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Webinar Housekeeping 
For best viewing of the presentation material, please 
click on ‘maximize’ in the upper right corner of the 

‘Slide’ window, then ‘restore’ to return to normal view.  
  

Audio is being transmitted over the computer so please 
have your speakers ‘on’ and volume turned up in order 

to hear. A telephone connection is not available. 
  

Questions should be submitted to the presenters during 
the presentation via the  Q & A section at the right of 

the screen. 
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Webinar Housekeeping 
It is important to note that all opinions and statements 
are those of the individual making the presentation and 

not necessarily the opinion or view of IAFP 
  

This webinar is being recorded and will be available for 
access by IAFP members at www.foodprotection.org 

within one week. 
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Goals 
 

• Review U.S. regulations covering acidified foods 
• Describe how challenge studies can support 

safe processing of acidified foods 
• Describe research-based recommendations for 

designing and conducting challenge studies for 
cold-fill-hold acidified foods 

• Review elements that should be included in a 
challenge study report or scheduled process 



Federal regulations 
• Definitions (21 CFR part 114) 

• Acid foods have a natural pH of 4.6 or below 
• Acidified foods are low-acid foods to which acids or acid foods 

are added to bring pH to 4.6 or lower and with aw >0.85 
• Some foods are exempt, e.g. 

• Refrigerated foods 
• Acid foods 
• Alcoholic or carbonated beverages 

• Manufacture of acidified foods must ensure: 
• Vegetative pathogens of public health significance are 

destroyed 
• Spoilage organisms are destroyed or formulation prevents 

growth 
• FDA approved school and process filing required 
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Ref: http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?CFRPart=114 



Acidified Food Safety 

• Acidification of foods to pH 4.6 or below is critical to 
prevent the outgrowth of spores of C. botulinum 

• Proper acidification plus mild heat usually ensure shelf 
stability  
 Even mild heat may negatively affect some products 
 
Limited existing research to support safe manufacture of 
cold-fill-hold acidified foods: 
• Minimum cold-fill-hold in pickle brine pH < 3.3  
• Safety of products pH < 3.8 formulated with specific 

levels of acetic and benzoic acid 
Product-specific challenge studies can be used to 
establish safety of products/formulations 

 
 



The Challenge Study 
• Designed and evaluated by an expert microbiologist 
• Specific for: given food product formulation and 

manufacturing practice 
• Account for packaging and storage conditions. 
• Adhere to Good Manufacturing Practices (GMPs). 

 
Guidelines from the National Advisory Committee on 

Microbiological  Criteria for Food 
Recommendations for Designing and Conducting Cold-

Fill-Hold Challenge Studies for Acidified Food Products 
 

 
 

 

Ref:  
NACMCF. 2010. J Food Prot 73:140-202. 
Breidt et al. 2018. Food Prot. Trends 38. Sept/Oct. 
 

 



Manufacturing… 



Worst case scenario… 
• Knowledge of product variability 
 

• > 2 independent batches 
• Ingredient and varietal variability 

 

• pH and temperature 
• Lowest acid and highest pH 
• Type and concentration of acid defined 
• Lower temperature limit identified 

 

• Preservatives carefully controlled 
 

• Native microbiota accounted for 
• Enumerate native microbiota; employ an un-inoculated control 

 

• Packaging and package atmosphere affect pathogen survival 
 

 

http://blog.sfgate.com/stew/2012/04/12/historic-images-
from-the-titanic-sinking/#photo-82239 



Basic assumptions: math and 
microbiology… 

• Log10 is used to simplify very large numbers in 
microbiology… 

 
Log10 Number

0 1
1 10
2 100
3 1000
4 10000
5 100000
6 1000000

5-log reduction = 100,000 
fold reduction 

CFU/ml = Colony forming 
units per milliliter 



Overview of Experimental Design 
• Prepare test products 

• Spices and other ingredients may influence results 
• Independent lots of materials  

• Prepare bacterial cultures 
• Acid resistance varies! 
• Independent cell cultures – avoid repeated measurements 

with the same cell preparation 
• Prepare a sampling schedule 

• Recommended: One whole jar or container per sample time 
• Analysis methods 

• Data should show an entire 5-log reduction killing curve  
• Graph all data points and regression line (or curve)  

 
 

 



Acid resistant pathogens 
• Of concern for acidified foods: 

• Escherichia coli O157:H7 and related serotypes 
• Salmonella enterica strains 
• Listeria monocytogenes  

• Staphylococcus aureus  
• Salt resistant  

• Refrigeration 
• Listeria can grow at refrigeration temperatures 

• Spore-formers inhibited by pH below 4.6 
• Clostridium botulinum 

 
 
 



E. coli O157:H7 is the pathogen 
of concern 

Ref: Breidt et al. , 2007. J Food Prot 70:2638–2641. 

Survival of E. coli  



Environmental Variables 

• Salt  
• Salt concentration may influence acid 

killing 
• Use the same salt concentration as in the 

product 

• Temperature 
• Cold temperatures = better survival 

• Oxygen 
• Dissolved oxygen can influence acid killing  
• Conduct tests in jars or packaging used for 

the product 

• Preservatives  
• Sodium benzoate and potassium sorbate  

 
 



pH is critical! 

• Measurements of pH  
• Before and after challenge test 
• At each sampling time for a killing curve 

• Acid type and concentration 
• Different acids have different killing effects! 
• Acid type and concentration need to be controlled and 

reported 
• Maximum pH and minimum acid concentration for 

product  

 
 

Records 
pH1 = 3.51 
pH2 = 3.53 
pH3 = 3.52 
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Acid type and concentration matter 

Survival of E. coli strains at pH 3.1 
with or without acetic acid 

Ref: Breidt et al., 2013. J Food Prot 76:1245-1249.  



