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Human consumption of domesticated ruminant milk began over 10,000 years 

ago during the Neolithic Revolution. The extremely perishable nature of fresh milk 

has remained a persistent challenge from these prehistoric times to the present day. 

Bacteria present in and on the udder, in the farm environment, and on the hands and 

implements of milkers contaminate the milk and rapidly proliferate in its nutrient-

rich conditions. For this reason, untreated fresh milk spoils within hours at ambient 

temperatures. This changed with the dual advents of mechanical refrigeration and 

pasteurization in the 19th century. Although the primary purpose of pasteurization is 

to reduce the foodborne pathogen population of milk to an acceptable risk level, 

pasteurization also drastically reduces the population of nonpathogenic vegetative 

bacterial cells responsible for spoilage. For this reason, refrigerated contemporary 

high-temperature, short-time pasteurized milk has an optimum shelf life of 

approximately 21 days. The largest obstacle to achieving this optimum is 

recontamination of milk with heat-labile bacteria during processing following 

pasteurization, a phenomenon called postpasteurization contamination (PPC). 



 

The 4 studies presented in this dissertation advance our knowledge of PPC in 

several relevant areas: (1) The prevalence and identity of postpasteurization 

contaminant Gram negative bacteria in large Northeastern United States fluid milk 

processing plants; (2) an assessment of plant sanitation and employee training 

interventions for the reduction of PPC rates in fluid milk; (3) a single gene 

sequencing-based subtyping technique for Pseudomonas spp., currently the most 

common postpasteurization contaminant; and (4) genotypic and phenotypic 

characterization of 2 Pseudomonas spp. responsible for blue and gray color defects in 

dairy products. 

The results of these studies emphasized several high-level conclusions 

regarding the present state of PPC and our knowledge thereof. PPC remains 

concerningly prevalent in the fluid milk produced by many large dairy plants, 

averaging approximately 50% of packages sampled and reaching 100% of packages in 

certain instances. Despite continuous improvements in processing equipment 

sanitary design and sanitation chemistry, aging plant infrastructure and numerous 

additional pragmatic factors likely prevent the reduction or elimination of PPC from 

fluid milk through simple interventions for many processors. A large diversity of 

Pseudomonas spp. subtypes, mostly of species within the P. fluorescens and P. putida 

groups, exists within dairy plants and contaminates dairy products singly or multiply 

in isolated incidents or with evidence of persistent contamination over periods of up 

to 2 years. Finally, genetically and temporally distant isolates of 2 Pseudomonas spp. 

share a common genetic element associated with the production of blue and gray 



 

pigments in milk and fresh uncultured cheese. 

Despite the breadth of the studies reported herein, many additional questions 

about the nature of PPC and how it can most effectively be addressed have been 

raised or emphasized by this work. Suggestions for further research directions are 

included in the discussion sections of each chapter of this dissertation. It is clear at 

present that the underlying causes and mechanisms of postpasteurization 

contamination will need to be better understood to provide effective, evidence-

based guidance for the dairy industry. Until a time when this occurs, untimely 

spoilage of fresh milk will remain with us, just as it always has. 



 

vi 
 

BIOGRAPHICAL SKETCH 

Samuel Joseph Reichler was born in Albany, New York, and raised in the Town 

of Bethlehem just south of the city. Sam received his New York State High School 

Equivalency Diploma in 2008. He earned an Associate of Occupational Studies in 

Culinary Arts from Schenectady County Community College in 2010. While at SCCC, 

he won a gold medal for competing in the American Culinary Federation Baron H. 

Galand Culinary Knowledge Bowl. Sam attended the University at Albany and Hudson 

Valley Community College, winning the CRC Press Freshman Achievement Award for 

general chemistry at UAlbany, before transferring to Cornell University in August 

2012 as a Food Science major.  

In February 2013, Sam began working in the Milk Quality Improvement 

Program Laboratory as a dishwasher. After earning a Bachelor of Science degree from 

Cornell in May 2015, Sam began a PhD in the Milk Quality Improvement Program 

under the direction of Dr. Martin Wiedmann. Sam was awarded a two-year USDA 

NIFA Predoctoral Fellowship in 2018, extending his program time to 6 years to 

complete this research on the spoilage of fluid milk by sporeforming bacteria (not 

included in this dissertation). Sam is an aquarist and grows orchids. Following 

graduation, he will remain with the Milk Quality Improvement Program. 

 

 

 

 



 

vii 
 

 

 

 

 

 

 

 

 

To myself on the day in November 2007 when my high school guidance counselor 

and principal sat down with me and my parents and invited me to no longer attend 

their school. I never thought I would make it here. You are worthy, and your 

resilience is your greatest strength. 

 

To my present self. I’m so proud of who I’ve become.



 

viii 
 

ACKNOWLEDGMENTS 

 

The history of Dairy Science at Cornell University dates nearly as far back as 

the history of the University itself. While conducting my research in this field, I felt 

connected to that 150-year history and to all who contributed to it. I am extremely 

grateful for all the opportunities I’ve been given at this extraordinary institution. 

This section would be exceedingly long if I wrote individual messages of 

acknowledgement and heartfelt thanks to everybody who unquestioningly deserves 

one for their indispensable contributions to my well-being and success. Hopefully, I’ll 

get around to that before the submission deadline. If not, the bulleted list below will 

have to suffice. I sincerely hope that everybody who has helped me since I first came 

to Cornell in 2012 knows how deeply grateful I am for their assistance, and doesn’t 

need to be told so here. My parents, of course, deserve special mention, for the 

multitude of reasons they’re already well aware of, as do Dr. Alicia Orta-Ramirez and 

Dr. Abigail Snyder. 

 

Family 

• Deborah Reichler 

• James Reichler 

• Norma Fox 

• Merton Reichler 

• Eva Reichler 



 

ix 
 

• Joshua Reichler 

• Madeline Reichler 

 

Friends (in alphabetical order) 

• Aaron Finke 

• Alexa Cohn 

• Ariel Buehler 

• Jeff McDevitt 

• Kiersten Gorse 

• Melissa Wilkinson 

• Sarah Beno 

• Sarah Kozak-Weaver 

• Sarah Murphy 

 

Mental Health Professionals 

• Cathy Kinder, MSW 

• Denise Wittlin-Horvath, PMHNP 

• Dr. Anna Mastusiewicz 

• Dr. Francesca Balada 

• Dr. John Tanquary 

• Dr. Margaret Mackenzie 



 

x 
 

• Dr. Philip Hansen 

• Dr. Virginia Nelson 

• Ineke Demuynck, LMFT 

• Janice Lacey, PMHNP 

• Joy Mushabac, LCSW-R 

• Karen Williams, PhD 

• Kathleen Blair, LCSW-R 

• Phrances Hinch, PMHNP 

• Sarah Rubenstein-Gillis, LCSW 

• Sheila Singh, PhD 

• Stephanie Zuber, LMHC 

 

Graduate School 

• Dr. Kathryn Boor 

• Janna Lamey 

 

Student Disability Services 

• Kappy Fahey 

 

Department of Food Science 

• Dr. Martin Wiedmann 



 

xi 
 

• Dr. Nicole Martin 

• Dr. Alicia Orta-Ramirez 

• Dr. Randy Worobo 

• Dr. John Brady 

• Dr. Abby Snyder 

• Dr. Carmen Moraru 

• Erin Atkins 

• Marin Cherry 

• Janette Robbins 

• Louise Felker 

• Alex Solla 

• Deanna Simons 

 



 

xii 
 

TABLE OF CONTENTS 

Biographical Sketch vi 

Dedication vii 

Acknowledgements viii 

Chapter 1:  
Introduction 

1 

Chapter 2:  
Pseudomonas fluorescens group bacterial strains are responsible for repeat 
and sporadic postpasteurization contamination and reduced fluid milk 
shelf life 

18 

Chapter 3:  
Interventions designed to control postpasteurization contamination in 
high-temperature, short-time-pasteurized fluid milk processing facilities: A 
case study on the effect of employee training, clean-in-place chemical 
modification, and preventive maintenance programs 

90 

Chapter 4:  
Identification, subtyping, and tracking of dairy spoilage-associated 
Pseudomonas by sequencing the ileS gene 

137 

Chapter 5: 
A century of gray: A genomic locus found in 2 distinct Pseudomonas spp. is 
associated with historical and contemporary color defects in dairy products 
worldwide 

186 

Chapter 6: 
Conclusions 

255 



 

xiii 

LIST OF FIGURES 

Figure 1.1. The 2 major pathways leading to bacterial spoilage of 
pasteurized fluid milk. 

4 

Figure 1.2. Bacterial contamination and recontamination (i.e., 
postpasteurization contamination) of fluid milk from farm to 
finished product. 

4 

Supplemental Figure S2.1. Percentage of skim, 2%, and chocolate 
milk samples collected over 11 months from 10 northeastern United 
States dairy plants that had reached microbial spoilage (SPC > 
20,000 CFU/mL) over 21 days of refrigerated shelf-life (6°C). 

33 

Supplemental Figure S2.2. Summary and comparison of log SPC 
values over 21 days of refrigerated shelf-life for milk samples that 
had reached microbial spoilage (SPC > 20,000 CFU/mL) on day 21 of 
shelf-life, both with and without evidence for post-pasteurization 
contamination with Gram-negative organisms. 

39 

Supplemental Figure S2.3. Maximum likelihood phylogenetic tree of 
representative 16S rDNA sequence types (STs) isolated from 10 HTST 
fluid milk plants. Bacterial families are listed. 

41 

Figure 2.1. Prevalence of d-21 sensory defects in milk samples with 
evidence of spoilage due to postpasteurization contamination (S-
PPC 

51 

Figure 2.2. Percent incidence of spoilage due to postpasteurization 
contamination (S-PPC; sample SPC of >20,000 cfu/mL on 1 or more 
day of testing over 21 d of shelf-life at 6°C, and DNA sequencing-
confirmed isolation of Gram-negative bacterial genera from the 
sample) in 4 sample collections over approximately 11 mo from 10 
northeastern United States dairy processing facilities. 

54 

Figure 2.3. Facility D 16S rDNA sequence type (ST) matrix 60 

Figure 2.4. Facility F 16S rDNA sequence type (ST) matrix 61 

Figure 2.5. Facility C 16S rDNA sequence type (ST) matrix 62 

Figure 3.1. Outcomes of a training intervention targeted toward 
reducing persistent postpasteurization contamination. 

99 

Figure 3.2. Effect of employee training and modified clean-in-place 
interventions on the incidence and diversity of postpasteurization 
contamination (PPC). 

116 

Figure 3.3. Effect of a preventive maintenance intervention on 
diversity of postpasteurization contamination. 

128 

Figure 4.1. The ileS allelic typing results for isolates with 16S rDNA 
sequence type 13 from multiple dairy plants 

159 

Figure 4.2. Average nucleotide identity by BLAST (ANIb) dendrogram 
based on pairwise distances between the whole-genome sequences 

161 



 

xiv 

of the 27 Pseudomonas isolates with 16S sequence type 13. 

Figure 4.3. Maximum likelihood phylogenies of 27 newly sequenced 
Pseudomonas isolates 

163 

Supplemental Figure S4.1. Maximum likelihood phylogenetic trees 
of 178 Pseudomonas spp. type strains 

* 

Figure 4.4. Maximum likelihood phylogenetic trees of 178 
Pseudomonas spp. type strains based on concatenated partial AA 
sequences of 120 single-copy housekeeping genes 

165 

Figure 4.5. Maximum likelihood phylogeny of Pseudomonas spp. 
based on a multiple alignment of sequenced ileS alleles. 

167 

Figure 5.1. Growth and color phenotype of pigment-associated 
isolates of Pseudomonas on potato dextrose agar after incubation at 
21°C for 1, 3, and 5 d. 

211 

Figure 5.2. Growth and color phenotype of pigment-associated 
isolates of Pseudomonas on potato dextrose agar after incubation at 
6°C for 3, 6, and 12 d. 

