use of antimicrobials for nontherapeutic 
purposes (growth promotion) in agriculture is not 
justified for economic reasons in the modern food animal 
production setting. Several large-scale studies conducted 
in poultry and swine operations have demonstrated that 
the cost of antimicrobials as feed additives outweighs any 
marginal increase in profits, and that improvements in 
growth and disease prevention can be accomplished by 
increasing the hygienic conditions in which animals are 
held. As the industrial model of food animal production 
is adopted worldwide for poultry, swine, beef, and aquatic 
organisms, there is an urgent need to institute guidelines 
for prudent use of drugs in food animal production and 
for excluding the use of the drug as growth promoters. 
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Antibiotic (classic definition): A substance 
produced by a microorganism that has the ability to 
kill or inhibit the growth of other microorganisms. 
Synthetic antibiotics, usually chemically related to natural 
antibiotics, can now be produced. 

Antibiotic (popular usage): A drug used to treat 
infections caused by bacteria. Most antibiotics in use are 
specific to bacteria because they act on aspects of bacterial 
growth, development, and/or structure that are specific 
to bacteria and are not part of the growth, development, 
or structure of the host organism. Thus, the bacterium is 
harmed, but not its host. 

Antibiotic Resistance: The ability of 
microorganisms to withstand the effects of one or multiple 
antibiotics (can be innate or acquired). Resistance to 
multiple drugs is known as multidrug resistance. Some 
bacteria are naturally resistant to multiple drugs; all can 
acquire resistance genes. Selective pressure from exposure 
to antibiotics is among the most potent forces that drive 
antibiotic resistance.

Antibiotic Resistance (modified from WHO): 
Resistance to antimicrobials is a natural biological 
phenomenon that can be amplified or accelerated by a 
variety of factors, including exposure to antibiotics. Use 
of antimicrobials (whether for treatment or prophylaxis) 
forces microbes to adapt or die. Those that survive carry 
genes for resistance that can be passed on. 

Antimicrobials: Substances that kill or inhibit the 
growth of microorganisms. The terms “antibiotics” 
and “antimicrobials” are often used interchangeably, 
although “antimicrobial” actually covers a wider range of 
substances.

Category 1 Drugs: Drugs that do not require a 
withdrawal period prior to slaughter. A withdrawal period 
is a period of time before the animal is slaughtered (for 
human consumption) during which the drug may not 
be administered to the animal. If the category 1 drug is 
being administered at doses above the approved dose for 
the particular purpose, a withdrawal period may still be 
necessary.

Category 2 Drugs: Drugs that require a withdrawal 
period prior to slaughter, regardless of the dose. It must be 
shown that no drug residues are found in the slaughtered 
animal.

Commensal Bacteria: Bacteria that share a symbiotic 
relationship with their host are termed commensal. 
That is, both the bacteria and their host benefit from the 
bacteria living within the host. In humans, and all other 
animals, the largest example is the bacteria that populate 
the gut. Those bacteria perform a wide range of tasks, 
from metabolism to defense, which benefit the host. 
The bacteria benefit by being provided room and board. 
However, when commensal bacteria replicate to levels 
higher than their normal population, they can be harmful 
to the host.

Concentrated Animal Feeding Operations 
(CAFOs): For regulatory purposes, the epa defines 
cafos as: “New and existing operations which stable 
or confine and feed or maintain for a total of 45 days or 
more in any 12-month period more than 1,000 animal 
units from a combination of slaughter steers and heifers, 
mature dairy cattle, swine over 55 pounds and sheep; OR 
new and existing operations which discharge pollutants 
into navigable waters either through a man-made ditch, 
flushing system, or other similar man-made device, or 
directly into waters of the United States, and which stable 
or confine and feed or maintain for a total of 45 days or 
more in any 12-month period more than 300 animal 
units (from a combination of slaughter steers and heifers, 
mature dairy cattle, swine over 55 pounds and sheep). 
Provided, however, that no animal feeding operation is a 
concentrated animal feeding operation as defined above if 
such animal feeding operation discharges only in the event 
of a 25-year, 24-hour storm event.” The epa is currently 
in the process of reviewing this definition. In general, the 
term cafo is popularly used to refer to animal production 
in confined, high-density conditions.

Confinement Agriculture/Systems: This refers 
to types of agriculture in which the movement of animals 
is confined and they are raised in high density, usually 
with stimulated feeding, and weight gain optimized so as 
to decrease time to mature weight.

Control: In terms of antibiotic use, this refers to the 
administration of antibiotics when morbidity (instances of 
disease) or mortality (instances of death) is elevated above 
normal levels. These antibiotics are usually administered 
at the herd or flock level.

Dosage: The amount of antibiotic administered to the 
animal(s), often in weight of antibiotic per weight of feed 
(i.e., X grams of antibiotic per ton of feed).

Federal Food, Drug, and Cosmetic Act: A 
regulatory act in the United States that, since 1938, has 
regulated all use of antibiotics in the United States. The 
Food Additives Amendment of 1958 pertains to the use 
of antibiotics in feed for animals and products for direct 
human consumption. The Animal Drug Amendments of 
1968 added new drugs and antimicrobials used in animals 
to this regulation.

Glossary
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Feed Efficiency: This term refers to the efficiency 
by which an individual converts food into weight. For 
example, chickens have very high feed efficiency, on 
average converting two pounds of food into one pound 
of weight at slaughter. Other larger and longer-lived 
animals, such as cattle, are less efficient, needing ten 
or more pounds of food to create one pound of animal 
weight at slaughter. Increasing feed efficiency decreases 
costs of production and generally decreases the amount 
of time needed to produce a mature (in terms of weight) 
individual.

Growth Promoter: Compounds used as additives 
to animal feed which are intended to increase the rate of 
growth or maximal size and/or weight of the individual. 

Ionophore: A lipid-soluble molecule made by 
microorganisms such as bacteria to transport ions into and 
out of the cell is called an ionophore. They are carriers for 
ions which otherwise would not be able to move into or 
out of the cell.

Medically Important Antibiotics: This term is 
used to describe antibiotics used in treatment of human 
disease and designated by the fda as highly or critically 
important for the treatment of disease in humans.

Medicated Feeds: Animal feeds sold with antibiotics 
or other drugs in the feed mixture may be called 
medicated feeds. The majority of these are sold over the 
counter, with the exception of a very few which require 
a Veterinary Feed Directive (akin to a prescription in 
human medicine) for sale.

Metaphylaxis: This term may refer to the use of high 
doses of antibiotics over short periods of time to control 
the spread of bacterial infection from animal to animal.  
It is meant to treat disease in one individual while 
preventing disease in other individuals.

Microbiological Safety: This is terminology used 
by the fda in determining the safety of antibiotics, for 
example the probability that use in animal feed will result 
in the creation of resistance in bacterial populations. 

Natural Growth Promoters: Agents added to 
animal feed intended to increase the rate of growth or the 
size of the individual that do not contain antibiotics, are 
often called “natural growth promoters.” Common classes 
of natural growth promoters include: acidifiers, probiotics, 
prebiotics, synbiotics, phytogenics, feed enzymes, and 
immune stimulants.

New Animal Drug Application: This is the 
current regulatory procedure for approval of antibiotics 
and other drugs for use in animals, either intended for 
veterinary or agricultural use.

Nontherapeutic: The use of antimicrobials in food 
animals in the absence of microbial disease or known 
(documented) microbial disease exposure; i.e., any use 
of the drug as an additive for growth promotion, feed 
efficiency, weight gain, routine disease prevention in the 
absence of documented exposure, or other routine purpose 
is considered nontherapeutic.

Prophylactic: The use of antimicrobials in healthy 
animals in advance of an expected exposure to an 
infectious agent or following such an exposure but 
before onset of laboratory-confirmed clinical disease as 
determined by a licensed professional. Prophylactic use 
of antibiotics is usually employed in situations where 
there is a high risk of developing disease or illness. In 
human medicine, this usually involves situations of high-
density cohabitation where a disease has been detected 
(i.e., meningitis diagnosis of one student may result in 
treatment of an entire dorm). In food animals, the term 
has also been used to describe situations where a drug is 
used due to the high probability of the development of a 
disease, without actual diagnosis.

Subtherapeutic: The use of antibiotics at doses or 
concentrations below those known to effectively harm 
or kill bacteria so as to prevent or cure disease is called 
subtherapeutic use. 

Therapeutic: This term refers to the use of 
antimicrobials in food animals with diagnosed microbial 
disease.

Veterinary Feed Directive: A prescription for a 
medicated feed or antibiotic to be added to animal feed is 
called a Veterinary Feed Directive.
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Executive Summary 
Antibiotics have long been used to treat illnesses in humans and farm 
animals. About 50 years ago, the U.S. Food and Drug Administration 
(FDA) approved their use in feed in subtherapeutic or low doses to help 
animals grow faster, produce more meat and avoid illness.  
 As antibiotic use increased in both animals and humans, bacteria 
emerged that are resistant to the same drugs given to both. There is also 
evidence that resistance may develop in chemically similar bacteria.  
 Scientists agree that the widespread use — and overuse — of 
antibiotics to treat disease in humans is the primary cause for the increase 
in resistant bacteria. A growing body of science suggests a link between 
the low-level use of antibiotics in farm animals and the increase in 
bacteria resistant to the same or similar antibiotics administered to 
humans. The leading health agencies in the U.S. and European Union 
(EU) and World Health Organization (WHO) agree that the link is 
serious enough to ban the subtherapeutic use of at least some antibiotics 
in farm animals. In 2001, the American Medical Association (AMA) 
approved a resolution to ban all low-level use. The FDA, EU and WHO 
are selectively banning such use, blocking the drugs that are used in both 
animals and humans. Consumer advocacy groups strongly support these 
actions and are calling for more widespread bans. Animal health groups 
disagree, saying that a small percentage of antibiotics are put to 
nonmedical uses, minimizing this application in promoting drug resistance. 
 The U.S. Department of Agriculture (USDA) and animal health 
organizations have developed guidelines to limit low-level use. Major 
private buyers of livestock products such as the McDonald’s Corporation 
are requiring suppliers to stop using antibiotics as growth-promoters that 
are also given to humans. To be certified organic, U.S. meat must come 
from animals raised without antibiotics.  
 At issue is whether low-level use of antibiotics in animal feed should 
be more widely banned.  

1. Why are antibiotics routinely fed to livestock and poultry? 
There are three major reasons, according to the CDC:1 
� Treat sick animals.  

                                                           
 1 CDC National Anti-microbial Resistance Monitoring Systems (NARMS) 
“FAQ: Antibiotic Resistance and Foodborne Illness” (www.cdc.gov/narms/faq.htm). 
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� Prevent disease among animals susceptible to infections. This use 
affects a larger number of animals, because it usually involves 
treating a whole herd or flock, which increases the likelihood of 
genetic selecting for organisms that are resistant to the antibiotic.  

� Promote the growth of cattle, poultry and swine when they are fed low 
doses for long periods. As a growth-promoter, antibiotics in feed help 
animals gain weight more efficiently by controlling the bacteria that 
can interfere with their ability to absorb nutrients. Animals become 
healthier, grow faster and stronger, and fewer die from disease. 

2. Are drug residues in food the issue? 
No. USDA routinely inspects meat, poultry and egg products for residues 
that exceed tolerance levels. The inspectors seldom find residues that 
exceed safe levels. The issue here involves antibiotic resistance of 
bacteria, not antibiotic residues. 
 It is also important to understand that resistance has nothing to do 
with potency. The resistant bacteria are not stronger; they simply cannot 
be treated with antibiotics that are currently available. 

3. Why has antibiotic resistance increased in humans?  
It is widely accepted that the primary cause is overuse and misuse of 
antibiotics. In some cases, doctors prescribe or patients demand the drugs 
too frequently or inappropriately, such as for illnesses that are not caused 
by bacteria and do not respond to antibiotics. In other cases, patients fail 
to complete the prescribed course of an antibiotic treatment, making it 
more likely that surviving bacteria will develop resistance to the drug.  
 There is also evidence that antibiotic use in food-producing animals 
contributes to human drug resistance, although to a far lesser degree than 
human use does. The controversy centers over how significant this 
contribution is, how much of the problem stems from subtherapeutic use 
and how to respond.  

4. What triggered the controversy? 
The issue emerged in 1984 when a CDC study linked antibiotics in 
livestock and poultry feed to resistant bacteria in humans.2 The issue 
resurfaced in the 1990s with reports about the emergence of antibiotic-
resistant strains of Salmonella, Campylobacter and E. coli O157:H7. 
CDC reported an increase in resistance in laboratory samples from 0.6 
percent in 1979 to 34 percent in 1996.3 The study noted that a serotype of 
Salmonella known as DT104 is resistant to five antibiotics and has 
become a major cause of illness in humans and animals in Europe, 
especially in the United Kingdom.  
 A Minnesota study linked an increase in quinolone-resistant 
Campylobacter jejuni infections from 1992 through 1998 to the licensing 

                                                           
 2 “Drug-Resistant Salmonella From Animals Fed Antimicrobials,” New Eng-
land Journal of Medicine, September 6, 1984. 
 3 “Emergence of Multidrug-Resistant Salmonella enterica Serotype Typhi-
murium DT104 Infections in the United States,” New England Journal of Medi-
cine, May 7, 1998. 
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of fluoroquinolones for use in livestock and poultry.4 FDA approved 
these drugs in 1995 to prevent bacterial diseases in poultry. The report 
cited Minnesota Health Department data showing that Campylobacter 
became increasingly resistant to a fluoroquinolone. The resistant bacteria 
were found in samples from people suffering from foodborne illness. 
 A 2001 study cited the appearance of bacteria resistant to the drug 
Synercid (quinupristin/dalfopristin) in patients who had never been 
exposed to it, suggesting a nonhuman source.5 Synercid is an 
antimicrobial used as a last-resort treatment against antibiotic-resistant 
bacteria. FDA was assessing the possible link between human resistance 
to quinupristin/dalfopristin and the use of a structurally related growth-
promoter in animals. 

5. What is the position of the scientific community? 
There is considerable debate over the use of antibiotics to promote 
growth in farm animals. Among the strongest opponents is the World 
Health Organization (WHO), which in August 2003 recommended that 
nations stop using antibiotics for growth promotion. WHO asserts that 
“the largest quantities” of antimicrobials given at low doses to food-
producing animals “are used as regular supplements for . . . growth 
promotion, thus exposing a large number of animals, irrespective of their 
health status . . . .”6 Its recommendation was based on a Denmark study 
of food-producing animals that have not consumed antibiotic growth 
promoters since the end of 1999. The Danish ban led to significant 
declines in resistant bacteria in pork and chicken: 60-80 percent had 
bacteria resistant to three widely used antibiotics before the ban, 
compared with 5-35 percent afterwards. 
 In June 2001, the American Medical Association adopted a 
resolution opposing all subtherapeutic use of antibiotics in farm animals.7  
 Others say such action is unnecessary. In September 2003, 
scientists at the Interscience Conference on Antimicrobial Agents and 
Chemotherapy released a study of two macrolide antibiotics, tylosin and 
tilmicosin. They found that the risk of humans acquiring resistant 
bacteria by eating meat or poultry from animals treated with the drugs is 
less than one in 10 million per year for resistant Campylobacter and less 
than one in three billion for E. faecium. “People would be more likely to 
die from a bee sting than for their antibiotic treatment to fail because of 
macrolide-resistant bacteria in meat or poultry,” said Stephanie Doores, 
Ph.D., of Pennsylvania State University.8 
                                                           
 4 “The Consequences for Food Safety of the Use of Fluoroquinolones in Food 
Animals,” New England Journal of Medicine, May 20, 1999. 
 5 Nawaz, Mohammed S., et al. “Human Health Impact and Regulatory Issues 
Involving Antimicrobial Resistance in the Food Animal Production Environ-
ment.” Regulatory Research Perspectives, July 2001. 
 6 Communicable Diseases Cluster, WHO Global Strategy for Containment of 
Antimicrobial Resistance. 
 7 Res. 508, A-01, H-440.895, Antimicrobial Use and Resistance. 
 8 AVMA press release, “New Antibiotic Risk Assessment Concludes Mac-
rolides Can Be Safely Used in Food Animal Production,” September 16, 2003. 
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 FDA, CDC and USDA all agree that antibiotics are as critical in 
treating bacterial infections in animals as in humans. Government 
scientists also acknowledge the relationship between the use of 
antibiotics in food-producing animals and the emergence of drug-
resistant bacteria that can infect people.  

6. Where do animal health experts stand on this issue? 
Antibiotic resistance is a major concern among drug manufacturers and 
veterinarians. The Animal Veterinary Medical Association (AVMA) 
notes that “evidence is accumulating to support the hypothesis that 
antimicrobial resistance in animals can result in the transfer of resistant 
bacteria . . . or genetic determinants to humans through the food supply 
by direct animal-to-human contact or indirectly through the 
environment.”9 In May 2003, AVMA issued a position statement 
reading, in part, “The AVMA supports a national, coordinated, and 
appropriate response to the issue of antimicrobial resistance in bacteria 
that includes an open or public FDA approval process that is rigorous 
and that includes an assessment of food safety to approve animal health 
products for use in animals.” AVMA, the Animal Health Institute (AHI) 
and other groups are now developing guidelines for the prudent use of 
antibiotics in farm animals. 
 At the same time, some animal health experts argue that most of the 
antibiotics given to farm animals are to prevent or treat illnesses, and that 
relatively little is administered to promote growth. AHI says each ton of 
animal feed contains just four to 25 grams of antibiotics, with only 13 
percent of all antibiotics in animal feed used for growth promotion. AHI 
also cites declines in the incidence of drug-resistant Salmonella and 
Campylobacter in humans since 1996, pointing to data from CDC’s 
National Antimicrobial Resistance Monitoring Systems (NARMS).10 
 In 2001, a study by the European Federation of Animal Health 
concluded that humans consumed 65 percent of all antibiotics 
administered in the European Union in 1999, versus 35 percent for 
animals. The study found that only 6 percent of all antibiotics took the 
form of growth promoters in animal feed. It also claimed that this use of 
antibiotics fell by 50 percent between 1997 and 1999. Reacting to these 
findings, the Animal and Plant Health Association (APHA) asserted that 
the use of antibiotics in farm animals is, at most, only a “very small 
contributing factor to the problem of antimicrobial resistance,” according 
to Declan O’Brien, the group’s director.11  

7. What is the position of consumer advocates? 
The Union of Concerned Scientists (UCS) supports reducing the use of 
antibiotics in food animals, saying the drugs produce benefits that “are 

                                                           
 9 AVMA, “Judicious Therapeutic Use of Antimicrobials” 
(www.avma.org/scienact/jtua/default.asp). 
 10 See footnote 8. 
 11 APHA press release, “Antibiotic Use in Farm Animals Does Not Threaten 
Human Health, a New Study Suggests,” June 13, 2001. 
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economic, not therapeutic.” In a January 2001 report titled “Hogging It!: 
Estimates of Antimicrobial Abuse in Livestock,” the advocacy group 
estimated that U.S. livestock producers use 24.6 million pounds of 
antimicrobials for subtherapeutic purposes each year, including 
tetracycline, penicillin, erythromycin and other drugs that are important 
for human use. The group argues that banning or curtailing this use 
“would have the added benefit of pushing livestock management in the 
direction of more sustainable practices.” 
 In 1998, UCS joined the Center for Science in the Public Interest 
(CSPI) and other advocacy groups in petitioning FDA to withdraw 
approval of farm uses of antibiotics that threaten human health. 
“Specifically, the FDA should not allow an antibiotic to be used as a 
livestock feed additive if that antibiotic is used (or related to one used in) 
human medicine,” according to CSPI.12  
 CSPI reasserted this appeal in 1999 after a study in the New 
England Journal of Medicine showed that humans with fluoroquinolone-
resistant Campylobacter most likely acquired the infection by eating 
poultry that had been given these antibiotics.  
 The following year, FDA’s Center for Veterinary Medicine banned 
subtherapeutic use of fluoroquinolones in poultry. In March 2004, and 
FDA administrative law judge upheld the ban. 