Example: E. coli O157:H7 
survival at pH 3.5 and 3.8 

Ref: Breidt et al., 2013. J Food Prot 76:1245-1249.  

Acid concentration matters! 



Cold fill acids & E. coli O157:H7 
log reduction  

Ref: Lu et al., 2011. J Food Prot 6:893-898. 

Acid  
Concentration  

for 5-log reduction (mM) 

The TYPE 
of acid in the 
formulation 
matters! 
 
 
 



Enterobacter aerogenes on the surface of a cucumber 
Bar = 10 microns  
 
 
 
 
Ref: Reina et al., 2002. J Food Prot 65: 1881-1887 

Bacteria in the interior! 

 Acid and pH equilibration 
may be important  



Packaging: Fps 
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Jars

The importance of doing studies in 
the appropriate packaging 

Ref: Kreske et al., 2008. J Food Prot 71:2404-2409. 

Greater survival 
in an anaerobic 
environment. 



Challenge study – bacterial cells 
• Static growth in glucose helps 

induce acid resistance 
• E. coli O157:H7 cocktail 
• Stationary phase cells are acid 

resistant 
• Multiple strains 
• Record initial numbers: before and 

after inoculation 
• Record cell counts at least 4 

different times 
• Showing at least a 100,000 fold (5-log) 

reduction 

• Use non-selective media if 
possible 

• Graphical representation 
facilitates interpretation 

• Log scale (base 10) 
• Log CFU/ml vs. Time 



Measurement of 5-log reduction 
• 5-log reduction 

• 100,000 fold reduction in CFU/ml 
• Plating limit of detection 

• Spread plate method: typically 100 µl 
plated 

• Count 20-200 colonies 
• Limit of detection apx. 200 CFU/ml in 

sample 
• Spiral plating: typically 50 µl plated 

• Spiral counting method  
• Limit of detection apx. 400 CFU/ml in 

sample 

• Starting cell count 
• CFU/ml count above detection limit (2 

to 4 x 102) 
• Greater than 2 to 4 x 107, typically 108 

CFU/ml  
• Use Log10 numbers!  

 
 

Breidt et al., 2007. J Food Prot 70(11):2638-2641. 



Data Analysis Models 
5-log reduction times 

Linear: Log10 CFU/ml = mτ + b 
Linear 5-log Reduction Time = 5(-1/m)  (5 times D value) 
Weibull: Log10 CFU/ml = No - (1/ln[10])(τ/α)1/β 
Weibull 5-log Reduction Time = α(-ln[(10-5])β 

Rocket science! 



Statistically speaking… 
• Repeated measures vs. independent replication 

• True independent replication is needed 
• Cells grown independently, different lots of product 

• Using the same cells or lots is a repeated measure of the same 
thing, not independent replication 

• Regression and goodness-of-fit 
• Use established linear or non-linear models 
• Fitting algorithms are available in Excel, or statistical analysis 

software 
• Use log numbers for statistics! 

• Due to increase in variance as numbers get large… 
• Error terms on predicted parameters 

• Variation is expected, so estimated log reduction will vary too! 
• May require the help of a statistician 

 
 
 
 



Summary of methods 
1. Cocktails of independently grown cells 

• Static growth in media with 1% glucose to induce acid resistance 
• Use 3-5 strains  

2. Inoculum should be 1% of volume or less 
• Well mixed into product 
• Sufficient cells to allow full 5-log reduction 
• One independently grown cocktail for each rep or set of containers 

3. At least TWO jars or packages per sampling time 
• Independently sourced ingredients with different lots! 
• Open and sample, don’t reuse… 

4. Environmental variables are CRITICAL 
• Temperature, oxygen, and pH 
• Cold temperature can influence survival, 50oF is recommended 
• Sealed jars 
• pH of the product: highest pH lowest acid concentration! 

5. Data presentation  
• Graphic representation of data, use log numbers for analysis 

6. Records of experimental procedures and data 
 

Exactly what 
was done… 

 
ALL DATA 

GOES HERE… 



Challenge study report identifies….. 

• Formulation 
• Acid type and concentration 
• Other ingredients, including preservatives 

• Manufacturing  
• Maximum pH at the filler 
• Minimum hold time and temperature 
• Container/closure/atmosphere 

 
Factors that ensure a safe, shelf-stable product 
Process authority authors report 



Critical Factors 
-pH 
-container type and size 
-closure 
-headspace 
-fill temperature (minimum) 
-cold-fill-hold parameters 
-seal integrity 

Formulation 

Processing Steps 
-Times and temperatures ‘in the kettle’ 
-Cold fill temperature, hold time 
-pH sampling 



Wrap up… 
• Process authority authors report 
• Include adequate information to facilitate 

regulatory review 
• Report contains:  

• Introduction, design, methods, data, graphs, 
summary, conclusion 

• 5-log reduction estimate 
• Processor complies with FDA process 

filing requirements: 
• FDA form 2541 
• FDA form 2541e (for each product/container)  

Public health is protected. 
 
 
 

 
 

 

https://journeysinclassicfilm.com/2016/10/07/the-
mummy-1932/ 
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• Pickle bibilography URL (Google “pickle bibliography”)  
https://fbns.ncsu.edu/USDAARS/html/Fflbiblio1.htm 

• 21 CFR 114 URL 
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.c
fm?CFRPart=114 

 
 

https://fbns.ncsu.edu/USDAARS/html/Fflbiblio1.htm
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?CFRPart=114
http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?CFRPart=114
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The Microbial World… 
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