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Reports of foodborne outbreaks have increased in the last decade, posing a public 

health risk to consumers. In an attempt to mitigate this risk, the newly established Food 

Safety and Modernization Act (FSMA) takes a preventive rather than reactive approach to 

food safety. Under FSMA, producers are required to validate preventive control processes 

as part of their Hazard Analysis Risk-Based Preventive Controls (HARPC) plan. Process 

validation studies are used to validate preventive controls on a product, process, and 

strain-specific level. When designing a validation study, careful consideration of strain 

selection, inoculation level, method of inoculation, and conditions specific and relevant to 

normal processing should be taken.  This thesis was designed to evaluate a common but 

unsubstantiated assay used in strain selection for process validations, and analyze the 

impact of inoculation level, naturally contaminated product, and process-relevant 

treatment conditions on process validations.  

 



 

 

 

The initial study provided a review of data available in literature regarding 

expression of the rdar (red, dry, and rough) morphotype and its potential use as a 

screening tool for strain selection in food process validations. Additionally, an optimized 

assay method was developed and proposed. This optimized assay was used to characterize 

the morphotype of over 200 previously unreported Salmonella and Shiga-toxin producing 

E. coli isolates, the results of which are included. Available data correlating the rdar 

morphotype to increased resistances relevant to food processing were discussed, as well as 

gaps in literature that should be filled prior to using the rdar assay as a screening method 

for increased resistance to processing treatments in process validations.  

 

The second study evaluated the efficacy of peroxyacetic acid at reducing low levels 

of Salmonella spp. on inoculated or naturally contaminated in-shell Oregon hazelnuts. 

Taking a novel approach to food process validation studies, this study investigated the 

impact of low level contamination, natural and artificial contamination, and industry 

relevant treatment conditions on process efficacy. Hazelnuts inoculated at low levels were 

submerged with little agitation in either water or peroxyacetic acid for one minute and 

analyzed for presence or absence of Salmonella. Achieving significantly less reduction than 

similar studies in literature, these factors may be important to consider when designing a 

process validation study.  
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1. INTRODUCTION 

               The recent release of the Food Safety and Modernization Act (FSMA) Final Rule 

brings a dramatic change to food safety management in the United States. The Food and 

Drug Administration (FDA) has switched its enforcement of food safety from one of a 

reactive to a preventive strategy. As the first overhaul of America’s food safety laws since 

the Food, Drug, and Cosmetic Act of 1938, FSMA is a comprehensive, contemporary 

approach to protecting our food supply in a modern world. With the revamp to a 

preventive food safety approach, food manufacturers are in the process of reevaluating 

their food safety plans to meet new requirements. Among the new FSMA requirements, 

producers are required to establish preventive controls for all process steps designated 

“high risk” after conducting a hazard analysis. The efficacy of these preventive controls 

must be supported with documented scientific evidence.  

Process validations are performed to confirm the efficacy of preventative controls in 

reducing microbial hazards in potentially hazardous foods. These studies analyze the 

efficacy of a process by analyzing the reduction of a target organism after application of the 

process.  For example, a roasting treatment may be validated by inoculating tree nuts with 

a known amount of the target organism and measuring the subsequent reduction of this 

organism after the roasting process. A process validation study must consider the type of 

product, bactericidal treatment, pathogen of concern, product risk assessment in its design 

(NACMCF, 2010). These factors may differ dramatically among products, so applying 

validation results to a broad range of products may be inappropriate. Among parameters to 

consider when designing a process validation, selecting appropriate target organisms 

relevant to the product and process is essential. Strain selection is a complex process, 
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including evaluation of product-relevant outbreaks, product moisture and pH, treatment-

related resistances, storage conditions, and intended usage (NACMCF, 2010). When the 

evaluation of these factors don’t assist in the selection of appropriate strains, researchers 

may utilize other assays like to further inform the process.   

  The rdar (red, dry, and rough) assay is presently used by some researchers during 

the strain selection process due to its ease of use and little hands-on time. The assay is used 

to assess extracellular production of fimbriae or cellulose, the variability of which is 

indicated by visually different bacterial morphologies. Expression of extracellular 

components fimbriae and cellulose have been associated with increased resistance to 

stressors like heat, acid, and desiccation (Uhlich et al., 2012; White et al., 2006). Although 

currently utilized by some researchers to indicate relative resistance of strains to food 

processing heat, chemical, and drying treatments, there is a lack of literature substantiating 

this association. Literature that is available use different variations of the rdar assay, 

leading to inconsistencies in reported morphologies. The second chapter of this thesis 

introduces an optimized rdar assay method and discusses gaps in literature impeding its 

current use as a tool in strain selection for process validations. 

The new, preventive approach to food safety under FSMA requires producers to 

demonstrate the efficacy of their preventative controls by conducting process validations. 

Oregon hazelnuts have been implicated in two recent outbreaks of Salmonella and E. coli 

O157:H7, pathogens that are inherent in the hazelnut harvest process. To mitigate this risk, 

some hazelnut processors use peroxyacetic acid as a sanitizer in their post-harvest wash 

steps; however, there is no evidence that peroxyacetic acid is an effective preventive 

control for in-shell hazelnuts.  
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Sanitizers are commonly used as effective interventions to reduce microbiological 

loads in produce handling operations and on minimally processed foods, such as in-shell 

hazelnuts(Beuchat et al., 2013, 2012; Vandekinderen et al., 2009).  The efficacy of sanitizers 

is greatly affected by application time, temperature, concentration, and organic load(Neo et 

al., 2013; Vandekinderen et al., 2009). Published studies typically evaluate sanitizers under 

conditions of high concentration, high inoculation, long application time, and high product 

to sanitizer ratio, which are unrepresentive of industry application. The third chapter of 

this thesis discusses the use of peroxyacetic acid to reduce low levels of Salmonella spp. on 

inoculated and naturally contaminated in-shell hazelnuts. This study evaluated the relative 

sanitizer resistance between Salmonella spp. and Shiga toxin-producing E. coli (STEC) 

strains of varying rdar morphotypes.  This study focuses generally on sanitizer efficacy; 

however, morphotype classification of Salmonella strains and their survival following 

sanitizer treatment will be included in the appendix.   
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2.1 Abstract 

                The Food Safety Modernization Act (FSMA) of 2011 has adopted a preventive 

approach to food safety in an attempt to mitigate health risk posed by foodborne 

outbreaks. FSMA requires the efficacy of preventive controls are validated on a product, 

process, and strain-specific level. Conducting a process validation may provide scientific 

support for the efficacy of the process. Strain selection, an important consideration in 

designing a validation study, can be time consuming; some researchers are using the rdar 

(red, dry, and rough) assay to predict increased process resistance in place of a thorough 

screening process. The rdar assay has been correlated with increased resistance of 

Enterobacteriaceae isolates to stressors relevant to food processing; however, the use of 

the rdar assay as a screening tool in process validations is unsubstantiated by literature. 

This chapter explains the multicellular behavior and genetic signaling of the rdar 

morphotype, introduces an optimized assay method developed for use in strain selection, 

and discusses its potential as a screening tool for strain selection for food process 

validations. 
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2.2 Introduction 

  Salmonella and Shiga toxin-producing E. coli (STEC) are implicated in numerous 

foodborne outbreaks in the U.S. each year, posing a public health risk to consumers ([CDC], 

2011,  Jackson et al., 2013).  Processing of potentially hazardous food products employ 

preventive control steps designed to mitigate microbial hazards by thermal or chemical 

inactivation. Taking a preventive approach to food safety, process validation studies are 

conducted to verify the efficacy of these inactivation steps. Designing a successful process 

validation study hinges on the complex task of selecting an appropriate target organism for 

the product and process of interest.    

Appropriate strain selection is essential for the valid application of process 

validation results. Considering the specific product, process, and epidemiologically-

relevant pathogens is important in selecting an appropriate target organism for process 

validations (NACMCF, 2010). Validating a food and process with either no previously 

associated outbreaks, or a product with a plethora of related isolates, requires a strategy to 

select appropriate target strains.  Ideally, a preliminary analysis of a multitude of strains is 

used to identify characteristics relevant to the food or process such as: resistance to 

bactericidal properties (e.g. acid, sanitizers), resistance to inactivation treatment (e.g. heat 

or pressure), and rate of growth; however, this process is cost- and time-prohibitive 

(NACMCF, 2010). A reliable method for screening strains would benefit researchers by 

increasing efficiency of the strain selection process.  

Multiple research groups have demonstrated that Enterobacteriaceae isolates 

display a particular colony morphology—rdar, or “red, dry, and rough”—and also have 

increased abiotic and biotic surface attachment, environmental and chemical resistance, 
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and biofilm formation (Austin et al., 1998; Barnhart and Chapman, 2006; Patel et al., 2011; 

Uhlich et al., 2006; Yoo and Chen, 2012). Considering the correlation between the rdar 

morphotype and increased environmental and chemical resistances, morphological 

characterization is hypothesized to be a cost-effective screening method to evaluate the 

suitability of strains for process validation studies. The objective of this review is to 

summarize the published research related to rdar morphotype expression in Salmonella 

spp. and STEC and to evaluate its use as a potential screening tool for strain selection for 

food process validation studies.   A summary of published methodology of the rdar assay is 

also included along with the morphotype characterization of several hundred Salmonella 

spp. and STEC isolates. For the remainder of this review, the rdar assay will refer to 

analysis on both Congo red agar (CRA) and Calcofluor agar (CFA), while the Congo red 

assay and Calcofluor assay refer to analysis on those media separately. Deficits in 

knowledge regarding the function of the rdar morphotype in relation to food process 

validations are identified and discussed.  
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2.3 Defining rdar and alternative morphotypes and related terminology 

For the purposes of this review, morphotype refers to a phenotypic characterization 

of the colony morphology of Enterobacteriaceae with extended incubation at lower 

temperatures (<30C) on an agar medium containing Congo red dye.  The morphotype is 

identified by an acronym that indicates the color and texture of the developed colony.  

Colonies will accumulate varying degrees of Congo red and will be described as red (r), 

pink (p), brown (b), or white (w).  As the colony ages, it may develop a complex texture that 

is described as rugose or dry (d); however, if the colony fails to develop this texture, there 

will be a lack of indication in the morphotype. In previous research, the last letter of the 

rdar acronym has additionally classified the colony margin as undulate/rough (r) or 

entire/smooth (s). Morphologies reported in this review were not discounted as rdar, pdar, 

or bdar in the absence of an undulate margin (Römling, 2005); rough (r) or smooth (s) was 

used to describe the surface structure of the colony. These characteristics are combined, to 

form the morphotype.  For example, "rdar” indicates a red, dry, and rough morphology, 

whereas “saw” indicates a smooth and white appearance.  

 

2.4 Interpretation of morphotypes and the extracellular matrix 

               Morphotypes are a visual representation of the expression of extracellular matrix 

components, specifically fimbriae and extracellular polysaccharides (White et al., 2006; 

Winfield and Groisman, 2003, Bokranz et al., 2005; Solomon et al., 2005a; White et al., 

2003; Zogaj et al., 2001). The biogenesis of extracellular matrix components fimbriae and 

cellulose, which takes place at the air-colony interface, is a highly regulated process on the 

individual and multicellular levels that is influenced by many environmental cues (Figure 
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2.1). In order to ensure timely initiation of biogenesis and prevention of cellular toxic 

assembly intermediates, cellular regulators and accessory proteins chaperone the process 

(Barnhart and Chapman, 2006; Robinson et al., 2006; Römling, 2005). 
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Figure 2.1. Regulation of extracellular components and multicellular behavior in Salmonella 
and E. coli. The agf/csg operons are represented in boxes; proteins regulating agf/csg 
transcription are represented in ovals above the operons, and AgfD-regulated proteins 
influencing the biogenesis of extracellular components are represented in ovals under the 
operons. Transcription of the agf/csg operons initiates fimbrial secretion and assembly in 
the extracellular matrix, as pictured to the left of the operons (major and minor subunits 
AgfA(A) and AgfB (B)). Due to their complexity, some regulatory systems and proteins 
were not included. This figure was adapted from work by White et al. (2006) with 
information on E. coli variations (Römling et al., 2000; Uhlich et al., 2006), fimbrial 
synthesis (Barnhart and Chapman, 2010; Robinson et al., 2006; Römling et al., 1998), and 
environmental impact (Römling et al., 1998) from additional sources. 
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2.4.1 Fimbriae 
Fimbriae are extracellular amyloid structures produced by many Enterobacteriaceae 

in response to nutrient limitation or other environmental stressors.  Fimbriae produced by 

E. coli and Salmonella spp. are commonly termed “curli” and “tafi” (thin aggregative 

fimbriae), respectively. For the purpose of this review, the term fimbriae will be used for 

simplicity. β-pleated sheets of the amyloid structure create highly stable fibers that are 

resistant to denaturation by thermal, chemical, and enzymatic stresses (Barnhart and 

Chapman, 2006; Robinson et al., 2006). Fimbriae assist in biofilm formation by promoting 

cell-cell aggregation and adhesion to biotic and abiotic surfaces (Jonas et al., 2007; Ute 

Römling et al., 1998b; Solomon et al., 2005; Uhlich et al., 2006; White and Surette, 2006; 

White et al., 2008)  

Fimbriae components are manufactured intracellularly, secreted, and assembled on 

the extracellular surface. In Salmonella, fimbriae secretion and assembly components are 

encoded by the agfBAC and agfDEFG operons (Figure 2.1) (Barnhart and Chapman, 2006; 

Jonas et al., 2007; Römling, 2005; Römling et al., 2000; Uhlich et al., 2001; White and 

Surette, 2006). The agfBAC operon encodes the major (AgfA) and minor (AgfB) fimbriae 

subunit proteins as well as a third protein (AgfC) that inhibits intracellular subunit 

assembly. AgfA constitutes the fimbriae fiber which is formed by AgfB through the 

nucleation precipitation pathway (Barnhart and Chapman, 2006; White et al., 2003). The 

agfDEFG operon encodes fimbrial assembly proteins. AgfD is a positive transcriptional 

regulator for the agfBAC and agfDEFG operons (Römling et al., 2000; Zogaj et al., 2001). 