212 

Supplemental Figure S5.1. Appearance after 72 h of incubation at 
21°C of pigment-associated isolates inoculated into milk when 
illuminated with ultraviolet light 

213 

Figure 5.3. Growth of pigment-associated isolates of Pseudomonas 
in pasteurized, homogenized 2% fat milk after incubation in half-
filled containers at 21°C for 2, 3, and 4 d. 

214 

Figure 5.4. Color of (A) pasteurized fluid milk after inoculation with 
pigment-associated strains of Pseudomonas and incubation at 6°C 
for 14 d, and (B) mozzarella-style cheese after inoculation with 
pigment-associated strains of Pseudomonas and incubation at 6°C 
for 7 d. 

216 

Figure 5.5. Photographs under white and UV light of pigment-
associated Pseudomonas isolates inoculated onto mozzarella-style 
cheese and incubated at 6°C for 2 and 7 d. 

218 

Supplemental Figure S5.2. 16S rDNA maximum-likelihood 
phylogenetic tree of 9 newly-sequenced Pseudomonas isolates and 
Pseudomonas type strains from the Ribosomal Database Project 

† 

Figure 5.6. Dendrogram of the whole-genome-sequenced 
Pseudomonas isolates 

223 

Supplemental Figure S5.3. 16S rDNA maximum-likelihood 
phylogenetic tree of 5 newly-sequenced Pseudomonas isolates, the 
Pseudomonas type strains from the Ribosomal Database Project that 
they cluster with, and the type strain P. lactis DSM 29167 

225 

Supplemental Figure S5.4. Pan-genome SNP maximum parsimony 
tree of pigmented and unpigmented Pseudomonas cf. lactis strains 

226 

Figure 5.7. The putative roles of accessory tryptophan biosynthesis 229 



 

xv 

genes found in Pseudomonas isolate FSL E2-0548 in the tryptophan 
and indigo biosynthetic pathways. 

Figure 5.8. Phylogeny of proteins encoded by trpABCDF involved in 
tryptophan biosynthesis from all newly sequenced Pseudomonas 
isolates and in previously sequenced isolates 

232 

*Not reproduced in this manuscript due to excessive size. See text for hyperlink to 
access figure in Cornell eCommons data repository. 
†Not reproduced in this manuscript due to excessive size. See text for hyperlink to 
access figure from the Journal of Dairy Science.



 
 

xvi 
 

LIST OF TABLES 

Table 2.1. Characteristics of the 10 HTST-pasteurized fluid milk 
processing facilities in the northeastern United States from which 
consumer packages of pasteurized fluid milk were collected on 4 
occasions between July 2015 and May 2016 

23 

Table 2.2. Sensory defects included in panelist training, their typical 
sources, and the methods by which panelists were trained to recognize 
the defects 

25 

Table 2.3. The DNA sequences of the primers used for PCR amplification 
and sequencing of bacterial isolates obtained from samples of HTST-
pasteurized fluid milk over shelf-life 

29 

Table 2.4. Bacterial genera present in the 226 samples of HTST-
pasteurized milk samples that reached the quality threshold (>20,000 
cfu/mL) at any point over 21 d of refrigerated shelf-life 

35 

Supplemental Table S2.1. Presence of common groups of spoilage 
organisms responsible for post-pasteurization contamination in all 280 
samples of HTST pasteurized milk over 21 days of refrigerated shelf-life, 
as identified by sequencing the 16S rDNA of 1,932 cultured isolates 
unless otherwise noted 

43 

Table 2.5. Performance of culture-based methods for detection of 
spoilage due to postpasteurization contamination (S-PPC) compared 
with 16S rDNA sequencing in 280 samples of pasteurized milk over 21 d 
of refrigerated shelf-life 

46 

Table 2.6. Associations between the presence of commonly isolated 
bacterial genera and the d-21 overall flavor score of HTST-pasteurized 
milk samples collected from 10 northeastern United States dairy 
processing facilities over 11 mo (n = 276) 

49 

Table 2.7. Persistent 16S rDNA sequence types (ST) in 10 northeastern 
United States fluid milk processing facilities 

56 

Table 2.8. Unique 16S rDNA sequence type (ST) counts and occurrence 
of repeat isolation within a single facility 

58 

Table 2.9. Isolation of identical 16S rDNA sequence types (ST) 
responsible for spoilage due to postpasteurization contamination from 
multiple facilities 

64 

Table 3.1. Clean-in-place (CIP) chemistry and parameters used for 
typical dairy processing facility sanitation and a modified chemical 
intervention targeted toward persistent postpasteurization 
contamination 

102 

Supplemental Table S3.1. DNA sequences of PCR primers used for 
characterization of isolates obtained from pasteurized fluid milk 

110 

Table 3.2. Summary of 16S rDNA sequence type (ST) diversity metrics 120 



 
 

xvii 
 

for isolates identified at all facilities and across all time points 

Table 4.1. Distribution of Pseudomonas isolates selected from an initial 
pool of 1,297 isolates, based on 16S rDNA sequence type (ST) data, as a 
test set for single-gene subtyping 

142 

Supplemental Table S4.1. Generic PCR mix for 7-gene multilocus 
sequence typing  

144 

Supplemental Table S4.2. Whole-genome sequencing metadata 149 

Table 4.2. Summary of diversity measures for 7 candidate genes to 
identify the single gene best suited for Pseudomonas subtyping 

156 

Supplemental Table S4.3. ANIb distance matrix for 27 newly sequenced 
Pseudomonas genomes and 8 related type strain genomes 

* 

Table 5.1. Pseudomonas isolates used in this study for phenotyping, 
genotyping, or both 

193 

Table 5.2. Summary of Pseudomonas whole-genome metrics 202 

Supplemental Table S5.1. Hidden Markov model results for selected 
protein domains predicted to be associated with pigment formation 

206 

Supplemental Table S5.2. Genes identified as present in the 6 
pigmented isolates and absent from the 3 non-pigmented isolates 

228 

*Not reproduced in this manuscript due to excessive size. See text for hyperlink to 
access figure in Cornell eCommons data repository.



 
 

1 
 

CHAPTER 1 

INTRODUCTION 

 

 This dissertation largely addresses two related topics: (1) postpasteurization 

contamination of fluid milk and (2) Pseudomonas spp. associated with dairy spoilage. 

 To understand postpasteurization contamination, one must first understand 

the basic principles of modern dairy farming and processing. The journey of bovine 

milk from cow to table begins on the dairy farm. Lactating dairy cows are machine-

milked, and this raw milk is pooled, cooled, and pumped into a large, refrigerated 

bulk tank. The Milk Quality Improvement Program has extensively researched on-

farm conditions and practices associated with the quality of raw and pasteurized milk 

(Zadoks et al., 2005, Huck et al., 2008, Masiello et al., 2014, Miller et al., 2015, 

Masiello et al., 2017, Evanowski et al., 2020). The following quotation, written by 

Clinton D. Smith in 1896, both summarizes this more recent work and emphasizes 

the repetitive nature of dairy science research over the past century:  

“No pasteurizing process can cure or cover up the evil results of nastiness in 

milking.”  

A modern and colloquial translation of this statement may be “Garbage in, garbage 

out.” The on-farm environment must be clean and sanitary, and the cows must be 

clean and healthy to produce high-quality milk. 

 The raw milk collected in the bulk tank is pumped into insulated tanker trucks 

for transport to processors. Upon arrival at a dairy processor, rapid tests are 
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performed on the milk to ensure that it complies with legal requirements for raw 

milk quality and safety (e.g., adulteration with added water or antibiotics). In the 

United States, this testing is informed by the Grade “A” Pasteurized Milk Ordinance 

published by the Food and Drug Administration (FDA, 2015). Accepted loads of raw 

milk are pumped into refrigerated raw milk silos prior to further processing. 

 Several processing steps are required to convert raw milk into pasteurized, 

homogenized fluid milk. The following steps, though generally accurate, may vary in 

order and details for specific processors. First, raw milk is separated into skim milk 

and cream using a continuous centrifuge. These two products are then recombined in 

calculated volumes to produce the desired fat level of the finished product (e.g., 

skim, 1% fat, 2% fat, or whole milk), in a process called standardization. The 

standardized milk is then pumped at high pressure through a narrow valve to reduce 

the size of the milk fat globules, preventing separation during storage (i.e., 

homogenization). Vitamins, typically A and D, are added to the milk using a metered 

pump (Bylund, 2003). 

 Pasteurization is arguably the most critical step of fluid milk processing, as it 

ensures that the risk of contracting foodborne illness from milk consumption is 

reduced to acceptably low levels (Boor et al., 2017). Modern large-scale dairy 

processors pasteurize milk using a countercurrent plate heat exchanger to rapidly 

heat the milk to ≥ 72°C, after which a holding tube is used to maintain the milk at this 

temperature for ≥ 15 s. This process is known as high temperature, short time (HTST) 

pasteurization (Bylund, 2003, FDA, 2015). The milk is then rapidly cooled in a plate 
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heat exchanger and pumped into storage tanks, awaiting filling into packages 

(Bylund, 2003). 

 Machines that fill plastic bottles and jugs are typically rotary in configuration, 

whereas machines that fill paperboard cartons are typically linear. Filled containers 

of milk are packed into crates, loaded onto pallets, and stored in refrigerated 

warehouses prior to distribution to customers (e.g., supermarkets, schools, or 

foodservice establishments) in refrigerated trucks. 

 Postpasteurization contamination (PPC) is one of the 2 major pathways 

leading to bacterial spoilage of pasteurized fluid milk (Figure 1.1). PPC is the 

introduction of heat-sensitive bacteria into milk following pasteurization (Moseley, 

1980). Types of heat sensitive bacteria typically associated with PPC include 

Coliforms, Enterobacteriaceae, and the genus Pseudomonas (Alles et al., 2018). PPC 

may occur at any point in fluid milk processing following pasteurization up to and 

including the filling of containers (Figure 1.2), but filling machines are most 

frequently implicated as the entry point for PPC (Ralyea et al., 1998, Eneroth et al., 

2000a). 
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Figure 1.1. The 2 major pathways leading to bacterial spoilage of pasteurized fluid 
milk. Gram negative spoilage is typically caused by postpasteurization contamination. 
 

 
Figure 1.2. Bacterial contamination and recontamination (i.e., postpasteurization 
contamination) of fluid milk from farm to finished product. 
 

Bacteria typically associated with PPC grow quickly in milk at refrigeration 

temperatures (a trait known as psychrotolerance), reaching levels above regulatory 

limits relatively early in shelf life (Martin et al., 2012). These bacteria frequently 
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produce enzymes that metabolize the macronutrients in milk (lactose, protein, and 

butterfat), producing flavor, odor, textural, or visual defects (Thomas et al., 1960, 

Jensen et al., 2001, Hayes et al., 2002, Fromm and Boor, 2004, Andreani et al., 2015).  

As with many topics in Dairy Microbiology, researchers have been aware of PPC and 

its deleterious effects on milk quality for over a century (Kohler and Tonney, 1911, 

Smith, 1920).   

Pseudomonas spp. are frequently implicated in incidents of PPC (Ralyea et al., 

1998, Bedeltavana et al., 2010, Martin et al., 2011, Evanowski et al., 2017, Alles et al., 

2018, del Olmo et al., 2018, Carminati et al., 2019, da Silva Rodrigues et al., 2021). 

Pseudomonas is a large genus of Gram negative, rod shaped, obligately aerobic 

bacteria (Palleroni, 2015). Their sensitivity to heat leads to the assumption that their 

isolation from pasteurized milk is the result of PPC (Dabbah et al., 1971, Weckbach 

and Langlois, 1977), and the psychrotolerance of many species allows for luxuriant 

growth in refrigerated fluid milk. Many Pseudomonas spp. are also capable of 

producing biofilms, allowing for colonization of dairy environments and processing 

equipment that is resistant to typical cleaning and sanitation practices (Koutzayiotis, 

1992, Austin and Bergeron, 1995, Sharma and Anand, 2002, Manuzon, 2009, 

Marchand et al., 2012, Masák et al., 2014, Park, 2015, Cherif-Antar et al., 2016, Rossi 

et al., 2018, Yuan et al., 2018). 