8. How has the federal government responded? 
HHS is coordinating a public health plan to address antimicrobial 
resistance. A key player is USDA, which approves all antibiotics used 
for food-producing animals. In recent years, the agency has 
acknowledged a proven — though unquantifiable — link between the 
use of antibiotics in animals and drug resistance in humans.  
 Since 1996, USDA has engaged in programs to better understand, 
track and reduce antimicrobial resistance in humans. These efforts 
include supporting improved nutrition for farm animals, biosecurity to 
minimize infections on farms and prudent use of antibiotics. USDA now 
undertakes three activities related to antimicrobial resistance: 
surveillance, research, and prevention and control. 
 In 1996, the agency’s Food Safety and Inspection Service (FSIS) 
joined with CDC, FDA and 28 state and local health departments to 
establish the NARMS Enteric Bacteria program to test for antimicrobial 
resistance in agriculture. The program collects and analyzes Salmonella, 
Campylobacter, E. coli and Enterococcus samples from animals and 
humans. Among other monitoring projects, the NARMS initiative also 
investigates outbreaks caused by particular bacteria,  
 The FDA Center for Veterinary Medicine (CVM) investigates 
antibiotic resistance. It must approve every drug used in animals, looking 
at how drugs may harm animals and humans who consume the meat. It 
works with USDA to inspect food products, such as sampling body 
                                                           
 12 CSPI Petition to the U.S. Food and Drug Administration to Ban the Use of 
Certain Antibiotics in Livestock Feed 
(www.cspinet.org/reports/petition_antibiotic.htm). 
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tissues from slaughtered animals. CVM has also taken steps to enable the 
animal-drug approval system to make adjustments when antimicrobial 
resistance becomes a concern, either for human or animal treatment. The 
adjustments are incorporated into a framework that calls for drugs with 
the highest risk of creating problems for human therapy to be the least 
likely to be approved for animal uses. 
 Other government responses: 
� USDA National Organic Program, which took effect in 2002, 

permits neither subtherapeutic nor therapeutic antibiotics in organic 
livestock. 

� Bipartisan legislation introduced in July 2003 would phase out the 
use of subtherapeutic drugs in livestock that are used to treat or 
prevent infection in humans. The drugs would still be used to treat 
sick animals; they also would retain approval for subtherapeutic use 
if their manufacturers prove that such use poses no risk to human 
health.13  

9. How has the industry responded? 
Many companies that make medicines for animals, together with 
veterinarians, food producers and others, have expressed interest in 
working with U.S. and global authorities to enhance monitoring and 
surveillance programs. Some companies have also altered their practices.  
 Groups such as AHI and AVMA are developing guidelines for the 
prudent use of antibiotics in farm animals. These include guidelines for 
“judicious therapeutic use of antimicrobials” in pork and poultry 
production, as well as for the veterinarians of beef cattle, dairy cows, 
swine and poultry. 
 In 2001, AVMA and the American Association of Veterinary 
Laboratory Diagnosticians initiated a pilot project to develop a 
monitoring program for animal pathogen resistance. 
 In June 2003, the McDonald’s Corporation announced a policy 
giving direct suppliers until the end of 2004 to stop using 24 growth-
promoting antibiotics that are also used in human medicine. The fast-
food giant’s producers supply more than 2.5 billion pounds of chicken, 
beef and pork annually, prompting speculation that the policy could set 
the stage for others to take similar steps. The Coalition for Animal 
Health — consisting of AHI, AVMA and other industry groups — 
condemned the policy as not being grounded in science, noting that the 
banned products have received FDA approval.14 

                                                           
 13 American Veterinary Medical Association, “Lawmakers seek to curb an-
timicrobial use in livestock,” JAVMA News, September 15, 2003 
(www.avma.org/onlnews/javma/sep03/030915q.asp). 
 14 AgriNews Online, “Industry coalition questions WHO recommendation on 
antibiotics,” September 9, 2003 (www.agrinewspubs.com). 

Groups such as AHI and 
AVMA are developing 
guidelines for the prudent 
use of antibiotics in farm 
animals. 

USDA National Organic 
Program permits neither 
subtherapeutic nor 
therapeutic antibiotics in 
organic livestock. 



Low-Level Use of Antibiotics in Livestock and Poultry 
 

 Food Marketing Institute 7 

10. What are the economic implications of restricting or ban-
ning subtherapeutic use of antibiotics? 

This, too, is subject to debate. According to a 2003 Iowa State University 
study, a U.S. ban on growth-promoting antibiotics in hog feed would 
increase disease-treatment costs by $4.50 per pig per year ($700 million 
over 10 years).15 Funded in part by the National Pork Board, this study 
was based on Denmark’s suspension of antibiotics used for 
subtherapeutic purposes. It found that most of the costs were incurred 
when the ban was imposed at the weaning stage, when piglets 
“encountered severe health problems and incurred large costs” by 
requiring more antibiotics as therapeutic medications. 
 In its own review of Denmark’s experience, the World Health 
Organization (WHO) said the ban increased the cost of producing pigs 
by just over 1 percent. The WHO report noted that this figure excluded 
some costs, including some “associated with modifications of the 
production systems,” but added that additional production costs “may be 
at least partially offset by the benefits of increased consumer confidence 
in, and demand for, Danish pig and poultry meat produced without 
antimicrobial growth promoters.”16  

11. How significant an issue is the use of antibiotics in animal 
feed outside the United States? 

The United Kingdom (UK) banned the use of penicillin and tetracycline 
for growth promotion in the early 1970s; Sweden banned the use of all 
antibiotics for growth promotion in 1986; and Denmark banned the use 
of the antibiotic virginiamycin in animal feed in 1998. Virtually no 
antimicrobial growth-promoters have been used in Denmark since the 
end of 1999.  
 Recent actions taken by the European Union (EU) may stem from 
the outbreak of mad cow disease in Britain in the 1990s. In July 1999, 
the EU banned four widely used antibiotics in animal feed that are 
similar to drugs used in human medicine after banning 15 antibiotics for 
this use in the past. The ban does not apply the using antibiotics to treat 
animal diseases — only to their routine use in feeds. It was triggered by 
concerns over laboratory tests showing that a Dutch poultry farmer had 
become infected with the same antibiotic-resistant bacteria found in his 
chickens. 
 Canada’s health department has called for a voluntary reduction in 
the amount of antibiotics used in agriculture, but is considered unlikely 
to ban their use. Instead, experts there say they would prefer to evaluate 
each drug individually to see if the benefits outweigh the risks. 

                                                           
 15 Dermot J. Hayes and Helen H. Jenson. “Lessons from the Danish Ban on 
Feed-Grade Antibiotics,” Briefing Paper 03-BP 41, June 2003, Center for Agri-
cultural and Rural Development, Iowa State University (www.card.iastate.edu). 
 16 WHO, Executive Summary to Impacts of antimicrobial growth promoter 
termination in Denmark. 
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Sources of Additional Information 

American Veterinary Medical 
Association 
1931 North Meacham Road, 
Suite 100 
Schaumburg, IL 60173  
847-925-8070 
www.avma.org 
 

Animal Health Institute 
1325 G Street N.W. 
Washington, DC 20005 
202-637-2440 
www.ahi.org 

Centers for Disease Control and 
Prevention 
Food Safety Office 
404-639-2213 
www.cdc.gov/foodsafety 
 

FDA Center for Food Safety and 
Applied Nutrition 
5100 Paint Branch Parkway 
College Park, MD 20740-3835 
Information line: 1-888-
SAFEFOOD 
http://vm.cfsan.fda.gov 
 

FDA Center for Veterinary 
Medicine 
7519 Standish Place, HFV-12 
Rockville, MD 20855 
301-827-3800 
www.fda.gof/cvm 
 

National Antimicrobial Resistance 
Monitoring System 
www.cdc.gov/narms 
 

USDA Food Safety and 
Inspection Service 
Food Safety Education Staff 
5601 Sunnyside Avenue 
Beltsville, MD 20705 
301-504-9605 
www.fsis.usda.gov 

  
 
 

 
 

  

 

















Storteboom, H., Mazdak, A., Davis, J.G., Crimi, B. and Pruden, A.: Tracking Antibiotic 
Resistance Genes in the South Platte River Basin Using Molecular Signatures of Urban, 
Agricultural, And Pristine Sources. Environ. Sci. Technol., 2010, 44 (19), pp 7397–7404 

 

Abstract 

A novel approach utilizing antibiotic-resistance-gene (ARG) molecular signatures was applied to 
track the sources of ARGs at sites along the Cache la Poudre (Poudre) and South Platte Rivers in 
Colorado. Two lines of evidence were employed: (1) detection frequencies of 2 sulfonamide and 
11 tetracycline ARGs and (2) tet(W) phylotype and phylogenetic analysis. A GIS database 
indicating the locations of wastewater treatment plants (WWTPs) and animal feeding operations 
(AFOs) in the watershed was also constructed to assess congruence of the surrounding landscape 
with the putative sources identified by ARG molecular signatures. Discriminant analysis was 
performed on detection frequencies of tetARG groups that were previously identified to be 
associated with either WWTPs or AFOs. All but one (South Platte River-3, just downstream 
from the confluence with the Poudre River) of the eight sites were classified as primarily 
WWTP-influenced based on discriminant analysis of ARG detection frequencies. tet(W) 
phylotype analysis also aligned South Platte River-3 with putative AFO sources, while 
phylogenetic analysis indicated that it was not significantly different from the AFOs or WWTPs 
investigated. South Platte River-3 is situated in an intense agricultural area, but the upstream 
portion of the South Platte River receives substantial loading from metropolitan Denver. By 
contrast, tet(W) phylotype and phylogenetics of site Poudre River-4, located 4 km downstream 
of a WWTP, was also characterized and found to be significantly different from the AFO 
lagoons (p < 0.05), as expected. In general, a good correspondence was found between 
classification of the impacted river sites and the surrounding landscape. While the overall 
approach could be extended to other watersheds, the general findings indicate that transport of 
ARGs from specific sources is likely the dominant mechanism for ARG proliferation in this 
riverine environment relative to selection of ARGs among native bacteria by antibiotics and 
other pollutants. 

	



Pruden, A., Mazdak, A., and Storteboom, H.: Correlation Between Upstream Human Activities 
and Riverine Antibiotic Resistance Genes. Environ. Sci. Technol., 2012, 46 (21), pp 11541–
11549 
 

Abstract 

Antimicrobial resistance remains a serious and growing human health challenge. The water 
environment may represent a key dissemination pathway of resistance elements to and from 
humans. However, quantitative relationships between landscape features and antibiotic resistance 
genes (ARGs) have not previously been identified. The objective of this study was to examine 
correlations between ARGs and putative upstream anthropogenic sources in the watershed. sul1 
(sulfonamide) and tet(W) (tetracycline) were measured using quantitative polymerase chain 
reaction in bed and suspended sediment within the South Platte River Basin, which originates 
from a pristine region in the Rocky Mountains and runs through a gradient of human activities. A 
geospatial database was constructed to delineate surface water pathways from animal feeding 
operations, wastewater treatment plants, and fish hatchery and rearing units to river monitoring 
points. General linear regression models were compared. Riverine sul1 correlated with upstream 
capacities of animal feeding operations (R(2) = 0.35, p < 0.001) and wastewater treatment plants 
(R(2) = 0.34, p < 0.001). Weighting for the inverse distances from animal feeding operations 
along transport pathways strengthened the observed correlations (R(2) = 0.60-0.64, p < 0.001), 
suggesting the importance of these pathways in ARG dissemination. Correlations were upheld 
across the four sampling events during the year, and averaging sul1 measurements in bed and 
suspended sediments over all events yielded the strongest correlation (R(2) = 0.92, p < 0.001). 
Conversely, a significant relationship with landscape features was not evident for tet(W), which, 
in contrast to sul1, is broadly distributed in the pristine region and also relatively more prevalent 
in animal feeding operation lagoons. The findings highlight the need to focus attention on 
quantifying the contribution of water pathways to the antibiotic resistance disease burden in 
humans and offer insight into potential strategies to control the spread of ARGs. 
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In 2005, the United States produced > 103
million pigs at 67,000 production facilities
[U.S. Department of Agriculture (USDA)
2006a, 2006b]. Facilities housing > 55,000
pigs accounted for more than half of the total
U.S. swine inventory, reflecting the increasing
consolidation and concentration of U.S. swine
production (USDA 2006a). This trend in
swine production has resulted in the concen-
tration of large volumes of manure in relatively
small geographic areas. Manure is typically
stored in deep pits or outdoor lagoons and
then applied to agricultural fields as a source of
fertilizer. However, as a result of runoff and
percolation events, components of manure,
including human pathogens and chemical
contaminants, can affect surface water and
groundwater proximal to swine concentrated
animal feeding operations (CAFOs), posing
risks to human health (Anderson and Sobsey
2006; Campagnolo et al. 2002; Jongbloed
and Lenis 1998; Krapac et al. 2002; Sayah
et al. 2005; Thurston-Enriquez et al. 2005).
Specific swine production practices, including
the use of nontherapeutic levels of antibiotics
in swine feed, can exacerbate the risks associ-
ated with exposures to manure-contaminated
water sources.

An estimated 10.3 million pounds of anti-
biotics are used annually in U.S. swine pro-
duction for nontherapeutic purposes such as
promoting growth and improving feed effi-
ciency (Mellon et al. 2001). These antibiotics
are the same drugs that are used in human
clinical medicine and include tetracycline,
erythromycin, lincomycin, virginiamycin, and
ampicillin, to name a few [U.S. Food and
Drug Administration (FDA) 2004]. The prac-
tice of administering nontherapeutic levels of
antibiotics in swine feed selects for antibiotic
resistance among commensal and pathogenic
bacteria in swine (Aarestrup et al. 2000; Bager
et al. 1997; Wegener 2003), resulting in high
levels of resistant bacteria and resistance genes
in swine waste (Chee-Sanford et al. 2001;
Haack and Andrews 2000; Parveen et al.
2006). Haack and Andrews (2000) detected
1.6 × 107 colony forming units (CFU)/mL of
total tetracycline-resistant bacteria and
2.1 × 105 CFU/mL of tetracycline-resistant
enterococci in swine waste. Parveen et al.
(2006) identified resistance to at least one
antibiotic in 85% of Escherichia coli isolates
recovered from a swine lagoon. In addition,
Chee-Sanford et al. (2001) detected up to
eight known tetracycline resistance genes in

total DNA extracted from swine lagoon sam-
ples. In the same study, a broad range of
tetracycline resistance determinants were
found in groundwater samples collected
downstream of swine lagoons (Chee-Sanford
et al. 2001). Anderson and Sobsey (2006)
also detected higher percentages of antibiotic-
resistant E. coli in groundwater collected in
the vicinity of large-scale swine facilities com-
pared with groundwater collected at reference
sites. In another study, Sayah et al. (2005)
found that 80.6% of E. coli isolates collected
from surface waters located near swine and
other livestock facilities were resistant to at
least one antibiotic. 

The presence of swine-associated resistant
bacteria in rural surface water and ground-
water sources is important to human health
because exposure to these sources could
enable the transfer of resistant bacteria from
swine to humans, contributing to the spread
and persistence of antibiotic resistance.
However, beyond the studies of Chee-
Sanford et al. (2001), Anderson and Sobsey
(2006), and Sayah et al. (2005), there are few
data in the published literature regarding the
presence of antibiotic-resistant bacteria in sur-
face waters and groundwater located in the
vicinity of swine CAFOs. Moreover, there are
few data available comparing concentrations
of fecal indicators in groundwater and surface
waters impacted by swine CAFOs compared
with unaffected waters. Thus, the goal of this
study was to analyze surface water and
groundwater samples collected up gradient
and down gradient from a swine CAFO for
the presence of antibiotic-resistant entero-
cocci. Enterococci are commensal bacteria (as
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Antibiotic-Resistant Enterococci and Fecal Indicators in Surface Water and
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BACKGROUND: The nontherapeutic use of antibiotics in swine feed can select for antibiotic resistance
in swine enteric bacteria. Leaking swine waste storage pits and the land-application of swine manure
can result in the dispersion of resistant bacteria to water sources. However, there are few data com-
paring levels of resistant bacteria in swine manure–impacted water sources versus unaffected sources. 

OBJECTIVES: The goal of this study was to analyze surface water and groundwater situated up and
down gradient from a swine facility for antibiotic-resistant enterococci and other fecal indicators. 

METHODS: Surface water and groundwater samples (n = 28) were collected up and down gradient
from a swine facility from 2002 to 2004. Fecal indicators were isolated by membrane filtration,
and enterococci (n = 200) were tested for susceptibility to erythromycin, tetracycline, clindamycin,
virginiamycin, and vancomycin. 

RESULTS: Median concentrations of enterococci, fecal coliforms, and Escherichia coli were 4- to
33-fold higher in down-gradient versus up-gradient surface water and groundwater. We observed
higher minimal inhibitory concentrations for four antibiotics in enterococci isolated from
down-gradient versus up-gradient surface water and groundwater. Elevated percentages of erythro-
mycin- (p = 0.02) and tetracycline-resistant (p = 0.06) enterococci were detected in down-gradient
surface waters, and higher percentages of tetracycline- (p = 0.07) and clindamycin-resistant
(p < 0.001) enterococci were detected in down-gradient groundwater. 

CONCLUSIONS: We detected elevated levels of fecal indicators and antibiotic-resistant enterococci
in water sources situated down gradient from a swine facility compared with up-gradient sources.
These findings provide additional evidence that water contaminated with swine manure could
contribute to the spread of antibiotic resistance.

KEY WORDS: antibiotic resistance, CAFO, concentrated swine feeding operation, E. coli, enterococci,
fecal coliforms, fecal indicators, groundwater, surface water. Environ Health Perspect 115:1040–1045
(2007). doi:10.1289/ehp.9770 available via http://dx.doi.org/ [Online 22 March 2007]



well as opportunistic pathogens) that are
found in the intestinal tracts of animals and
humans and are often used as indicators of
fecal contamination in water sources [U.S.
Environmental Protection Agency (U.S. EPA)
2000]. The presence of other fecal indicators,
including fecal coliforms and E. coli, was also
investigated in surface water and groundwater
samples collected throughout this study. 