AgfE, AgfF, and AgfG act as accessory proteins that assist the secretion of AgfA and AgfB 

across the outer membrane (Barnhart and Chapman, 2006). AgfG is a lipoprotein 



12 

 

 

embedded in the outer membrane that assists in the secretion of the fimbrial subunits 

(Barnhart and Chapman, 2006; Robinson et al., 2006). AgfF assists in the nucleation step of 

fimbriae formation. AgfE chaperones AgfA subunits through the membrane and gates the 

AgfG pore when it reaches saturation concentrations (Barnhart and Chapman, 2006; 

Robinson et al., 2006). Analogous genes for fimbriae production in E. coli are contained in 

the csg operons. Although operons encoding fimbrial biogenesis are highly conserved 

among Salmonella and E. coli, the regulatory control operons, often located on 

pathogenicity islands, vary at the subspecies level (U Römling et al., 1998).  

 

2.4.2 Extracellular polysaccharides 

            Bacteria produce extracellular polysaccharides, such as cellulose and colonic acid, to 

provide physical structure to the extracellular matrix by binding with other extracellular 

components (i.e., fimbriae, proteins) within multicellular communities (Nielsen et al., 2011; 

Scher et al., 2005; Solano et al., 2002; Yoo and Chen, 2012).  Extracellular polysaccharides 

may also increase bacterial persistence by shielding cells from chemical and physical 

stressors as well as forming hydrated gels that protect against desiccation and promote 

motility through swarming (Costerton, 2013; Jonas et al., 2007; Roberts, 1996; Römling, 

2005; White et al., 2006, 2003). The presence of these polysaccharides mediate 

interactions between bacteria and the surrounding environment (White and Surette, 2006; 

White et al., 2003).   

Cellulose biosynthesis is initiated by transcription of the bcs operon, which is 

activated by the central regulator AgfD through transcription of adrA and subsequent 

production of AdrA (Römling, 2005; Römling et al., 2003; Zogaj et al., 2001). Alternatively, 
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production of c-di-GMP binding protein by the GGDEF domain of AdrA could trigger 

cellulose biosynthesis by allosteric activation of cellulose synthase BcsA (Römling, 2005, 

2002; Simm et al., 2007). Although cellulose biosynthesis is regulated by agfD in Salmonella 

Typhimurium and E. coli, biosynthesis in Salmonella Enteritidis is partially uncoupled from 

agfD (Römling et al., 2003). Work by Da Re et al. (2006) showed that cellulose biosynthesis 

in a commensal strain of E. coli is mediated by the transcription of gene yedQ rather than 

the bcs operon in Salmonella, a process independent of CsgD.  

 

2.5 The rdar assay 

             The rdar assay is a basic, quick, and inexpensive cultural method to assess fimbriae 

and cellulose production using a combination of dyes to assist in differentiation (Figure 2). 

Extracellular matrix production is encouraged in the laboratory by extended incubation at 

reduced temperatures (<30°C)  under conditions of reduced osmolarity, nutrient 

limitation, and desiccation (Goulter et al., 2009; Jonas et al., 2007; Robinson et al., 2006; 

Römling, 2005; Ute Römling et al., 1998b; White and Surette, 2006). Additional assays may 

complement the rdar assay when further characterization is required 

 

2.5.1 Basal media composition and incubation conditions for the rdar assay 

              The composition of the culture medium and incubation temperature significantly 

affect the production of fimbriae and cellulose (Anriany et al., 2001; Bokranz et al., 2005; 

Uhlich et al., 2014). Most Salmonella and E. coli strains express these components under 

low salt and low temperature conditions (Ute Römling et al., 1998b). Incubation on Luria-
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Bertani agar w/o salt (LBANS) or yeast extract-Casamino Acids (YESCA) agar at 20-28°C for 

two to four days will encourage expression of fimbriae and cellulose (Bokranz et al., 2005; 

Keller et al., 2013; Ute Römling et al., 1998b; Solomon et al., 2005; Uhlich et al., 2014). 

Research on E. coli morphologies tends to utilize YESCA agar, a medium derived from 

Colonization Factor Antigen Agar used in early investigations of E. coli fimbriae (Barnhart 

and Chapman, 2006; Evans et al., 1977; Oh et al., 2012). Additionally, conditions of 

extremely low or high iron stimulate the expression of extracellular matrix components 

(Ute Römling et al., 1998b). Multiple studies (Table 2.1) have noted superior expression of 

fimbriae and cellulose using LBANS; however, some strains will express cellulose or 

fimbriae in a medium-dependent fashion, likely due to differences in substrate utilization 

(Collinson et al., 1991; Uhlich et al., 2014).  

 

2.5.2 Congo red, Coomassie brilliant blue, and Calcofluor white 

A variety of dyes (i.e., Congo red, Coomassie brilliant blue, Calcofluor white) may be 

added to the media formulation to assist in differentiation of morphotypes in the rdar assay 

(Figure 2.2). Composition of these dyes in various formulations from previous publications 

are presented in Table 2.1. 

Color differentiation of the morphotypes in the rdar assay is primarily determined 

by the colony’s ability to accumulate Congo red. Congo red is a diazo dye that interacts with 

both fimbriae and cellulose via hydrogen bonding between the amine groups of the dye and 

hydroxyl groups of the extracellular matrix components (Figure 2.3) (Puchtler et al., 1962). 

Due to the non-specific binding of Congo red, it is likely to interact with other 
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polysaccharides and proteins in the extracellular matrix. Concentrations of Congo red in 

rdar assay media ranged from .8 mg/L to 100 mg/L (Oh et al., 2012; Römling et al., 2000; 

Ute Römling et al., 1998a; Solomon et al., 2005; Turki et al., 2012; Zhou et al., 2013). 

Coomassie brilliant blue is an optional ingredient in rdar assay media to provide 

additional contrast between morphotypes.  Coomassie brilliant blue is a tripheylmethane 

dye that can be purchased in two forms: R (reddish) and G (greenish).  The G form, which is 

most commonly used for the rdar assay (Barnhart and Chapman, 2006), contains two 

additional methane groups when compared to the R form (Figure 2.3). Coomassie brilliant 

blue binds to proteins in the extracellular matrix and is used to improve differentiation of 

colonies that produce varying ratios of fimbriae and cellulose.  If included in the media 

formation, Coomassie brilliant blue concentrations range from 1 mg/L to 20 mg/L(Römling 

et al., 2000; Römling et al., 1998b; Zhou et al., 2013). 

            Calcofluor white is an optional fluorochrome that can be used in the culture media to 

identify cellulose-producing strains. Calcofluor white strongly fluoresces when bound to 

the β-1,4 glucose linkages of cellulose (Figure 2.3).  Calcofluor white concentrations range 

from 50 mg/L to 200 mg/L in rdar assay media (Römling et al., 1998; Römling et al., 1998b; 

Simm et al., 2007) 
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Table 2.1. Comparison of media formulations and incubation conditions used for the rdar assay along with the resulting morphotypes.  
 

Reference 
This 

papera 

Jain et 
al., 

2007 

Romlin
g et al., 
2000 

Solomon 
et al., 
2005 

Turki et 
al, 2011 

Romling 
et al., 
1998 

Collinson 
et al., 1993 

Zhou et 
al., 

2013 

Hammar et al., 1996; 
Oh et al., 2012 

Medium 
Congo 

Red Agar 
(CRA) 

Calcofluor 
Fluoresen

ce Agar 
(CFA) 

Luria-Bertani - No Salt Agar (LBNS) 
M9 

Minimal 
Medium 

T Medium 

Congo Red - Yeast 
Extract Casamino Acids 

Agar  
(CR-YESCA) 

Congo Red 
(mg/L) 

100 - 40 40 40 0.8 40 100 50 20 

Coomassie 
brilliant blue G 
(mg/L) 

- - 20 20 20 - 20 - 1 10 

Calcoflour 
(mg/L) 

- 200 - 50 200 - - - - - 

Incubation 
Temperatureb 

28C 28C 28C 28C 28C 
4C/28

C 
26C 20C/37C 26C 26C 

Morphotypes 
describedc 

rdar,  
ras,  

bdar, bas, 
pdar, pas 

saw 

cellulose+
/- 

rdar, 
bdar, 
pdar, 
saw 

rdar, 
bdar, 
pdar, 
saw 

rdar, 
bdar, saw 

rdar, 
saw, 
bdar, 
sbam, 
srad 

rdar, bdar, 
pdar, saw 

Aggregativ
e/mucoid, 

CR +/- 

rdar, 
pas, 

pdar, 
saw 

Congo red 
binding +/- 

a Strain morpohotype characterization presented in this paper were independently determined using LBNS formulated with either Congo 
red or Calcoflour. 
b If described, incubation periods were in excess of 48 hours for all references.  
C Morphologies may be reported for one strain, the mutants of that strain, or many different strains.  
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Figure 2.2. Appearance of morphotypes on Congo red agar (CRA) with varying 
concentrations of Congo red and addition of Brilliant blue dye. The rdar (red, dry, and 
rough) morphotype (A) on CRA supplemented with 8mg/L (bottom left), 25mg/L (bottom 
right), 50mg/L (upper right), and 100 mg/L (upper left). The saw (smooth and white) 
morphotype (D), ras (red and smooth) morphotype (C), and pas (pink and smooth) 
morphotype (B) are also pictured to demonstrate the increase in differentiation between 
morphotypes with an increase in Congo red concentration. Similarities between 
the pdar (pink, dry, and rough) morphotype (E) and the rdar morphotype (F) on CRA 
supplemented with Brilliant blue G did not improve differentiation among morphotypes. 
This is further illustrated in (G) with ras, bdar (brown, dry, and rough), and bas (brown and 
smooth) morphotypes (top to bottom) appearing very similar on CRA supplemented with 
Brilliant blue G and on CRA with no addition of dye (pictured on top half of CRA plates in 
(E), (F), and (G). This lack of differentiation illustrates why Brilliant blue G wasn’t used in 
the method presented in this study. 
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Figure 2.3. Chemical structures of dyes commonly used in the rdar assay. Congo red binds 
to fimbriae and cellulose in the extracellular matrix and is the dye primarily used for 
morphotype differentiation. Coomassie brilliant blue G can be added in smaller amounts to 
Congo red media to assist in differentiation. Calcofluor white fluoresces when bound to 
extracellular cellulose and may be used in culture media to detect cellulose-producing 
strains. Structures are from Sigma Aldrich (www.sigmaaldrich.com) 
 

 

 

2.6 Morphotype Characterization of Salmonella spp. and STEC strains 
 

                 Based on our preliminary results, it was clear that previously described assay 

methods were insufficient in producing objective characterization of strains. To use this 

assay as a screening method for strain selection, an optimized assay providing 

reproducible and clearly differentiated morphotypes is needed. The following method is an 

optimized version of the rdar assay for use as a screening tool in strain selection. This assay 

was used to characterize the morphology of a large library of Salmonella and STEC isolates 

for use in future process validation studies and research exploring the connection between 

the rdar morphotype and increased resistance to food process treatments, which is 
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currently lacking. 

 

2.6.1 Methodology for Morphotype Characterization 

              Previous studies use a range of media, growth conditions, Congo red and Calcofluor 

concentrations, and incubation time and temperatures. These inconsistencies complicated 

our preliminary evaluations of the rdar assay. Initial evaluations using Congo red at low 

concentrations (8mg/L, 25mg/L) lead to unclear differentiation between morphotypes, 

especially red, brown, and pink morphotypes. Variability in incubator temperature 

revealed that minor changes of one degree can trigger a change in morphotype expression. 

Additionally, six of nine strains used in work by Eguale et al. did not deliver the same 

morphotype on identical growth media in this study. Incubation temperature differences, 

mutations in laboratory passage, technician interpretation, or different CRA dye 

concentration may explain these inconsistencies (Eguale et al., 2014).  These eccentricities 

highlight the need for the consistent use of an optimized assay among the scientific 

community.  The methods described below using the Congo red assay and the Calcofluor 

assay provided the most consistent and differential colony morphologies.  