Pseudomonas growth can have many different effects on fluid milk quality, 

depending on the spoilage capabilities of the implicated strain. Rancid, fruity or 

fermented, and unclean off-flavors and odors may be produced (Woods et al., 2001, 



 
 

6 
 

Hayes et al., 2002, Fromm and Boor, 2004). Coagulation frequently results from 

activity of a metalloprotease known as AprX (Matéos et al., 2015, Zhang et al., 2019). 

Off-colors can be produced as well, either by siderophore production or by 

production of a diverse group of chemically unrelated pigment molecules   

(Budzikiewicz, 2004, Budzikiewicz, 2010, Jayaseelan et al., 2014, Palleroni, 2015, 

Lippolis et al., 2021). 

Despite ever-increasing knowledge of different Pseudomonas spp. and their 

fluid milk spoilage capabilities, there is practically no information or evidence 

regarding how they enter dairy processing facilities in the first place. Given the 

environmental ubiquity of Pseudomonas, likely sources may include raw milk 

(Martins et al., 2015, Matéos et al., 2015, Capodifoglio et al., 2016, Vithanage et al., 

2016, Meng et al., 2017, von Neubeck et al., 2017, Meng et al., 2018, Nalepa et al., 

2018, Reguillo et al., 2018, YUAN et al., 2019), municipal water (Seiberling and 

Harper, 1955, Eneroth et al., 2000b, Norton and LeChevallier, 2000, Stine et al., 2005, 

Tokajian et al., 2005, Berry et al., 2006, Revetta et al., 2010, Yu et al., 2010, Bitton, 

2014), outside footwear, the hands and arms of workers (Sunga et al., 1970), and 

aerosols (Kang and Frank, 1989, 1990, Ren and Frank, 1992, Eneroth et al., 2000b, 

Salustiano et al., 2003, Burfoot, 2016). 

The following four chapters detail studies related both to PPC and to 

Pseudomonas spp. specifically. In Chapter 2, the results of a survey examining the 

rates of PPC in commercially processed fluid milk from the northeast United States 

are described. In Chapter 3, the results of this survey are utilized to develop and test 
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interventions at dairy plants with the aim to reduce the incidence of PPC in finished 

product. Chapter 4 utilizes the bacterial isolates collected during the studies detailed 

in Chapters 2 and 3 to develop a novel single-gene typing system for dairy-associated 

Pseudomonas spp. Chapter 5 links together previous work done by the Milk Quality 

Improvement Program and several international research groups regarding the visual 

spoilage of fluid milk and fresh cheese by blue and gray pigment-producing 

Pseudomonas spp. introduced as a postpasteurization contaminant. In whole, this 

dissertation advances our collective knowledge of PPC, its causes, and potential 

solutions, and suggests several directions for further investigation that will ultimately 

lead to improved milk quality and shelf life.
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CHAPTER 2 

PSEUDOMONAS FLUORESCENS GROUP BACTERIAL STRAINS ARE RESPONSIBLE FOR 

REPEAT AND SPORADIC POSTPASTEURIZATION CONTAMINATION AND REDUCED 

FLUID MILK SHELF LIFE 

 

Citation: Reichler, S. J., A. Trmčić, N. H. Martin, K. J. Boor, and M. Wiedmann. 2018. 

Pseudomonas fluorescens group bacterial strains are responsible for repeat 

and sporadic postpasteurization contamination and reduced fluid milk shelf 

life. J. Dairy Sci. 101(9):7780-7800. https://doi.org/10.3168/jds.2018-14438. 

 

Abstract 

Postpasteurization contamination (PPC) of high temperature, short time-

pasteurized fluid milk by Gram-negative (GN) bacteria continues to be an issue for 

processors. To improve PPC control, a better understanding of PPC patterns in dairy 

processing facilities over time and across equipment is needed. We thus collected 

samples from 10 fluid milk processing facilities to (1) detect and characterize PPC 

patterns over time, (2) determine the efficacy of different media to detect PPC, and 

(3) characterize sensory defects associated with PPC. Specifically, we collected 280 

samples of high temperature, short time-pasteurized milk representing different 

products (2%, skim, and chocolate) and different fillers over 4 samplings performed 

over 11 mo at each of the 10 facilities. Standard plate count (SPC) as well as total GN, 

coliform, and Enterobacteriaceae (EB) counts were performed upon receipt and after 
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7, 10, 14, 17, and 21 d of storage at 6°C. We used 16S rDNA sequencing to 

characterize representative bacterial isolates from (1) test days with SPC >20,000 

cfu/mL and (2) all samples with presumptive GN, coliforms, or EB. Day-21 samples 

were also evaluated by a trained defect judging panel. By d 21, 226 samples had SPC 

>20,000 cfu/mL on at least 1 d of shelf life; GN bacteria were found in 132 of these 

226 samples, indicating PPC. Crystal violet tetrazolium agar detected PPC with the 

greatest sensitivity. Spoilage due to PPC was predominantly associated with 

Pseudomonas (isolated from 101 of the 132 samples with PPC); coliforms and EB 

were found in 27 and 37 samples with spoilage due to PPC, respectively. Detection of 

Pseudomonas and Acinetobacter was associated with lower flavor scores; coagulated, 

fruity fermented, and unclean defects were more prevalent in d-21 samples with 

PPC. Repeat isolation of Pseudomonas fluorescens group strains with identical partial 

16S rDNA sequence types was observed in 8 facilities. In several facilities, specific 

lines, products, or processing days were linked to repeat product contamination with 

Pseudomonas with identical sequence types. Our data show that PPC due to 

Pseudomonas remains a major challenge for fluid milk processors; the inability of 

coliform and EB tests to detect Pseudomonas may contribute to this. Our data also 

provide important initial insights into PPC patterns (e.g., line-specific contamination), 

supporting the importance of molecular subtyping methods for identification of PPC 

sources. 

 

Introduction 
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Spoilage due to bacterial growth is a cause of consumer complaints and a 

contributor to dairy product waste, which claims an estimated 15% of production in 

the industrialized world at the consumer level (Gustavsson et al., 2011). Fluid milk 

spoilage specifically has been valued at $6.4 billion per year in the United States 

(Buzby et al., 2014). Microbial spoilage is of particular concern and can be caused by 

either psychrotolerant sporeformers, which likely originate from raw milk, or by 

postpasteurization contamination (PPC). Whereas Gram-positive (GP) bacteria can 

also recontaminate milk after pasteurization (Eneroth et al., 2001; Salustiano et al., 

2009), bacteria responsible for PPC leading to fluid milk spoilage are typically Gram-

negative (GN) and are thought to originate from the processing environment 

(Schröder, 1984). Although several recent studies have explored the on-farm sources 

of psychrotolerant sporeformers (Miller et al., 2015a; Masiello et al., 2017), less 

information is available on sources of PPC in contemporary fluid milk processing 

facilities. Defects associated with GN-PPC include coagulation, bitter and astringent 

flavors (Bassette et al., 1986; Harwalkar et al., 1993), rotten, barny, cheesy, and fruity 

odors (Hayes et al., 2002), and pigment production (Seitz et al., 1961; Evanowski et 

al., 2017). Whereas the regulatory limit on bacterial counts in HTST-pasteurized fluid 

milk in the United States is 20,000 cfu/mL, sensory defects due to GN-PPC typically 

require bacterial growth to >5,000,000 cfu/mL (Punch et al., 1965), a level often 

reached during shelf life by milk with PPC (Martin et al., 2012). 

Although most facilities perform microbial tests on HTST-pasteurized fluid 

milk, the methods most commonly used by industry either do not differentiate 
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between GN bacteria and psychrotolerant sporeformers (e.g., SPC) or only detect a 

subset of GN bacteria responsible for PPC, such as coliforms and Enterobacteriaceae 

(EB). Whereas the Standard Methods for the Examination of Dairy Products (Frank 

and Yousef, 2004) specifies crystal violet tetrazolium agar (CVTA) for the 

enumeration of total GN bacteria, this method is not routinely used by dairy 

processing facilities, possibly because it uses a complex medium not available in 

ready-to-use form. However, CVTA has been well established as an effective medium 

for detection of GN bacteria (Randolph et al., 1973; Hervert et al., 2017), including 

Pseudomonas spp., which are a common cause of PPC, but are not detected with 

coliform and EB tests. After PPC detection, characterization and subtyping of isolates 

can provide important information on spoilage organism sources, transmission 

patterns, and persistence. Molecular subtyping methods have been used to identify 

sources of food-borne pathogens, but use of these tools for spoilage organisms is less 

common. Although many molecular methods are available, cost and ease of use are 

crucial factors. Hence, despite the availability of highly discriminatory subtyping 

tools, such as pulsed field gel electrophoresis (Nogarol et al., 2013) and whole 

genome sequencing (Andreani et al., 2015a), use of less discriminatory and cheaper 

methods (e.g., single-gene sequencing) can provide initial data that can be used to 

identify instances that may require follow-up with more expensive and 

discriminatory methods. Though practicality precludes the use of these methods for 

routine quality checks, they are valuable for troubleshooting when defect events 

occur and for understanding the mechanisms of product contamination and spoilage. 
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Though PPC is still commonly observed today (Martin et al., 2011a), little 

current information is available regarding the identity, prevalence, and quality effect 

of PPC bacteria from dairy processing facilities. Hence, the aim of our study was to 

use a longitudinal sampling approach and contemporary methods to characterize PPC 

and provide industry with data and tools needed to better control PPC. 

 

Materials and Methods 

Sample Collection and Handling 

Samples were collected from 10 dairy processing facilities producing 

packaged HTST-pasteurized fluid milk (see Table 2.1); facilities were located across 

the northeastern United States. For each facility, sample collections were performed 

on 4 separate occasions between July 2015 and May 2016. Samples of raw milk and 

finished product were either collected in-person by Milk Quality Improvement 

Program personnel or collected by facility personnel and delivered via overnight 

shipping. Samples collected at each collection date included (1) consumer packages 

representing HTST-pasteurized nonfat (<0.2% milk fat), reduced fat (2% milk fat), and 

chocolate milk, as well as (2) a sample of raw milk from the silos used to produce the 

pasteurized products tested. Whenever possible, each of the pasteurized products 

was obtained from up to 3 different fillers per facility. This resulted in a diversity of 

packaging container volumes [237 mL to 3.8 L (8 fluid ounces to 1 gallon)] and 

materials (high-density polyethylene, polyethylene terephthalate, and paperboard; 

Table 2.1). The number of pasteurized samples collected was between 3 and 9 per 
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facility per sample collection, depending on the products manufactured and the 

number of fillers at each facility. Milk samples were transported to the Milk Quality 

Improvement Program laboratory in coolers packed with ice or ice packs, and were 

received at temperatures at or below 6°C. Following receipt, samples were held at or 

below 4°C without freezing. Within 48 h of receipt, samples were divided into 

aliquots and stored at 6°C for shelf-life and sensory testing, as described by Martin et 

al. (2012). 

 

Table 2.1. Characteristics of the 10 HTST-pasteurized fluid milk processing facilities in 
the northeastern United States from which consumer packages of pasteurized fluid 
milk were collected on 4 occasions between July 2015 and May 2016 

Facility Total annual volume (million L) Number of fillers Number of employees 

A >100 6 >200 

B 11–100 2 51–100 

C >100 7 101–150 

D >100 10 151–200 

E 11–100 6 151–200 

F <10 2 <50 

G >100 4 51–100 

H >100 4 151–200 

I 11–100 4 51–100 

J 11–100 6 >200 

 

Microbiological Analysis of Raw Milk and Pasteurized Fluid Milk Samples 

Testing of raw milk was performed at the same time as initial testing for 

pasteurized products; tests performed included SPC and coliform count. 
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Microbiological testing of pasteurized products took place on the initial day (the first 

day of testing, 0–5 d postprocessing) and 7, 10, 14, 17, and 21 d postprocessing; tests 

performed included SPC, coliform count, EB count, and total GN count. All tests were 

performed with 2 technical replicates per sample. The SPC was performed by spiral 

plating (Autoplate 4000, Advanced Instruments, Norwood, MA) onto standard 

methods agar (EMD Millipore Corporation, Billerica, MA) in accordance with 

Standard Methods for the Examination of Dairy Products (Laird et al., 2004). Coliform 

and EB counts were performed using 3M Coliform Count Petrifilms and EB count 

Petrifilms, respectively (3M Food Safety, St. Paul, MN), in accordance with Standard 

Methods for the Examination of Dairy Products (Davidson et al., 2004). Total GN 

count was performed in accordance with Standard Methods for the Examination of 

Dairy Products (Frank and Yousef, 2004) with the following modification: 50 µL of the 

sample or an appropriate dilution of the sample was spiral plated onto CVTA. 