Materials and Methods

Study site. This study was conducted around a
swine finishing CAFO located in a rural area in
the Mid-Atlantic United States (Figure 1). The
CAFO is composed of two tunnel-ventilated
swine houses, and the full day-to-day capacity
of the entire facility is 5,000 hogs. However,
throughout the sampling period, approxi-
mately 3,000 hogs were present at the facility.
Manure wastes from the CAFO are stored in
12-ft deep concrete manure pits that lie
beneath each swine house. Once the pits are
filled to maximum capacity, the waste is
siphoned off and applied to agricultural fields
both on-site (Figure 1) and off-site. At this
facility, nontherapeutic levels of antibiotics are
administered in swine feed; however, specific
usage data could not be obtained from the
swine grower.

Sample collection. Surface water and
groundwater samples were collected during six
sampling trips that took place between 2002

and 2004 (Table 1). A total of 15 surface
water samples were collected from three loca-
tions situated down gradient from the swine
CAFO, and a total of 4 surface water samples
were recovered from one location situated up
gradient from the swine CAFO (Figure 1). As
indicated in Figure 1, the down-gradient sur-
face water sampling locations were situated in
a stream system that was likely affected by sur-
face water runoff events from the swine
CAFO. Sampling locations on two different,
connecting tributaries in this stream system
were chosen in order to determine the impacts
of the swine CAFO on both of these tribu-
taries. Down-gradient surface water samples
were collected only when there was adequate
flow at a sampling location such that water
samples could be collected into 1-L sampling
bottles in an upstream motion, midway
between the surface and the stream bottom,
without disturbing bottom sediment. We were
unable to obtain access to an up-gradient sur-
face water sampling location situated within
the same stream system because a) we could
not penetrate dense and deep thickets that
completely surrounded the stream (on accessi-
ble property) without making major modifica-
tions to existing vegetation; or b) we were not
allowed access to personal property farther
upstream. Because of these challenges, we
identified an up-gradient pond located on
accessible property (Figure 1) to serve as an
up-gradient surface water control site that was
not affected by the swine CAFO. 

Groundwater samples were collected from
one drinking water well situated down gradient
from the swine CAFO (n = 4) and one drink-
ing water well situated up gradient from the
swine CAFO (n = 5) (Figure 1). Both wells are
located in the Piedmont Plateau Province of
the Mid-Atlantic United States in an area
characterized by unmetamorphosed bedrock
composed of red shale. The up-gradient well
was constructed in 1990 and is used as a pri-
mary source of drinking water by the property
owners. It is 250 ft deep and lined with steel
casing to a depth of 56 ft. Water is encoun-
tered at depths of 185 ft and 228 ft. The
down-gradient well is an older well that was
used as a primary source of drinking water by
the property owners before the neighboring
swine CAFO was built. Information on the
precise depth and construction of this well was

unavailable; however, groundwater on the
property is encountered at depths of approxi-
mately 90 ft and 132 ft. None of the wells were
subject to any disinfection before sampling; at
each well, water was flushed for 1 min before
groundwater samples were collected.

A manure pit sample was collected directly
from the manure pits during one sampling
trip in January 2004. All surface water,
groundwater, and manure pit samples were
collected in 1-L sterile Nalgene Wide Mouth
Environmental Sample Bottles (Nalgene,
Lima, OH); labeled; and transported back to
the laboratory at 4°C. Sample processing took
place within 3–6 hr after sample collection.

Isolation and enumeration of fecal indi-
cators. Enterococcus spp., E. coli, and fecal coli-
forms were isolated from each water sample
using standard membrane filtration methods:
U.S. Environmental Protection Agency (EPA)
Method 1106.1 and Method 1103 (U.S. EPA
2000), and standard method SM 9222D
[American Public Health Association (APHA)
1998]. Briefly, 10-fold dilutions of each water
sample were prepared (100, 10–1, 10–2, and
10–3), and 10 mL of each dilution were fil-
tered through 0.45-µm, 47-mm mixed cellu-
lose ester filters (Millipore, Billerica, MA),
which were placed onto appropriate agar
plates. We used mE agar for the detection and
enumeration of Enterococcus spp., mTEC agar
for the detection of E. coli, and mFC agar for
the detection of fecal coliforms (all from
Becton Dickinson, Sparks, MD). Negative
control filters and negative control agar plates
were included in each membrane filtration
analysis. Incubation conditions for the agar
plates were as follows: mE plates, 41.5°C for
48 hr; mTEC plates, 35°C for 2 hr followed
by 44.5°C for 22 hr; and mFC plates, 44.5°C
for 24 hr. After 24 hr, membrane filters from
mTEC agar plates were placed in 1.2 mL urea
for 5 min; bright yellow colonies were consid-
ered presumptive E. coli. Blue colonies arising
on the mFC agar plates were considered pre-
sumptive fecal coliforms. After 48 hr, mem-
brane filters from mE agar plates were placed
on esculin iron agar (EIA) plates and incu-
bated at 41.5°C for 20 min. Colonies charac-
teristic of Enterococcus spp., ranging from pink
to dark red on mE agar and producing a
brown to black precipitate on EIA agar, were
considered presumptive Enterococcus spp.
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Table 1. Sampling dates, sampling locations, and number of samples collected. 

DG SW
Sampling date UG GW DG GW UG SW Site 1 Site 2 Site 3 Manure pit

29 Sep 2002 1
31 Mar 2003 1 1 1 1
11 Jun 2003 1 1 1 1 1 1
24 Jun 2003 1 1 1 1 1 1
30 Jul 2003 1 1 1 1 1
6 Jan 2004 1 1 1 1 1 1 1

Abbreviations: DG, down gradient; GW, groundwater; SW, surface water; UG, up gradient.

Figure 1. Map of study site and sampling locations.
Abbreviations: DG GR, down-gradient groundwater
sampling location; DG SW 1, first down-gradient
surface water sampling location; DG SW 2, second
down-gradient surface water sampling location;
DG SW 3, third down-gradient surface water sam-
pling location; UG GW, up-gradient groundwater
sampling location; UG SW, up-gradient surface
water sampling location. Topographic contour lines
are given in feet, and contour intervals = 20
vertical ft. Arrows indicate the direction of surface
water flow. Topographic data were obtained from a
U.S. Geological Survey map of the study area (U.S.
Geological Survey 2006).
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(U.S. EPA 2000). All resulting colonies were
counted, and concentrations of Enterococcus
spp., E. coli, and fecal coliforms per 100 mL
water were determined from dilution plates
containing 30–300 CFU using back calcula-
tions. One to 10 presumptive Enterococcus spp.
recovered from each sample were archived in
tryptic soy broth with 20% glycerol at –80°C
for additional analyses.

Identification of Enterococcus spp.
Presumptive Enterococcus spp. (n = 200) were
identified to the species level using isolation
and identification procedures described previ-
ously (Chapin et al. 2005; Murray et al. 2003).
Enterococcus faecalis 29212 and Enterococcus
faecium 19434 (American Type Culture
Collection, Manassas, VA) were included as
quality control strains. Briefly, all isolates and
control strains were streaked from –80°C
archived stocks onto tryptic soy agar No. 2
amended with 5% defibrinated sheep blood
(Quad Five, Ryegate, MT), and incubated for
24 hr at 37°C. Gram-positive cocci were veri-
fied by Gram stains, and the production of
catalase was tested for each isolate in the pres-
ence of 3% hydrogen peroxide. All isolates
were negative for catalase activity and were fur-
ther tested for pyrolidonyl-arylamidase
(PYRase) activity using Remel’s PYR kit
(Remel, Lenexa, KY). All isolates were also
PYRase-positive and were distinguished further
by testing for the reduction of tellurite. Isolates
and quality control strains were streaked from
–80°C archived stocks onto nutrient agar with
0.4% potassium tellurite (Sigma-Aldrich
Corp., St. Louis, MO) and incubated for
24–72 hr at 37°C. Isolates producing a black
precipitate were considered positive for tellurite
reduction and identified as E. faecalis. The
remaining isolates were identified using the fol-
lowing standard biochemical tests: lactose,
sucrose, arabinose, sorbitol, raffinose, and
mannitol carbohydrate fermentation; deamina-
tion of arginine; methyl-α-D-glucopyranoside
acidification; utilization of pyruvate; and pig-
mentation of the isolate.

Antimicrobial susceptibility testing. We
used the minimal inhibitory concentration

(MIC) agar dilution method [Clinical and
Laboratory Standards Institute (CLSI) 2002]
to test antimicrobial susceptibility among the
Enterococcus spp. (n = 200). E. faecalis 29212
was included as the quality control reference
strain. We tested susceptibility to the following
antibiotics: erythromycin, clindamycin, tetra-
cycline, and virginiamycin (streptogramin A
and B combination), all of which are approved
for use in U.S. swine production (FDA 2004);
and vancomycin, which has never been
approved for use in U.S. livestock. All anti-
biotics were obtained from Sigma-Aldrich (St.
Louis, MO), except for virginiamycin, which
was purchased from Research Products
International Corp. (Mt. Prospect, IL). The
following concentrations of antibiotics were
tested: 0.5–256 µg/mL erythromycin,
0.5–256 µg/mL tetracycline, 0.03–256 µg/mL
clindamycin, 0.03–64 µg/mL virginiamycin,
and 0.03–64 µg/mL vancomycin. These
antibiotic test ranges were chosen to include
the MIC quality control ranges of the reference
strain (E. faecalis 29212), the antibiotic resis-
tance break points established by the CLSI for
enterococci (CLSI 2002), and antibiotic con-
centrations that exceeded resistance break
points by at least 2-fold. 

In preparation for the MIC agar dilution
tests, all Enterococcus spp. isolates were
streaked onto plates containing tryptic soy
agar No. 2 amended with 5% defibrinated
sheep blood (QuadFive, Rygate, MT), and
incubated at 37°C for 24 hr. Each isolate was
then suspended in 3 mL Mueller-Hinton
broth and adjusted to a 0.5 McFarland stan-
dard using a Vitek colorimeter (Hach,
Loveland, CO). Two hundred microliters of
each suspension were loaded into individual
wells within a Cathra replicator plate (Oxoid
Inc., Ogdensburg, NY) and replicated onto a
series of Mueller-Hinton agar plates amended
with 2-fold increasing antibiotic concentra-
tions. Plates were incubated at 37°C for
24 hr, and MICs were subsequently recorded
as the minimum concentration of antibiotic
that completely inhibited growth. Each iso-
late was categorized using the following

MIC resistance breakpoints established for
Enterococcus spp. by the CLSI (2002): erythro-
mycin, ≥ 8 µg/mL; clindamycin, ≥ 4 µg/mL;
tetracycline, ≥ 16 µg/mL; virginiamycin,
≥ 4 µg/mL; and vancomycin ≥ 32 µg/mL.

Statistical analyses. We compared con-
centrations of fecal indicators (Enterococcus
spp., E. coli, and fecal coliforms) between up-
gradient and down-gradient surface water sam-
ples and up-gradient and down-gradient
groundwater samples using two-sample
Wilcoxon rank-sum tests. Fisher’s exact tests
were used to compare rates of erythromycin-,
tetracycline-, clindamycin-, virginiamycin-, and
vancomycin-resistant Enterococcus spp. between
up-gradient and down-gradient surface water
samples and up-gradient and down-gradient
groundwater samples. For the surface water
analyses, data obtained from the three surface
water sampling locations situated down gradi-
ent from the swine CAFO were pooled because
these sites did not represent a significant source
of variation in the data. Specifically, levels of
fecal indicators, patterns of antimicrobial resis-
tance, and geographic proximity were compa-
rable among all samples obtained from these
locations (data not shown), providing evidence
for a shared source. Since E. faecalis can be
intrinsically resistant to clindamycin and vir-
giniamycin (Singh and Murray 2005), analyses
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Table 3. Enterococcus spp. isolated from ground-
water, surface water, or manure pits located
around or beneath a swine CAFO.

Enterococcus spp. source No. of isolates (%)

Up-gradient groundwater 30 (15)
E. faecalis 12 (6)
E. pallens 1 (0.5)
Other Enterococcus spp. 17 (8.5)

Down-gradient groundwater 26 (13)
E. faecalis 21 (10.5)
E. faecium 1 (0.5)
E. gallinarum 1 (0.5)
E. raffinosus 1 (0.5)
E. sulfureus 1 (0.5)
Other Enterococcus spp. 1 (0.5)

Up-gradient surface water 22 (11)
E. avium 1 (0.5)
E. faecalis 14 (7)
E. faecium 2 (1)
E. hirae 1 (0.5)
E. raffinosus 1 (0.5)
Other Enterococcus spp. 3 (1.5)

Down-gradient surface water 107 (53.5)
E. casseliflavus 1 (0.5)
E. dispar 1 (0.5)
E. durans 5 (2.5)
E. faecalis 80 (40)
E. faecium 12 (6)
E. pallens 1 (0.5)
Other Enterococcus spp. 7 (3.5)

Manure pit 15 (7.5)
E. faecalis 7 (3.5)
E. hirae 5 (2.5)
E. mundtii 1 (0.5)
E. sulfureus 1 (0.5)
Other Enterococcus spp. 1 (0.5)

Total 200 (100)

Table 2. Concentrations (CFU/100 mL) of fecal indicators in up-gradient (n = 4) and down-gradient (n = 15)
surface water samples and up-gradient (n = 5) and down-gradient (n = 4) groundwater samples collected
in the proximity of a swine CAFO.

Sample type Up-gradient samples Down-gradient samples
and bacteria [median (range)]a [median (range)]a p-Valueb

Surface water
Enterococcus spp. 35 (1–100) 610 (150–4,700) 0.003
E. coli 35 (0–40) 400 (10–3,500) 0.007
Fecal coliforms 15 (0–70) 500 (18–2,400) 0.010

Groundwater
Enterococcus spp. 18 (0–67) 85 (16–140) 0.085
E. coli 0 (0)c 11.5 (3–40) 0.007
Fecal coliforms 0 (0)c 20.5 (3–70) 0.007

aMedian and range summaries are reported to match more consistently with the nonparametric statistical tests per-
formed. bp-Values were calculated using the two-sample Wilcoxon rank-sum test. cNo E. coli or fecal coliforms were
detected in these samples on any sampling trip.



comparing rates of clindamycin resistance and
virginiamycin resistance were restricted to
non–E. faecalis isolates. All statistical analyses
were performed using Intercooled Stata 7.0
(Stata Corporation, College Station, TX).

Results

Concentrations of fecal indicators. Median con-
centrations of Enterococcus spp., E. coli, and
fecal coliforms were 17-, 11- and 33-fold
higher, respectively, in surface waters located
down gradient of the swine CAFO compared
with surface waters located up gradient of the
CAFO; the differences were statistically signifi-
cant (p = 0.003, 0.007, and 0.010, respectively)
(Table 2). Likewise, median concentrations of
Enterococcus spp., E. coli, and fecal coliforms
were 4-, 11-, and 20-fold higher, respectively,
in down-gradient groundwater samples versus
up-gradient groundwater samples (p = 0.085,
0.007, and 0.007, respectively) (Table 2).
Concentrations of Enterococcus spp., E. coli, and
fecal coliforms found in manure pit samples
were 5.2 × 105 CFUs/100 mL, 1.0 × 106

CFUs/100 mL, and 8.8 × 106 CFUs/100 mL,
respectively.

Enterococcus spp. isolated from water and
manure pit samples. A variety of Enterococcus
spp. was identified in groundwater, surface
water, and manure pit samples (Table 3).
E. faecalis was the predominant species iso-
lated from all sample types, representing 67%
of all Enterococcus spp. that were analyzed for
antibiotic susceptibility in this study. For
29 (14.5%) of the Enterococcus spp., results
from the standard biochemical identification
tests were not completely consistent with
known species of enterococci. These isolates
could only be identified to the genus level and
are listed as “other Enterococcus spp.” in
Table 3.

Antibiotic resistance. Overall, higher
erythromycin and tetracycline MICs were
detected among Enterococcus spp. (E. faecalis
and non–E. faecalis) recovered from down-gra-
dient groundwater and surface water samples
compared with up-gradient groundwater and
surface water samples (Table 4). For example,
erythromycin MIC90s (MIC required to inhibit
the growth of 90% of organisms) for
Enterococcus spp. recovered from down-gradient
groundwater and surface water samples were at
least 4-fold and 128-fold higher, respectively,

than that of isolates recovered from up-gradient
groundwater and surface water samples. These
data suggest that down-gradient surface water
and groundwater sources are contaminated
with Enterococcus spp. that express higher lev-
els of erythromycin and tetracycline resistance.
The highest erythromycin and tetracycline
MICs were observed among Enterococcus spp.
recovered from manure pits, where ery-
thromycin and tetracycline MIC90s were
> 256 µg/mL and 179.2 µg/mL, respectively
(Table 4). In contrast, MICs for vancomycin,
a drug that has never been approved for use in
U.S. swine production, were generally below
the CLSI vancomycin resistance breakpoint of
≥ 32 µg/mL (CLSI 2002) among Enterococcus
spp. recovered from all sample types. The
exceptions were isolates recovered from up-
gradient groundwater samples, which exhib-
ited elevated vancomycin MICs (Table 4). 

Similar to the findings for erythromycin
and tetracycline, higher clindamycin and
virginiamycin MICs were observed among
non–E. faecalis isolates recovered from down-
gradient groundwater and surface water sam-
ples compared with up-gradient groundwater
and surface water samples (Table 5). For
instance, clindamycin MIC90s for non–
E. faecalis isolated from down-gradient
groundwater and surface water samples were
at least 2,133-fold and 2-fold higher, respec-
tively, than that of non–E. faecalis recovered
from up-gradient groundwater and surface
water samples. The highest clindamycin and
virginiamycin MICs were observed among iso-
lates recovered from manure pits (Table 5). As
anticipated, clindamycin and virginiamycin
MICs among E. faecalis—which have been
shown to be intrinsically resistant to both of
these antibiotics (Singh and Murray 2005)—
were similar among isolates recovered from all
sample types, except in the case of E. faecalis
recovered from manure pits. These isolates
exhibited higher levels of both clindamycin
and virginiamycin resistance (Table 5).

In comparing the percentage of antibiotic-
resistant Enterococcus spp. present in up-gradi-
ent versus down-gradient surface water
samples, higher percentages of erythromycin-,
tetracycline-, virginiamycin-, and vancomycin-
resistant isolates were observed in down-gradi-
ent versus up-gradient surface waters (Table 6).
In contrast, we observed a higher percentage of

clindamycin-resistant isolates in up-gradient
surface water samples. However, using Fisher’s
exact test, we found that only the elevated per-
centage of erythromycin-resistant isolates
found in down-gradient surface water samples
was statistically significant (p = 0.02) (Table 6).
The higher percentage of tetracycline-resistant
isolates observed in down-gradient surface
water samples was marginally significant
(p = 0.06) (Table 6). 