 

2.6.1.1 The Congo red assay 

              Congo Red agar (CRA) is composed of a Luria-Bertani basal medium without salt 

[tryptone (10 g/L), yeast extract (5 g/L), and agar (14 g/L)] sterilized by autoclaving at 

121C for 15 min and tempering prior to addition of sterile Congo red solution to achieve a 
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final concentration of 0.1 g/L. Final medium is poured into standard format Petri dishes 

and allowed to set and dry for at least 20 hours prior to use.   

CRA plates were inoculated directly from Tryptic Soy Broth/glycerol stock cultures 

removed from -80°C storage. A disposable inoculating loop (10 l) was used to spread an 

aliquot of the stock culture into an even circle (15 mm diameter) onto the surface of CRA.  

Plates were left undisturbed until the inoculum was visibly dry (<5 minutes) and then 

incubated at 26-28°C for 72-96 hrs.  Control strains representing specific morphotypes 

were also inoculated onto CRA to evaluate consistency of media formulation and 

incubation conditions.  The following strains served as controls for the indicated 

morphotype: Salmonella Paratyphi B variant L(+) tartarate(+) (rdar), Salmonella 

Montevideo LJH-1234 (ras), Salmonella Enteritidis 11870-3 (pdar), Salmonella houtenae 

(IV) 16:z4,z32:- VDL-05-8571 (pas), Salmonella Senftenberg ATCC 43845 (bdar), 

Salmonella Minnesota FDA-00-43 (bas), and E. coli O157:H7 MDA 2011 hazelnut outbreak 

(saw). Morphotypes were classified based on color and texture of the bacterial colonies 

with reference to the control strains.  

 

2.6.1.2 The Calcofluor assay 

            Calcofluor agar (CFA) is prepared identically to CRA with the substitution of 

Calcofluor brightener (200 mg/L final concentration) in the place of Congo red. Inoculation 

and incubation procedures are identical to those described above.  Following incubation, 

plates are viewed under ultraviolet light (366 nm) and evaluated for obvious fluorescence. 

Low level fluorescence does not indicate a positive result as fimbriae may contribute a 



21 

 

 

background level of fluorescence.  Reference to control strains provides consistency in 

these evaluations.  

 

2.6.2 Morphotype descriptions 

              Previous studies have indicated the four most common Enterobacteriaceae 

morphotypes as rdar (red, dry and rough), pdar (pink, dry and rough), bdar (brown, dry 

and rough), and saw (smooth and white), although ras (red and smooth), pas (pink and 

smooth) and bas (brown and smooth) have also been noted (Bokranz et al., 2005; Chen, 

2007; Collinson et al., 1993; Römling, 2005; Römling et al., 2003; Ute Römling et al., 1998a; 

White and Surette, 2006; White et al., 2003; Zogaj et al., 2003). The rdar morphotype will 

appear bright red to dark red with rough, web-like surface texture, often accompanied by 

an undulate margin. Typically, rdar colonies have a wider colony diameter than other 

morphotypes. Bacteria expressing saw morphology appear very pale pink to completely 

white with a smooth surface. Saw morphology will usually have a small colony diameter 

and a smooth margin (Table 2.2).  

Fimbriae and cellulose defective mutants will appear somewhere in between the 

rdar and saw morphotypes in both color and texture (pdar, bdar, ras, pas, bas); in this case, 

additional assays would provide more information on the expressed extracellular 

components resulted in the designated morphotype.  

 

 

 

 



22 

 

 

 Table 2.2. Qualitative differences and characteristics of various morphotypes on Congo red agar (CRA) 

a Morphotypes: rdar (red, dry, and rough), ras (red and smooth), pdar (pink, dry, and rough), pas (pink and smooth), bdar (brown, dry, and rough), bas (brown and 
smooth), saw (smooth and white).  
bAppearance on Congo red agar (100 mg/L Congo red) after incubation at 28°C for 72 hours. Morphotypes were assigned by qualitatively differentiating 
characteristics between the morphotypes and in the process creating an acceptable range of characteristic qualities that may define that morphotype. It may be 
appropriate for each laboratory to establish its own parameters for each morphotype depending on the range of bacterial species and morphotypes under 
investigation. 
c Description of the range of characteristics assigned to each morphotype. It should be noted that although many of the rdar, pdar, and bdar colonies had undulate 
colony margins, the assignment of either of those morphotypes weren’t dependent on the presence of an undulate margin. Some research has included the margin as 
part of their defining characteristics of the rdar morphotype (Römling, 2005). 
dExpression of extracellular fimbriae and/or exopolysaccharide on Congo red agar associated with the corresponding morphotype. Without further analysis, the 
expression of these components for the ras, pas, or bas morphotypes is not completely clear as high expression of one could hinder detection of the other. 
eATCC Salmonella strains that may also serve as rdar controls: 14028, 700720, 43889, BAA-1045, 35640 
fATCC E. coli strain that may also serve as saw controls: 43895 

Morphology
a
 rdar ras pdar pas   bdar    bas saw 

Appearance on 

CRA
b
 

  
 

    

Strain Salmonella 
Paratyphi B 
variant L (+) 

tartarate (+)
e
 

Salmonella  
Montevideo 

UH-1234 

Salmonella  
Enteritidis  
11870-3 

Salmonella  
enterica subsp. 
houtenae (IV) 

16:z4,z32:-  

Salmonella  
Senftenberg 
ATCC 43845 

Salmonella  
Minnesota 
FDA-00-43 

E. Coli O157:H7 
MDA-2011 

hazelnut outbreak
f
 

Characteristics 

on CRA
c
 

Bright or deep red 
with dry, complex 
net-like texture. 
May or may not 

have an undulate 
margin (scalloped, 

rough edges) 

Bright or deep red 
with a smooth 

surface and 
smooth edges. 

Distinctly lighter 
than rdar, may 

appear as a pastel 
pink or a bright 
maroon. Surface 

texture may not be 
as complex as rdar 

Distinctly lighter 
than the red 

morphotypes, may 
range from light to 
dark pink. Smooth 

surface 

Typically a lighter red-
brown, distinctly less 
red than rdar. Surface 
texture may not be as 

complex as rdar.  

May ranged 
from a light to 

darker red-
brown. Smooth 

surface 

Light colony, 
possibly with a red 

or pink tinge. 
Smooth surface, 
smooth colony 

margin 

Texture Rough, skin-like Smooth, mucoid Rough, rubber-like Smooth, mucoid Rough, textured Smooth, 
mucoid 

Smooth, mucoid 

Extracellular 

components
d
  

Fimbriae + 

Cellulose + 

Fimbriae + 
Cellulose +/- 

Fimbriae – 

Cellulose + 

Fimbriae -    
Cellulose +/- 

Fimbriae + 

Cellulose - 
Fimbriae +  

Cellulose +/- 
Fimbriae - 
Cellulose - 
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2.6.3 Salmonella spp. and STEC Morphotypes  

            Over 200 strains of Salmonella spp. and STEC from a variety of sources were 

characterized by morphotype using the Congo red and Calcofluor assays (Tables 2.3 and 

2.4).    

The results demonstrate a difference in morphology and cellulose expression on 

CRA and CFA among species and strains. Salmonella spp. expressed the rdar morphotype 

on CRA more often than any other morphotype (53%) and expressed cellulose on CFA a 

majority of the time (59%). The majority (63%) of food and clinical Salmonella isolates 

from foodborne outbreaks were rdar and cellulose positive (rdar/+), with the exception of 

the Typhimurium and Wandsworth isolates associated with the 2007 Veggie Booty 

outbreak; both of these were saw and cellulose negative (saw/-). S. Dublin, isolated from 

bovine sources, was the only Salmonella serovar with multiple isolates to not express the 

rdar morphotype. None of the 21 Dublin isolates expressed cellulose on CFA. Of the 

Salmonella strains expressing a ras morphotype, the number positive and negative for 

cellulose were roughly equal. This illustrates the importance of considering the information 

of the rdar assay as a whole rather than relying on the Congo red or Calcofluor assays 

individually.  

                E. coli expressed significantly different morphotypes from Salmonella on CRA and 

CFA, with only 17% of all isolates expressing rdar morphology and 16% expressing 

cellulose on CFA. A majority of the E. coli isolates were from ground beef sources, possibly 

skewing the results if a source-specific morphotype pattern exists; there isn’t enough data 

at present to make that conclusion. Characterization of hundreds of more strains would be 

required to make a solid conclusion regarding source-specific or species-specific patterns 
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of morphologies. Fourteen of the twenty six O157:H7 isolates expressed a saw morphotype 

and none of the isolates were positive on CFA. Interestingly, the E. coli O157:H7 isolate 

associated with a 2011 hazelnut outbreak was saw/- while almost all of the nut-related 

Salmonella isolates were rdar/+.  

               Both CRA and CFA displayed morphotypes and morphotype-cellulose combinations 

that aren’t commonly reported in other studies. The ras morphotype was commonly 

displayed by both Salmonella and E. coli isolates; sometimes, an isolate was both ras and 

positive for cellulose. It’s possible that the testing conditions lead to expression of fimbriae, 

but not the other major components of the rdar morphotype; a mutation in the signaling 

pathway is also possible. Combinations like rdar/cellulose-negative and bas/cellulose-

positive seem counterintuitive considering cellulose is part of the rdar morphotype, and a 

red colony also positive for cellulose should logically appear as the rdar morphotype.  

                Additionally, six of eight strains used in work by Eguale et al. did not express the 

same morphotype on identical growth media in this study. Rdar control strains JG-48 and 

JG-49 were the only two consistent with Eguale et al., while the remainder of the strains all 

exhibited a ras morphology on CRA (designated as BSAM/BDAR and SAW by Eguale et al.). 

Used as a control strain for the rdar morphotype in previous research, S. Typhimurium 

ATCC 14028 expressed the rdar morphotype using the assay presented above(Gibson et al., 

2006; U Römling et al., 1998; White et al., 2006). E. coli O157:H7 ATCC strains 43888, 

43889, and 43890 expressed a saw morphotype in Uhlich et al. (2001), however, only ATCC 

43880 and 43888 expressed saw in this study; ATCC 43889 expressed the rdar 

morphotype. Incubation temperature differences, mutations in laboratory passage, 

technician interpretation, or different CRA dye usage may explain these inconsistencies 
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(Eguale et al., 2014).  It was noted during preliminary experimentation that a one degree 

change from 28°C to 29°C may trigger a morphotype change, highlighting the fastidious 

nature of the assay and the importance in choosing a temperature range relevant to the 

process validation. Uhlich et al. found that a typical rdar phenotype on CRA is not sufficient  

to assume cellulose is expressed alongside fimbriae for E. coli O157:H7. Ideally, the rdar 

assay would stand alone, however, without verification of expression on a genetic level, the 

qualitative nature of the assay leaves room for error.  Inconsistencies in assay results may 

even be as simple as the manifestation of inconsistent or unstable expression of 

extracellular components (Uhlich et al., 2001). These eccentricities highlight the 

weaknesses of these assays and their use in strain selection. Further research investigating 

the expression of morphologies on a genetic level may identify why these inconsistencies 

occur and how methodology may be altered to better control the assay. 

              When conducted under conditions mimicking the process in question, the rdar 

assay provides a level of differentiation among species and strains that may be valuable for 

screening strains for process-related resistance. Morphotype at a species and strain-level 

may be influenced by acquired mutations, altered temperature, and environmental 

conditions in which extracellular components are differentially expressed (Davidson et al., 

2008; Oh et al., 2012; Uhlich et al., 2001). The morphotype characterization of over 200 

different strains allows for the identification of intra- and inter-strain patterns and 

supports further assessment of the applicability of the assay as a potential screening tool 

for various applications, including strain selection for food process validations. 
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Table 2.3. Morphotype characterization of Salmonella spp. on Congo red agar       
Species Serotype Lab Designation Original Strain 

Designation  
Origin   Morphotypec  Cellulosed 

Salmonella enterica 
subsp. enterica (I) 

Abaetetuba 1116 ATCC 35640 Water rdar + 

 Abobo 1163 VDL-93-4553 Lizard rdar + 
 Agona 1181 VDL-09-4591 Bovine rdar + 

 Alachua 1160 VDL-02-6792 Bovine rdar + 
 Anatum 1127 LJH-720 Almonds rdar + 
  1133 FDA-68h Processed Food 

Product 
ras - 

 Anatum variant 15+ 
(Newington) 

1171 VDL-04-5824 Bovine rdar + 

 Blockley  1924a JG-12 Eguale et al.  ras + 
  1925a JG-13 Eguale et al.  ras + 
 Braenderup 1169 VDL-04-5824 Equine rdar + 
  1808 2014-1014-16-

A41 
Hazelnuts rdar + 

  1199 ATCC BAA-664 PFGE Standard ras - 
 Cerro  1162 VDL-13-10446 Bovine rdar + 

 Cubana 1164 VDL-99-7073 Bovine bas - 
 Derby 1176 VDL-05-170 Porcine ras - 
 Dublin 1704 SP-981 Bovine ras - 
  1708 SP-1164 Bovine ras - 
  1709 SP-1207 Bovine ras - 
  1710 SP-1225 Bovine ras - 
  1711 SP-1277 Bovine ras - 
  1712 SP-1618 Bovine ras - 
  1713 SP-1626 Bovine ras - 
  1714 SP-1644 Bovine ras - 