 

Sensory Defect Panel Training and Evaluation of Samples 

Defect panelist candidates were recruited from Cornell University students 

and staff and prescreened for sensory acuity using common odors and tastes. Briefly, 

candidates who passed prescreening were trained to recognize the defects described 

in Table 2.2. To be eligible for the panel, candidates had to complete a lecture-based 

training and twelve 30-min practice evaluation sessions using simulated defective 

samples of 2% and skim HTST milk. These sessions were followed by two 30-min final 

evaluations to determine training efficacy; only candidates who correctly identified 
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≥70% of samples in the final evaluations were eligible for inclusion on the panel. 

Table 2.2. Sensory defects included in panelist training, their typical sources, and the 
methods by which panelists were trained to recognize the defects 

Defect Typical source Training method 

Acid Microbial Simulated milk sample 

Astringent Microbial Description in lecture 

“Band-Aid” Microbial Description in lecture 

Bitter Microbial Simulated milk sample 

Coagulated Microbial Description in lecture 

Cooked Processing Simulated milk sample 

Cowy/barny Farm Description in lecture 

Feed Farm Simulated milk sample 

Flat Processing Simulated milk sample 

Foreign/chemical Farm/processing/storage Description in lecture 

Fruity/fermented Microbial Simulated milk sample 

Lacks freshness Microbial/storage Description in lecture 

Light oxidized Storage/handling Simulated milk sample 

Lipid oxidized Processing/storage Description in lecture 

Malty Microbial Simulated milk sample 

Milk carton Packaging Simulated milk sample 

Rancid Microbial Simulated milk sample 

Unclean Microbial Description in lecture 

 

Defect judging was performed for each sample on d 21 of shelf life, as 

previously described (Martin et al., 2012). Briefly, samples were warmed to 

approximately 15°C and each sample was evaluated by 6 panel members, selected 

from the pool of eligible candidates. Panel members noted defects and assigned an 
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overall flavor score for every sample evaluated. Specific defects were reported if they 

were noted by 2 or more panelists. Overall flavor score and defect judging data were 

collected from the panelists using either Compusense Cloud (Compusense Inc., 

Guelph, ON, Canada) or RedJade (Tragon Corp., Redwood Shores, CA) platforms 

running as web-based applications on tablet computers. The information requested 

from the panelists was identical across both platforms. 

 

Bacterial Isolation and Preservation 

For samples with SPC >20,000 cfu/mL, 1 colony representing each visually 

unique colony morphology on SPC medium (standard methods agar) was selected for 

further characterization and biobanking. For samples that displayed characteristic 

colonies on Coliform Count Petrifilms, EB, or CVTA medium, 1 colony was selected 

from each technical replicate for a given medium; if multiple morphologies were 

observed within or across technical replicates, 1 colony representing each visually 

unique colony morphology was selected. Selected colonies were subcultured at 32°C 

for 48 h on brain heart infusion (BHI) agar (BD Diagnostics, Sparks, MD), evaluated for 

purity, and subsequently grown at 32°C in BHI broth for 18 to 24 h (BD Diagnostics) 

before being frozen at −80°C in with the addition of 15% glycerol. Detailed 

information on the origin of all bacterial isolates was deposited in Food Microbe 

Tracker (http://www.foodmicrobetracker.com; Vangay et al., 2013). 

 

16S rDNA and rpoB Sequencing 
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Isolates were recovered from frozen stock onto BHI agar plates, which were 

incubated for 18 to 24 h at 32°C. Whole-cell lysates were prepared by inoculating 100 

µL of sterile water with a single colony obtained from the BHI plates; this suspension 

was subsequently heated to 95°C for 15 min, followed by cooling to 4°C and clearing 

by centrifugation (2,916 × g, 3 min, 4°C). A 2-µL volume of the supernatant was used 

for PCR. Briefly, an internal fragment of approximately 765 bp of the 16s rDNA gene 

for each isolate was amplified using GoTaq Flexi chemistry (Promega, Fitchburg, WI) 

and primers PEU7 (Rothman et al., 2002) and DG74 (Greisen et al., 1994; Table 2.3). 

Following reaction cleanup with exonuclease I and shrimp alkaline phosphatase 

(Affymetrix Inc., Santa Clara, CA; Werle et al., 1994), the PCR product was directly 

sequenced using BigDye 3.1 cycle sequencing chemistry (Thermo Fisher, Waltham, 

MA) and primers PEU7 and DG74. Postreaction cleanup and capillary gel 

electrophoresis were performed by the Biotechnology Resource Center (Cornell 

University, Ithaca, NY) using Optima DTR 96-well plate columns (Edge BioSystems, 

Gaithersburg, MD) per manufacturer instructions 

(https://www.edgebio.com/protocols) and an ABI 3730xl capillary DNA Analyzer 

(Thermo Fisher). Sequencing of rpoB was performed for isolates presumed to 

represent GP bacteria, based on the spoilage pattern of the sample from which they 

originated (no positive results on selective media for GN bacteria). The rpoB PCR was 

performed as previously described using GoTaq Green chemistry (Promega) and 

primers RZrpoBFV2 and RZrpoBRV2 or RZrpoBFV3 and RZrpoBRV3 (Miller et al., 

2015b; Table 2.3). Sequencing proceeded as described for 16S rDNA PCR products 
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using the rpoB primers in place of the 16S primers. For isolates that did not yield data 

upon initial sequencing, sequencing was repeated only if the identity of the isolates 

were required to confirm or deny the presence of PPC in the sample from which they 

originated. Detailed internally developed standard operating procedures describing 

the 16S and rpoB PCR and sequencing can be accessed online 

(https://cornell.box.com/v/Reichler2018). Among the 2,447 isolates collected, DNA 

sequence data were obtained for 1,919 (1,506 16S rDNA, 413 rpoB). 
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Table 2.3. The DNA sequences of the primers used for PCR amplification and 
sequencing of bacterial isolates obtained from samples of HTST-pasteurized fluid milk 
over shelf-life 

Primer 
name 

Primer description Primer use1 Primer sequence (5′→3′)2 

16S-PEU7 Forward primer for 
internal segment of 16S 
rRNA gene 

Presumptive 
Gram-negative 

GCAAACAGGATTAGATACCC 

16S-DG74 Reverse primer for 
internal segment of 16S 
rRNA gene 

Presumptive 
Gram-negative 

AGGAGGTGATCCAACCGCA 

RZrpoBFV23 Forward primer for 
rpoB, version 2 

Presumptive 
Gram-positive 

AARYTNGGHCCTGAAGAAAT 

RZrpoBRV23 Reverse primer for 
rpoB, version 2 

Presumptive 
Gram-positive 

TGNARYTTRTCATCAACCATGTG 

RZrpoBFV33 Forward primer for 
rpoB, version 3 

Presumptive 
Gram-positive 

AARYTNGGHCCDGARGAAAT 

RZrpoBRV33 Reverse primer for 
rpoB, version 3 

Presumptive 
Gram-positive 

TGNARYTTRTCRTCRACCATGTG 

1Initial primer selection was based on the growth or nongrowth on crystal violet 
tetrazolium agar of the sample from which the bacterial isolate was obtained. 
2IUPAC standard nomenclature; N = A, C, G, or T; R = A or G; Y = C or T; H = A, C, or T; 
D = A, G, or T. 
3rpoB version (V) 2 and V3 primers amplify identical regions, but V3 primers contain 
additional degenerate bases to amplify genera including Geobacillus, Anoxybacillus, 
Viridibacillus, Lysinibacillus, and others in addition to the Bacillus and Paenibacillus 
amplified by V2. 
 

16S rDNA Sequence Analysis and Sequence Typing 

Initial analysis of sequences (trimming ends, resolution of ambiguities, and 

generation of a consensus sequence) was performed using SeqTrace (Stucky, 2012) 

or Sequencher (Gene Codes Corporation, Ann Arbor, MI). Organism genus and 

species assignments were obtained by a local implementation of BLAST using the 
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Ribosomal Database Project database (Cole et al., 2009; Priyam et al., 2015). 

Sequence typing was performed for all sequenced GN isolates; the consensus 

sequences for all organisms identified as GN were aligned and trimmed to an 

approximately 552-nucleotide region (actual region length ranged from 528 to 553 

nucleotides, though 552 was typical) using Aliview (Larsson, 2014). Isolates were 

assigned a different sequence type (ST) if they differed by ≥1 nucleotide over the 

aligned region. An internally developed Python script was used to document and 

remove duplicate sequences (see Supplemental Material S1; 

https://doi.org/10.3168/jds.2018-14438). To check for errors, the sequences 

representing presumptive unique ST were searched against themselves using BLAST. 

For every pair of presumptively unique sequences with 5 or fewer nucleotide 

differences between them, comparisons of the original chromatograms were 

performed in Sequencher at all positions of disagreement. The resulting type 

sequences were used to assign 16S rDNA ST to all isolates. 

 

rpoB Sequence Analysis and Allelic Typing 

The rpoB sequence analysis was performed essentially as described in the 

previous subsection for 16S rDNA sequence analysis. Isolate genus and species 

identifications and the assignment of pre-existing rpoB allelic types were performed 

by running BLAST queries of the sequences against our internal rpoB allelic type 

database (Ivy et al., 2012; Priyam et al., 2015). Assignment of novel allelic types was 

performed as previously described, using Aliview in place of BioEdit (Ivy et al., 2012; 
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Larsson, 2014). 

 

Phylogenetic Analysis 

A maximum likelihood tree representing all 16S rDNA ST was constructed by 

aligning the sequences using MUSCLE followed by a maximum likelihood analysis 

(Kimura 2-parameter model, gamma-distributed rates among sites) performed using 

MEGA6 (Tamura et al., 2013). The resulting tree was visualized using FigTree (v. 1.4.2; 

http://tree.bio.ed.ac.uk/software/figtree/). 

 

Data Curation and Statistical Analysis 

All testing and characterization data were stored in a relational database 

(Access 2016; Microsoft Corp., Redmond, WA). Statistical analyses were performed in 

R base package (version 3.3.3; R Foundation for Statistical Computing, Vienna, 

Austria). The figure summarizing the incidence of spoilage due to PPC at each 

processing facility and Supplemental Figure S2.1 were generated using the ggplot2 

package (Wickham, 2016). To compare rates of PPC between facilities, least squares 

means were calculated from a mixed effects logistic regression using the dplyr, lme4, 

and lsmeans packages (Bates et al., 2015; 31asteu, 2016; Wickham et al., 2017). The 

mixed effect linear model used to assess flavor scores among samples with different 

contamination patterns was created using the lmerTest package (Kuznetsova et al., 

2017). 
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Results 

Identification of Spoilage due to PPC over Shelf Life 

Among 280 HTST fluid milk samples collected from 10 processing facilities 

over 4 sample collections at each facility, 226 samples (81%) showed bacterial counts 

above the quality threshold (QT) over shelf life, defined as a bacterial count of 

>20,000 cfu/mL for at least 1 of the 6 test days (initial, 7, 10, 14, 17, and 21; 

Supplemental Figure S2.1). This cutoff was selected as the US Pasteurized Milk 

Ordinance specifies an upper limit of 20,000 cfu/mL for pasteurized fluid milk (FDA, 

2015). However, we acknowledge that actual spoilage due to bacteria-induced 

defects detectable by humans typically requires bacterial populations that are 

considerably higher than this cutoff; previous studies reported that counts exceeding 

5,000,000 cfu/mL are needed to yield detectable defects (Punch et al., 1965). The 54 

samples that did not exceed the QT at any test day showed a geometric mean 

bacterial count of 784 cfu/mL at d 21 as compared with a geometric mean bacterial 

count of 5,260,000 cfu/mL at d 21 for the samples that did exceed the QT 

(Supplemental Figure S2.2). By milk type, 69% of the skim milk samples (72/105), 80% 

of the 2% milk samples (83/104), and 100% of the chocolate milk samples (71/71) 

exceeded the QT over shelf life (Supplemental Figure S2.1). 
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Supplemental Figure S2.1. Percentage of skim, 2%, and chocolate milk samples 
collected over 11 months from 10 northeastern United States dairy plants that had 
reached microbial spoilage (SPC > 20,000 CFU/mL) over 21 days of refrigerated shelf-
life (6°C). 
 