In groundwater samples, higher percent-
ages of tetracycline- and clindamycin-resistant
Enterococcus spp. were observed in down-
gradient versus up-gradient groundwater sam-
ples (Table 6). The elevated percentage of clin-
damycin-resistant isolates in down-gradient
groundwater samples was highly statistically
significant (p < 0.001), whereas the higher per-
centage of tetracycline-resistant isolates in
down-gradient groundwater samples was mar-
ginally significant (p = 0.07) (Table 6).
Conversely, higher percentages of erythro-
mycin- and vancomycin-resistant Enterococcus
spp. were observed in up-gradient versus
down-gradient groundwater samples, and the
differences in erythromycin resistance were
statistically significant (p < 0.001).

Discussion

In this study we investigated surface water and
groundwater located up gradient and down
gradient of a swine CAFO for the presence of
fecal indicators (Enterococcus spp., E. coli, and
fecal coliforms) and antibiotic-resistant entero-
cocci. Findings indicate that surface waters and
groundwater located down gradient of the
swine CAFO are contaminated with signifi-
cantly higher levels of Enterococcus spp., E. coli,
and fecal coliforms compared with surface
water and groundwater located up gradient of
the swine CAFO (Table 2). The groundwater
data are in agreement with two previous stud-
ies that examined groundwater wells situated
near large-scale swine facilities (Anderson and
Sobsey 2006; Krapac et al. 2002). Anderson
and Sobsey (2006) detected E. coli at a range of
0.5–32.7 CFU/100 mL in groundwater sam-
ples collected at two large-scale swine facilities
in North Carolina. Krapac et al. (2002)
detected fecal coliforms at a maximum concen-
tration of 7 CFU/100 mL in shallow ground-
water samples collected at a swine finishing
facility in Illinois. In addition, Krapac et al.
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Table 4. MIC data (µg/mL) for erythromycin, tetracycline, and vancomycin among Enterococcus spp. isolated from groundwater, surface water, or manure pits.

Erythromycina Tetracyclinea Vancomycina

Enterococcus spp. source MIC50 MIC90 MIC range MIC50 MIC90 MIC range MIC50 MIC90 MIC range 

Up-gradient groundwater (n = 30) 16 60.8 1–128 < 1 < 1 < 1–32 0.25 58 0.25–> 64 
Down-gradient groundwater (n = 26) 2 > 256 < 0.5–> 256 2 64 < 1–> 256 4 8 0.25–8 
Up-gradient surface water (n = 22) 1 2 < 0.5–4 < 1 108.8 < 1–128 2 8 0.5–8
Down-gradient surface water (n = 107) 2 > 256 < 0.5–> 256 2 153.6 < 1–> 256 2 8 0.25–> 64
Manure pit (n = 15) > 256 > 256 < 0.5–> 256 128 179.2 < 1–> 256 0.5 2 0.5–2 

MIC50, MIC required to inhibit the growth of 50% of organisms.
aCLSI resistance breakpoints are as follows: erythromycin, ≥ 8 µg/mL; tetracycline, ≥ 16 µg/mL; vancomycin, ≥ 32 µg/mL (CLSI 2002).



(2002) detected fecal streptococcus in more
groundwater samples and at higher concentra-
tions than fecal coliforms. Similarly, we identi-
fied E. coli and fecal coliforms in down-gradient
groundwater samples at ranges of 3–40
CFU/100 mL and 3–70 CFU/100 mL, respec-
tively, and Enterococcus spp. (members of the
fecal streptococcus group) were consistently
detected at higher concentrations than fecal
coliforms (Table 2). To our knowledge, the
surface water data presented here are the first
data to compare levels of fecal indicators in up-
gradient versus down-gradient surface waters
located in the proximity of a swine CAFO.

The presence of Enterococcus spp., E. coli,
and fecal coliforms in rural surface water and
groundwater sources impacted by swine
CAFOs may pose health risks to people who
either recreate in contaminated surface waters
or use the groundwater as a drinking water
source. Concentrations of Enterococcus spp.
and E. coli in down-gradient surface water
samples collected in this study were consis-
tently in excess of the following U.S. EPA bac-
terial water quality standards for recreational

fresh waters: Enterococcus spp., 33 CFU/
100 mL; and E. coli, 126 CFU/100 mL (U.S.
EPA 2003). Throughout the sampling period
for this study, young children were observed
swimming and playing in surface waters
located within 500 m down gradient of the
swine CAFO; these children could have been
exposed to elevated concentrations of
Enterococcus spp., E. coli, and other more
harmful microorganisms that may have been
present. In addition, if the down-gradient pri-
vate well tested in this study was part of a
public drinking-water-system testing pro-
gram, it consistently would be in violation of
current maximum contaminant level stan-
dards for total coliforms (including fecal coli-
forms and E. coli) (U.S. EPA 2002). On each
sampling trip, this down-gradient well tested
positive for both fecal coliforms and E. coli.
Before the swine CAFO began production,
the owners of this well relied on it as their
sole source of drinking water. However, after
the facility reached a full working capacity of
5,000 hogs, the owners told us that they had
their well tested by an independent, certified

laboratory and the water was subsequently
deemed nonpotable.

The results of this study also emphasize
that human health risks associated with expo-
sures to surface water and groundwater situ-
ated down gradient of swine CAFOs could be
exacerbated by the presence of antibiotic-
resistant bacteria. Overall findings indicate that
Enterococcus spp. recovered from down-gradient
surface water and groundwater samples express
higher levels of resistance (higher MICs) to
antibiotics that are commonly used in both
swine production and human clinical medicine
(erythromycin, tetracycline, clindamycin, and
virginiamycin) compared with Enterococcus
spp. recovered from up-gradient surface
water and groundwater samples (Tables 4
and 5). In contrast, Enterococcus spp. recov-
ered from all sample types (down-gradient
water samples, up-gradient water samples,
and manure samples) were, in general, simi-
larly susceptible to vancomycin (Table 4), a
drug that has never been approved for use in
U.S. swine production. 

The patterns of antibiotic resistance
observed in Enterococcus spp. recovered from
down-gradient surface water and groundwater
samples were similar to those observed in iso-
lates recovered from manure pit samples, par-
ticularly resistance patterns associated with
erythromycin, tetracycline, and clindamycin
(Tables 4 and 5). We also have reported simi-
lar patterns of erythromycin, tetracycline, and
clindamycin resistance among Enterococcus
spp. recovered from indoor air samples col-
lected within the same swine CAFO during
the same sampling period (Chapin et al.
2005). These data support previous findings
of Chee-Sanford et al. (2001) showing that
the movement of resistant bacteria and resis-
tance determinants from swine CAFOs into the
environment can be extensive. Chee-Sanford
et al. (2001) found a high occurrence of tetracy-
cline resistance determinants in groundwater
wells located close to swine lagoons; however,
they also detected one resistance determinant in
a well situated over 250 m downstream of one
of the lagoons. In the present study, antibiotic-
resistant Enterococcus spp. were detected in a
drinking water well located 400 m down gradi-
ent of a swine CAFO, as well as in surface water
situated 300 m down gradient from the facility
(Figure 1). The presence of resistant bacteria in
both drinking water and surface water sources
contaminated by swine CAFOs could con-
tribute to the spread and persistence of both
resistant bacteria and antibiotic resistance deter-
minants in humans and the environment.

However, in rural environments, swine
CAFOs are not the only potential sources of
antibiotic-resistant bacteria. Other sources
could include poultry farms, dairy farms, and
human sources such as leaking septic tanks
and land-applied biosolids. In the present
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Table 5. MIC data (µg/mL) for clindamycin and virginiamycin among E. faecalis and non–E. faecalis
isolated from groundwater, surface water, or manure pits 

Clindamycina Virginiamycina

Enterococcus spp. source MIC50 MIC90 MIC range MIC50 MIC90 MIC range

Up-gradient groundwater
E. faecalis (n = 12) 8 16 0.06–16 1 1 0.5–1 
Non–E. faecalis (n = 18) < 0.03 0.06 < 0.03–0.06 0.13 0.13 0.06–0.13

Down-gradient groundwater
E. faecalis (n = 21) 8 28.8 0.5–> 128 1 2 1–4 
Non–E. faecalis (n = 5) 8 > 128 4–> 128 0.5 1 0.5–1

Up-gradient surface water
E. faecalis (n = 14) 16 32 8–32 1.5 8 0.5–8
Non–E. faecalis (n = 8) 16 64 4–64 1 2 0.5–2

Down-gradient surface water
E. faecalis (n = 80) 16 32 0.06–> 128 1 8 0.13–32 
Non–E. faecalis (n = 27) > 128 > 128 < 0.03–> 128 1 5.6 0.25–8

Manure pit
E. faecalis (n = 7) 128 > 256 64–> 256 8 16 2–16
Non–E. faecalis (n = 8) 192 > 256 8–> 256 1 32 0.5–32 

MIC50, MIC required to inhibit the growth of 50% of organisms.
aCLSI resistance breakpoint for clindamycin and virginiamycin is ≥ 4 µg/mL (CLSI 2002).

Table 6. Percentage of antibiotic-resistant Enterococcus spp. in up-gradient (n = 4) versus down-gradient
(n = 15) surface water samples and up-gradient (n = 5) versus down-gradient (n = 4) groundwater samples.

Sample type Percent resistant
and antibiotic Up-gradient samples Down-gradient samples p-Value

Surface water
Erythromycin 0 18 0.02
Tetracycline 14 33 0.06
Clindamycina 100 89 0.76
Virginiamycina 0 23 0.17
Vancomycin 0 1 0.83

Groundwater
Erythromycin 67 20 < 0.001
Tetracycline 3 19 0.07
Clindamycina 0 100 < 0.001
Virginiamycina 0 0 —b

Vancomycin 10 0 0.15

p-Values were calculated using one-sided Fisher’s exact tests.
aAnalyses for clindamycin and virginiamycin resistance were restricted to non–E. faecalis isolates. bNo p-value could be
calculated due to zero counts of virginiamycin-resistant isolates in both sample types. 
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study, an unexpected finding was that up-
gradient groundwater samples that were not
impacted by the swine CAFO contained signif-
icantly higher percentages of erythromycin-
resistant Enterococcus spp. compared with
down-gradient groundwater samples (Table 6).
The levels of erythromycin resistance (MICs)
in these isolates were not as high as those
observed in Enterococcus spp. recovered from
down-gradient groundwater samples and
manure pit samples (Table 4); however, lower-
level erythromycin-resistant Enterococcus spp.
were still present in significant numbers. After
sampling was completed, the owners of this
up-gradient well informed us that they had
experienced problems with their septic tank
and field in the past, and perhaps this may
have contributed to the presence of ery-
thromycin-resistant Enterococcus spp. in their
well. However, the role of possible contamina-
tion from their septic tank was not confirmed.

Similarly, we found a slightly higher per-
centage of clindamycin-resistant non–E. faecalis
in up-gradient surface water samples compared
with down-gradient surface water samples
(Table 6). Although the difference was not sta-
tistically significant and the levels of clinda-
mycin resistance observed in these isolates were
lower than those of non–E. faecalis recovered
from down-gradient surface water samples
and manure samples (Table 5), the presence
of resistant non–E. faecalis in up-gradient sur-
face water suggests that additional sources of
resistant bacteria may exist in this environ-
ment. These sources could include human
septage, companion animals, wild animals,
and migratory waterfowl such as Canada
geese (Middleton and Ambrose 2005; Sayah
et al. 2005). These findings point to the chal-
lenges of identifying pristine, uncontaminated
control sites for field studies of water sources
located in rural settings, where a variety of
agricultural and other human and animal
activities can introduce pollutants into the
surrounding environment.

Limitations of this study concern sample
size and antibiotic usage data. A larger sample
size would have provided more statistical
power to detect differences in percentages of
antibiotic-resistant bacteria present in up-
gradient versus down-gradient water samples.
Additional samples also would have allowed
for statistical analyses regarding seasonal varia-
tions in water quality. Beyond sample size, this
study would have been enhanced if we had
been able to obtain specific antibiotic usage
data from the swine grower. Unfortunately,
the grower did not have this information
because the feed used in this facility was pre-
mixed and delivered to the swine CAFO by
the contracted integrator, which had deemed
antibiotic usage data proprietary information.
Instead, we used general FDA data describing

the types of antibiotics approved for use in
U.S. swine production (FDA 2004) to deter-
mine which antibiotics to test in this study. In
future studies, we plan to improve the sample
design (including sample size) so that statistical
analyses can be used to explore spatial and tem-
poral variation in antibiotic-resistant bacteria as
it relates to surrounding swine CAFOs.
However, the difficulties in obtaining specific
antibiotic usage data from swine growers could
continue to be a challenge for environmental
health researchers in the absence of federal
and/or state regulations that require growers or
integrators to report these data. 

Conclusions

We observed high levels of erythromycin,
tetracycline, and clindamycin resistance in
Enterococcus spp. recovered from surface water
and groundwater situated down gradient
from a swine CAFO compared with surface
water and groundwater located up gradient of
the facility. Significantly elevated concentra-
tions of all three fecal indicators tested in this
study were also observed in down-gradient
surface water and groundwater samples com-
pared with up-gradient surface water and
groundwater samples. Although the specific
source or sources of these contaminants was
not definitively determined, it is likely that
swine manure pit leakage or runoff from
swine manure–applied fields (Thurston-
Enriquez et al. 2005) contributed to these
findings. Swine manure management prac-
tices, as well as swine feeding practices such as
the administration of nontherapeutic levels of
antibiotics in swine feeds, continue to pose
both environmental and public health chal-
lenges, particularly in the immediate environ-
ment of swine CAFOs, where vast amounts of
swine manure are produced and applied to
agricultural fields.
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The growth of the swine-breeding industry 
has led to the increased use of antibiotics for 
therapeutic purposes and to promote growth 
and improve feed efficiency, including some 
antibiotics that are important in human clini-
cal medicine. The use of subtherapeutic con-
centrations of antibiotics for nontherapeutic 
purposes could drive the selection of bacte-
rial resistance in the gastrointestinal tracts 
of swine (Chee-Sanford et al. 2001; Mackie 
et al. 2006). Under chronic antimicrobial 
pressure, resistance may increase because of 
the rapid reproduction and spread of resistant 
strains (Silbergeld et al. 2008). Jensen et al. 
(2006) and Bager et al. (1997) found that 
the agricultural use of antibiotics had a sig-
nificant effect on the prevalence of antibiotic-
resistant bacteria in swine waste. A large 
proportion of swine waste is typically stored 
in open-air lagoons and subsequently applied 
to surrounding agricultural fields through 
irrigation or fertilization (Sapkota et al. 2007) 
although some may be discharged into sur-
rounding rivers via drainage ditches. These 
activities might pose a risk to public health if 
they result in the spread of genetic elements 

encoding antibiotic resistance and the spread 
of unabsorbed antibiotics into the environ-
ment (Pruden et al. 2006).

Antibiotic resistance genes (ARGs) 
released from dead microorganisms can persist 
in the environment for an extended period 
of time (Pote et al. 2003) and spread among 
bacteria through vertical transfer (generation) 
or horizontal transfer (conjugation, transduc-
tion, transformation, and transposition). The 
ARGs could therefore be considered to be 
emerging environmental “contaminants” as 
defined by Pruden et al. (2006), and they have 
the potential to be further distributed to vari-
ous environmental compartments (Agerso and 
Sandvang 2005; Rodriguez et al. 2006). There 
have been various strategies for investigating 
environmental ARGs. One such strategy is by 
a culture-independent method that analyzes 
DNA extracted from all the microorganisms 
present in environmental samples (Riesenfeld 
et al. 2004). This avoids bias that results from 
the non-culturability of a large proportion 
of microorganisms in standard culture con-
ditions (Rappe and Giovannoni 2003) and 
from variation in the effects of environmental 

media on the success of culture-based tech-
niques (Allen et  al. 2010). Seyfried et  al. 
(2010) identified tetracycline resistance (tetR) 
genes associated with oxytetracycline use in 
aquaculture facilities. They also demonstrated 
that Class 1 integron gene and tetR genes 
(tetA and tetC) were disseminated in differ-
ent aquatic environments in Jiangsu Province 
in China (Zhang et al. 2009). The various 
tetR genes and erythromycin resistance genes 
found in different environmental compart-
ments appeared to be influenced by surround-
ing swine feedlots (Chen et al. 2010; Wu et al. 
2010). Moreover, some studies have reported 
that the absolute concentrations of tetR genes 
were significantly correlated with the concen-
trations of corresponding antibiotic residues 
in the environment (Peak et al. 2007; Wu 
et al. 2010).

(Fluoro)quinolones are broad-spectrum 
antimicrobial agents that predominantly have 
been used to treat various infections in humans 
and animals. Their current use has been 
extended to employment as a growth enhancer 
in pigs (Danish Integrated Antimicrobial 
Resistance Monitoring and Research 
Programme 1999). The expanded usage of 
(fluoro)quinolones has also lead to serious 
cases of widespread resistance to these agents 
(Strahilevitz et al. 2009). Before the emergence 
of bacterial plasmid-mediated quinolone resis-
tance (PMQR) genes, research on the resis-
tance mechanisms of (fluoro)quinolones were 
confined to mutations of chromosomal genes 
coding DNA gyrase or topoisomerase IV in 
the quinolone resistance determining region 

Address correspondence to Y. Wu, China Agricultural 
University, China National Center for Food Safety 
Risk Assessment, Chinese Center for Disease Control 
and Prevention, 7 Panjiayuan Nanli, Beijing 10021 
China. Telephone: 86-10-67776790. Fax: 86-10-
67776790. E-mail: wuyncdc@yahoo.com.cn

Supplemental Material is available online (http://
dx.doi.org/10.1289/ehp.1104776).

This work was supported by grants from the National 
Natural Science Foundation of China (20837003), 
the National Basic Research Program of China (973 
Program; 2012CB720804), and the Ministry of 
Health, China (200902009).

The authors declare they have no actual or potential 
competing financial interests.

Received 23 November 2011; accepted 8 May 2012.

Plasmid-Mediated Quinolone Resistance Genes and Antibiotic Residues 
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to Agricultural Lands
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Background: Inappropriate use of antibiotics in swine feed could cause accelerated emergence of 
antibiotic resistance genes, and agricultural application of swine waste could spread antibiotic resis-
tance genes to the surrounding environment.

Objectives: We investigated the distribution of plasmid-mediated quinolone resistance (PMQR) 
genes from swine feedlots and their surrounding environment.

Methods: We used a culture-independent method to identify PMQR genes and estimate their 
levels in wastewater from seven swine feedlot operations and corresponding wastewater-irrigated 
farm fields. Concentrations of (fluoro)quinolones in wastewater and soil samples were determined 
by ultra-performance liquid chromatography–electrospray tandem mass spectrometry.