  1715 SP-1837 Bovine ras - 
  1716 SP-1887 Bovine ras - 
  1717 SP-1900 Bovine ras - 
  1718 SP-1954 Bovine ras - 
  1719 SP-1958 Bovine ras - 
  1720 SP-2131 Bovine ras - 
  1703 SP-931 Bovine bdar - 
  1706 SP-1106 Bovine bdar - 
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Table 2.3 (Continued) 
  1707 SP-1146 Bovine bdar - 
  1700 SP-543 Bovine bas - 
  1701 SP-598 Bovine bas - 
  1132 VDL-241 Bovine saw - 
  1702 SP-941 Bovine saw - 
  1705 SP-1088 Bovine saw - 
 Enteritidis 1115 ATCC BAA-1045 Almonds rdar + 
  1131 VDL-133 Duck rdar + 
  1135 ODA 99-30581-6 Egg rdar + 
  1159 E40 Chicken Ovary rdar + 
  1184 VDL-99-6596 Bovine rdar + 
  1805 11870-3 Beef pdar + 
  1102 3512H Potatoes saw - 
 Enteritidis PT 9c 1128 LJH-1024 Clinical Isolate 

Almond outbreak, 
2001 

rdar + 

 Gallinarum 
(Pullorum) 

1180 VDL-93-10609 Chicken pdar + 

 Give 1175 VDL-12-7556 Equine bdar - 
 Give var 15+ 

(Newbrunswick) 
1172 VDL-03-10174 Equine rdar - 

 Haardt 1196 VDL-03-6149 Water Buffalo rdar + 
 Hadar 1195 VDL-03-10511B Seagull bas - 
 Hartford 1106 MAD-666 Environmental 

Processing Facility 
rdar + 

  1152 VDL 03-4260 Turtle rdar + 
 Havana 1165 VDL-03-4320 Bovine rdar + 
 Heidelberg 1197 VDL-02-8303 Equine rdar + 
  1137 AEY-SH 

(Rodriquez) 
Unspecified ras - 

  1177 VDL-V2009-
10546B 

Canine ras - 

  1161 S13 Clinical Isolate saw - 
 Hiduddify 1194 VDL-98-7718 Lizard bdar + 
 Indiana 1182 VDL-88-4680 Turkey saw - 
 Infantis 1804 11081-4 Beef rdar + 
  1926 JG-48a Eguale et al.  rdar + 
  1927 JG-49a Eguale et al.  rdar + 
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Table 2.3 (Continued) 
 Javiana 1103 7N Orange Juice pdar + 
 Kentucky 1801 10551-3 Beef rdar + 
  1138 AEY-SK Unspecified saw - 
  1192 VDL-11-8504 Chicken saw - 
 Koketime 1157 VDL-99-365 Gila Monster rdar + 
 Litchfield 1190 VDL-09-3449A Reptile rdar + 
 Livingstone var +14 

(Eimsbuettel) 
1134 FDA-1236H Peanuts 

Processed Food 
Product 

rdar + 

 Lomalinda 1187 VDL-13-1597 Skunk rdar + 
 Mbdanka 1130 VDL-431 Horse rdar + 
 Meleagridis 1802 11381-3 Beef rdar + 
  1174 VDL-03-6070C Bovine ras - 
 Michigan 1119 LJH-521 Cantaloupe ras - 
 Minnesota 1139 FDA-00-43 Cantaloupe bas - 
 Molade 1191 VDL-04-57A Canine rdar + 
 Montevideo 1112 2010 outbreak Black/Red Pepper rdar + 
  1118 LJH-519 Clinical Isolate rdar + 
  1803 09742-11 Beef rdar + 
  1125 LJH-1234 Pistachios ras + 
 Muenchen 1140 ATCC 8388 Unspecified rdar + 
  1141 FDA-25N Orange Juice bas - 
  1189 VDL-09-8863 Equine saw - 
 Muenster 1173 VDL-05-10489 Canine rdar + 
 Newport 1142 FDA-H9113 Mango rdar + 
  1188 VDL-08-3570 Sea Lion rdar + 
  1828 Wisconsin VDL Cattle rdar + 
  1806 11311-1 Beef bas - 
 Oranienburg 1126 LJH-1226 Pecans ras + 
 Paratyphi B  

variant L(+) 
tartarate(+) 

1829 JEM Nut Butter 
Outbreak, 2015 

Clinical Isolate rdar + 

 Poona 1166 VDL-96-6508 Iguana rdar + 
 Reading 1178 VDL-2008-6269 Equine rdar + 
 Rubinslaw 1167 VDL-03-1806 Porcine saw - 
 Saintpaul 1104 02-109 Cantaloupe rdar + 
  1120 LJH-1211 Clinical Isolate rdar + 
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Table 2.3 (Continued) 
  1807 LJH 1311-1 Walnuts rdar + 
 Sandiego 1183 VDL-88-3224 Avian rdar + 
 Schwartzengrund 1186 VDL-04-6477 Equine rdar + 
 Senftenberg 1143 OSU-836 Unspecified rdar + 
  1170 VDL-08-14477 Camelid rdar + 
  1117 ATCC 43845 Unspecified bdar - 
 Stanley 1108 H0558 Sprout Outbreak ras - 
 Tennessee 1124 LJH-1209 Clinical Isolate rdar + 
  1144 FDA-2053H Thyme rdar + 
  1105 E2007000304 Peanuts 

Processed Food 
Product 

ras - 

 Thompson 1145 FDA-2051H Thyme rdar + 
  1193 VDL-12-14060 Equine rdar + 
 Typhimurium 1101 LT2 (ATCC 

700720) 
Unspecified rdar + 

  1107b ATCC 14028 Animal Tissue rdar + 

  1111 LT2 (ATCC 
700720) 

Unspecified rdar + 

  1129 VDL-240 Bovine rdar + 

  1146 OSU-228 Unspecified rdar + 

  1147 DT 109 Unspecified rdar + 

  1148 ATCC BAA-185 Porcine  rdar + 

  1149 FDA-00-156 Cantaloupe rdar + 

  1198 VDL-02-742 Alpaca rdar + 

  1113 2007 Veggie 
Booty Outbreak 

Processed Food 
Product 

saw - 

 Typhimurium var. 
Copenhagen 

1179 VDL-2008-1540 Avian rdar + 

 Typhisuis 1151 VDL 98-10772 Porcine saw - 

 Uganda 1168 VDL-09-647 Bovine ras - 

  1928a JG-90 Eguale et al.  bas - 
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Table 2.3 (Continued) 

 
 

Wandsworth 1114 2007 Veggie 
Booty Outbreak 

Processed Food 
Product 

saw - 

 Weltevreden 1150 FDA-40N Tomato rdar + 

 1:5:- 1153 VDL-09-8945 Canine saw - 

 1:6:8:- 1921a JG-2 Eguale et al.  ras + 

 1:6:8:- 1922a JG-3 Eguale et al.  ras + 
 1:6:8:- 1923a JG-4 Eguale et al.  ras + 
 9,12:- 1185 VDL-05-4522 Bovine saw - 
Salmonella enterica 
subsp. arizonae 
(IIIa) 

50:r:2 1156 VDL-05:1249 Equine rdar + 

Salmonella enterica 
subsp. diarizonae 
(IIIb) 

47:i:z53:z57 1121 ATCC 12325 Unspecified rdar + 

  1123 ATCC 29934 Unspecified pas - 
Salmonella enterica 
subsp. houtenae 
(IV) 

16:z4,z32:- 
(Chameleon) 

1155 VDL-05-8571 Iguana pas - 

 43:z4,z23:- (Houten) 1158 VDL-99-205 Chameleon rdar + 
 43:z4,z32:- 

(Tuindorp) 
1154 VDL-05-8613 Chameleon rdar + 

Total 132    rdar: 70/132 (53%) 
ras:  31/132 (23%) 
bdar: 6/132 (4.5%) 
bas: 8/132 (6%) 
pdar: 2/132 (1.5%) 
pas: 2/132 (1.5%) 
saw: 14/132 (11%) 

Cellulose +: 
78/132(59%) 

aThese strains were provided by Dr. John Gunn at Ohio State, used as controls (JG-2, JG-3, JG-4:brown, smooth, and mucoid; JG-13, JG-13: brown, dry, and 
rough/ brown, smooth, and mucoid; JG-48, JG-49: red, dry, and rough; JG-90: smooth and white) for work by Eguale et al. (2014). Strains JG-48 and JG-49 (rdar) 
were the only strains that expressed the same morphotype (rdar) in this study and the study by Eguale et al.   
b ATCC 14028 is used frequently as a control for the rdar morphotype. Expression of the rdar morphotype is consistent with previous work by White et al. 
(2006), Gibson et al. (2006), Romling et al. (2000), and Scher et al. (2005). 
cMorphotypes on Congo red agar after 72 hours and 28°C. Morphotypes: rdar (red, dry, and rough), ras (red and smooth), pdar (pink, dry, and rough), pas (pink 
and smooth), bdar (brown, dry, and rough), bas (brown and smooth), saw (smooth and white).  
dFluorescence on Calcofluor agar after 72 hours and 28°C. Fluorescence is indicated by (+). 
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Table 2.4. Morphotype characterization of Shiga toxin-producing E. coli on Congo red agar 
Species Serotype Lab 

Designation 
Original Strain 
Designation  

Origin   Morphotypea  Celluloseb 

Escherichia coli O8:H8 1618 USDA-005 Ground Beef ras - 
 O8:H16 1619 USDA-006 Ground Beef saw - 
 O8:H19 1620 USDA-007 Ground Beef ras - 
 O8:H25 1621 USDA-008 Ground Beef rdar + 
 O8:H49 1622 USDA-009 Ground Beef ras + 
 O20:H7 1623 USDA-012 Ground Beef rdar - 
 O20:H19 1626 USDA-113 Ground Beef rdar - 
  1627 USDA-114 Ground Beef rdar + 
  1624 USDA-013 Ground Beef bas - 
 O20:UT 1625 USDA-014 Ground Beef ras - 
 O22:H8 1628 USDA-015 Ground Beef saw - 
 O22:H11 1629 USDA-016 Ground Beef ras - 
 O22:H19 1630 USDA-017 Ground Beef rdar - 
 O22:H19 1631 USDA-018 Ground Beef rdar + 
 O22:H49 1632 USDA-019 Ground Beef rdar + 
 O26:H11 1602 USDA-O26-3 Ground Beef rdar + 
 O45 1605 USDA-O45-3 Ground Beef saw - 
  1600 USDA-O26-1 Human ras - 
 O45:H2 1604 USDA-O45-2 Human rdar - 
  1603 USDA-O45-1 Human ras - 
  1601 USDA-O26-2 Ground Beef ras - 
 O103:H2 1607 USDA-O103-1 Human rdar - 
  1608 USDA-O103-3 Ground Beef rdar + 
  1606 USDA-O103-2 Ground Beef ras - 
 O111 1611 USDA-O111-2 Ground Beef rdar - 
 O111:H8 1609 USDA-O111-1 Human ras - 
 O111:NM 1610 USDA-O111-2 Human saw - 
 O113:H21 1637 USDA-118 Ground Beef rdar + 
  1634 USDA-115 Ground Beef ras - 
  1636 USDA-117 Ground Beef ras - 
  1635 USDA-116 Ground Beef saw - 
 O116:H21 1638 USDA-061 Ground Beef saw - 
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Table 2.4 (Continued) 
  1640 USDA-119 Ground Beef saw - 
  1641 USDA-121 Ground Beef saw - 
  1642 USDA-120 Ground Beef saw - 
 O116:UT 1639 USDA-062 Ground Beef saw - 
 O117:H7 1643 USDA-063 Ground Beef ras + 
  1644 USDA-123 Ground Beef ras - 
  1645 USDA-124 Ground Beef ras + 
  1646 USDA-125 Ground Beef ras - 
 O117:UT 1647 USDA-122 Ground Beef saw - 
 O121 1614 USDA-O121-3 Ground Beef rdar - 
  1613 USDA-O121-2 Human bas - 
 O121:UT 1612 USDA-O121-1 Human saw - 
 O145 1617 USDA-O145-3 Ground Beef saw - 
 O145:H28 1616 USDA-O145-2 Ground Beef saw - 
 O145:NM 1615 USDA-O145-1 Human ras - 
 O157:H7 1202 ATCC 43889 Clinical Isolate 