A mean of 8.5 isolates were characterized per sample that exceeded the QT 

over shelf life. Whereas detailed characterization results are described in a 

subsequent section, these data also allowed us to determine whether samples with 

counts above the QT were characterized by the presence of GN or GP organisms. 

Among the 226 samples that exceeded the QT over shelf life, 58% (n = 132) yielded 

GN bacterial isolates, including 72 samples where all isolates characterized were 

identified as GN genera and 60 samples where, in addition to GN isolates, at least 1 

GP isolate was identified. Consistent with previous studies (Thomas and Druce, 

0

10

20

30

40

50

60

70

80

90

100

0 7 14 21P
er

ce
n
ta

g
e 

o
f 

S
am

p
le

s 
w

it
h
 S

P
C

 >
 2

0
,0

0
0
 C

F
U

/m
L

Day of Shelf-Life

Skim (n = 105) 2% (n = 104) Chocolate (n = 71)



 
 

34 
 

1969), we defined PPC as the presence of DNA sequencing-confirmed GN genera in 

pasteurized finished product. However, it is possible that high levels of GN bacteria in 

raw milk could yield pasteurization survivors that would spoil finished product 

(Macaulay et al., 1963; Dabbah et al., 1971; Weckbach and Langlois, 1977). However, 

in the United States, regulations require <300,000 cfu/mL for commingled grade A 

raw milk (FDA, 2015), and the geometric mean SPC for raw milk in this study was 

26,200 cfu/mL (4.4 log). This suggests that the presence of GN bacteria in our study 

was most likely due to PPC (even though 3/38 raw milk samples did exceed 300,000 

cfu/mL). Consequently, we classified all 132 milk samples that exceeded the QT over 

21 d of shelf life and yielded 1 or more isolates from GN genera as showing evidence 

of spoilage due to PPC (S-PPC). Among the 132 samples with evidence of S-PPC, 101 

(77%) yielded at least 1 GN isolate identified as Pseudomonas. Among the 94 samples 

that exceeded the QT over 21 d but did not yield any GN bacteria, 89 and 49 samples 

yielded at least 1 isolate representing the genera Paenibacillus or Bacillus, 

respectively; in 44 of these samples we identified both Paenibacillus and Bacillus 

(Table 2.4). 
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Table 2.4. Bacterial genera present in the 226 samples of HTST-pasteurized milk samples that reached the quality threshold 
(>20,000 cfu/mL) at any point over 21 d of refrigerated shelf-life
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Genus1 Samples with S-
PPC2 

Samples without 
S-PPC 

Genera traits 

Gram 
status 

Coliform3 EB4 Sporeformer 

Pseudomonas 101 0 − − − − 

Paenibacillus 49 89 + − − + 

Bacillus 19 49 + − − + 

Acinetobacter 17 0 − − − − 

Stenotrophomonas 11 0 − − − − 

Pantoea 8 0 − +/− + − 

Psychrobacillus 7 11 + − − + 

Lelliottia 7 0 − +/− + − 

Raoultella 6 0 − +/− + − 

Citrobacter 6 0 − + + − 

Viridibacillus 5 5 + − − + 

Janthinobacterium 5 0 − − − − 

Hafnia 5 0 − + + − 

Lactococcus 4 2 + − − − 

Kluyvera 4 0 − +/− + − 

Comamonas 4 0 − − − − 
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Genus1 Samples with S-
PPC2 

Samples without 
S-PPC 

Genera traits 

Gram 
status 

Coliform3 EB4 Sporeformer 

Rahnella 4 0 − +/− + − 

Obesumbacterium 4 0 − +/− + − 

Raoultella/Kluyvera 3 0 − +/− + − 

Psychrobacter 3 0 − − − − 

Serratia 3 0 − +/− + − 

Limnohabitans 3 0 − − − − 

Enterobacter 3 0 − + + − 

Enterococcus 2 6 + − − − 

Leuconostoc 1 4 + − − − 

Staphylococcus 0 8 + − − − 

Solibacillus 0 3 + − − + 

Microbacterium 0 3 + − − − 

Rare5 23 5 +/− +/− +/− +/− 
1Genus classification was determined by sequencing 16S rDNA or rpoB. 
2Spoilage due to postpasteurization contamination: sample SPC of >20,000 cfu/mL on 1 or more day of testing over 21 d of shelf-
life at 6°C, and DNA sequencing-confirmed isolation of Gram-negative bacterial genera from the sample. 
3+/− indicates that some members of this genus meet the criteria for inclusion as coliforms (i.e., produces gas and acid within 48 h 
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at 32–35°C), but all may not (Imhoff, 2005). 
4Enterobacteriaceae. 
520 additional bacterial genera that were present in either 1 or 2 samples each. 
Samples that exceed the QT and either (1) yielded GN bacteria (S-PPC), with or without concomitant isolation of GP bacteria, or 
(2) only yielded GP bacteria also showed distinct patterns of total bacterial numbers over 21 d of incubation at 6°C (Supplemental 
Figure S2.2). For d 7 through 21, median bacterial counts were always higher for samples with GN bacteria as compared with 
samples that only yielded GP bacteria. For example, at d 10 of shelf life, the median SPC for samples with GN bacteria was 
approximately 20,000 cfu/mL, whereas the median SPC for samples which only yielded GP bacteria was below 1,000 cfu/mL.
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Supplemental Figure S2.2. Summary and comparison of log SPC values over 21 days 
of refrigerated shelf-life for milk samples that had reached microbial spoilage (SPC > 
20,000 CFU/mL) on day 21 of shelf-life, both with and without evidence for post-
pasteurization contamination with Gram-negative organisms. 
 

Among the 54 samples with bacterial counts below the QT over shelf life, 3 

samples yielded positive results on media designed to detect GN bacteria (i.e., CVTA, 

coliform Petrifilm, EB Petrifilm). All 3 of these samples were positive on CVTA, and 

isolates obtained from these samples were identified as belonging to GN genera 

(Pseudomonas from 2 samples and Acinetobacter from 1 sample). These samples 

were considered to show evidence for PPC, but not as S-PPC due to the bacterial 

counts consistently below the QT over shelf life. 

 

Bacterial Genera Responsible for Spoilage over Shelf Life 

To further characterize spoilage patterns, 16S rDNA sequence data were 
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obtained for 1,322 GN isolates. The 16S rDNA data classified isolates into 10 

taxonomic classes within the Alpha-, Beta-, and Gammaproteobacteria, and 1 class 

within the Flavobacteria (Supplemental Figure S2.3). Gammaproteobacteria, which 

includes Pseudomonas and Enterobacteriaceae, were most heavily represented. The 

874 Pseudomonas isolates characterized from the 101 S-PPC samples (Table 2.4) 

represented 55 unique ST. All other GN genera were found in 20 or fewer samples; 

additional GN genera found in samples included Acinetobacter (17 samples, 53 

isolates, 4 ST) and Stenotrophomonas (11 samples, 29 isolates, 1 ST). 
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Supplemental Figure S2.3. Maximum likelihood phylogenetic tree of representative 
16S rDNA sequence types (ST) isolated from 10 HTST fluid milk plants. Bacterial 
families are listed. 
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To characterize the spoilage patterns of milk with counts above the QT from 

which no presumptive GN bacteria were isolated, rpoB sequence data were collected 

for 411 GP isolates. In addition, 185 isolates for which 16S rDNA sequence data were 

obtained were identified as GP based on the sequence data. Combined, these data 

provided characterization of 596 GP bacteria. These data showed that among all 226 

samples that exceeded the QT over shelf life, 138 samples yielded at least 1 

Paenibacillus isolate, and 68 yielded at least 1 Bacillus isolate; several of these 

represent samples that also yielded GN bacteria and, hence, were considered spoiled 

due to PPC despite the concomitant isolation of GP bacteria. All other GP genera 

were isolated from 20 or fewer samples; additional GP genera found in samples 

included Psychrobacillus (18 samples) and Viridibacillus (10 samples; Table 2.4). 

 

Detection of Coliforms and Enterobacteriaceae 

Among the 280 samples, 27 (10%) were culture-positive for coliforms 

(Supplemental Table S2.1) and 38 (14%) were culture positive for EB over shelf life 

(meaning at least 1 testing day yielded positive results for these organisms). By 

comparison, non-EB non-coliform GN genera were isolated from 129 samples (46%), 

and Pseudomonas specifically was isolated from 103 samples (37%; 101 above the QT 

and 2 below the QT). Whereas 23 coliform positive samples were also positive for EB, 

4 samples were coliform-positive, EB-negative. Three of the 4 samples that were 

positive for coliforms and negative for EB had coliform counts of 1 cfu/mL; hence it is 

likely that they tested negative for EB because the organism concentration was near 
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the limit of detection. Isolates from 2 of these samples were identified as Rahnella 

and Citrobacter, while the isolate from the third sample did not produce 16S rDNA 

sequence data. Raoultella was identified from the fourth sample that was positive for 

coliforms (>1.5 × 102 cfu/mL, which is too numerous to count), suggesting a false 

negative for EB as Raoultella is expected to grow on EB Petrifilms (Hervert et al., 

2016). 

 

Supplemental Table S2.1. Presence of common groups of spoilage organisms 
responsible for post-pasteurization contamination in all 280 samples of HTST 
pasteurized milk over 21 days of refrigerated shelf-life, as identified by sequencing 
the 16S rDNA of 1,932 cultured isolates unless otherwise noted 

Organism Group 

Number of 
Samples 
Detected 

Percentage of 
Samples 
Detected 

Mean day 21 
SPC (log 
CFU/mL) 

Enterobacteriaceae 37 13.2 8.25 
          Coliforms1 27 9.6 8.27 
Non-coliform, non-
Enterobacteriaceae Gram-
negative organisms 

129 46.1 8.15 

          Pseudomonas2 103 36.8 8.23 
          Other Gram-negatives2 39 13.9 8.06 
No post-pasteurization 
contamination detected 

144 51.4 7.07 

SPC < 20,000 CFU/mL over 
shelf-life 

68 24.3 3.53 

1Based on detection on 3M Coliform Count Petrifilms 
2Values do not add to 129 because of samples that contained both Pseudomonas and 
other non-coliform, non-Enterobacteriaceae, non-Pseudomonas Gram-negative 
bacteria. 
 