Results: The predominant PMQR genes in both the wastewater and soil samples were qnrD, qepA, 
and oqxB, whereas qnrS and oqxA were present only in wastewater samples. Absolute concentrations 
of all PMQR genes combined ranged from 1.66 × 107 to 4.06 × 108 copies/mL in wastewater and 
4.06 × 106 to 9.52 × 107 copies/g in soil. Concentrations of (fluoro)quinolones ranged from 4.57 
to 321 ng/mL in wastewater and below detection limit to 23.4 ng/g in soil. Significant correlations 
were found between the relative abundance of PMQR genes and (fluoro)quinolone concentrations 
(r = 0.71, p = 0.005) and the relative abundance of PMQR genes in paired wastewater and agricul-
tural soil samples (r = 0.91, p = 0.005).

Conclusions: Swine feedlot wastewater may be a source of PMQR genes that could facilitate the 
spread of antibiotic resistance. To our knowledge, this is the first study to examine the occurrence of 
PMQR genes in animal husbandry environments using a culture-independent method.

Key words: agricultural soil, culture-independent method, environmental health, (fluoro)quinolones, 
PMQR genes, swine feedlot, wastewater. Environ Health Perspect 120:1144–1149 (2012).  http://
dx.doi.org/10.1289/ehp.1104776 [Online 8 May 2012]
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(QRDR) (Hopkins et al. 2005). Currently, 
three types of PMQR genes and their varia-
tions have been more frequently reported in 
various bacterial pathogens around the world. 
These are the quinolone resistance determi-
nant (qnr) genes (qnrA, qnrB, qnrC, qnrD, 
and qnrS), variant aminoglycoside acetyl
transferase gene [aac(6´)-Ib-cr], and efflux 
pumps-encoding genes (qepA and oqxAB) 
(Cattoir et al. 2008; Hernandez et al. 2011; 
Strahilevitz et  al. 2009). The gene qnrA 
was one of the first identified PMQR genes 
(Martinez-Martinez et al. 1998), and research 
on the PMQR genes has since expanded in 
environmental and health science (Robicsek 
et al. 2006; Strahilevitz et al. 2009). The pres-
ence of qnr genes may increase the selection of 
mutations with high-level (fluoro)quinolone 
resistance (Rodriguez-Martinez et al. 2007). 
Furthermore, PMQR genes usually combine 
with other resistance genes in the same plas-
mid, so the presence of any other antibiotics 
for which the plasmid confers resistance 
will select for quinolone resistance as well 
(Hernandez et al. 2011). The PMQR genes 
may also be horizontally transmitted among 
bacterial isolates of different origins (Martinez-
Martinez et al. 1998; Zhao et al. 2010).

To our knowledge, only two previous 
publications have reported the study of the 
environmental occurrence of PMQR genes 
(Cummings et al. 2011; Kristiansson et al. 
2011). In contrast to those studies, we used a 
culture-independent genomics study method 
to investigate the occurrence of PMQR genes 
in wastewater samples collected from swine 
feedlots and corresponding soil samples from 
nearby agricultural fields where the waste
waters were used for irrigation.

Materials and Methods
Sampling procedure. Wastewater samples 
(about 2.5 L for each site) were collected 
from the effluent of seven conventional swine 
feedlots located in three districts of Beijing: 
Fangshan District (defined as F1-w, F2-w, 
and F3-w), Daxing District (D1-w, D2-w, 
and D3-w), and Shunyi District (S-w), dur-
ing August 2010. These feedlot effluents are 
periodically used for irrigation in surrounding 
agricultural fields and are occasionally dis-
charged into surrounding rivers. Before col-
lecting the wastewater samples, samplers and 
sample bottles were rinsed three times with 
ethanol, once with sterile deionized water, 
and three times with the wastewater. At each 
site, three swine feedlot wastewater samples 
were collected at 1–2 hr intervals and then 
combined to form one composite sample for 
each site. The wastewater samples were stored 
in presterilized 500-mL amber polypropyl-
ene high-density bottles (Embalator AB, 
Ulricehamn, Sweden) equipped with Teflon-
lined polypropylene caps.

Concurrent with the collection of waste
water samples, soil samples (about 500 g for 
each site) were collected from agricultural fields 
adjacent to the seven swine feedlots (defined 
as F1-s, F2-s, F3-s, D1-s, D2-s, D3-s, and S-s) 
using a shovel and sterilized amber plastic bags. 
For each site, the top 15 cm of the surface soil 
from three different locations were pooled to 
form one composite sample. For example, F1-w 
and F1-s are paired wastewater and soil samples 
from the same site; this also applies for samples 
from the other sample sites.

Additionally, surface river water and cor-
responding farm soil samples collected at 
sites upstream from the swine feedlots were 
used as control samples (and defined as being 
uncontaminated by wastewater from swine 
feedlot operations).

Sampling was kept as sterile as possible, 
and all samples were immediately stored in a 
cooler box until returned to the laboratory for 
immediate processing (< 12 hr).

Sample processing and DNA extraction. 
Each composite water or soil sample was 
divided into two aliquots under aseptic con-
ditions. One aliquot was used for quantifica-
tion of (fluoro)quinolone residues after storage 
at 4°C for ≤ 1 week. The other was used for 
quantification of PMQR genes. Each aliquot 
was further divided into three subsamples. 
Sample processing for molecular analyses was 
always carried out first.

Power Water DNA Kits (MO BIO 
Laboratories Inc., Carlsbad, CA, USA) were 
used to extract total DNA from each waste
water subsample after pretreatment to remove 
particulates via layered filtration with Whatman 
grade 4 qualitative filter paper (20–25 μm), 
Whatman grade  3 qualitative filter paper 
(6 μm) and glass-fiber Whatman GF/B (1 μm). 
Approximately 200 mL of each prefiltered 
wastewater subsample was immediately con-
centrated in duplicate using the sterile filter 
(0.2 μm) from the Power Water DNA Kit 
(MO BIO). We followed the manufacturer’s 
protocol for the subsequent extraction steps.

Soil subsamples were aseptically equili-
brated and homogenized at room temperature. 
All thawed soil subsamples were passed through 
a 2.0-mm sieve, and about 1 g of homogenized 
soil was extracted in duplicate using a commer-
cial Power Soil DNA Kit (MO BIO) in accor-
dance with the manufacturer’s instructions.

We performed DNA extractions for each 
subsample in duplicate, and the duplicate 
extracts were then pooled to form a single 
composite sample for that site that was stored 
at –80°C until subsequent molecular analyses.

Polymerase chain reaction (PCR) assays 
for PMQR genes. Qualitative PCR assays were 
used to assess the presence of nine PMQR 
genes [qnrA, qnrB, qnrC, qnrD, qnrS, qepA, 
oqxA, oqxB, aac(6´)-Ib-cr] in all environmen-
tal and control subsamples. All primers were 

previously validated [for primer sequences, 
amplicon sizes, annealing temperatures, refer-
ences for each sequence, and additional details 
regarding PCR conditions, see Supplemental 
Material, Table S1 (http://dx.doi.org/10.1289/
ehp.1104776)]. To ensure reproducibility, 
two replicates for each sample were performed 
in parallel with a control sample in each run. 
To prevent false-negative results due to PCR-
inhibiting substances such as humic acids, 
2 ng of DNA extract from each sample that 
did not show amplification of each target 
gene was spiked with positive-control tem-
plate at 102 copies/μL. There was no evidence 
of PCR inhibition in any extracts (data not 
shown). An Agilent 2100 bioanalyzer (Agilent 
Technologies, Santa Clara, CA, USA) was 
used to analyze DNA fragments (Panaro et al. 
2000). Chips in the DNA 7500 LabChip kit 
(Agilent Technologies) were loaded with PCR 
amplification products according to the manu
facturer’s instructions, with minor modifica-
tions. Briefly, microchannels on the chips were 
filled by pipetting 9 μL of gel-dye mixture 
into the appropriate well and then forcing the 
mixture into the microchannels by applying 
pressure to the well via a 1-mL syringe. The 
ladder well was subsequently loaded with 5 μL 
of marker mixture plus 1 μL of molecular size 
ladder, while sample wells were loaded with 
5 μL of marker mixture plus 1 μL of PCR 
amplification products. The marker mixture 
for the Agilent DNA 7500 Lab Chip con-
tains lower and upper molecular size markers 
of 50 bp and 10,380 bp, respectively. After 
vortexing for 1 min, the chip (with 12 PCR 
amplification products) could be read within 
30 min by the Agilent 2100 bioanalyzer.

Amplification products from each positive 
sample were purified with PCR quick spin™ 
PCR Product Purification Kit (Tiangen 
Biotech Co. Ltd., Beijing, China) and 
ligated into pGEM-T Easy Vector (Promega, 
Madison, WI, USA) before being cloned into 
Escherichia coli DH5α using the pEASY-T1 
Simple Cloning Kit (TransGen Biotech Co. 
Ltd., Beijing, China). Clones containing target 
gene inserts were selected and confirmed by 
PCR. Plasmids carrying target genes were 
extracted and purified with the MiniBEST 
Plasmid Purification Kit (TaKaRa, Dalian, 
China) and sequenced by Invitrogen Ltd./
Applied Biosystems Ltd. (Beijing, China), 
and the resulting sequences were compared 
with GenBank (http://www.ncbi.nlm.nih.gov/
nuccore/) sequences for the target genes using 
the BLAST alignment tool (http://www.ncbi.
nlm.nih.gov/blast/). These plasmids were used 
to generate standard curves for subsequent 
quantification of each gene in the subsamples 
as described below.

Quantitation of PMQR genes. The quan-
titative PCR (qPCR) reactions were con-
ducted using SYBR Green I chemistry and 
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the Bio-Rad Chromo4 real-time PCR instru-
ment (both from Bio-Rad, Hercules, CA, 
USA) with the Analysis software version 3.0 
(BioRad) to quantify levels of the PMQR 
genes and 16S rRNA in all subsamples. 
Sample-derived standards were diluted serially 
in molecular biology-grade water. The qPCR 
reactions were conducted in 96-well plates. 
Optimal qPCR conditions were determined 
empirically [for details, see Supplemental 
Material, pp. 2–3 (http://dx.doi.org/10.1289/
ehp.1104776)]. DNA extracts were amplified 
against the 10-fold serially diluted calibration 
curve over seven orders of magnitude and 
DNA-free negative control on the same real-
time PCR plate in triplicate. Standard error 
values of the measurements were determined 
from these parallel data. 16S rRNA was also 
quantified (Graham et al. 2011; Peak et al. 
2007; Smith et al. 2004) on the same plate, 
using the SybrGreen (BioRad) approach. 
Following qPCR, melting curves for the 
amplicons were measured by slowly raising the 
temperature while monitoring fluorescence to 
verify that nonspecific amplification did not 
occur (data not shown). Matrix effects associ-
ated with extraction of DNA from environ-
mental samples were corrected as described by 

Pei et al. (2006). The presence of inhibitory 
substances in the sample matrix was assessed 
by spiking the samples with defined amounts 
of DNA template and comparing concen-
tration thresholds between the matrix and 
controls, whose difference was always < 1. The 
qPCR efficiencies (90–102% in this study) 
were examined by comparing plasmid con-
trols and serial dilutions of selected samples, 
using a 16S rRNA assay as described in the 
Supplemental Material (pp. 2–3). There was 
very low inhibition in these samples (data not 
shown). Results from the assays were analyzed 
based on the slope for the qPCR calibration 
curve. R2 values were greater than 0.992 for 
all calibration curves.

Copy numbers of target PMQR genes were 
normalized to the 16S rRNA copy number 
(defined as relative abundances) and to 1 g for 
soil samples or 1 mL for wastewater samples 
(defined as absolute concentrations: copies 
per gram or copies per milliliter) to take into 
account any temporal variations among sites, 
overall extraction efficiencies, total bacterial 
community, and potential sample degradation 
(Graham et al. 2011). We used the term “levels” 
to describe findings that relate to both relative 
abundances and absolute concentrations.

Quantitation of (fluoro)quinolones. In this 
study, extraction and quantitative analysis of 
(fluoro)quinolone residues in wastewater and 
soil samples was performed according to Shao 
et al. (2009). The method is based on solid-
phase extraction (SPE) and analysis by ultra 
performance liquid chromatography–tandem 
mass spectrometry (UPLC-MS/MS; Acquity 
UPLC; Waters Corporation, Milford, MA, 
USA). Orbifloxacin, danofloxacin, pipemidic 
acid, marbofloxacin, lomefloxacin, pefloxa-
cin, enrofloxacin, norfloxacin, ciprofloxacin, 
and ofloxacin were purchased from Sigma 
(St. Louis, MO, USA) with purities > 97%. 
The recoveries for (fluoro)quinolones based on 
matrix-matched calibration ranged between 
100% and 117% in aqueous solution and 
between 77% and 114% in soil samples, and 
the quantification limits were in the range of 
0.2–10 pg/mL for water and 0.38–2.00 ng/g 
for soil samples. The analytical method is 
described in detail in Supplemental Material, 
p. 2 (http://dx.doi.org/10.1289/ehp.1104776).

Statistical analysis. Data analysis was 
conducted using SPSS Statistics version 16.0 
(IBM, Armonk, NY, USA). A one-way analy-
sis of variance test and independent-sample 
t-tests were used to compare samples with 

Figure 1. Levels of five PMQR genes among the soil and wastewater samples. (A) qnrD. (B) oqxB. (C) qepA. (D) qnrS. (E) oqxA. (F) Total of the five PMQR genes. 
Bars represent absolute concentrations and circles represent relative abundances. Values shown are mean ± SE of three analytical replicates.
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controls (the level for statistical significance 
was set at p < 0.05). Data were log-transformed 
when necessary to obtain a normal distribu-
tion before statistical analysis. A two-tailed 
Pearson’s bivariate correlation analysis was used 
to compare levels of total PMQR genes in soil 
and wastewater samples and to compare levels 
of total PMQR genes and (fluoro)quinolone 
concentrations.

Results
Occurrence and levels of PMQR genes. Among 
the nine PMQR genes investigated, qnrD, 
oqxB, and qepA were found in all environ-
mental samples from the target sites; qnrS and 
oqxA were only detected in wastewater sam-
ples; qnrB was found in only three wastewater 
samples (F3-w, D2-w, and D3-w); and qnrA, 
qnrC, and aac(6´)-Ib-cr were not detected 
at all [see Supplemental Material, Figure S1 
and Table S2 (http://dx.doi.org/10.1289/
ehp.1104776)]. In addition, no PMQR genes 
were detected in control samples. The posi-
tively identified PMQR genes were identical 
to the corresponding sequences deposited in 
the GenBank database (data not shown).

Absolute concentrations and relative abun-
dances of the five major PMQR genes (qnrD, 
oqxB, qepA, qnrS, and oqxA) are shown 
in Figure 1 and reported in Supplemental 
Material Tables S3 and S4, respectively 
(http://dx.doi.org/10.1289/ehp.1104776).

Concentrations of (fluoro)quinolones. 
Ten (fluoro)quinolones were detected in the 
samples (orbifloxacin, danofloxacin, pipemidic 
acid, marbofloxacin, lomefloxacin, pefloxa-
cin, enrofloxacin, norfloxacin, ciprofloxacin, 
and ofloxacin) with concentrations ranging 

from below the limit of detection (LOD) 
to 244 ng/mL in wastewater samples and 
20.4 ng/g in soil samples [see Supplemental 
Material, Table S5 (http://dx.doi.org/10.1289/
ehp.1104776)]. All (fluoro)quinolones were 
< LODs in all control samples. Norfloxacin 
was detected in all target samples with the 
exception of three soil samples (F1-s, F3-s, and 
D1-s) in which none of the (fluoro)quinolones 
was detected (Figure  2). The frequencies 
of detection were thereafter followed by 
ofloxacin, ciprofloxacin, enrofloxacin, and 
lomefloxacin. Other (fluoro)quinolones 
(marbofloxacin, pipemidic acid, danofloxacin, 
and orbifloxacin) were detected only in the 
S-w wastewater sample, whereas pefloxacin 
was found in S-w and F2-w. The average 
concentration of norfloxacin was 1.16 ng/g 
in soil and 40.6 ng/mL in wastewater sam-
ples (see Supplemental Material, Table S5). 
Ciprofloxacin was identified in the wastewater 
and soil samples from the D3 site at the highest 
concentration of any of the (fluoro)quinolones 
measured in wastewater (244 ± 2.04 ng/mL in 
D3-w) and soil (and 20.4 ng/g in D3-s) sam-
ples, respectively (see Supplemental Material, 
Table S5). Total (fluoro)quinolone concentra-
tions were highest in S-w (321 ng/mL) among 
the wastewater samples and at the D3-s site 
(23.4 ng/g) among soils (see Supplemental 
Material, Table S5).

Correlation analysis. Significant posi-
tive correlations between paired wastewater 
and soil samples were observed for the rela-
tive abundances of qepA (r = 0.94, p = 0.001), 
oqxB (r = 0.96, p = 0.001), and total PMQR 
genes (sum of five PMQR genes: qnrD, qepA, 
oqxB, qnrS, and oqxA; r = 0.91, p = 0.005) 

but not qnrD (r = 0.56, p = 0.19). Absolute 
concentrations were significantly correlated 
between paired soil and water samples for oqxB 
(r = 0.95, p = 0.001) and total PMQR genes 
(r = 0.91, p = 0.005), but not qepA (r = 0.63, 
p = 0.13) or qnrD (r = 0.72, p = 0.07).

The relative abundance of total PMQR 
genes (sum of the five genes: qnrD, oqxB, 
qepA, qnrS, and oqxA) and measured con-
centrations of total (fluoro)quinolones were 
significantly correlated (r = 0.71, p = 0.005) 
(Figure 3). Significant correlations also were 
observed for some but not all concentra-
tions of individual (fluoro)quinolones and 
the relative abundance of individual PMQR 
genes and for total (fluoro)quinolones and 
four of five individual PMQR genes [see 
Supplemental Material, Table S6 (http://
dx.doi.org/10.1289/ehp.1104776)].

Discussion
We investigated wastewater from seven differ-
ent swine feedlots and corresponding agricul-
tural soil samples for the presence of PMQR 
genes. The findings indicate that qnrD, oqxB, 
qepA, qnrS, and oqxA genes were widespread in 
almost all of the wastewater samples. In another 
study, some of these PMQR genes were also 
found in environmental E. coli strains from 
swine (Liu et al. 2008), and oqxA and oqxB 
have been found in a conjugative plasmid that 
conferred resistance to the antibiotic olaquin-
dox, which has been used as a swine growth 
enhancer (Hansen et al. 2007). Additionally, 
qnrS has been found in E. coli strains from 
swine in China (Xia et al. 2010). In a survey by 
Cummings et al. (2011), qepA and qnrS were 
commonly observed PMQR genes in micro-
bial DNA extracted from surface sediments 
of the Tijuana River Estuary in San Diego 
County, California, USA. Less information is 
available on the environmental occurrence of 
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the PMQR gene, qnrD, which previously has 
been identified in samples from humans and 
companion animals only (Zhu et al. 2010) 
but was observed in all samples in the pres-
ent study. Interestingly, the aac(6´)-Ib-cr gene, 
which has been reported as the most common 
PMQR gene among clinical Enterobacteriaceae 
isolates (Strahilevitz et al. 2009), was absent in 
all samples in the present study.