(HUS) 
rdar - 

  1203 ATCC 43889 GFP Unspecified ras - 
  1204 Sakai Unspecified ras - 
  1215 ATCC 43895 Raw Hamburger ras - 
  1216 USDA-MDP 1 Cattle bas - 
  1217 USDA-MDP 8 Cattle bas - 
  1218 USDA-MDP 13 Cattle bas - 
  1219 USDA-MDP 31 Cattle bas - 
  1220 USDA-MDP 28 Cattle bas - 
  1221 USDA-MDP 43 Cattle bas - 
  1205 E4 Meat pas - 
  1206 E5 Meat pas - 
  1201 ATCC 43895 Raw Hamburger saw - 
  1213 ATCC 43890 Clinical Isolate saw - 
  1214 ATCC 43888 Clinical Isolate saw - 
  1222 2011 Outbreak Hazelnut saw - 
  1223 IEH50066 Deer feces saw - 
  1224 IEH50068 Deer feces saw - 
  1225 IEH50051 Deer feces saw - 
  1226 IEH50052 Deer feces saw - 
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Table 2.4 (Continued) 
  1227 IEH50053 Deer feces saw - 
  1228 IEH50054 Deer feces saw - 
  1229 IEH50055 Deer feces saw - 
  1230 IEH50056 Deer feces saw - 
  1231 IEH50057 Deer feces saw - 
  1232 IEH50058 Deer feces saw - 
 O163:H11 1648 USDA-086 Ground Beef saw - 
 O163:H19 1651 USDA-126 Ground Beef rdar + 
  1649 USDA-087 Ground Beef ras + 
  1652 USDA-127 Ground Beef ras - 
 O163:H46 1650 USDA-088 Ground Beef ras - 
 O171:H2 1654 USDA-128 Ground Beef rdar + 
  1657 USDA-131 Ground Beef ras - 
  1653 USDA-090 Ground Beef saw - 
  1655 USDA-129 Ground Beef saw - 
  1656 USDA-130 Ground Beef saw - 
 O174:H2 1660 USDA-095 Ground Beef saw - 
 O174:H21 1658 USDA-093 Ground Beef rdar - 
 O174:H28 1659 USDA-094 Ground Beef ras - 
 O174:UT 1661 USDA-096 Ground Beef saw + 
 Generic   2206 LJH-1613 Soil rdar + 
  2201 ATCC 25922 Clinical Isolate ras - 
  2205 LJH-1247 Lettuce ras + 
  2202 ATCC 8739 Feces (1941) saw - 
  2204 LJH-1612 Irrigation water saw - 
Total 107    rdar: 18/107 (17%) 

ras:  28/107 (26%) 
bdar: 0/107 (0%) 
bas: 8/107 (7.5%) 
pdar: 0/107 (0%) 
pas: 2/107 (2%) 
saw: 44/107 (41%) 

Cellulose +: 
17/107(16%) 

    
aMorphotypes on Congo red agar after 72 hours and 28°C. Morphotypes: rdar (red, dry, and rough), ras (red and smooth), pdar (pink, dry, and rough), 
pas (pink and smooth), bdar (brown, dry, and rough), bas (brown and smooth), saw (smooth and white).  
bFluorescence on Calcofluor agar after 72 hours and 28°C. Fluorescence is indicated by (+). 
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2.7 Best practices/considerations for using rdar assay 

Determination of morphotypes using the rdar assay is subjective and, as a result, 

lacks some reproducibility based on media formulation, inoculation procedure, incubation 

condition, and human judgment.  To minimize error introduced by media and human 

judgment, the media should be prepared and inoculated by a single designated individual.   

Morphotype characterization should follow consistent protocols and include the use of 

representative control strains for every morphotype. Slight changes in matrix composition, 

temperature, and moisture of the medium could alter the expression of extracellular 

components that mediate interaction between the cell and the matrix. Additional colony 

descriptions, such as color, texture, colony diameter, and extent of cell-cell and colony-agar 

adhesion may help in discerning between morphologies.  

 

2.8 Supplemental assays for use with the rdar assay 

             The rdar assay provides a crude characterization of fimbriae and cellulose 

production in a specific laboratory environment.  Several of the morphotype classifications 

are counterintuitive to the conventional interpretation of the morphotype (i.e., 

rdar/cellulose -). When further information is needed about the extracellular matrix 

composition, additional assays may be useful. Atomic Force Microscopy has been used 

previously to monitor the presence and location of fimbriae and cellulose in the ECM (Jonas 

et al., 2007). A Western Blot analysis may be used to detect the presence of AgfD, AgfB, or 

other proteins in the morphotype signaling cascade (Barnhart and Chapman, 2006; Simm 

et al., 2007).  Microtiter plate or flow chamber assays are helpful in assessing biofilm 

formation; environmental scanning electron microscopy can provide a visualization of the 
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biofilm and its interaction with the surface (Barnhart and Chapman, 2006; Jonas et al., 

2007; Stocki et al., 2007). PCR may be utilized to detect cellulose or fimbrial gene 

expression, or gene expression distribution among a bacterial family, such as 

Enterobacteriaceae (Doran et al., 1993; Stocki et al., 2007; Zogaj et al., 2003).  

 

2.9 Application of morphotype as a tool for strain selection for process validation 

            The multicellular rdar morphotype is associated with coordinated phenotypic 

transitions in the cell, achieving a multicellular arrangement associated with altered 

physiology, function, and increased survival (Carter et al., 2011; Monds and O’Toole, 2009). 

These phenotypic changes, initiated by environmental selective pressures, result in the 

multicellular morphotype incurring advantages such as: antibiotic resistance, peroxide 

resistance, desiccation resistance, protection against heavy metals, and limited-nutrient 

survival (Carter et al., 2011; Hidalgo et al., 2010; Hiramatsu et al., 2005; Scher et al., 2005; 

Turki et al., 2012; Uhlich et al., 2012; White et al., 2006, 2008). Increased environmental 

resistance and characteristic growth conditions associated with the rdar morphotype, 

including growth at ambient temperatures, nutrient-starvation, and low osmolarity, 

suggest this morphotype may have a functional role in the environment (White et al., 2006, 

2008; Winfield and Groisman, 2003).  

              Correlating the rdar morphotype with increased resistance to food processing 

treatments (i.e. heat, sanitizers, acid, desiccation) would make the rdar assay a useful tool 

for strain selection in food process validations. Literature supports a correlation between 

the rdar morphotype and increased resistance towards processes typically applied to 

reduce microbial growth or contamination in food (Table 2.5); however, studies evaluating 



36 

 

 

differences in resistance of morphotypes in food matrices or environments themselves are 

severely lacking. The rdar morphotype was initially correlated with increased resistance to 

chlorine, salt, and oxidative stress by research on the rugose morphotype of Vibrio cholera 

(Rice et al., 1992; Wai et al., 1998; Yildiz and Schoolnik, 1999). Anriany et al. (2001) 

hypothesized this rugose morphology may explain the increasing incidence of foodborne 

outbreaks involving S. Typhimurium. Anriany et al. demonstrated that the expression of a 

rugose morphology is associated with resistance to low pH and hydrogen peroxide in S. 

Typhimurium. Salmonella spp. and E. coli O157:H7 deficient in fimbriae and cellulose are 

less resistant to desiccation, chlorine, and osmotic stress than variants producing fimbriae 

and/or cellulose (Anriany et al., 2001; Römling, 2005; Solano et al., 2002; White et al., 

2006; Yoo and Chen, 2012). This may be because cells in a multicellular state are typically 

more resistant to chemical sanitizers than their planktonic counterparts (Scher et al., 

2005). Uhlich et al. reported that E. coli O157:H7 cells as part of a biofilm are more 

resistant to quaternary ammonium than planktonic cells. This protective effect, however, 

may be attributed to the large size of the biofilm rather than increased fitness on an 

individual level (Uhlich et al., 2012, 2006). The only published study investigating the 

resistance of the rdar morphotype in a food processing environment tested the resistance 

of the rdar morphotype to sanitizers on vinyl, nylon, plastic, hemp-plastic, and a used 

farmer’s belt. The study found the rdar variant was more resistant to a sanitizer 

(Vikron, .1%) on only two of the five belt types (plastic and hemp-plastic) or when cells 

were grown on agar rather than dried on the belts (Stocki et al., 2007). Whether this data 

was the result of a conversion from a saw to a rdar morphotype or simply a consequence of 
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the ECM components produced by the rdar and saw strains is unclear (Carter et al., 2011; 

Stocki et al., 2007).  

Bacterial attachment to food and food-contact surfaces is an industry-wide concern 

as they’re more resistant to chemical sanitizers and harder to dislodge from food or abiotic 

surfaces during washing. The role of fimbriae and cellulose in surface attachment is 

variable throughout literature; some report fimbriae and cellulose are important for 

attachment and biofilm formation on abiotic and food surfaces, while others found fimbriae 

unimportant for attachment to lettuce, apples, and sprouts (Boyer et al., 2007; Chen, 2007; 

Hassan and Frank, 2004; Jeter and Matthysse, 2005; Patel et al., 2011). Undoubtedly, 

bacterial attachment is highly dependent on the surface and the strain-specific phenotypic 

adaptation to that surface environment.  Few studies have directly evaluated the 

correlation between rdar morphology and increased persistence in a food environment. 

Investigating the role of the rdar morphotype in the persistence of Salmonella Enteritidis 

on egg-processing conveyor belts, Stocki et al. (2007) found the rdar morphotype was 

involved in attachment to the belts, but wasn’t easier to dislodge than the fimbriae and 

cellulose-deficient strain.  

                Variable expression of the rdar morphotype in research by Stocki et al. may be 

attributed to differences in laboratory and food processing environments.  Moisture, 

temperature, and nutrient availability may differ between a laboratory and a food product 

environment which may alter the expression of morphotypes. Given the unstable nature of 

morphotypes, the expression of rdar in a laboratory environment may not guarantee the 

same expression in the actual food product, unless the assay was specifically designed to 

mimic the product environment. Stocki et al. (2007) found that the saw morphotype was 
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only more susceptible to sanitizers when grown as colonies in the laboratory. When grown 

on an egg conveyor belt, saw was as resistant as rdar. Possibly, the saw morphotype 

reverted back to rdar on the belt, or perhaps it was able to produce cellulose in an AgfD-

independent manner (Re and Ghigo, 2006; Stocki et al., 2007). In either case, expression in 

a laboratory setting does not always correlate with the same expression in the actual 

product environment. Although the nature of the rdar and Calcofluor assays may produce 

false negatives, a rdar morphotype positive on CRA and CFA tends to be much more stable 

than the saw morphotype (Römling et al., 1998b). Further research may clarify whether a 

rdar/+ strain has the potential to express physiological strategies for survival compared to 

planktonic, cellulose-deficient strain.  

              The Congo red and Calcofluor assays may together provide enough information to 

identify a rdar/cellulose-positive isolate over a saw/cellulose-negative isolate, but whether 

the rdar morphotype would remain consistent during a process validation or would 

provide any significant resistance to a processing treatment over another morphotype 

remains to be seen. The optimized assay presented in this chapter may aid in subsequent 

research to answer these questions. 

 

Further research is needed on the application of the rdar morphotype to food 

process systems. Future work should focus on differences in susceptibility to food process 

treatments between rdar and saw morphotypes. Additional information comparing 

morphotype and strain origin would also be useful to better understand the association 

between environmental adaptability and multicellular behavior.  
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Table 2.5. Studies in literature connecting the rdar morphotype of Salmonella and Shiga toxin-producing E. coli with increased 

resistance to stressors relevant to food processing  

Test organism Relevant 
morphotypea 

Test matrixb Stressorc Resistance Reference 

S. Typhimurium 
(ATCC 14028) 

rdar 
bdar 

Phosphate-buffered 
saline  

 
Tissue culture plates 

Sodium hypochlorite  
(3-300ppm) 

 
3 or 9 months at room temp 

rdar, pdar>bdar, saw 
 

Survival at 3/9 
months: rdar>bdar 

White et al., 
2006 

S. Enteritidis 
(SE 3b) 
S. Typhimurium 
(ATCC 14028) 

 
rdar 

 
Lyophilized Desiccation (1 wk) rdar>bdar 

Gibson et al., 
2006 

E. coli O157:H7 
(ATCC 43895) 

rdar  
saw 

(as part of a 
biofilm) 

Biofilms attached to 
glass slides 

Hydrogen peroxide (5%) 
 

Quaternary ammonium (1:64) 
 

Citric acid (3.0 pH) 

rdar>saw 
 

rdar>saw 
 

rdar=saw 

Uhlich et al., 
2005 

E. coli O157:H7 

Congo red 
binding  

(rdar, bdar, 
ras, bas) 

.01% peptone water 
LBNS w/ HCl 

Nutrient limitation (7 day 
incubation) 

Acid (pH 2.5), 2 hours and 6 
hours 

rdar, bdar>pdar, saw 
 

pdar, saw>rdar, bdar 

Carter et al., 
2011 

S. Typhimurium 
(ATCC 14028) 

 

Saline (60, 70, 80°C) 
Buffer, pH3 

 
Sodium hypochlorite 

(50, 100. 150, 200, 
250 ppm) 

Heat 
Acid 

 
 

Chlorine 

Rdar (pellicle)=rdar 
(stationary phase) 

 
 

Rdar (pellicle)>rdar 
(stationary phase) 

Scher et al., 
2005 

a rdar (red, dry, and rough); bdar (brown, dry, and rough); saw (smooth and white); ras (red and smooth); bas (brown and 
smooth).Matrix in which the test organism was evaluated for resistance 
b Matrix in which the test organism was evaluated for resistance 
c The treatment relevant to the test organism applied to the test organism to evaluate resistance 
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3.1 Abstract 

             In-shell hazelnuts may be exposed to several sources of pathogenic contamination 

during harvest and post-harvest processing. Chemical sanitizers like peroxyacetic acid 

(PAA) are used by some post-harvest processors to reduce microbial hazards; however, 

data is limited on its efficacy on in-shell hazelnuts under conditions relevant to industry. 