Ability of Different Microbiological Tests to Detect PPC over Shelf Life 

Data for the 280 HTST milk samples tested were also used to assess the ability 

of CVTA, coliform, and EB tests to detect S-PPC (Table 2.5). A sample was classified as 
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positive for GN (CVTA), coliforms (coliform Petrifilm), or EB (EB Petrifilm) if a sample 

was positive on the given medium on at least 1 test day. Coliform, EB, and CVTA tests 

were positive for 27, 36, and 131 of the 132 samples classified as showing S-PPC, 

respectively. The CVTA produced a positive result for all 131 samples that yielded 

sequence-confirmed Proteobacteria, a major GN phylum (131/131; Table 2.5 and 

Supplemental Figure S2.3) but produced a negative result for the 1 sample that 

contained a sequence-confirmed Bacteroidetes, another GN phylum (Table 2.5 and 

Supplemental Figure S2.3). Among the 148 samples that showed no evidence for S-

PPC, 0, 2, and 21 tested positive on coliform Petrifilm, EB Petrifilm, and CVTA, 

respectively. For the 21 samples with no evidence of S-PPC that yielded positive 

results on CVTA (Table 2.5), sequencing of 43 isolates collected from positive CVTA 

plates predominantly classified isolates into GP genera, including Paenibacillus (31), 

Bacillus (4), Lactococcus (2), and Enterococcus (2), but also identified some isolates 

classified into the GN genera Pseudomonas (3) and Acinetobacter (1). Although 

Pseudomonas and Acinetobacter are typically associated with S-PPC, our results do 

not indicate false-positive results for CVTA, but rather suggest that some GN isolates 

present in milk may not grow to above 20,000 cfu/mL over 21 d of storage at 6°C. 

These data, however, suggest that plating of milk samples on CVTA with qualitative 

scoring of results (i.e., CVTA positive or negative) does yield false-positive results for 

detection of samples with S-PPC. Overall, qualitative identification of samples as 

positive on coliform Petrifilm, EB Petrifilm, and CVTA (on any day of shelf life) had 

sensitives of 21, 27, and 99% and specificities of 100, 99, and 86% for detection of 
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milk samples with S-PPC, respectively (Table 2.5). Low sensitivities for coliform and 

EB Petrifilm do not suggest low sensitivity with regard to their ability to detect their 

target organisms, but low sensitivity for detection of milk samples that show S-PPC. 
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Table 2.5. Performance of culture-based methods for detection of spoilage due to postpasteurization contamination (S-PPC) 
compared with 16S rDNA sequencing in 280 samples of pasteurized milk over 21 d of refrigerated shelf-life 

Technique1 Days of 
shelf-
life2 

Positive 
when S-PPC 
present 

Percent 
sensitivity for 
S-PPC3 

Positive 
when S-PPC 
absent 

Negative 
when S-PPC 
present 

Negative 
when S-PPC 
absent 

Percent 
specificity for 
S-PPC4 

Total 

CVTA All 131 99.2 21 1 127 85.8 280 

CC All 275 20.5 0 105 148 100.0 280 

EB All 36 27.3 2 96 146 98.6 280 

SPC 
>20,000 

7 31 23.5 0 101 148 100.0 280 

SPC 
>20,000 

10 65 49.2 4 67 144 97.3 280 

SPC 
>20,000 

14 95 72.0 30 37 118 79.7 280 

1Techniques: CVTA = crystal violet tetrazolium agar; CC = Coliform Count Petrifilm (3M Food Safety, St. Paul, MN); EB = 
Enterobacteriaceae Petrifilm (3M); SPC >20,000 = standard plate count greater than 20,000 cfu/mL (above the quality threshold). 
2Samples were plated on d 7, 10, 14, 17, and 21 postprocessing. All indicates that results from all days of plating were included 
(i.e., for CVTA, a positive on any day was considered a positive result for that sample). 
3Sensitivity = number of samples positive when spoilage due to PPC present out of 132 samples with spoilage due to PPC. 
4Specificity = number of samples negative when spoilage due to PPC absent out of 148 samples without spoilage due to PPC. 
523/27 also positive for EB.
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As SPC test results for samples earlier in shelf life may also be used to identify 

samples with PPC, we also examined whether SPC values above the QT obtained 

from early or mid shelf life samples (d 7, 10, and 14) could be used identify samples 

that would show S-PPC (Table 2.5). Among the 132 samples that showed S-PPC, 31, 

65, and 95 showed SPC above the QT at d 7, 10, and 14, which translates to 23, 49, 

and 72% sensitivity, respectively (Table 2.5). Specificity for detection of S-PPC from d 

7, 10, and 14 SPC values above the QT were 100, 97, and 80%, respectively. 

 

Effect of PPC and Sporeformers on Sensory Quality and Defect Prevalence 

Association of flavor scores with the detection of specific bacterial genera was 

complicated by the isolation of multiple genera from 72 of 280 samples on d 21 of 

shelf life (i.e., the day when overall flavor scores were determined). To assess the 

contribution of different bacterial genera to low sensory scores, we designed a mixed 

effect linear regression model that predicted overall flavor score from the 

explanatory variables of (1) the d-21 SPC value, (2) the individual presence or 

absence of the 6 genera that were isolated from 5 or more samples on d 21 of shelf 

life (i.e., Paenibacillus, Pseudomonas, Bacillus, Stenotrophomonas, Enterococcus, and 

Acinetobacter), and (3) the presence or absence of any bacterial genus within EB 

(e.g., Pantoea, Citrobacter). Dairy processing facility, sample collection date, panelist 

identification, and sample identification were included as random effects (Table 2.6). 

Significant negative effects on the flavor score, indicating a sample judged less 

favorably by the panel due to the presence of defects, were identified for SPC value 
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(P < 0.001), the presence of Pseudomonas (P < 0.001), and the presence of 

Acinetobacter (P = 0.04). Presence of any genus from the EB had a marginally 

significant negative effect on sensory score (P = 0.05). Presence of Pseudomonas had 

the largest effect size (−3.18), followed by Acinetobacter (−1.53) and EB (−0.91). 

Presence of Paenibacillus, on the other hand, showed a small but significant positive 

effect on the sensory score (P = 0.02). This indicates that, assuming equal SPC, milk 

contaminated with Paenibacillus had higher sensory scores than milk contaminated 

with other spoilage organisms. 
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Table 2.6. Associations between the presence of commonly isolated bacterial genera 
and the d-21 overall flavor score of HTST-pasteurized milk samples collected from 10 
northeastern United States dairy processing facilities over 11 mo (n = 276)1 

Variable Estimate2 SE3 df4 t-
statistic5 

P-value6 

Intercept 10.91 0.49 60.77 22.21 <0.001 

log(SPC) −0.76 0.08 267.07 −9.43 <0.001 

Pseudomonas presence −3.18 0.36 267.94 −8.84 <0.001 

Paenibacillus presence 0.69 0.28 246.70 2.42 0.02 

Bacillus presence 0.54 0.34 245.13 1.59 0.11 

Acinetobacter presence −1.53 0.74 272.39 −2.06 0.04 

Stenotrophomonas presence 1.06 0.83 265.16 1.28 0.20 

Enterococcus presence 0.08 0.74 246.50 0.11 0.91 

Enterobacteriaceae presence7 −0.91 0.47 266.19 −1.94 0.05 
1Four of the 280 samples collected and tested did not receive sensory evaluation on d 
21 of shelf life due to laboratory error, and were therefore not included in the model. 
2Parameter estimate of explanatory variable in linear mixed effect model. 
3Standard error of explanatory variable in linear mixed effect model. 
4Determined using Satterthwaite approximations. 
5t-statistic of Student’s t-test for explanatory variable. 
6P-value of Student’s t-test for explanatory variable. 
7Determined by 16S rDNA sequencing and characterization. 
 

We also examined the prevalence of specific sensory defects, identified on d 

21 of shelf life by the defect panel, in (1) samples that showed S-PPC specifically on d 

21 (d-21 SPC above the QT and sequencing-confirmed presence of GN genera) and 

(2) samples with SPC above the QT that lacked evidence of GN contamination (Figure 

2.1). No defect judging data were available for 4 of the 280 samples collected. Among 

the 276 samples for which defect judging was performed, 210 showed d-21 SPC 

above the QT. Whereas 132 samples showed evidence of S-PPC at any of the test 
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days (which is the number discussed in preceding sections), only 77 samples showed 

evidence of S-PPC specifically at d 21. This was likely caused by some samples that 

originally had very low levels of GN bacteria such that the bacteria were only 

portioned into and ultimately spoiled some, but not all, tested aliquots (e.g., d-14 or -

17 aliquot, but not d-21 aliquot).
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Figure 2.1. Prevalence of d-21 sensory defects in milk samples with evidence of 
spoilage due to postpasteurization contamination (S-PPC; sample SPC of >20,000 
cfu/mL on 1 or more day of testing over 21 d of shelf-life at 6°C, and DNA 
sequencing-confirmed isolation of Gram-negative bacterial genera from the sample) 
and without evidence of S-PPC but above the SPC quality threshold (QT) of >20,000 
cfu/mL. Significance of differences in defect prevalence between samples with S-PPC 
and samples without S-PPC were determined using Fisher’s exact tests and the Holm 
method for multiple comparison P-value correction. *P < 0.1, **P < 0.01, and ***P < 
0.001 between samples with and without S-PPC. 
 

Significance of differences in defect prevalence were determined in R using 

Fisher’s exact tests, with P-values corrected for multiple comparisons using the Holm 
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method. Coagulation occurred in 44% of samples with evidence of S-PPC at d 21 (34 

of 77), and in <1% of samples without S-PPC at d 21 (1 of 134; P < 0.001). Fruity 

fermented and unclean defects were also more prevalent in samples with S-PPC at d 

21 (found in 14 and 15 of the 74 samples, respectively) as compared with samples 

without S-PPC at d 21 (7 and 7 of 134; P < 0.1 and P < 0.05). Whereas 54 of the 134 

samples (40%) with no evidence of S-PPC at d 21 were described by the panel as 

lacking in freshness, only 12 of 77 (16% of) samples with evidence of S-PPC at d 21 

were described as lacking freshness (P < 0.05). Not clearly defined, meaning that 

multiple panelists recorded defects but no consensus was reached among them, was 

also more prevalent in samples with no evidence of S-PPC at d 21 (36 of 134; 26%) as 

compared with samples with evidence of S-PPC at d 21 (5 of 77 or 6%; P < 0.05). The 

“Band-Aid” defect was present exclusively in chocolate milk samples: 13 of 26 

chocolate milk samples with and 13 of 45 chocolate milk samples without evidence of 

S-PPC at d 21 showed this defect (no significant difference). 

 

Analysis of GN Spoilage Frequency by Facility 

Among the 10 facilities included in our study, the proportion of samples with 

evidence of S-PPC at any test day ranged from 13 to 74% among all samples collected 

across all 4 sample collections (Figure 2.2). Facility B showed the lowest prevalence of 

S-PPC, at 13% of samples (2/15). Facility D had the highest prevalence of samples 

with S-PPC at 74% (25/34). To determine if the levels of S-PPC differed between 

facilities, we fitted a mixed effects logistic regression with sampling date as a random 
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effect, processing facility as a fixed effect, and S-PPC level as the response. Pairwise 

differences in means were estimated and significance was reported with false 

discovery rate multiple testing correction. Facilities B and D had levels of S-PPC that 

were significantly different from each other, whereas no significant differences 

existed among the remaining 8 facilities. In some facilities the proportion of samples 

with evidence of S-PPC also varied considerably between the 4 sample collections. 

For example, the incidence of S-PPC was very consistent over the 4 samplings for 

facilities A and C, with standard deviations of 7 and 3%, respectively. On the other 

hand, the incidence of S-PPC varied considerably between sampling for facilities F, G, 

and I, with standard deviations of 36, 28, and 19%, respectively. 
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Figure 2.2. Percent incidence of spoilage due to postpasteurization contamination (S-
PPC; sample SPC of >20,000 cfu/mL on 1 or more day of testing over 21 d of shelf-life 
at 6°C, and DNA sequencing-confirmed isolation of Gram-negative bacterial genera 
from the sample) in 4 sample collections over approximately 11 mo from 10 
northeastern United States dairy processing facilities. Points are the median values; 
upper and lower bars are the maximum and minimum values, respectively. Facilities 
that do not have the same letters (a,b) above their upper bars have significantly 
different incidences of PPC. 
 