Although levels of the three PMQR genes 
(qnrD, oqxB, and qepA) varied among the 
environmental samples, they were identified in 
all wastewater samples and corresponding farm 
soil samples. In contrast, no PMQR genes 
were detected in control samples, support-
ing the hypothesis that swine feedlot waste
water may be a source of PMQR genes in the 
surrounding environment. These genes could 
have migrated along with quinolone-resistant 
bacteria and horizontally mobile genetic ele-
ments and transferred from swine feedlots to 
agricultural fields during agricultural applica-
tions of swine waste and wastewater. The sig-
nificant positive correlation between PMQR 
genes in paired wastewater and soil samples 
further supports the possibility that swine 
feedlots are sources of PMQR gene contami-
nation in adjacent farm fields.

Some (fluoro)quinolone residues were also 
commonly detected among the swine waste
water samples, probably reflecting their fre-
quent usage in swine feeding practices. The 
wastewater concentrations among the differ-
ent swine feedlots varied by about two orders 
of magnitude, which could be related to dif-
ferences in antibiotics usage and operational 
scales of the swine feedlots.

Significant correlations were found between 
some individual (fluoro)quinolones and indi-
vidual PMQR genes as well as between total 
(fluoro)quinolones and PMQR genes among 
all the paired samples, which is consistent with 
the hypothesis that exposure to antibiotics 
could lead to selective pressure for resistance 
genes (Wu et al. 2010). However, the correla-
tions were not as strong as those found in other 
studies (Smith et al. 2004), which may reflect a 
variation in the fate and transport of resistance 
genes and antibiotics after their release into the 
environment (Peak et al. 2007).

Swine wastewater that contains PMQR 
genes and (fluoro)quinolone residues and is 
applied to agricultural fields or released to sur-
rounding rivers might increase the risk that 
nearby residents will be exposed during farm-
ing or through their use of contaminated river 
water. Our sampling campaign coincided with 
the rainy season, and thus some of the field-
applied swine waste could have been trans-
ferred by rain and wind to surrounding rivers 
and other environmental compartments. 
Sapkota et al. (2007) suggested that resistant 
bacteria in surface water sources contami-
nated by swine waste could contribute to the 

spread of antibiotic resistance in humans and 
the environment. In addition, Wilcks et al. 
(2004) confirmed that antibiotic resistance 
genes could be transferred between agricul-
tural fields and plants that could enter into 
the human food cycle. During our sampling 
campaign we often observed young children 
playing in the river around the swine feedlots, 
probably increasing their risk of exposure. In 
addition, local residents informed us that they 
used to wash vegetables or fruit in the contam-
inated river. Rural environments and life styles 
might thus increase the risk of exposure to 
water and soil contaminated by PMQR genes 
and (fluoro)quinolones and could have health 
implications for local residents.

There were several limitations to our study. 
The swine producers declined to provide us 
with antibiotic usage data for proprietary rea-
sons, thus, we chose to analyze the samples 
for some commonly used (fluoro)quinolones. 
A more extensive sampling campaign includ-
ing crops, waste from humans, and additional 
river water samples collected at different dis-
tances from the point sources would permit a 
more detailed assessment of the environmen-
tal health risk of PMQR genes. In addition, 
phylotype and phylogenetic analyses should 
be conducted in future studies to track the 
fate of specific PMQR genes from swine feed-
lots to the environment.

Conclusions
To our knowledge, this is the first study to 
examine PMQR genes in environmental sam-
ples collected from swine production facili-
ties using a culture-independent method. It 
is also, to our knowledge, the first report on 
the occurrence of qnrD, oqxA, and oqxB in 
environmental samples. Our findings are con-
sistent with the hypothesis that the PMQR 
genes found in fields adjacent to swine feedlots 
were transported from the feedlots through 
waste amendment and irrigation, and high-
light the potential role of swine feedlots as 
a source of antibiotic resistance genes iden-
tified in other environment compartments. 
The correlations observed between PMQR 
genes and (fluoro)quinolone residues in soil 
and wastewater samples would also be consis-
tent with the positive selection of antibiotic 
resistance genes as a consequence of antibi-
otic residues in the environment. Therefore, 
selection for PMQR genes could occur both 
in the animal gut (as a result of feeding prac-
tices) and after the environmental release of 
(fluoro)quinolones.

The rapid expansion of swine production 
and its potential role as a source of PMQR 
genes in the environment highlights the impor-
tance of international cooperation to promote 
the prudent use of antibiotics in medical ther-
apy, agriculture, and animal husbandry and 
supports the need for effective treatment of 

husbandry wastewater before its release into 
the environment. The correlation of PMQR 
genes between wastewater and paired farm soil 
is a valuable first step in the environmental 
risk assessment of PMQR genes, but further 
research is needed to better understand transfer 
mechanisms. We also recommend the estab-
lishment of programs to monitor antibiotic 
resistance genes in the environment on a global 
scale in order to clarify the extent of potential 
risks to public health.
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EDITORIAL

Antibiotics
Overuse in
Animal
Agriculture: A
Call to Action
for Health Care
Providers

Recently, the World Health Or-
ganization called antimicrobial
resistance “an increasingly serious
threat to global public health that
requires action across all govern-
ment sectors and society.”1

Of all antibiotics sold in the
United States, approximately 80%
are sold for use in animal agricul-
ture; about 70% of these are
“medically important” (i.e., from
classes important to human medi-
cine).2 Antibiotics are adminis-
tered to animals in feed to
marginally improve growth rates
and to prevent infections, a prac-
tice projected to increase dramati-
cally worldwide over the next
15 years.3 There is growing evi-
dence that antibiotic resistance
in humans is promoted by the
widespread use of nontherapeutic
antibiotics in animals. Resistant
bacteria are transmitted to
humans through direct contact
with animals, by exposure to ani-
mal manure, through consumption
of undercooked meat, and through
contact with uncooked meat or
surfaces meat has touched.4

The practice of medicine and
the state of public health would be
catastrophically affected if antibi-
otics were not generally effective
in treating bacterial illnesses.
Physicians and health care insti-
tutions are regularly cautioned to
avoid unnecessary or incomplete
treatment in an effort to stem
potential antibiotic resistance, and
antibiotic prescriptions are in-
creasingly scrutinized as part of
antimicrobial stewardship pro-
grams. However, the inappropri-
ate overuse of antibiotics in
animals also should be addressed
as another important source of
antibiotic resistance. To the degree

that antibiotic overuse in food an-
imals exacerbates problems with
resistance, this overuse is a factor
contributing to the increased costs
to treat antibiotic-resistant infec-
tions in humans. According to the
Infectious Diseases Society of
America, longer, more expensive
hospital stays for treating antibiotic
resistance cost the US health care
sector an estimated $21 to $34
billion and eight million additional
hospital days annually.

LEGISLATION AND
REGULATIONS

Many countries have already
restricted antibiotic use in animal
agriculture. In 2006, the Euro-
pean Union banned the use of
antimicrobial growth promoters in
animal food and water. Denmark,
the world’s largest exporter of
pork, has further restricted use of
antibiotics for growth promotion
and for the routine prevention of
diseases caused by overcrowded
and unsanitary feedlot conditions.
Researchers documented a subse-
quent decrease in antibiotic resis-
tance in Danish livestock and
retail meat, and within the general
Danish population. For example,
after Denmark banned avoparcin,
an antibiotic similar to vancomy-
cin that was only used in food
animal production, levels of
vancomycin-resistant enterococci
found in Danish livestock and
humans dropped within two
years. Moreover, there have been
no adverse effects on Danish pork
production levels because of re-
strictions on antibiotic use.5

In the United States, progress
in restricting antibiotic use in
livestock has been slow at the

federal level. The Preservation of
Antibiotics for Medical Treatment
Act (PAMTA), a bill that would
phase out the use in animal feed of
eight classes of medically impor-
tant antibiotics—aminoglycosides,
cephalosporins, lincosamides,
macrolides, penicillins, strepto-
gramins, sulfonamides, and
tetracyclines—has routinely
stalled in Congress. The US Food
and Drug Administration has fi-
nally issued guidance documents
for industry to follow in volun-
teering to no longer sell their
antibiotic products for “growth
promotion” (effective December
2016). However, the routine use
of identical or nearly identical
antibiotic feed additives in the
same dose range to prevent dis-
ease will still be permitted.

In 2014, in response to rec-
ommendations from the Presi-
dent’s Council of Advisors on
Science and Technology (PCAST),
the White House released the
National Strategy to Combat
Antibiotic-Resistant Bacteria.
Although it acknowledges the
antibiotic resistance crisis, the
Strategy fails to set national tar-
gets to reduce antibiotic use in
animal agriculture and does
not mandate the collection of
antibiotic usage data. It also
defers to the voluntary guidelines
set by the Food and Drug Ad-
ministration that allow routine
use of antibiotics for disease
prevention.

Because the actions of fed-
eral legislators and regulators
remain insufficient, it is time for
the health care sector to expand
its stewardship over these life-
saving drugs beyond clinical
practice.
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HOSPITAL FOOD
PROCUREMENT: AN
AVENUE FOR ACTION

Individuals and institutions can
discourage the use of nonthera-
peutic antibiotics in animal agri-
culture by only purchasing meats
from animals raised without the
use of nontherapeutic antibiotics.
Now is the time for health care
providers to leverage our sub-
stantial professional and economic
clout. We should encourage, per-
suade, and even pressure our
health care institutions to phase
out the purchase of meat from
animals raised with nontherapeu-
tic antibiotics.

The primary arguments against
implementing such actions relate
to (1) the availability of meat from
animals not subject to routine,
nontherapeutic antibiotics, and (2)
potential cost increases. However,
if individuals and institutions fa-
vor meats raised without antibi-
otics, the supply and availability of
these meats will grow to meet the
demand, and cost differences will
narrow over time. In 1998 the
National Research Council esti-
mated that eliminating nonthera-
peutic use of antibiotics in the
United States would cost less than
$10 per person annually (in 2015
dollars).6 Costs can also be kept
down by reducing the amount of
meat served, which will have
added health and environmental
benefits.7

BUILDING ON PAST
ACHIEVEMENTS

Health care providers and in-
stitutions have previously taken
the lead in areas such as exposure
to secondhand smoke and the
risks of nuclear weapons, where
the health of individuals and the
general population has been at
risk. These actions are easily

justified because health care pro-
viders have an ethical imperative
to promote health and prevent
illness in both individuals and the
population. This ethical impera-
tive should now guide health
care providers to push for restric-
tions by health care institutions
on the purchase of meat raised
with nontherapeutic antibiotics.
This action will stimulate similar
action by other individuals,
institutions, and government
agencies.

THE UNIVERSITY OF
CALIFORNIA, SAN
FRANCISCO

The University of California,
San Francisco (UCSF) has taken
a leadership role in the movement
toward limiting the use of meat
raised with excessive antibiotic
use. In 2013, UCSF’s Academic
Senate passed a resolution calling
for a phase-out of the purchase of
meat raised with nontherapeutic
antibiotics. Responding to this
resolution, the hospital’s Food and
Nutrition Services convinced
a major food distributor to carry
new sustainably raised meat prod-
ucts, and is currently purchasing
chicken breasts, eggs, and ground
beef that have been raised with-
out the routine use of antibiotics.
In addition, the Academic Senate
resolution generated media atten-
tion and highlighted within and
outside the university the issues
related to nontherapeutic uses of
antibiotics in animal agriculture.
Other institutions, including the
University of California, Los
Angeles, are following suit.

The above actions taken by
UCSF have not drawn attention or
emphasis away from the ongoing
efforts to control antibiotic use in
clinical settings at UCSF. In fact, at
UCSF and around the country
some of the strongest proponents

of similar policies have been
leaders of antimicrobial steward-
ship programs.

A CALL TO ACTION

The current indiscriminate use
of antibiotics for animal agricul-
ture is irresponsible and mis-
guided. In order to prevent
adverse consequences to public
health, health care providers
and health care institutions can
and should logically, ethically, and
culturally take responsibility to
reduce nontherapeutic use of an-
tibiotics in animal agriculture.
Health care providers and health
care institutions can start this
process by refusing to buy meat
raised with nontherapeutic antibi-
otic use. Health care providers can
also encourage their individual
patients to purchase meat that is
sustainably raised without the
overuse of antibiotics. j
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Background and Recent
Developments
As a general principle, the concentration of
humans or animals in proximity enhances
potential transmission of microorganisms
among members of the group. It also creates
greater potential for infecting surrounding life
forms, even those of different species. The
conditions created also may be a breeding
ground for new, more infectious, or more
resistant microorganisms. 

As the human population increases, and
mega cities grow, there is greater risk that
infectious diseases will evolve, emerge, or
spread readily among the populace. The
increasing food needs of the growing human
population likely will lead to greater popula-
tions of livestock. The concentration of ani-
mals may augment the risk of zoonoses,
diseases transmissible from animals to
humans. All segments of livestock production
might potentially contribute to zoonotic dis-
ease, including transportation of livestock,
manure handling practices, veterinary medi-
cine, meat processing and animal rendering.
Ideally, everyone involved in each of these
components of the industry should be cog-
nizant of the infectious disease risks to ani-
mals and humans alike.

Among the many examples of existing
risks, some of the more recent are highly per-
tinent. Nipah virus infections, which
occurred in concentrated swine herds in
Malaysia and Singapore, killed swine and
swine workers (Chua et al. 1999; Paton et al.
1999). Avian influenza has recently infected
and caused deaths among poultry and poultry

workers in Asia, South America, North
America, and Europe [Centers for Disease
Control and Prevention 2005; World Health
Organization (WHO) 2004]. Many zoonoses
may not be related solely to concentrated ani-
mal husbandry, but this workshop was
devoted to those at least partially attributable
to concentration and practices associated with
them. While there are many known potential
risks for human infection that may result
from high concentrations of animals, this
article will focus on two—influenza and
antibiotic resistance. In addition, we briefly
discuss the means of transmission or propaga-
tion of infectious agents, including water,
animal feed, and human food.

Antibiotic resistance. State of science.
Antibiotic resistance is increasing among most
human pathogens. The many bacteria resis-
tant to multiple antibiotics in particular has
heightened concern. In some cases there are
few or no antibiotics available to treat resistant
pathogens [Institute of Medicine (IOM)
1998; Mølbak et al. 1999]. Development of
new antibiotic classes has lagged behind phar-
maceutical innovation in other areas, and
some innovative new approaches to combat-
ing infection are still immature and unproven
(Infectious Diseases Society of America 2005;
IOM 1998). Escalating resistance has raised
concern that we are entering the “post antibi-
otic era,” meaning we may be entering a
period where there would be no effective
antibiotics available for treating many life-
threatening infections in humans. If this
proves true, deaths due to infection will once
again become a very real threat to substantial

numbers of children and young adults as well
as the sick and the elderly.

Increased antibiotic resistance can be
traced to the use and overuse of antibiotics.
Much of that use occurs in human medicine.
Health care policy and practice changes
designed to minimize this phenomenon are
in place in many countries, yet much more
can be done. Although antibiotic overuse in
animals is problematic, the magnitude of the
problem is unknown. There is no national
mechanism for collecting data on antibiotic
use in many countries and the pharmaceutical
industry treats production and sales figures as
confidential business information. However,
the Union of Concerned Scientists (2001)
has estimated that 11.2 million kg of the
antibiotics used annually in the United States
are administered to livestock as growth pro-
moters. This compares with their estimate of
1.4 million kg for human medical use. Their
estimates indicate that 87% of all antibiotic
use is for animals, while 13% is for human
therapeutic and nontherapeutic use. One
researcher suggests lower figures for antibiotic
use in growth promotion, stating that no
more than 40% of antibiotics in the United
States is for animals (Levy 1998). As the
IOM recently concluded, 

Clearly, a decrease in antimicrobial use in human
medicine alone will have little effect on the cur-
rent situation. Substantial efforts must be made to
decrease inappropriate overuse in animals and
agriculture as well. [National Academy of Sciences
(NAS) 2003] 

Therapeutic antibiotic administration at
high levels for the duration of an illness is
obviously an important aspect of veterinary
care. However, most animal antibiotic use is
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designed to promote growth and improve
feed conversion ratio. However, the growth
rate gains with antibiotic growth promotants
are less significant with currently used breeds
of swine and poultry (Wegener 2003). This
prolonged use of antibiotics, especially at low
levels, presents a risk of not killing the
bacteria while promoting their resistance by
selecting for resistant populations. The resis-
tance genes can pass readily from one kind of
bacteria to another (Levy 1998). Thus, workers
in the animal units may become colonized
with resistant organisms and can pass them on
to co-workers and family members or friends.
Consumers of meat may also become colo-
nized through mishandling of raw meat or
through insufficient cooking. Ultimately, these
genes may pass into pathogens, and diseases
that were formerly treatable will be capable of
causing severe illness or death (NAS 2003). 

Evidence of resistance associated with
antimicrobial growth promotants has been
emerging over the past three decades.
Tetracycline-resistant organisms were found
in 1976 in chickens raised on feed supple-
mented with tetracycline, a human-use anti-
biotic. In a prospective study of 11 poultry
farm members and 24 neighbors, Levy and
co-workers (1976a) found that before the use
of tetracycline on the farm neither the farmers
nor the animals were positive for tetracycline-
resistant intestinal flora. Within 5 months of
the introduction of tetracycline in the poultry
feed, 31.3% of fecal samples from farm mem-
bers harbored intestinal flora that were resis-
tant to tetracycline even though none had
been treated clinically with tetracycline.
Tetracycline-resistant bacteria were found in
only 6.8% of the samples from neighbors.
Vancomycin-resistant enterococci arose in
livestock in Europe in the 1970s because of
use of Avoparcin as an antibiotic growth pro-
motant. Neither Avoparcin nor vancomycin
was approved for use in livestock in the
United States, and vancomycin-resistant
enterococci did not emerge in U.S. livestock
(Levy et al. 1976b). White and co-workers
purchased 200 samples of ground meat in the
Washington, DC, area and found that 20%
contained culturable Salmonella. Of these,
84% of the organisms were resistant to at
least one antibiotic tested, and 53% were
resistant to three or more (White et al. 2001).
Tetracycline resistance genes were identified
in a swine CAFO and also in the manure
lagoon serving that CAFO and in ground-
water 250 m downstream of the lagoon
(Chee-Sanford et al. 2001). Using a med-
icated feed containing tylosin (a macrolide
antibiotic), Zahn et al. (2001) compared
swine CAFOs with CAFOs using a nonmed-
icated feed and observed a 3-fold higher con-
centration of tylosin-resistant bacteria in the
exhaust air from the CAFOs. Antibiotics have

also been measured in the dust from swine
CAFOs (Hamscher et al. 2003).