This study analyzed the efficacy of 80 ppm PAA on inoculated and naturally contaminated 

in-shell hazelnuts with low level Salmonella contamination (~1 log CFU/g). In-shell 

hazelnuts were treated with water or PAA (80 ppm) for one-minute. Inoculated hazelnuts 

were analyzed for the presence of Salmonella spp. on an individual nut basis. Naturally 

contaminated hazelnuts were analyzed for the presence of Salmonella spp. in larger sample 

sizes (33 g). Water and PAA treatments were effective in reducing the average number of 

positive nuts on inoculated hazelnuts (Water: 23.6% reduction, PAA: 42.6% reduction), but 

were not effective in reducing the number of Salmonella positive samples for naturally 

contaminated hazelnuts (Water: 8.4% increase, PAA: 3.3% reduction). Salmonella cells on 

naturally contaminated nuts often exist in a desiccated state; the robust nature of 

desiccated cells and their secure attachment to surfaces may account for this apparent 

difference in sanitizer efficacy.  The use of PAA eliminated Salmonella from all post-

treatment water samples, demonstrating its potential to reduce cross contamination 

between nuts during post-harvest washing steps. 
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3.2 Introduction 

           Numerous foodborne outbreaks within the last 15 years involving tree nuts 

contaminated with Salmonella spp. and Escherichia coli O157:H7 indicate a need for 

effective strategies to reduce microbial contamination (Harris, L. J., 2015). Between 2001 

and 2006, raw whole almonds have been implicated in six Salmonella outbreaks (CDPH, 

2002; Isaacs et al., 2005). Roasted pistachios and raw cashews were associated with 

Salmonella outbreaks in 2013 (CDC, 2014; US FDA, 2014), and raw shelled walnuts with a 

2011 outbreak of E. coli O157:H7 in Canada (CFIA, 2011). Hazelnuts were connected to a 

2011 outbreak of E. coli O157:H7(CDC, 2011).  

            Oregon’s hazelnut industry produces more than 98 percent of U.S hazelnuts 

(Hazelnut Marketing Board, 2016). During harvest, hazelnuts fall to the ground and left 

until they are mechanically swept up for further processing (Hazelnut Marketing Board, 

2016). Orchard soils may harbor ubiquitous or wildlife-introduced Salmonella or 

pathogenic E. coli that may persist for many years (Danyluk et al., 2008; Uesugi et al., 2007; 

Winfield and Groisman, 2003). Nutrients leached from nut hulls may aid the growth and 

survival of Salmonella in orchard soils (Danyluk et al., 2008). These pathogens may 

contaminate hazelnuts during harvest and survive on the shell surface for long periods 

(Lambertini et al., 2012; Uesugi et al., 2006). Contaminated hazelnuts passing through post-

harvest wash tanks may cross-contaminate the wash water, mediating lot-wide cross 

contamination. Outbreak and prevalence data corroborate the persistence of these 

pathogens in orchard soils, long-term survival on the nut surface, and the potential for 

cross contamination during post-harvest (Danyluk et al., 2008, 2007; Harris, L. J., M. 

Palumbo, L. R. Beuchat, 2015; Harshey, 1994; Letchworth, 2016).  
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             Effective post-harvest sanitation for in-shell hazelnuts is an industry-wide priority. 

Post-harvest use of sanitizers in wash water is common in produce and nut industries and 

has shown mixed results (Beuchat et al., 2012; Gomez-Lopez, 2012; Stephanie L. Rodgers et 

al., 2004). Peroxyacetic acid (PAA) is widely used due to its effectiveness, minimal impact 

on sensory characteristics, and slow degradation in the presence of organic matter 

(Beuchat and Mann, 2011; Gomez-Lopez, 2012; Van de Velde et al., 2014; Vandekinderen et 

al., 2009). Compared to chlorine-based sanitizers, peroxyacetic acid is a more suitable 

choice for nut producers as it undergoes minimal deactivation with large loads of organic 

matter, such as dirt and debris inherent in post-harvest processing (Stephanie L Rodgers et 

al., 2004; Ruiz-Cruz et al., 2007).   

                Data on the use of sanitizers on in-shell hazelnuts is limited, especially under 

conditions relevant to industry. Available data uses high inoculum levels (>5.9 log CFU/g), 

which may inaccurately reflect the efficacy of PAA with low-level contamination detected 

on nuts after harvest (<1 log CFU/g) (Beuchat et al., 2013, 2012; Letchworth, 2016; Weller 

et al., 2013). Treatments applied to high-level inoculated product may not achieve similar 

results when applied to low-level inoculated product; the application of these studies to 

industry processes may not be appropriate (Busta, F.F. et al., 2003; NACMCF, 2010; Yoon et 

al., 2005). This study investigated the efficacy of PAA (80 ppm) on eliminating low levels of 

Salmonella spp. on artificially and naturally contaminated in-shell hazelnuts. 

 

 

3.3 Materials and Methods 

3.3.1 Bacterial strains and inoculum preparation 



44 

 

 

              Salmonella enterica strains were selected from the laboratory culture collection 

with preference for strains associated with low water activity products (Table 3.1). 

Individual strains were transferred from glycerol stock (-80°C) to Tryptic Soy Broth (TSB; 

Neogen, Lansing, MI) and incubated at 37°C for 24 hours. Individual strain inocula were 

prepared by serial dilution of the overnight TSB culture into fresh TSB to achieve a final 

concentration of 4 log CFU/ml.   

 

Table 3.1.  Salmonella enterica strains used for artificially contaminating in-shell hazelnuts. 

Serotype Isolate Identifier Description Source 

Salmonella Enteritidis 
PT9c 

RM4635 
Clinical isolate 
associated with  

raw almond outbreak 

Rob Mandrell  
USDA-ARS 

Salmonella Thompson JWC-1901 Hazelnut isolate 
Dr. Joy Waite-Cusic  

Oregon State University 

Salmonella 
Typhimurium 

N/A Veggie Booty isolate 
Bryanne Shaw 

Minnesota Dept. of 
Agriculture 
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3.3.2 Inoculation of hazelnuts 

           Raw, graded, in-shell hazelnuts (23 kg) were provided by the Hazelnut Marketing 

Board.  Hazelnuts (n = 1000) were roughly sorted by size and to eliminate nuts that were 

obviously split or cracked and spread onto sterilized baking sheets.  Individual hazelnuts 

were spot-inoculated with 20 l of diluted inoculum and air-dried at ambient temperature 

for 15-18 hours prior to sanitizer treatments. 

 

3.3.3 Microbiological analysis – Enumeration of inoculated hazelnuts 

            Due to the low level of inoculation, a Most Probable Number (MPN) method was used 

for enumeration.  A three-dilution three-tube MPN procedure was used with 1 g, 0.1 g, and 

0.01 g of product evaluated. Dried, inoculated hazelnuts (n = 8) were randomly selected 

and placed individually into 50 mL conical tubes containing Lactose Broth (1:1 w/v; 

Neogen). Tubes were agitated prior to transfer of Lactose Broth rinsate (1 ml) in triplicate 

to fresh Lactose Broth (9 ml) which were designated as the 1 g tubes. From each 1 g tube, 1 

mL was transferred to 9 mL of Lactose Broth to create 0.1 g tubes. This process was 

repeated with transfer from the 0.1 g tubes to create the 0.01 g tubes.  All tubes were 

incubated at 37°C for 24 hours.  Following incubation, 1 mL from each MPN tube was 

transferred to Tetrathionate Broth (TT; FDA BAM Formulation (US Food and Frug 

Administration, 2012)) and incubated at 37°C for 24 hours. Following enrichment in TT, 

each tube was streaked onto Hektoen Enteric Agar (HE; Neogen) and incubated at 37°C for 

24-48 hours and scored based on the presence of typical Salmonella spp. colonies (black 
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coloration with no acid production).  Scores for each tube were used to calculate the 

MPN/100 g using MPN tables (USDA, 2008).    

 

3.3.4 Rinsing treatments – Inoculated hazelnuts 

               Treatments were performed in a temperature-controlled, circulating waterbath 

(PolyScience, Niles, IL). The waterbath was filled with 14 L of municipal water and 

circulated to reach the target temperature of 25°C.  For peroxyacetic acid treatments (PAA), 

concentrated Tsunami 200 (Ecolab, St. Paul, MN) was added to the water bath to reach the 

target PAA concentration of 80 ppm.  Final PAA concentration was confirmed using a 

RQflex 10 reflectometer (EMD Millipore, Billerica, MA).  Samples (30 ml) of each solution 

(water or PAA) were collected prior to the addition of hazelnuts to verify that the solution 

was not contaminated with Salmonella spp. 

                For a single water or PAA treatment, inoculated hazelnuts (n = 500) were 

aseptically transferred to a stainless steel mesh basket. The basket was then submerged 

into the waterbath for 60 seconds with moderate agitation. Immediately after treatment, 

the basket was removed from the waterbath and nuts (n = 100) were immediately poured 

onto an elevated sterile stainless steel grid with a false bottom to separate individual nuts.  

The false bottom was removed and the individual nuts dropped in to individual 50 ml 

conical tubes containing Lactose Broth (20-25 ml) to immediately neutralize the PAA.  

Samples of the treatment solution (30 ml) were collected after the treatment to 

qualitatively determine the level of transfer and survival of the Salmonella spp. from the 

nuts to the circulating solution. 
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3.3.5 Microbiological analysis – Treated, inoculated hazelnuts 

                Nuts (n = 12-18) from each inoculation batch were randomly selected to serve as 

positive controls to verify contamination rates of the untreated nuts.  Individual nuts (n = 

100/treatment) were analyzed for the presence or absence of Salmonella spp. using a 

series of culturing techniques.  Each nut was individually enriched in Lactose Broth (20-25 

ml) by incubating at 37°C for 24 hours.  Lactose broth enrichments were streaked onto 

Hektoen Enteric Agar (HE; Neogen) and incubated at 37°C for 24-48 hours.  Colonies 

exhibiting typical Salmonella spp. morphology on HE were confirmed by streaking onto 

CHROMagar Salmonella Plus (DRG International, Inc., Springfield, NJ) following incubation 

at 37°C for 24 hours.  Isolates exhibiting mauve or pink coloration were considered 

confirmed as Salmonella spp. and the individual nut was scored as positive for Salmonella 

spp.  

 
3.3.6 Naturally contaminated hazelnuts 

            As part of a multi-year prevalence study, the Hazelnut Marketing Board collected 

raw, green-dry, in-shell hazelnuts from the 2015 harvests for Salmonella spp. analysis at 

Oregon State University (Letchworth, 2016). Samples that contained Salmonella spp. were 

pooled into a larger composite (~15 kg) and stored at 4C.  The composite was randomly 

sampled (n = 25; 333 g each) for enumeration and rinsing treatments. 

 
3.3.7 Microbiological analysis – Enumeration of naturally contaminated hazelnuts 

            Initial loads of Salmonella spp. on naturally contaminated hazelnuts were expected to 

be low (<1 MPN/g) and highly variable throughout the bulk composite. Ten samples (100 g 
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each) from the bulk composite were enumerated using a four-dilution three-tube MPN 

procedure evaluating 10 g, 1 g, 0.1 g and 0.01 g of product.  Each 100-g sample was agitated 

in Lactose Broth (1:1) prior to dividing for MPN analysis.  Three aliquots of 10 ml of 

Lactose Broth rinsate were transferred to individual sterile tubes.  Three aliquots of 1 ml, 

0.1 ml, and 0.01 ml were transferred to individual tubes containing Lactose Broth (9 ml). 

Incubation conditions and subsequent cultural steps were followed as previously described 

for enumeration of inoculated hazelnuts.  

 

3.3.8 Rinsing treatments –Positive controls for naturally contaminated hazelnuts 

              For each of the three treatment replicates, a bulk 333 g of naturally contaminated 

nuts were separated into 10 sterile Whirl-Pak bags of 33 g each. To each bag, Lactose Broth 

(10:1) was added and the bags were agitated and allowed to incubate at 37°C for 24 hours. 

Post enrichment, 1 mL of the cultured Lactose Broth was transferred to 10 mL of 

Tetrathionate Broth (TT; FDA BAM ) and allowed to incubate at 37°C for 24 hours. The 

samples were then streaked onto HE for confirmation and transferred to CHROMagar 

SalmonellaPlus if further confirmation was needed. 

 

3.3.9 Rinsing treatments – Naturally contaminated hazelnuts 

            Treatments were performed in 92 oz. sterile Whirl-Pak sample bags (Nasco, Fort 

Atkinson, WI). Individual bags were filled with 400 ml of sterile water.  For peroxyacetic 

acid treatments (PAA), concentrated Tsunami 200 was added to the bag to reach the target 

PAA concentration of 80 ppm.  Final PAA concentration was confirmed using a RQflex 10 

reflectometer. 
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             For each treatment, 333 g of nuts (100-150 nuts) were added to the treatment 

solution and lightly agitated for 60 seconds. Immediately following the treatment, the bag 

was aseptically cut at the corner to quickly remove the treatment solution and hazelnuts 

were divided into 10 individual samples (33 g) in Whirl-Pak bags pre-filled with Lactose 

Broth (333 ml). Additional hazelnuts were treated with PAA, spread into a sterile stainless 

steel perforated box, and air dried biological safety cabinet for 20 hours prior to 

distribution in to Lactose Broth.  Incubation and cultural steps for confirmation were 

performed as described earlier in the methodology. Samples of the treatment solution (400 

mL) were collected after the treatment to qualitatively determine the level of transfer and 

survival of the Salmonella spp. from the nuts to the circulating solution. 