Repeat Isolation of GN Subtypes Within Facilities 

The number of GN ST isolated from each facility ranged from 2 to 52, with a 
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median of 17.5 (Table 2.7). To further organize these data, we identified ST that were 

isolated from samples collected on multiple visit dates (repeat isolation) and 

considered an ST to represent sporadic contamination when it was only detected in 1 

sample collection at a facility. For 9 of the 10 facilities, we found repeat isolation of 1 

or more 16S rDNA ST, with a median of 2.5 ST with repeat isolation within a facility 

and a high of 10 ST with repeat isolation (facility D). For 8 of 10 facilities, we found 

evidence for repeat isolation of 1 or more ST classified as Pseudomonas. Considering 

ST from all facilities together, 121 ST were isolated, of which 21 had evidence of 

repeat isolation within a facility. Among the 21 ST with repeat isolation, 13 (62%) 

were Pseudomonas, whereas Acinetobacter, Stenotrophomonas, Rahnella, 

Raoultella, and other genera were each represented by no more than 2 ST with 

repeat isolation (Table 2.8). 
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Table 2.7. Persistent 16S rDNA sequence types (ST) in 10 northeastern United States fluid milk processing facilities 

Facility Number of ST with repeat 
isolation over n sample 
collections 

Total repeatedly 
isolated ST 

Total 
ST 

Persistent ST 

n = 2 n = 3 n = 4 Genus Number of ST 

A 1 0 1 2 16 Pseudomonas 2 

B 0 0 0 0 2 — 0 

C 2 0 0 2 18 Acinetobacter 1 

Pseudomonas 1 

D 7 1 2 10 52 Pseudomonas 7 

Rahnella 1 

Raoultella 1 

Stenotrophomonas 1 

E 2 1 0 3 16 Acinetobacter 1 

Pseudomonas 2 

F 1 0 0 1 7 Enterobacter/Kluyvera/Raoultella1 1 

G 2 1 0 3 16 Pseudomonas 2 
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Facility Number of ST with repeat 
isolation over n sample 
collections 

Total repeatedly 
isolated ST 

Total 
ST 

Persistent ST 

n = 2 n = 3 n = 4 Genus Number of ST 

Stenotrophomonas 1 

H 5 2 0 7 28 Lelliottia 1 

Pseudomonas 5 

Psychrobacter 1 

I 1 1 0 2 19 Pseudomonas 2 

J 4 0 0 4 21 Pseudomonas 4 

Median 2 0.5 0 2.5 17.5 — — 
1Genera indistinguishable by BLAST query of 16S rDNA ST region against the Ribosomal Database Project database (Cole et al., 
2009).
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Table 2.8. Unique 16S rDNA sequence type (ST) counts and occurrence of repeat 
isolation within a single facility 

Genus1 Total unique ST Repeatedly isolated ST 

Pseudomonas 55 13 

Acinetobacter 4 2 

Rahnella 3 1 

Raoultella 3 1 

Enterobacter/Kluyvera/Raoultella2 1 1 

Lelliottia 1 1 

Psychrobacter 1 1 

Stenotrophomonas 1 1 

Ewingella 7 0 

Pantoea 5 0 

Citrobacter 4 0 

Janthinobacterium 4 0 

Buttiauxella 3 0 

Serratia 3 0 

Rare3 26 0 

Total 121 21 
1Genera identified by BLAST query of 16S rDNA ST region against the Ribosomal 
Database Project database (Cole et al., 2009). 
2Genera indistinguishable by BLAST query of 16S rDNA ST region against the 
Ribosomal Database Project database. 
319 genera represented by either 1 or 2 ST each. 
 

The 16S rDNA sequencing also provided initial data that suggested distinct 

contamination patterns. For example, at facility D, ST 13 and 16 (both identified as 

Pseudomonas) were isolated across all 4 sample collections and were isolated 

repeatedly from 2%, skim, and chocolate milks from gable-top carton filler 2, rotary 
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bottle filler 1, and rotary bottle filler 2 (Figure 2.3), suggesting widespread challenges 

with effective control of Pseudomonas. On the other hand, at facility F, ST 9 was only 

isolated during 1 sample collection, but for this sample collection (on Aug. 11, 2015) 

it was isolated from every sample collected (Figure 2.4), which suggested a more 

transient issue, possibly associated with a contamination source early in processing, 

such as a common pipe or outlet immediately after the pasteurizer. This ST was not 

identified again following this event, suggesting that it was effectively eliminated by 

cleaning and sanitation. In addition, at facility C, we isolated ST 85 from 3 skim 

samples collected from rotary bottle fillers 1, 2, and 3 (on Feb. 8, 2016; Figure 2.5); 

this ST was obtained from no other samples or on any other sample collection dates 

at this facility. This suggested an issue specific to skim milk production on this day, 

which was effectively eliminated by cleaning and sanitation before the subsequent 

sample collection. 
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Figure 2.3. Facility D 16S rDNA sequence type (ST) matrix. Matrix rows represent 
unique ST, whereas columns represent individual samples of finished product. Heavy 
vertical lines separate the 4 sample collections. Repeat isolation of ST 13 and 16 from 
all 4 sample collections and multiple fillers suggests challenges with Pseudomonas 
control. HDPE = high-density polyethylene. 
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Figure 2.4. Facility F 16S rDNA sequence type (ST) matrix. Matrix rows represent 
unique ST, whereas columns represent individual samples of finished product. Heavy 
vertical lines separate the 4 sample collections. ST 9 was only isolated during 1 
sample collection, suggesting a transient contamination source. HDPE = high-density 
polyethylene. 
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Figure 2.5. Facility C 16S rDNA sequence type (ST) matrix. Matrix rows represent 
unique ST, whereas columns represent individual samples of finished product. Heavy 
vertical lines separate the 4 sample collections; ST 85 was isolated from 3 skim 
samples collected from rotary bottle fillers 1, 2, and 3 on Feb. 8, 2016, suggesting an 
issue specific to skim milk production on this date. HDPE = high-density polyethylene. 
PETE = polyethylene terephthalate. 
 

Repeated Isolation of GN ST Across Facilities 

Among the 121 unique ST, 32 (26%) were isolated from 2 or more of the 10 

facilities over the 4 sample collections (Table 2.9). Among these 32 ST, 19 (59%) were 

Pseudomonas, and all but 1 of the Pseudomonas ST was identified as a member of 

the Pseudomonas fluorescens group. No other single genus was represented by more 

than 2 ST. Sequence types most commonly associated with S-PPC can be defined as 

those that are isolated from the greatest number of samplings at the greatest 
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number of facilities. The 3 most common 16S rDNA ST that were associated with 

spoilage were Pseudomonas fluorescens group ST 16 (15 samplings, 8 facilities), 

Pseudomonas fluorescens group ST 13 (13 samplings, 7 facilities), and 

Stenotrophomonas rhizophila ST 41 (11 samplings, 8 facilities). Two ST of 

Acinetobacter, ST 1 and 2, were also moderately common with 6 and 8 samplings 

(representing 4 and 7 facilities). No ST within the coliforms or EB was isolated from 

more than 5 samplings. 
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Table 2.9. Isolation of identical 16S rDNA sequence types (ST) responsible for 
spoilage due to postpasteurization contamination from multiple facilities
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Table 2.9 (Continued) 

ST Genus Species/gro
up 

Number of samplings 
isolated from facility 

Total 
sampling 
isolations 

A B C D E F G H I J 

1 Acinetobacter guillouiae 
 

1 1 
 

3 
    

1 6 

2 Acinetobacter haemolyticus 1 
 

2 
 

1 
 

1 1 1 1 8 

18 Citrobacter/Raoult
ella 

sp(p). 
   

2 
   

1 
  

3 

54 Comamonas thiooxydans 
   

1 
   

1 
  

2 

53 Enterobacter ludwigii 
     

1 
 

1 
  

2 

36 Hafnia paralvei 
   

1 
     

1 2 

43 Janthinobacterium lividum 
    

1 
   

1 
 

2 

17 Lelliottia amnigena 
   

1 
   

3 1 
 

5 

3 Limnohabitans planktonicus 1 
  

1 
     

1 3 

75 Pantoea anthophila 
   

1 
  

1 
   

2 

16 Pseudomonas P. 
fluorescens 
group 

1 
 

2 4 1 
 

2 1 3 1 15 

13 Pseudomonas P. 
fluorescens 
group 

1 
  

4 2 
 

1 2 1 2 13 

9 Pseudomonas P. 
fluorescens 
group 

1 
 

1 2 
 

1 
 

1 2 1 9 

11 Pseudomonas P. 
fluorescens 
group 

2 
 

1 2 
   

2 1 
 

8 

51 Pseudomonas P. 
fluorescens 
group 

   
1 2 

  
3 

 
2 8 

23 Pseudomonas P. 
fluorescens 

   
3 1 

 
2 

 
1 

 
7 
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ST Genus Species/gro
up 

Number of samplings 
isolated from facility 

Total 
sampling 
isolations 

A B C D E F G H I J 

group 

22 Pseudomonas P. 
fluorescens 
group 

  
1 

  
1 

  
1 1 4 

52 Pseudomonas P. 
fluorescens 
group 

   
1 

  
1 2 

  
4 

14 Pseudomonas P. 
fluorescens 
group 

   
2 

   
1 

  
3 

67 Pseudomonas P. 
fluorescens 
group 

  
1 2 

      
3 

33 Pseudomonas P. 
fluorescens 
group 

1 
        

2 3 

100 Pseudomonas P. 
fluorescens 
group 

    
1 1 

   
1 3 

106 Pseudomonas P. 
fluorescens 
group 

  
1 

    
1 

  
2 

78 Pseudomonas P. 
fluorescens 
group 

      
1 1 

  
2 

82 Pseudomonas P. 
fluorescens 
group 

1 
      

1 
  

2 

97 Pseudomonas P. 
fluorescens 

   
1 

     
1 2 
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ST Genus Species/gro
up 

Number of samplings 
isolated from facility 

Total 
sampling 
isolations 

A B C D E F G H I J 

group 

59 Pseudomonas P. 
fluorescens 
group 

1 
     

1 
   

2 

83 Pseudomonas P. 
fluorescens 
group 

   
1 

    
1 

 
2 

6 Pseudomonas P. putida 
group 

    
1 

  
1 1 1 4 

30 Psychrobacter spp. 
   

1 
   

2 
  

3 

56 Rahnella aquatilis 
   

1 
    

1 
 

2 

41 Stenotrophomonas rhizophila 1 1 1 2 
 

1 3 1 
 

1 11 

Discussion 

Although fluid milk spoilage due to PPC has long been recognized as a 

challenge in the production of HTST-pasteurized fluid milk (Smith, 1920), better data 

on PPC patterns and their effect on fluid milk quality are needed to allow the industry 

to make continued improvements in control of PPC. Thus, we used a longitudinal 

study approach to investigate the causes and effects of spoilage of HTST-pasteurized 

fluid milk due to PPC in 10 facilities across the northeastern United States. Our data 

indicate that PPC remains a frequent cause of fluid milk spoilage for samples stored 

at 6°C under conditions mimicking consumer storage. Importantly, our data also 
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indicate that (1) Pseudomonas spp. are the major cause of fluid milk spoilage due to 

PPC, with GN bacteria typically responsible for severe flavor defects; (2) use of 

specific strategies for detection of GN bacteria (e.g., CVTA medium), coupled with 

appropriate milk incubation conditions, is important for sensitive detection of PPC; 

and (3) PPC problems often are caused by specific spoilage organisms that are 

repeatedly isolated in a given facility. These findings suggest a need for 

implementation of improved strategies and technologies for detection and control of 

PPC, which may be particularly important as fluid milk and other dairy products are 

distributed to consumers through new channels that can increase product exposure 

to abuse conditions. 