Several recent studies clearly demonstrate
the transmission of multidrug-resistant
pathogens from swine to humans. A French
group studied 44 nasal Staphylococcus aureus
isolates from healthy pig farmers and
21 healthy controls. Five isolates were found in
pig farmers that were methicillin resistant.
Other isolates were resistant to penicillin, lin-
comycin, erythromycin, pristinamycin,
kanamycin, pefloxacin (Armand-Lefevre et al.
2005). By comparing these findings with
analyses of isolates from swine infections, the
authors concluded that transmission of these
resistant organisms from swine to pig farmers
may be frequent. Voss and co-workers (2005)
in the Netherlands studied methicillin-resistant
S. aureus (MRSA) among 26 Dutch farmers
living nearby a sentinel case of MRSA. Their
study demonstrated transmission of three
strains of MRSA from swine to pig farmers,
from pig farmers to their family members, and
from a hospitalized patient (the sentinel case)
to a nurse. Investigators in the United States
collected air samples via liquid impingers in a
swine CAFO and analyzed the samples for
viable isolates of antibiotic resistant bacteria
(Chapin et al. 2005). Enterococci, staphy-
lococci, and streptococci were analyzed for
resistance to erythromycin, clindamycin, vir-
giniamycin, tetracycline, and vancomycin.
None of the isolates were resistant to van-
comycin, which has never been approved for
use in livestock in the United States. In con-
trast, 98% of the isolates displayed resistance to
two or more of the other four antibiotics that
are commonly used as growth promotants in
swine. It is important to note that 37 of
124 isolates were resistant to all four of these
antibiotics (Chapin et al. 2005).

Sweden banned the use of antibiotics as
feed additives for growth promotion in 1985
(Swedish Veterinary Antimicrobial Resistance
Monitoring 2003). At that time Sweden used
20 metric tons of antibiotics for growth pro-
motion, 14 metric tons for group treatment
and 17 metric tons for treating individual sick
animals. In 2003, with no use allowed for
growth promotion, the amount of antibiotics
used for group treatment was 2 metric tons
(down from 14 metric tons), accompanied by a
decrease, rather than an increase, of individual
treatment use from 17 to 14 metric tons. This
demonstrates that the banning of growth pro-
motants did not lead to increased antibiotic use
in other categories. In Denmark, veterinary
researchers observed a 74% incidence of van-
comycin-resistant Enteroccocus faecium in
broiler chickens in 1995. Following a 1997
ban, the level of resistance fell to 2% by 2000
[Aarestrup et al. 2001; Danish Integrated
Antimicrobial Resistance Monitoring and
Research Programme (DANMAP) 2004]. In

the European Union, antibiotics also used for
human medicine were removed from animal
use in 1998, and all use of antibiotics as
growth promotants are being phased out by
2006 (Casewell et al. 2003). Currently,
Sweden and Denmark use less than 3 g of
antimicrobial agents per pig slaughtered,
whereas the United States uses 47 g (WHO
2003). The experience from the antibiotic bans
for broiler chickens demonstrates that the
decrease in production—in terms of decreased
feed efficiency—is small and is offset by the
savings in the cost of antimicrobial growth pro-
motants (Wegener 2003). According to the
WHO the increased cost to producers of pro-
ducing pigs without antibiotic growth pro-
motants is approximately 1% (WHO 2003)
and should be compared with the “likely
human health benefits to society of anti-
microbial growth promoter termination”
(WHO 2003).

Animal crowding, CAFO hygiene, tem-
perature and ventilation control, and stress all
have an impact on growth rate and the ability
of animals to resist disease. Research on the
use of other treatments such as probiotics and
vaccines holds promise. Probiotics involve the
deliberate use of harmless or even beneficial
colonizing organisms in food production. It
will be important to provide solutions for the
spread of antibiotic resistance via air, water,
and direct contact to CAFO workers. 

The WHO has called for human and vet-
erinary antimicrobial agents to be sold only
under prescription. They have also recom-
mended that all countries establish monitor-
ing programs for tracking use and resistance
to antimicrobials. The WHO has also called
for a rapid phase-out of the use of anti-
microbial growth promotants and the creation
of prudent use guidelines for veterinary care
(WHO 2003).

These practices are not limited to CAFOs.
However, it is widely recognized that anti-
biotic resistance can be staunched only if
every effort is made to limit inappropriate
use, both with humans and animals. 

Risk assessment. Microbial risk assess-
ment is an evolving discipline. Methods have
not been developed for estimating risks associ-
ated with more than one antibiotic and one
bacterium at a time. This approach does not
fully address the reality of the CAFO environ-
ment, where animals harbor multiple micro-
bial species that are exposed to multiple
antibiotics over the course of their lives.
Moreover, the existence of genetic multidrug
resistance determinants (e.g., plasmids carry-
ing genes coding for resistance to multiple
drugs) means that exposure to one antibiotic
may lead to increased reservoirs of multiple
other antibiotics as well. The fact that resis-
tance determinants may be transferred from
benign to pathogenic bacteria means that
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exposure of one bacterium to antibiotics today
hypothetically could result in manifestation of
human disease only months to years later.
Reservoirs of resistance may develop relatively
rapidly and may not be completely reversible.
This suggests that reducing antibiotic usage
may not lead to equivalent reductions in resis-
tance among all bacteria of concern. Thus,
research should be concurrent with new public
policies to reduce antibiotic overuse and
ensure the protection of public health.

Vaccines. Development of vaccines could
reduce our reliance on antibiotics. The timing
of vaccine administration with respect to
maternal antibody levels in infants should be
studied. Human vaccine administration is
undergoing a revolution in anticipation of
mass vaccination strategies that may be
required to respond to a bioterrorism event.
These strategies may also be applicable to ani-
mals in veterinary disease prevention. Several
diseases afflicting livestock require further
research, including necrotic enteritis in poultry
(and the use of ionophores for coccidiostats);
pasteurella respiratory disease, and; swine
ileitis and swine dysentery, as well as diseases
of swine at weaning. 

Policy initiatives. A number of policy ini-
tiatives should be explored to establish consis-
tent and responsible operating practices as well
as to promote a shift in current thinking about
the value of antibiotic-free meat products.
These policies should address all levels of
CAFO operation, from the CAFO operators
themselves to local, state, and federal govern-
ments, veterinarians, agricultural and pharma-
ceutical industries, and the scientific research
community. To ensure sensible use of anti-
biotics, these issues should also be included in
the curricula of pharmacists, doctors, and
other medical providers. Furthermore, patients
must be suitably informed on the proper use
of antibiotics including safe disposal.

Producers and industry leaders can and
should be afforded the opportunity to assume a
leadership role in reducing antibiotic overuse.
This should be encouraged by identifying
existing producers—either domestic or interna-
tional—who are using no or reduced anti-
biotics and might assume demonstration
projects. Along with this, a mentoring system
could be created for the purpose of sharing
practices that have proven successful in estab-
lished CAFOs. For example, partners in
Sweden and Denmark—countries that have
experienced successful transitions to antibiotic-
free meat production—might be visited by
demonstration team producers, along with vet-
erinarians from the respective countries. Where
possible, Danish immigrants or American pro-
ducers of Danish descent might be paired with
Danish producers and veterinarians. These col-
laborative efforts would require travel funds
and the availability of antibiotic-free feed at

market prices for the duration of the project.
Costs should be tracked and producers reim-
bursed at the outset so that the interval of
adjustment to the new antibiotic-free regimen
is not burdensome.

Measures to improve the domestic market
for meat raised without routine antibiotics
should be sought to promote its vitality as a
marketable commodity in the United States.
At the same time, new overseas markets
should be identified, and these special U.S.
products heavily promoted as imports of
value and interest to the global economy. In
addition, product labeling could be made
more comprehensive and explicit so that con-
sumers can identify the product and make
selections according to their value system. In
fact, such improvements in labeling could be
an integral part of an overall quality assurance
program that drives the label. 

Infectious diseases. Influenza. Zoonoses
can be transmitted via water, air, consumption
or handling of meat products, or by direct
transmission from animals to humans. Recent
work by Myers and colleagues demonstrated
significantly elevated seroprevalence of anti-
bodies against H1N1 and H1N2 swine
influenza virus in occupationally exposed
adults compared with controls without swine
exposure (Myers et al. 2006). Odds ratios for
swine H1N1 infection were 35.3 for farmers,
17.8 for veterinarians, and 6.5 for meat proces-
sors. For H1N2 infection odds ratios were
13.8, 9.5, and 2.7, respectively (all significant). 

The transmission of influenza is a continu-
ing concern. Whether it comes to humans from
avian species or swine, or from avian species via
swine, or perhaps from humans to swine,
strains of high transmissibility and pathogenic-
ity are likely to evolve and create another pan-
demic (Nature 2005; Webster and Hulse
2005). Recent outbreaks in Asia have shown
that transmission of infectious agents can arise
from small farms raising poultry in proximity to
domiciles and to other animals. However,
because CAFOs tend to concentrate large num-
bers of animals close together, they facilitate
rapid transmission and mixing of viruses. There
is a concern that increasing the numbers of
swine facilities adjacent to avian facilities could
further promote the evolution of the next pan-
demic. The swine industry has adopted a set of
guidelines to minimize these risks, including
a) entry of wild birds and rodents into CAFOs
should be limited; b) untreated surface water
that may have influenza viruses from aquatic
birds should not be used for washing facilities,
and c) waterfowl use of farm lagoons should be
minimized. Such prudent practices will mini-
mize risk. To avoid their becoming a mixing
vessel for swine or poultry viruses with human
viruses, CAFO workers should be immunized
against influenza routinely, preferably with the
killed vaccine. 

The best means to limit transmission of
influenza may already be inferred from avail-
able data. However, new questions may arise
as practices change. What distances should be
established between CAFOs housing swine
and those housing poultry? Is there a defin-
able, small farm size with minimal numbers
of animals that may be allowed? 

Surveillance programs should be insti-
tuted that maintain biosecurity in CAFOs
while maximizing the ability to identify and
respond to animal and zoonotic disease out-
breaks quickly and effectively.

Waterborne diseases. Concerns persist
about surface and groundwater contamination
that may have ecosystem and human health
impacts. Optimal siting and improved con-
struction practices of CAFOs would reduce
the potential for contamination. Escrow
accounts or insurance policies that would
ensure restoration of a vacated manure lagoon
to previous conditions should be imposed on
those considering building a CAFO. Solid
tanks or reservoirs rather than earthen waste
lagoons and municipal-style waste treatment
are needed to prevent manure contamination
of surface and groundwater with infectious
agents or antibiotic resistance genes.

Animal feed containing animal by-
products. Animal feed containing animal tis-
sues and by-products is a major concern, as
sporeforming bacteria likely will be present
even after processing. Included are feathers,
offal, carcasses, bone and blood meal, and ner-
vous system and brain tissue. Gram-negative
enterobacteria of the genus Salmonella will
multiply in the food when it is reintroduced at
the feeding unit. Salmonella can be transmitted
to humans through the slaughtering process.
Meat packing and CAFO workers are at
greater risk of acquiring infection because of
their close access to animals and feed. CAFOs
are so large and densely populated that when a
pathogen is introduced into the system, it is
difficult to eliminate. Biosecurity should be rig-
orous, and extreme quality assurance systems
are warranted in these large operations.

Meat for human consumption. Pathogens
tend to be amplified in animals raised in
CAFOs and, thus, are more difficult to elimi-
nate in meat packing processes. Research is
needed to develop better ways of controlling
pathogen growth in meat. Studies should inves-
tigate measures to control Salmonella cycling
within a CAFO. Improved hygiene and ventila-
tion may be sufficient measures. Better controls
on the food processing environment are also
indicated. Organisms can amplify very effi-
ciently in a holding pen containing live animals.
Multidrug-resistant pathogens are of grave con-
cern and are more likely to arise in animal feed-
ing operations that rely on nontherapeutic
antibiotic use instead of enhanced hygiene, air
filtration, biosecurity and disease surveillance.

CAFOs, infectious disease, and antibiotic resistance
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Finally, research needs include developing
better means to reduce colonization of animals
and meat with Campylobacter, Salmonella,
Escherichia coli, and other organisms.

Workshop Recommendations

Priority research needs. 
• Discontinue nontherapeutic use in the

United States: The practice of feeding
antibiotics to animals as growth enhancers
should be phased out in the United States as
it has in the European Union and as called
for by the WHO, the IOM, and many sci-
entific and public health organizations.
Research studies should monitor the discon-
tinuation to ensure that the ban on anti-
biotic use for growth promotion is not
supplanted by increased therapeutic use.

• Surveillance programs: Coordinated nation-
wide surveillance programs (Aarestrup
2004) should be instituted to fully assess the
contribution of antibiotic use in livestock
production to the creation of ecological
reservoirs of resistance, or the transmission
of that resistance to humans.

• Strain identification: Fingerprinting of iso-
lates of antibiotic-resistant bacteria and the
resistance elements should be conducted to
establish relationships among members of
the same species. Results should be used to
identify unknown sources of resistance and
to track changes in resistance profiles in
response to diminished antibiotic use.

• Influenza risk: Countries and states should
establish minimum separation distances for
swine and poultry facilities to reduce the
risk of influenza outbreaks.

• Manure storage and waste processing:
Livestock production facilities should incor-
porate solid tanks for manure storage and
municipal style waste treatment to limit
microbial and nutrient contamination of
surface and groundwater.
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Background and Recent
Developments
Concentrated animal feed operations and
water quality. Animal cultivation in the United
States produces 133 million tons of manure per
year (on a dry weight basis) representing
13-fold more solid waste than human sanitary
waste production [U.S. Environmental
Protection Agency (U.S. EPA) 1998]. Since the
1950s (poultry) and the 1970s–1980s (cattle,
swine), most animals are now produced for
human consumption in concentrated animal
feeding operations (CAFOs). In these industri-
alized operations, the animals are held through-
out their lives at high densities in indoor stalls
until they are transported to processing plants
for slaughter. There is substantial documenta-
tion of major, ongoing impacts on aquatic
resources from CAFOs, but many gaps in
understanding remain.

Contaminants detected in waste and risk
of water contamination. Contaminants from
animal wastes can enter the environment
through pathways such as through leakage
from poorly constructed manure lagoons, or
during major precipitation events resulting in
either overflow of lagoons and runoff from
recent applications of waste to farm fields, or
atmospheric deposition followed by dry or
wet fallout (Aneja 2003). The magnitude and
direction of transport depend on factors such
as soil properties, contaminant properties,

hydraulic loading characteristics, and crop
management practices (Huddleston 1996).
Many contaminants are present in livestock
wastes, including nutrients (Jongbloed and
Lenis 1998), pathogens (Gerba and Smith
2005; Schets et al. 2005), veterinary pharma-
ceuticals (Boxall et al. 2003; Campagnolo
et al. 2002; Meyer 2004), heavy metals [espe-
cially zinc and copper; e.g., Barker and
Zublena (1995); University of Iowa and Iowa
State Study Group (2002)], and naturally
excreted hormones (Hanselman et al. 2003;
Raman et al. 2004). Antibiotics are used
extensively not only to treat or prevent micro-
bial infection in animals (Kummerer 2004),
but are also commonly used to promote more
rapid growth in livestock (Cromwell 2002;
Gaskins et al. 2002; Liu et al. 2005). In addi-
tion, pesticides such as dithiocarbamates are
applied to sprayfields (Extension Toxicology
Network 2003). Although anaerobic diges-
tion of wastes in surface storage lagoons can
effectively reduce or destroy many pathogens,
substantial remaining densities of microbial
pathogens in waste spills and seepage can
contaminate receiving surface- and ground-
waters (e.g., Burkholder et al. 1997; Mallin
2000). Pharmaceuticals can remain present as
parent compounds or degradates in manure
and leachates even during prolonged storage.
Improper disposal of animal carcasses and
abandoned livestock facilities can also

contribute to water quality problems. Siting
of livestock operations in areas prone to
flooding or where there is a shallow water
table increases the potential for environmen-
tal contamination.

The nutrient content of the wastes can be
a desirable factor for land application as fer-
tilizer for row crops, but overapplication of
livestock wastes can overload soils with both
macronutrients such as nitrogen (N) and
phosphorous (P), and heavy metals added to
feed as micronutrients (e.g., Barker and
Zublena 1995). Overapplication of animal
wastes or application of animal wastes to sat-
urated soils can also cause contaminants to
move into receiving waters through runoff
and to leach through permeable soils to vul-
nerable aquifers. Importantly, this may hap-
pen even at recommended application rates.
As examples, Westerman et al. (1995) found
3–6 mg nitrate (NO3)/L in surface runoff
from sprayfields that received swine effluent
at recommended rates; Stone et al. (1995)
measured 6–8 mg total inorganic N/L and
0.7–1.3 mg P/L in a stream adjacent to
swine effluent sprayfields. Evans et al. (1984)
reported 7–30 mg NO3/L in subsurface flow
draining a sprayfield for swine wastes,
applied at recommended rates. Ham and
DeSutter (2000) described export rates of up
to 0.52 kg ammonium m–2 year–1 from
lagoon seepage; Huffman and Westerman
(1995) reported that groundwater near swine
waste lagoons averaged 143 mg inorganic
N/L, and estimated export rates at 4.5 kg
inorganic N/day. Thus, nutrient losses into
receiving waters can be excessive relative to
levels (~ 100–200 µg inorganic N or P/L)
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Waste from agricultural livestock operations has been a long-standing concern with respect to
contamination of water resources, particularly in terms of nutrient pollution. However, the recent
growth of concentrated animal feeding operations (CAFOs) presents a greater risk to water quality
because of both the increased volume of waste and to contaminants that may be present (e.g.,
antibiotics and other veterinary drugs) that may have both environmental and public health
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microbial pathogens, and pharmaceuticals present in the waste. Impacts on surface water sources
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known to support noxious algal blooms
(Mallin 2000). In addition to contaminant
chemical properties, soil properties and cli-
matic conditions can affect transport of cont-
aminants. For example, sandy, well-drained
soils are most vulnerable to transport of nutri-
ents to underlying groundwater (Mueller
et al. 1995). Nutrients can also readily 
move through soils under wet conditions
(McGechan et al. 2005).

Presence of contaminants in water sources.
The presence of many contaminants from live-
stock waste has been documented in both sur-
face water and groundwater supplies in
agricultural areas within the United States
(e.g., Campagnolo et al. 2002; Kolpin et al.
2002; Meyer 2004). Urban wastewater streams
also contain these contaminants, and efforts to
accurately determine sources of contamination
are under way (Barnes et al. 2004; Cordy et al.
2004; Kolpin DW, unpublished data). The
U.S. Geological Survey (USGS) began pilot
surveillance programs for organic wastewater
contaminants in 1999 and expanded that
effort to a national scale over the past 5 years
(Kolpin et al. 2002). Recent USGS efforts have
focused specifically on water quality in agricul-
tural locations (Kolpin DW, unpublished
data). Nutrient levels have been detected in
high parts per million (milligrams per liter) lev-
els; pharmaceuticals and other compounds are
generally measured in low levels (ppb [micro-
grams per liter]). In Europe, surveillance efforts
conducted in Germany documented the pres-
ence of veterinary pharmaceuticals in water
resources (Hirsch et al. 1999).