3.3.10 Statistical analysis 

           Comparisons between untreated, water, and PAA treatments were made using a chi-

square test of independence (inoculated hazelnuts) and a Fisher’s exact test of 

independence (naturally contaminated) using Prism statistical software (GraphPad, La 

Jolla, CA). The level of significance was set at p  0.05. 

 

3.4 Results 

3.4.1 Efficacy of PAA treatment on inoculated nuts 

           The initial inoculation levels remained low, ranging from 41.65 MPN/100 g to 322 

MPN/100 g with an average pre-treatment level of > 110 MPN/100 g. The initial inoculum 

level for one of the S. Thompson replicates was designated as > 110 MPN/100 g based on 

MPN tables for which all of the tubes and their replicates were positive, potentially a result 
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of contamination (USDA, 2008). The uncertainty of this starting level was taken into 

consideration when calculating the average initial inoculation.  The inoculation procedure 

was identical for each strain, so the variation in initial inoculum among replicates is likely a 

consequence of the among-strain differences in die-off that occurs after inoculation. It was 

noted earlier in the study that ~0.5-1 log CFU/nut was lost in the time between inoculation 

and treatment. Initial low level inoculations of 41.65MPN/100g, 160MPN/100g, and 

322MPN/100g resulted in a rate of 91.7%, 83.3%, and 93.3% positive controls on a 

qualitative basis, respectively.  Detection methods were not sensitive enough to 

consistently test positive for nuts contaminated with lower levels of inoculum.    

             Overall, the water treatment significantly reduced the number of positive nuts 

compared to the control (p=0.0002) (Table 3.2). Between strains, water was only 

significantly effective at reducing S. Enteritidis (p=<0.0001) and the second S. Thompson 

replicate (p=0.04). There was no significant intra-strain difference between the two water 

replicates of S. Thompson.  

             Overall, the PAA treatment was significantly more effective than no treatment or the 

water treatment (p=<.0001). The number of positive nuts with strains except for the first 

replicate of S. Thompson were significantly reduced by PAA compared to water. The first 

replicate of S. Thompson was the only replicate that didn’t show a significant reduction by 

water or PAA treatments compared to the control. Salmonella was not detected in any of 

the pre- or post-treatment water or PAA samples.  
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Table 3.2. Relative efficacy of peroxyacetic acid treatment (PAA; 80 ppm; 1 minute) to reduce low levels of Salmonella spp. 
on individually-inoculated in-shell hazelnuts. 
 

Microorganism 
Initial Concentration 

(MPN/100 g) 

Presence of Salmonella spp. Detected Following Treatment 

Untreated Water PAAa (80 ppm) 

Salmonella Enteritidis 41.65 11b/12c (91.7%) 31/107 (29.0%) 9/105 (8.6%) 

Salmonella Thompson 
322 14/15 (93.3%) 91/110 (82.7%) 81/107 (75.7%) 

>110e 12/12 (100%) 72/100 (72.0%) 49/106 (46.2%) 

Salmonella Typhimurium 160 15/18 (83.3%) 104/124 (83.9%) 71/114 (62.3%) 

Total >110d 52/57 (91.2%) 298/441 (67.6%) 210/432 (48.6%) 

Solutionf NDg ND 0/4h (0%) 0/4 (0%) 

a PAA: peroxyacetic acid 
b Number of individual hazelnuts confirmed positive for Salmonella spp. following the treatment. 
c Total number of individual hazelnuts analyzed for Salmonella spp.  
d,e Average initial concentration of Salmonella spp. on inoculated hazelnuts. eMPN results for S. Thompson were indicated at 
>110 MPN/g by MPN tables(U.S. Department of Agriculture, 2008). Uncertainty in the initial S. Thompson counts (>110 
MPN/g) was taken into account in calculating the average initial concentration.   
f Solution (30 ml; water or PAA) analyzed for the presence of Salmonella spp. following hazelnut treatment. 
g Assumed negligible. Waterbath was sanitized prior to new treatments.  
h PAA and water samples were sampled immediately after treatment.  
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3.4.2 Efficacy of PAA treatment on naturally contaminated nuts 

            The pre-treatment average MPN was 65 MPN/100 g of hazelnuts, which 

corresponded to an average positive detection of Salmonella in 33.3% (range: 20-40%) of 

the positive controls. This initial contamination is similar to the starting concentration of S. 

Enteritidis in the inoculated portion of the study, but resulted in a lower positive detection 

rate among controls. The smaller sample size may account for this difference.  

            Overall, the number of positive 33 g samples in each replicate as shown in Table 3.3 

was not significantly different between any of the treatment conditions or controls. The 

water treatments had a higher overall number of positive 33 g samples (41.7%) compared 

to the PAA treatment (30%) and control (33.3%), but this was not significant.  It is unclear 

whether this increase in positive water-treated samples is due to cross-contamination or 

simply an effect of small sample size and sampling. The percent positive samples for the 

water and PAA treatments were not significantly different within the same replicate or 

between the three replicates. 

             There was no difference in reduction between PAA treatments with and without the 

drying step. Although not significant, the PAA treatment with the subsequent drying step 

had a slightly higher percentage (3.3%) of positives. The combination of chemical and 

desiccation stressors was hypothesized to significantly reduce the positive rate, so an 

increase in positives with the addition of the drying step was unexpected.  Post-treatment 

water samples were positive for Salmonella only when treating with water (Table 3.3). 

Although some water samples were negative for Salmonella, background coliforms were 

detected in the post-treatment water. Only in the case of peroxyacetic acid treatments was 

there no growth detected in the post-treatment water samples. 
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Table 3.3. Relative efficacy of peroxyacetic acid treatment (PAA; 80 ppm; 1 min) to reduce 
low levels of Salmonella spp. on naturally contaminated in-shell hazelnuts. 
 

Replicate 
Initial 

Concentration  

Presence of Salmonella spp. Detected Following 
Treatment 

Untreated Water 
PAAa (80 

ppm) 

PAA (80 
ppm) and 
Dried (20 

hrs) 

A  4b/10c (40%) 
9/20d 
(45%) 

3/10 (30%) 2/10 (20%) 

B 65 MPN/100 gd 2/10 (20%) 5/20 (25%) 3/10 (30%) 3/10 (30%) 

C  4/10 (40%) 
11/20 
(55%) 

3/10 (30%) 5/10 (50%) 

Total  
10/30 

(33.3%) 
25/60 

(41.7%) 
9/30 

(30%) 
10/30 

(33.3%) 

Solutione NDf ND 2/6 (33.3%) 0/6g (0%) 

a PAA: peroxyacetic acid 
b Number of 33 g hazelnut samples confirmed positive for Salmonella spp. following the 
treatment. 
c Total number of hazelnut samples analyzed for Salmonella spp.  
d Average initial concentration of Salmonella spp. on inoculated hazelnuts. 
e Solution (400 ml; water or PAA) analyzed for the presence of Salmonella spp. following 
hazelnut treatment. 
f Not determined.  Sterile water was used to prepare water and PAA solutions for these 
experiments. 
g PAA solution samples were analyzed immediately after treatment regardless of drying 
treatment. 
 
 

3.5 Discussion  

           This study uses a novel approach to determine the efficacy of peroxyacetic acid on 

Salmonella on in-shell hazelnuts. Low level Salmonella contamination (~1 log CFU/g) and 

its detection using qualitative analysis on an individual nut basis or small group of nuts 

(~10 nuts) allowed for an evaluation of PAA efficacy on in-shell hazelnuts in a more 

representative manner than previous research. Evaluating nuts qualitatively on an 
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individual-basis allows for Salmonella detection at low levels comparable to naturally 

contaminated nuts. This approach also can be used to assess cross contamination in a large 

nut-sanitizer system and measures sanitizer efficacy using a metric useful to industry.  

            Previous studies have evaluated the efficacy of PAA to reduce Salmonella on tree nuts 

(Table 3.4). With starting inoculum levels at 5.92 log CFU/g and 6.74 log CFU/g, 

submerging in-shell pecans and pecan halves for 2 minutes in 40 ppm or 80 ppm PAA 

resulted in a 2.38 and 1.62 log CFU/g reduction of Salmonella, respectively (Beuchat et al., 

2013, 2012). Weller et al. (2013) sprayed 80 ppm PAA on in-shell hazelnuts inoculated 

with 8.04 log CFU/g and achieved a 1.34 log CFU/g reduction (Table 3.4). At high 

inoculation levels, surface and environmental interactions between bacteria and the 

sanitizer may differ from those at low levels, skewing results (NACMCF, 2010). In the 

current study, peroxyacetic acid was less effective at reducing low levels of Salmonella on 

contaminated nuts than reducing high-levels on inoculated nuts in studies like those in 

Table 3.4.  

               Differences in study design, test product, and inoculation technique may account 

for the wide variability in reduction with PAA. The method of inoculation itself (e.g. surface 

or immersion) has resulted in variable amounts of reduction when all other parameters are 

kept constant (Beuchat et al., 2013). In addition, surface structures of in-shell hazelnuts 

differ from almonds, pecans, and produce, which likely plays a role in the variability of PAA 

efficacy seen in Table 3.4.  

                This study is the first to assess the efficacy of peroxyacetic acid on naturally 

Salmonella-contaminated in-shell nuts. Cells existing in a desiccated, stressed state as they 

may on naturally contaminated nuts are more resistant to sanitizers than inoculums of 
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planktonic cells existing under laboratory growth conditions(Ryu and Beuchat, 2005; Scher 

et al., 2005; Uhlich et al., 2012). Using naturally contaminated in-shell hazelnuts allows for 

the determination of efficacy taking into account the increased resistance of desiccated 

Salmonella to sanitizers(Danyluk et al., 2008). Dry and nutrient-poor orchard soil may 

induce a desiccated state in the Salmonella cells, which has been correlated with resistance 

to hypochlorite, ammonium chloride, and hydrogen peroxide sanitizers. 

                In this study, low-level inoculated in-shell hazelnuts showed a significant reduction 

of Salmonella when submerged in both water and PAA. This is in contrast to the lack of 

reduction of Salmonella on naturally contaminated hazelnuts treated with water, PAA, or 

PAA with air drying treatments. The initial inoculation level on the naturally contaminated 

nuts was lower than the inoculated nuts, and yet less reduction was achieved. The long-

term desiccated state of the naturally occurring Salmonella spp. or increased bacterial 

surface attachment likely contribute to this apparent resistance. The surface of the 

hazelnut shell may influence the extent of bacterial adhesion and susceptibility to agitation 

or chemical treatments. The hazelnut shell surface appears as thin, intertwined sticks with 

a roughness that allows adequate bacterial attachment (Di Blasi et al., 2015). Providing 

additional surface area for contamination, hazelnuts have a large, textured attachment scar 

and often have split sutures which can provide physical protection to cells during harvest 

or processing. For inoculation studies, exposed surfaces (basal scar and shell) were 

targeted and visible protective crevices (sutures) were avoided.  Naturally contaminated 

hazelnuts could harbor Salmonella cells on a wide variety of surfaces, including crevices 

that could protect the Salmonella from chemical treatments. These findings reinforce the 

suitability of the use of naturally contaminated nuts for validations of sanitizer efficacy; 
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however, the limited availability of naturally contaminated product prevents this from 

being a standard approach.  

                 Treatment methodology in this study was designed so the PAA and water 

treatments were applied to mimic the irregular application of PAA during harvesting wash 

steps.  Bulk nuts were treated with a minimal volume of liquid (~1:1) to mimic the 

crowding of nuts typical in harvest wash steps. The treatments were applied with very little 

agitation, indicative of the movement of nuts in and out of a wash tank. Bulk treatments 

using large sample sizes more accurately reflect the complex interaction between the 

sanitizer, nuts, bacteria, and treatment vessel, which is essential in the valid industrial 

application of these results. This approach to treatment application does not mirror the 

methods of studies in Table 4 whose treatment applications were generally on a smaller 

scale and were more aggressive.  

                 Peroxyacetic acid has the potential to prevent cross contamination in hazelnut 

post-harvest wash steps (Abadias et al., 2011; Sapers, 2001). In the naturally contaminated 

treatments, water-only post-treatment water samples treatments were positive for 

Salmonella, suggesting there is transfer of bacteria from contaminated to uncontaminated 

nuts mediated by water. This is suggested by the increased number of positive samples for 

the water treatments compared to the controls. In contrast, the post-treatment samples for 

PAA were either negative for Salmonella or negative for all growth, illustrating the 

effectiveness of PAA at preventing cross-contamination. For the inoculated nut treatments, 

Salmonella was not detected in either the pre- or post-treatment water or PAA samples; 

however, given the small amount of solution analyzed (30 mL) relative to the total 



57 

 

 

treatment solution (14 L), it is likely that the presence of Salmonella spp. in these solutions 

was underestimated.  