Animal wastes are also rich in organics and
high in biochemical oxygen-demanding materi-
als (BOD); for example, treated human sewage
contains 20–60 mg BOD/L, raw sewage con-
tains 300–400 mg BOD/L, and swine waste
slurry contains 20,000–30,000 mg BOD/L
(Webb and Archer 1994). Animal wastes also
carry parasites, viruses, and bacteria as high as
1 billion/g (U.S. EPA 1998). Swine wastes
contain > 100 microbial pathogens that can
cause human illness and disease [see review in
Burkholder et al. (1997)]. About one-third of
the antibiotics used in the United States each
year is routinely added to animal feed to
increase growth (Mellon et al. 2001). This
practice is promoting increased antibiotic
resistance among the microbial populations
present and, potentially, increased resistance of
naturally occurring pathogens in surface
waters that receive a portion of the wastes.

Contaminant impacts. Some contami-
nants pose risks for adverse health impacts in
wildlife or humans. The effects of numerous
waterborne pathogens on humans are well
known, although little is known about poten-
tial impacts of such microorganisms on
aquatic life. With respect to nutrients, exces-
sive phosphorus levels can contribute to algal

blooms and cyanobacterial growth in surface
waters used for recreation and as sources of
drinking water. Research is beginning to
investigate the environmental effects, includ-
ing endocrine disruption and antibiotic resis-
tance issues (Burnison et al. 2003; Delepee
et al. 2004; Fernandez et al. 2004; Halling-
Sorensen et al. 2003; Sengelov et al. 2003;
Soto et al. 2004; Wollenberger et al. 2000).
However, knowledge is limited in several cru-
cial areas. These areas include information on
metabolites or environmental degradates of
some parent compounds; the environmental
persistence, fate, and transport and toxicity of
metabolites or degradates (Boxall et al. 2004);
the potential synergistic effects of various
mixtures of contaminants on target organisms
(Sumpter and Johnson 2005); and the poten-
tial transport and effects from natural and
synthetic hormones (Hanselman et al. 2003;
Soto et al. 2004). Further, limited monitoring
has been conducted of ecosystem health in
proximity to CAFOs, including monitoring
the effects on habitats from lagoon spills dur-
ing catastrophic flooding (Burkholder et al.
1997; Mallin et al. 1997; Mallin et al. 2000). 

Ecologic and wildlife impacts. Anoxic
conditions and extremely high concentrations
of ammonium, total phosphorus, suspended
solids, and fecal coliform bacteria throughout
the water column for approximately 30 km
downstream from the point of entry have
been documented as impacts of waste effluent
spills from CAFOs (Burkholder et al. 1997;
Mallin et al. 2000). Pathogenic microorgan-
isms such as Clostridium perfringens have been
documented at high densities in receiving sur-
face waters following CAFO waste spills
(Burkholder et al. 1997). These degraded con-
ditions, especially the associated hypoxia/anoxia
and high ammonia, have caused major kills of
freshwater fish of all species in the affected
areas, from minnows and gar to largemouth
bass, and estuarine fish, including striped bass
and flounder (Burkholder et al. 1997). Waste
effluent spills also stimulated blooms of toxic
and noxious algae. In freshwaters, these blooms
include toxic and noxious cyanobacteria while
in estuaries, harmful haptophytes and toxic
dinoflagellates arise. Most states monitor only
water-column fecal coliform densities to assess
whether waterways are safe for human contact.
World Health Organization (WHO) guide-
lines for cyanobacteria in recreational water are
20,000 cyanobacterial cells/mL, which indi-
cates low probability of adverse health effects,
and 100,000 cyanobacterial cells/mL, which
indicates moderate probability of adverse
health effects (WHO 2003). Yet fecal bacteria
and other pathogenic microorganisms typically
settle out to the sediments where they
can thrive at high densities for weeks to
months following CAFO waste effluent spills
(Burkholder et al. 1997). 

The impacts from CAFO pollutant load-
ings to direct runoff are more substantial after
such major effluent spills or when CAFOs are
flooded and in direct contact with surface
waters (Wing et al. 2002). Although the acute
impacts are often clearly visible—dead fish
floating on the water surface, or algal over-
growth and rotting biomass—the chronic,
insidious, long-term impacts of commonly
accepted practices of CAFO waste manage-
ment on receiving aquatic ecosystems are also
significant (U.S. EPA 1998). One purpose of
manure storage basins is to reduce the N con-
tent of the manure through volatilization of
ammonia and other N-containing molecules.
Many studies have shown, for example, that
high nutrient concentrations (e.g., ammonia
from swine CAFOs, or ammonia oxidized to
NO3, or phosphorus from poultry CAFOs)
commonly move off-site to contaminate the
overlying air and/or adjacent surface and sub-
surface waters (Aneja et al. 2003; Evans et al.
1984; Sharpe and Harper 1997; Sharpley and
Moyer 2000; Stone et al. 1995; U.S. EPA
1998; Webb and Archer 1994; Westerman
et al. 1995; Zahn et al. 1997). Inorganic N
forms are added to the atmosphere during
spray practices, and both ammonia and phos-
phate can also adsorb to fine particles (dust)
that can be airborne. The atmospheric deposi-
tions are noteworthy, considering that a signifi-
cant proportion of the total ammonium from
uncovered swine effluent lagoons and effluent
spraying (an accepted practice in some states)
reenters surface waters as local precipitation or
through dry fallout (Aneja et al. 2003; U.S.
EPA 1998, 2000). The contributed nutrient
concentrations from the effluent greatly exceed
the minimal levels that have been shown to
promote noxious algal blooms (Mallin 2000)
and depress the growth of desirable aquatic
habitat species (Burkholder et al. 1992). The
resulting chronically degraded conditions of
nutrient overenrichment, while not as extreme
as during a major waste spill, stimulate algal
blooms and long-term shifts in phytoplankton
community structure from desirable species
(e.g., diatoms) to noxious species.

A summary of the findings from a
national workshop on environmental impacts
of CAFOs a decade ago stated that there was
“a surprising lack of information about envi-
ronmental impacts of CAFOs to adjacent
lands and receiving waters” (Thu K,
Donham K, unpublished data). Although the
knowledge base has expanded since that
time, especially regarding adverse effects of
inorganic N and P overenrichment and
anoxia, impacts of many CAFO pollutants
on receiving aquatic ecosystems remain
poorly understood. As examples, there is
poor understanding of the impacts of fecal
bacteria and other microbial pathogens from
CAFO waste effluent contamination on
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aquatic communities; impacts of antibiotic-
resistant bacteria created from CAFO wastes
on aquatic life; impacts of organic nutrient
forms preferred by certain noxious plankton;
impacts from the contributed pesticides and
heavy metals; and impacts from these pollu-
tants acting in concert, additively or synergis-
tically. This lack of information represents a
critical gap in our present ability to assess the
full extent of CAFO impacts on aquatic
natural resources.

Despite their widespread use, antibiotics
have only recently received attention as envi-
ronmental contaminants. Most antibiotics are
designed to be quickly excreted from the
treated organism. Thus, it is not surprising
that antibiotics are commonly found in
human and animal waste (Christian et al.
2003; Dietze et al. 2005; Glassmeyer et al.
2005; Meyer 2004) and in water resources
affected by sources of waste (Glassmeyer et al.
2005; Kolpin et al. 2002). Although some
research has been conducted on the environ-
mental effects from antibiotics (e.g., Brain
et al. 2005; Jensen et al. 2003), much is yet to
be understood pertaining to long-term expo-
sures to low levels of antibiotics (both individ-
ually and as part of complex mixtures of
organic contaminants in the environment).
The greatest risks appear to be related to
antibiotic resistance (Khachatourians 1998;
Kummerer 2004) and natural ecosystem
functions such as soil microbial activity and
bacterial denitrification (Costanzo et al. 2005;
Thiele-Bruhn and Beck 2005).

Human health impacts. Exposure to
waterborne contaminants can result from
both recreational use of affected surface water
and from ingestion of drinking water derived
from either contaminated surface water or
groundwater. High-risk populations are gen-
erally the very young, the elderly, pregnant
women, and immunocompromised individu-
als. Recreational exposures and illnesses
include accidental ingestion of contaminated
water that may result in diarrhea or other gas-
trointestinal tract distress from waterborne
pathogens, and dermal contact during swim-
ming that may cause skin, eye, or ear infec-
tions. Drinking water exposures to pathogens
could occur in vulnerable private wells; under
normal circumstances community water utili-
ties disinfect water sufficiently before distribu-
tion to customers. Cyanobacteria (blue–green
algae) in surface water can produce toxins
(e.g., microcystins) that are known neuro-
toxins and hepatotoxins. Acute and chronic
health impacts from these toxins can occur
from exposures to both raw water and treated
water (Carmichael et al. 2001; Rao et al.
2002). Removal of cyanotoxins during drink-
ing water treatment is a high priority for the
drinking water industry (Hitzfield et al. 2000;
Rapala et al. 2002). The WHO has set a

provisional drinking water guideline of 1 µg
microcystin-LR/L (Chorus and Bartram
1999). While there are no drinking water
standards in the United States for cyanobacte-
ria, they are on the U.S. EPA Unregulated
Contaminant Monitoring Rule List 3 (U.S.
EPA 2006).

Exposure to chemical contaminants can
occur in both private wells and community
water supplies, and may present health risks.
High nitrate levels in water used in mixing
infant formula have been associated with risk
for methemoglobinemia (blue-baby syn-
drome) in infants under 6 months of age,
although other health factors such as diarrhea
and respiratory disease have also been impli-
cated (Ward et al. 2005). The U.S. EPA
drinking water standard of 10 mg/L NO3–N
and the WHO guideline of 11 mg/L NO3–N
were set because of concerns about methemo-
globinemia. (Note: “nitrate” refers to nitrate–
nitrogen). Epidemiologic studies of noncancer
health outcomes and high nitrate levels in
drinking water have reported an increased risk
of hyperthyroidism (Seffner 1995) from long-
term exposure to levels between 11–61 mg/L
(Tajtakova et al. 2006). Drinking water nitrate
at levels < 10 mg/L has been associated with
insulin-dependent diabetes (IDDM; Kostraba
et al. 1992), whereas other studies have shown
an association with IDDM at nitrate levels
> 15 mg/L (Parslow et al. 1997) and
> 25 mg/L (van Maanen et al. 2000). Increased
risks for adverse reproductive outcomes,
including central nervous system malforma-
tions (Arbuckle et al. 1988) and neural tube
defects (Brender et al. 2004; Croen et al.
2001), have been reported for drinking water
nitrate levels < 10 mg/L. 

Anecdotal reports of reproductive effects
of nitrate in drinking water include a case
study of spontaneous abortions in women
consuming high nitrate water (19–26 mg/L)
from private wells (Morbidity and Mortality
Weekly Report 1996). 

While amassing experimental data suggest
a role for nitrate in the formation of carcino-
genic N-nitroso compounds, clear epidemio-
logic findings are lacking on the possible
association of nitrate in drinking water with
cancer risk. Ecologic studies have reported
mixed results for cancers of the stomach,
bladder, and esophagus (Barrett et al. 1998;
Cantor 1997; Eicholzer and Gutzwiller 1990;
Morales-Suarez-Varela et al. 1993, 1995) and
non-Hodgkin lymphoma (Jensen 1982;
Weisenburger 1993), positive findings for
cancers of the nasopharynx (Cantor 1997),
prostate (Cantor 1997), uterus (Jensen 1982;
Thouez et al. 1981), and brain (Barrett et al.
1998), and negative findings for ovarian can-
cer (Jensen 1982; Thouez et al. 1981).
Positive findings have generally been for long-
term exposures at > 10 mg/L nitrate.

Case–control studies have reported mixed
results for stomach cancer (Cuello et al. 1976;
Rademacher et al. 1992; Yang et al. 1998);
positive results for non-Hodgkin lymphoma
at > 4 mg/L nitrate (Ward et al. 1996) and
colon cancer at > 5 mg/L (De Roos et al.
2003); and negative results for cancers of the
brain (Mueller et al. 2001; Steindorf et al.
1994), bladder (Ward et al. 2003), and rec-
tum (De Roos et al. 2003), all at < 10 mg/L.
Cohort studies have reported no association
between nitrate in drinking water and stom-
ach cancer (Van Loon et al. 1998); positive
associations with cancers of the bladder and
ovary at long-term exposures > 2.5 mg/L
(Weyer et al. 2001); and inverse associations
with cancers of the rectum and uterus, again
at > 2.5 mg/L (Weyer et al. 2001).

Exposure to low levels of antibiotics and
other pharmaceuticals in drinking water (gen-
erally at micrograms per liter or nanograms
per liter) represent unintentional doses of sub-
stances generally used for medical purposes to
treat active disease or prevent disease. The
concern is more related to possible cumulative
effects of long-term low-dose exposures than
on acute health effects (Daughton and Ternes
1999). A recent study conducted in Germany
found that the margin between indirect daily
exposure via drinking water and daily
therapeutic dose was at least three orders of
magnitude, concluding that exposure to
pharmaceuticals via drinking water is not a
major health concern (Webb et al. 2003). It
should be noted that when prescribing medi-
cations, providers ensure patients are not tak-
ing incompatible drugs, but exposure via
drinking water is beyond their control.

Endocrine-disrupting compounds are
chemicals that exhibit biological hormonal
activity, either by mimicking natural estro-
gens, by canceling or blocking hormonal
actions, or by altering how natural hormones
and their protein receptors are made
(McLachlan and Korach 1995). Although
very low levels of estrogenic compounds can
stimulate cell activity, the potential for
human health effects, such as breast and
prostate cancers, and reproductive effects
from exposure to endocrine disruptors, is in
debate (Weyer and Riley 2001). 

Workshop Recommendations 

Priority research needs.
• Ecosystems monitoring: Systematic sustained

studies of ecosystem health in proximity to
large CAFOs are needed, including effects of
input spikes during spills or flooding events. 

• Toxicologic assessment of contaminants:
Identification and prioritization of contami-
nants are needed to identify those that are
most significant to environmental and public
health. Toxicity studies need to be conducted
to identify and quantify contaminants
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(including metabolites), and to investigate
interactions (synergistic, additive, and
antagonistic effects). 

• Fate and transport: Studies of parent com-
pounds and metabolites in soil and water
must be conducted, and the role of sediment
as a carrier and reservoir of contaminants
must be evaluated. 

• Surveillance programs: Programs should be
instituted to assess private well water quality
in high-risk areas. Biomonitoring programs
should be designed and implemented to assess
actual dose from environmental exposures. 

Translation of science to policy. 
• Wastewater and drinking water treatment:

Processes for water treatment must be mon-
itored to ensure adequate removal or inacti-
vation of emerging contaminants. 

• Pollution prevention: Best management
practices should be implemented to prevent
or minimize release of contaminants into
the environment.

• Education: Educational materials should be
continued to be developed and distributed
to agricultural producers.
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Blackmore, W.: "The Meat Industry Can't Stop Buying More and More Antibiotics". TakePart. April 15, 
2015. www.takepart.com/article/2015/04/10/antibiotics-sales-livestock-rise	

In	2013,	the	Food	and	Drug	Administration	managed	to	actually	do	something	it	had	vowed	to	
accomplish	since	1977:	Limit	the	nontherapeutic	use	of	antibiotics	in	livestock.	

Since	farmers	first	discovered	in	the	1950s	that	feeding	cattle,	pigs,	and	chickens	a	small,	steady	stream	
of	antibiotics	somehow	fattened	up	healthy	livestock,	it’s	become	the	status	quo—and	turned	feedlots	
into	breeding	grounds	for	drug-resistant	bacteria.	In	2011,	the	industry	bought	30	million	pounds	of	
antibiotics,	close	to	four	times	as	much	as	were	used	in	human	medicine	in	the	United	States	that	year.		

Amazingly,	that	number	has	continued	to	climb.	New	figures	were	announced	by	FDA	Friday,	and	overall	
sales	are	up	to	32.6	million	pounds.	Furthermore,	annual	sales	of	medically	important	drugs	have	
climbed	20	percent	since	2009.	In	2013,	62	percent	of	the	antibiotics	purchased	by	the	industry—more	
than	20	million	pounds—were	drugs	that	are	imporant	to	human	medicine.	The	only	figure	the	industry	
is	required	to	report	is	the	volume	that's	sold	and	distributed—no	federal	data	on	usage	is	collected.	

“The	data	released	today	shows	us	that	use	of	human	antibiotics	on	the	farm	has	continued	to	rise,	
including	the	use	of	cephalosporins,	which	FDA	specially	added	new	use	restrictions	to	in	2012,”	Steve	
Roach,	a	senior	analyst	with	the	health	advocacy	group	Keep	Antibiotics	Working,	said	in	a	statement.	
“This	reaffirms	just	how	timid	FDA’s	approach	to	addressing	the	problem	of	antibiotic	overuse	really	is,	
and	suggests	that	it	may	have	limited	impact.”	

The	FDA’s	voluntary	measures	were	announced	in	December	2013,	and	the	continued	increase	(save	for	
cephalosporins)	cannot	be	pegged	to	the	many	issues	with	the	regulations	that	critics	have	pointed	out.	
Still,	the	regulations	allow	the	status	quo	to	continue	with	a	simple	turn	in	language:	Instead	of	growth	
promotion,	routine	antibiotic	use	is	recast	as	“preventative.”	As	long	as	that’s	the	case,	it’s	likely	that	the	
upward	trend	will	continue.	In	a	recent	study,	researchers	estimated	that	global	antibiotics	in	livestock	
will	increase	by	67	percent	come	2030.	

“Implementing	this	strategy	is	an	important	step	forward	in	addressing	antimicrobial	resistance.	The	
FDA	is	leveraging	the	cooperation	of	the	pharmaceutical	industry	to	voluntarily	make	these	changes	
because	we	believe	this	approach	is	the	fastest	way	to	achieve	our	goal,”	Michael	Taylor,	FDA	deputy	
commissioner	for	foods	and	veterinary	medicine,	said	in	a	statement	back	when	the	regulations	were	
announced.	

A	20	percent	increase	in	antibiotic	sales	between	2009	and	2013	would	suggest	that	might	not	be	the	
case,	and	not	very	much	is	actually	being	done	to	address	antimicrobial	resistance,	a	sentiment	that	
none	other	than	Congress’	only	microbiologist	agrees	with.	Rep.	Louise	Slaughter’s	Preservation	of	
Antibiotics	for	Medical	Treatment	Act,	which	was	once	again	reintroduced	in	March,	would	keep	eight	
classes	of	antibiotics	used	in	human	medicine	out	of	farming	operations—an	involuntary	regulation.	

The	new	data	from	the	FDA	is	just	the	latest	statistic	to	point	toward	a	growing	public-health	crisis—the	
post-antibiotic	era,	as	higher-ups	at	Centers	for	Disease	Control	and	Prevention	have	called	it.	Two	
million	people	suffer	infections	from	antibiotic-resistant	bacteria	annually,	according	to	the	CDC,	and	
every	year,	23,000	of	those	cases	prove	fatal.	
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