                Peroxyacetic acid treatment (80 ppm; 1 min) was effective at reducing low levels 

(~1 CFU/g) of Salmonella on inoculated in-shell hazelnuts; however, this efficacy was not 

demonstrated on naturally contaminated nuts.  The use of low-level inoculation and/or 

naturally contaminated product in combination with qualitative evaluation provides an 

opportunity for evaluation of the efficacy of PAA on scales more representative of the 

industry. Results from these studies suggest that the value of PAA may be in the prevention 

of cross contamination during post-harvest handling; however, additional research is 

necessary to evaluate and quantify the potential benefits.  
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 Table 3.4. Previous studies investigating the efficacy of peroxyacetic acid on tree nuts.  

Source Food Product [PAA]a Application Time Initial inoculum  Reduction 

(log CFU/g) 

Beuchat et al. In-shell pecan 40 ppm Submersion 2 min 5.92 log CFU/g 2.38 

Beuchat et al. Pecan halves 80 ppm Submersion with agitation 2 min 6.74 log CFU/g 1.62 

Weller et al. In-shell hazelnuts 80 ppm Spray  

(1.8mL; 14 sprays) 

3 min 8.04 log CFU/g 1.34 

Pao et al. In-shell almonds 500 ppm Spray (1.6 mL) 20 min 7.95 log CFU/g <1.27 

       a [PAA]: Concentration of peroxyacetic acid in parts per million (ppm) 
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4. OVERALL SUMMARY/FUTURE WORK 

           Determining a comprehensive method for the rdar assay and questioning its use as a 

tool in strain selection for process validations will drive future work that may validate its 

association with increased resistance to processing treatments. The first study outlined a 

method that may be used universally to achieve consistent results, and used that method to 

analyze the morphotype of over 200 different Salmonella and E. coli isolates. Sources link 

the rdar morphotype to resistances relevant to food process validations—chemical 

sanitizers, acid, nutrient limitation, and desiccation. However, literature is devoid of studies 

designed to verify a direct correlation between a rdar-positive rdar assay and increased 

resistance in a food process validation. Future work may build upon the methodology, list 

of strains, and morphotypes described in this study to potentially justify the use of the rdar 

assay in strain selection for process validation.  

           The second study demonstrated a difference in the efficacy of peroxyacetic acid to 

reduce Salmonella spp. on inoculated and naturally contaminated in-shell hazelnuts. 

Peroxyacetic acid and water treatments were effective on inoculated hazelnuts; however, 

PAA efficacy was not confirmed on naturally contaminated hazelnuts. This study 
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emphasized the importance of using low-level inoculation and naturally contaminated 

product to conduct an accurate and applicable process validation. Samples positive for 

Salmonella post-treatment were additionally analyzed for morphotype using the rdar 

assay. The majority of positive samples expressed the rdar morphotype, consistent with the 

correlation of the rdar morphotype to long-term desiccated, chemically stressed cells. 

Positive post-treatment water samples indicated the potential for cross-contamination 

during post-harvest washing steps.  This potential for PAA to prevent cross-contamination 

may be valuable to the hazelnut industry; however, additional research would be needed to 

determine relevant conditions that would maintain this activity.  Future work would likely 

expand on the use of higher concentrations of peroxyacetic acid, longer treatment times, or 

additional application of a heated air-dry step. Further studies may explore cross-

contamination dynamics in a larger sample and elaborate on the connection between the 

rdar morphotype and increased chemical sanitizer resistance.   
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Appendix 
 
Chapter 2 
Table 1. Prevalence of morphotypes on Congo red agar and fluorescence on Calcofluor agar by strain and origin 

                                                                             Morphotype prevalence   

Strain rdar saw pdar/pas bdar/bas ras 
Fluorescence 
on Calcofluor 

Salmonella spp. 73/90 15/52 10/12  14/23  31/58 81/145 

Escherichia coli O157:H7 0/90 16/52 2/12 6/23 5/58 0/39  

Non-O157 STEC Escherichia coli 17/90 21/52 0/12 2/23 22/58 14/62  

Origin rdar saw pdar/pas bdar/bas ras 
Fluorescence 
on Calcofluor 

Animal 36/91 18/91 2/91 16/91 18/91 56/91 

Clinical 5/19 6/19 0/19 1/19 (bas) 7/19 4/19 

Environmental 3/8 5/8 0/8 0/8 0/8 3/8 

Food product 4/10 3/10 1/10 1/10 1/10 5/10 

Meat-related 20/67 23/67 3/67 2/67 19/67 20/67 

Nut-related 7/16 1/16 5/16 (pas) 0/16 3/16 9/16 

Produce-related 4/9 1/9 0/9 1/9 (bas) 3/9 5/9 
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Table 2. Salmonella spp. morphologies on Congo red agar and Calcofluor agar 

Salmonella serovar 

                     

Morphotype on CRA/  Calcofluora  

   (No. of isolates with phenotype) 

Typhimurium (11 isolates) rdar/+ (10) 

saw/- (1; Veggie Booty outbreak, 2007) 

Enteritidis (7 isolates) rdar/+ (6) 

saw/- (1; FDA potato isolate) 

Javiana 
pdar/+ 

Saintpaul (4 isolates) rdar/+ (2) 

rdar/-  (1) 

Tennessee (3 isolates) ras/- 

rdar/+ 

Hartford (2 isolates) 
rdar/+ (2) 

Stanley 
ras/- 

Mbdanka 
rdar/+ 

Montevideo (4 isolates) rdar/+ (3) 

ras/+ (1) 

Wadsworth  

 saw/- 

Abaetetuba 
rdar/+ 
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Senftenberg (3 isolates) rdar/+ (2) 

bdar/- (1) 

Michigan 
ras/- 

diarizonae (2 isolates) rdar/+ (1) 

pas/- (1) 

Abortusequi 
rdar/- 

Oranienburg 
ras/+ 

Anatum (2 isolates) rdar/+ (1) 

ras/- (1) 

Dublin (22 isolates) saw/- (3) 

ras/- (14) 

bdar/- (3) 

bas/- (2) 

Eimsbuettel 
rdar/+ 

Heidelberg (3 isolates) ras/- (2) 

rdar/+ (1) 

Kentucky (3 isolates) saw/- (2) 

rdar/+ (1) 

Minnesota  
bas/- 

Muenchen (3 isolates) rdar/+ (1) 

saw/- (1) 

bas/- (1) 

Newport (4 isolates) rdar/+ (3)  

bas/- (1) 

Thompson (7 isolates) rdar/+ (2) 

pas/+ (1) 

pas/- (4) 

Weltevreden 
rdar/+ 

Typhisuis 
saw/- 

Tuindorp 
rdar/+ 
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Chameleon 
pas/- 

arizonae 
rdar/+ 

Koketime 
rdar/+ 

Houten 
rdar/+ 

Johannesburg 
rdar/+ 

Alachua 
rdar/+ 

 Fluntern 
saw/- 

Abobo 
rdar/+ 

Cubana 
bas/- 

Havana 
rdar/+ 

Poona 
rdar/+ 

Rubinslaw 
saw/- 

Uganda (2 isolates) bas/- (1) 

ras/- (1) 

Braenderup (3 isolates) rdar/+ (2) 

ras/- (1) 

Newington 
rdar/+ 

Newbrunswick 
rdar/- 

Muenster 
rdar/+ 
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Melengridis 
ras/- 

Give 
bdar/- 

Derby 
ras/- 

Reading 
rdar/+ 

Pullorum 
pdar/+ (weak) 

Indiana 
saw/- 

SanDiego 
rdar/+ 

Schwartzengrund 
rdar/+ 

Lomalinda 
rdar/+ 

Litchfield 
rdar/+ 

Molade 
rdar/+ 

Hiduddify 
bdar/+ (weak) 

Hadar 
bas/- 

Haardt 
rdar/+ 

 aNoted as “morphology/result on CFA (number that expressed that morphology)”. 
If only one serovar was assayed, then no numbers are specified 
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          Table 3. E. coli  morphologies on Congo red agar and Calcofluor agar                  

E. coli strains Morphotypes on CRAa 

O157:H7 (33 isolates) 

ras/- (5) 

pas/- (2) 

bas/- (6) 

saw/- (20) 

O26:H11 (3 isolates) 
ras/- (2) 

rdar/+ (1) 

O45:H2 (2 isolates) 
ras/- (1) 

rdar/- (1) 

O45 (ground beef, USDA) saw/- 

O103:H2 (3 isolates) 

ras/- (1) 

rdar/- (1) 

rdar/+ (1) 

O111 rdar/+ 

O111:H8 ras/- 

O111:NM saw/- 

O121 (2 isolates) 
bas/- (1) 

rdar/- (1) 

O121:UT saw/- 

O145:NM ras/- 

O145:H28 saw/- 

O145 (ground beef, USDA) saw/- 

O8:H8 ras/- 
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O8:H16 saw/- 

O8:H19 ras/- 

O8:H25 rdar/+ 

O8:H49 ras/+ 

O20:H7 rdar/- 

O20:H19 (3 isolates) 

bas/- (1) 

rdar/- (1) 

rdar/+ (1) 

O20:UT 
ras/- 

 

O22:H8 saw/- 

O22:H11 ras/- 

O22:H19 (2 isolates) 
rdar/- (1) 

rdar/+ (1) 

O22:H49 rdar/+ 

O113:H21 

(5 isolates) 

ras/- (2) 

saw/- (2) 

rdar/+ (10 

O116:H21 (4 isolates) saw/- 

O116:UT saw/- 

O117:H7 

(4 isolates) 

ras/- (2) 

ras/+ (2) 

O117:UT saw/- 
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O163:H11 saw/- 

O163:H19 (3 isolates) 

ras/+ (1) 

ras/- (1) 

rdar/+ (1) 

O163:H46 ras/- 

O171:H2 (5 isolates) 

rdar/+ (1) 

saw/- (3) 

ras/- (1) 

O174:H2 saw/- 

O174:H21 rdar/- 

O174:H28 ras/- 

O174:UT saw/+ (weak) 

Generic E. coli from sandy loam soil (California) rdar/+ 

Generic E. coli clinical isolate (1941) saw/- 

Generic E. coli, irrigation water isolate (California) saw/- 

aNoted as “morphology/result on CFA (number that expressed that morphology)”. 
If only one serovar was assayed, then no numbers are specified 



78 

 

 

Chapter 3 

Timeline of tree nut outbreaks, 1986-2016 

 

Figure 1. Timeline and source of foodborne outbreaks associated with tree nuts, 1986-2016. 
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Post-harvest Washing Process  

 

Figure 2. Diagram illustrating the flow of the sanitizer application process used by one of the Oregon hazelnut processors. 

Other producers use a different process flow, however, this processer and flow corresponds to the lowest prevalence of 

Salmonella reported by Letchworth et al. (2016).  
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Assessment of cross contamination—Inoculated nuts 

To assess the extent of cross-contamination between nuts in a waterbath-system, 25 Salmonella-inoculated and 20 

uninoculated nuts were added to a waterbath with 6 L of tap water at 25°C. Uninoculated nuts were marked with an “X” to 

identify them after treatment for analysis. The nuts were submerged in the waterbath together for 1 minute. Treated nuts 

and 5 positive controls were added individually to 50 mL conicals with lactose broth and incubated at 37°C for 24 hours. 

Enrichments were streaked on HE and incubated at 37°C for 24 hours. 

Results 

Cross-contamination 

All 25 inoculated hazelnuts were confirmed positive for Salmonella and 15 of the 20 uninoculated nuts were positive. Of the 

uninoculated nuts, four were positive for a lactose-fermenting bacteria and one was completely negative. All of the positive 

controls were positive.  
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Inoculated and naturally contaminated samples and their corresponding morphologies on CRA 
 
Table 3. Salmonella enterica strains used for artificially contaminating in-shell hazelnuts and their associated morphotype 

Serotype Isolate Identifier Description Source Morphology 

Salmonella Enteritidis PT9c RM4635 
Clinical isolate associated with  

raw almond outbreak 
Rob Mandrell  

USDA-ARS 

rdar 

Salmonella Thompson JWC-1901 Hazelnut isolate 
Dr. Joy Waite-Cusic  

Oregon State University 

rdar 

Salmonella Typhimurium N/A Veggie Booty isolate 
Bryanne Shaw 

Minnesota Dept. of Agriculture 

saw 

 
 

Table 4. Morphologies of Salmonella spp. on naturally contaminated in-shell hazelnuts after treatment 
 

Replicate 
Morphologiesb Expressed by Salmonella spp. Following Treatment 

Untreated Water PAA (80 ppm) 
PAA (80 ppm) and Dried 

(20 hrs) 

A rdar (3), ras(1) rdar (7) bas(2) rdar (3) rdar (2) 

B rdar(2) rdar(5) rdar (1), bas (1), saw(1) ras (3) 

C rdar(2), bas(1), ras(1) rdar(9), bas(2) rdar (2), bas (1)  rdar (3), bas (2) 

a PAA: peroxyacetic acid 
b rdar (red, dry, and rough), ras (red and smooth), bas (brown and smooth), saw (smooth and white) 
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