 

Pseudomonas Are the Major Cause of Fluid Milk S-PPC 

In our study, nearly half of the pasteurized fluid milk samples had evidence of 

spoilage due to PPC, and Pseudomonas spp. was isolated from over three quarters of 

samples spoiled due to PPC and over one third of samples overall. This Pseudomonas 

contamination nearly always was associated with product spoilage through high 

bacterial counts and the development of sensory defects. Other recent studies have 

found similarly high contamination frequencies of Pseudomonas in fluid milk from 

the United States (Ranieri and Boor, 2009; Martin et al., 2011b). In addition to fluid 

milk, Pseudomonas is well-known to spoil other dairy products, such as fresh, 

unripened cheeses (Brocklehurst and Lund, 1985; Martin et al., 2011a; Andreani et 

al., 2015a). The predominance of Pseudomonas in PPC is likely associated with the 
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psychrotolerance and nutritional adaptability of its many species (Fromm and Boor, 

2004; Palleroni, 2005a), though this is also true for many dairy spoilage coliforms 

(Masiello et al., 2016). Pseudomonas possesses enzymes for the digestion of a wide 

array of organic molecules, and has been shown to catabolize sanitizing compounds, 

such as quaternary ammonium (Takenaka et al., 2007). Whereas Acinetobacter is 

similar to Pseudomonas in nutritional versatility, Stenotrophomonas cannot use 

galactose and requires specific AA growth factors (Juni, 2005; Palleroni, 2005b), 

which may have contributed to its lower rates of occurrence and repeat isolation, as 

well as a lower number of ST. 

The observation that a large number of repeatedly isolated ST represent 

Pseudomonas is also consistent with the well-documented ability of Pseudomonas to 

form biofilms under many different environmental conditions (Masák et al., 2014), 

which facilitates their ability to colonize ecological niches in processing facilities and 

to evade and resist cleaning and sanitation efforts. In addition, the ability of many 

Pseudomonas to grow at low temperatures (Dogan and Boor, 2003; Palleroni, 2005a) 

may also contribute to their ability to survive in dairy environments, which often are 

held at lower temperatures. Acinetobacter and Stenotrophomonas, other non-EB GN 

psychrotolerant bacteria that were also isolated repeatedly in our study, though to a 

lesser extent than Pseudomonas, have been reported to be biofilm-formers as well 

(Di Bonaventura et al., 2004; McQueary and Actis, 2011). Pseudomonas and 

Acinetobacter were reported to be the most frequent survivors on meat processing 

surfaces after cleaning and disinfection (Fagerlund et al., 2017), demonstrating their 
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ability to form resistant biofilms in actual processing facility environments. Overall, 

our data suggest that effective control of Pseudomonas and, to a lesser extent, other 

GN spoilage organisms, may not only require strong attention to cleaning, sanitation, 

and preventive maintenance, but may also require specific strategies to control 

biofilm formation and to ensure use of sanitizers that are effective against the 

specific bacterial strains and subtypes found in each facility. 

 

GN Organisms Responsible for PPC Cause More Severe Flavor Defects 

Consistent with previous studies (Schröder et al., 1982; Hayes et al., 2002; 

Dogan and Boor, 2003), we observed significantly higher levels of sensory defects, 

such as coagulation, fruity/fermented, and unclean, in milk contaminated with GN 

bacteria. Coagulation, along with off-flavors and off-odors, including cheese, fruit, 

rancid, and bitter, contribute to negative consumer perception of fluid milk (Martin 

et al., 2016). Presence of Pseudomonas had the largest and most significant negative 

effect on overall sample flavor score, with Acinetobacter showing a smaller but still 

significant negative effect. Presence of EB had a marginally significant negative effect 

on flavor score, smaller than either Pseudomonas or Acinetobacter. These results are 

likely due in large part to the diversity of cold-tolerant lipolytic and proteolytic 

enzymes that Pseudomonas, the most commonly isolated GN genus, can synthesize 

(Sørhaug and Stepaniak, 1997; Dogan and Boor, 2003). Enterobacteriaceae, though 

not isolated as frequently in our study, are also known to be capable of and 

responsible for enzymatic spoilage of fluid milk (Wessels et al., 1989; Masiello et al., 
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2016). Lower levels of defects were observed in milk samples from which only GP 

bacteria were isolated. Unlike Pseudomonas contamination, the defects associated 

with these sporeformers and other GP organisms were less severe than would be 

expected given their high counts in the milk. Remarkably, coagulation was observed 

very infrequently for samples lacking PPC, despite the ability of Bacillus and 

Paenibacillus spp. to synthesize proteolytic enzymes (Cox, 1975; Meer et al., 1991; 

Hanson et al., 2005). Whereas detection of Paenibacillus or Bacillus did not have a 

significant negative effect on fluid milk flavor scores, it is possible that extended 

incubation (past 21 d) would to allow for coagulation or other defects due to GP to 

become more pronounced (Cox, 1975; Hanson et al., 2005). Although some defects 

previously reported to be associated with cold-growing sporeformers (e.g., fruity, 

acid, unclean, and bitter; Meer et al., 1991) were included in the defect lexicon used 

here, these defects were rarely identified among samples with no evidence of PPC 

but with bacterial counts above 20,000 cfu/mL (which typically indicated the growth 

of sporeformers). The high prevalence of not clearly defined defects in these samples 

suggests that the present milk defect lexicon does not contain all necessary 

descriptors for off-flavors or odors caused by sporeformer growth. 

 

Repeat Isolation of GN Spoilage Bacteria with Identical 16S rDNA ST Occurs Across 

Multiple Facilities 

Use of 16S rDNA sequence data to define ST for GN bacterial isolates provided 

initial classification data, which indicated that repeat contamination with specific 



 
 

72 
 

Pseudomonas strains (and to a much lesser extent other GN bacteria) may be an 

important contributing factor to PPC in most of the HTST fluid milk processing 

facilities. We reported evidence for repeat isolation of ST representing GN in 9 of the 

10 facilities, with repeat isolation of specific Pseudomonas ST (defined based on 

partial 16S rDNA sequence) in 8 facilities. Interestingly, members of the EB group 

only represented a small proportion of strains that showed evidence for repeat 

isolation. This is consistent with studies that showed persistence of GN spoilage 

organisms (typically Pseudomonas) in dairy processing facilities and other types of 

processing facilities (Ralyea et al., 1998; Martin et al., 2011a; Nucera et al., 2016). For 

example, Ralyea et al. (1998) found that a specific subtype of Pseudomonas (as 

determined by ribotyping and phenotypic data) persisted in the filler of a dairy 

facility and was responsible for PPC that significantly reduced HTST milk shelf life. In 

the past, filling equipment, contaminated air, and contaminated water have been 

implicated as sources of PPC (Elliker et al., 1964; Schröder, 1984; Gruetmacher and 

Bradley, 1999). However, only a proportion of repeatedly isolated ST are likely to 

represent a single specific subtype that persisted in each facility over time; some 

repeatedly isolated ST may simply represent isolates with the same or closely related 

species that cannot be differentiated by partial 16S rDNA sequencing. This idea is 

supported by preliminary multilocus sequence typing (MLST) characterization (using 

the MLST approach reported by Andreani et al., 2015b) of a subset of 4 ST 13 isolates 

from facility D, which were found to all represent distinct MLST types (unpublished 

data). However, our data do support that consistent effective control of 
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Pseudomonas represents a major challenge in several facilities. Previous studies that 

showed persistence of Pseudomonas with discriminatory subtyping methods (e.g., 

ribotyping, MLST) typically represented reactive troubleshooting efforts that involved 

sampling of a single facility over shorter periods, typically less than 4 mo (Ralyea et 

al., 1998; Martin et al., 2011a). In contrast, the prospective study reported here 

included multiple facilities and provides new data on the difficulty of consistently 

controlling Pseudomonas across an industry cross section. 

Our findings on spoilage organisms are also consistent with a large body of 

knowledge that other bacteria, and particularly Listeria monocytogenes, can persist 

in processing facilities, including dairy processing facilities, for extended times, 

sometimes exceeding years or even decades (Kabuki et al., 2004; Vongkamjan et al., 

2013). Whereas several clear differences exist between GN spoilage organisms 

(particularly Pseudomonas) and Listeria monocytogenes (e.g., Pseudomonas exhibits 

more frequent sanitizer resistance), some of the industry lessons learned from 

efforts to eliminate L. monocytogenes persistence may be applicable for control of 

persistent spoilage organisms. For example, persistence of L. monocytogenes in 

niches (i.e., locations that are not reached by sanitizer due to equipment or building 

design issues or incomplete breakdown during sanitation) has frequently been linked 

to L. monocytogenes persistence, and several industry guidance documents detail 

procedures that can be used to identify and eliminate niches (Tompkin, 2002; Malley 

et al., 2015). A reevaluation of the sanitary design of equipment, such as valves and 

fillers, with subsequent design improvements or changes to sanitation procedures 
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(e.g., enhanced equipment breakdown before sanitation) may facilitate improved 

elimination of Pseudomonas and other spoilage bacteria in dairy processing facilities. 

Although repeat isolation of ST within facilities increases our understanding of 

PPC spoilage patterns and suggests opportunities for better control, isolation of 

identical ST between facilities serves as an overall indicator of the broad distribution 

of Pseudomonas in the dairy environment and in refrigerated fluid milk. Over half of 

ST isolated from multiple facilities represented Pseudomonas, and specifically the 

Pseudomonas fluorescens group, which has been reported to consist of at least 52 

closely related species (Mulet et al., 2010). This group is known to contaminate a 

wide variety of foods, including vegetables, fish, meat, and dairy products (Andreani 

et al., 2015b). Interestingly, only 1 ST of Pseudomonas from outside the P. 

fluorescens group was isolated from multiple facilities. Sequence type 6 was 

identified as a member of the Pseudomonas putida group, another group commonly 

responsible for food spoilage (Ralyea et al., 1998; Dogan and Boor, 2003; Stellato et 

al., 2017). 

 

CVTA Provides for Sensitive Detection of PPC 

Our data show that CVTA could detect the presence of PPC organisms in 

nearly every sample confirmed to contain GN bacteria by DNA sequencing of isolates 

collected over shelf life. No sample that tested negative on CVTA yielded sequence-

confirmed GN bacteria on any other medium (SPC and coliform and EB Petrifilms). 

Whereas this suggests that CVTA has a high sensitivity for the GN bacteria typically 
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present in pasteurized fluid milk, it has been demonstrated in other experiments that 

CVTA is not an infallible medium and it may not detect select strains in pure culture 

within several important genera, notably Acinetobacter, Pseudomonas, Vibrio, 

Yersinia, and Escherichia (Hervert et al., 2016). In our study, CVTA testing did yield 

positive results with 18 samples in which we were unable to confirm the presence of 

GN bacteria. The majority of these false positives were attributed to Paenibacillus, 

which often stains Gram-variable, and therefore may not be vulnerable to the 

selective agent, crystal violet, in the medium (Priest, 2009). Although these results 

are consistent with previous studies that reported the usefulness of CVTA for 

detection of PPC, and its inability to inhibit some GP spoilage organisms (Sing et al., 

1967), CVTA remains a well-established medium with broad sensitivity for total GN 

bacteria (Hervert et al., 2016). However, use of CVTA remains beyond the capability 

of many processors, as preparation requires an autoclave as well as poststerilization 

aseptic addition of the 2,3,5-triphenyltetrazolium chloride supplement. It also 

requires spread- or pour-plating techniques, which are beyond the capabilities of 

many processing facility laboratories (Frank and Yousef, 2004). Even considering 

these challenges, CVTA can be a valuable tool for culture-based detection of PPC, 

particularly in processing facilities with more sophisticated laboratory operations. 

To our knowledge, neither prepoured CVTA plates nor other convenient in-

facility culture-based tests for total GN bacteria [e.g., 3M Petrifilm, Compact Dry by 

Hardy Diagnostics (Santa Maria, CA), NeoFilm (Neogen, Lansing, MI), and so on], are 

currently available, and no automated or rapid-detection platforms for the same 
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purpose are validated for rapid detection of total GN organisms in milk. The 

unavailability of appropriate media for detection of total GN organisms, including 

Pseudomonas, is likely a contributing factor that prevents processors from detecting 

and addressing quality issues related to this group of bacteria. Until such tests are 

available, processors may be able to use alternative, typically less reliable or rapid 

strategies (many of which are summarized by Coghill and Juffs, 1979) to assess milk 

for the presence of PPC bacteria. 

 

Current Practices and Testing May Underestimate Effects of PPC on Product Quality 

As demonstrated here and in previous experiments (Elliker, 1968; Watrous et 

al., 1971; Hankin and Stephens, 1972), sole reliance on SPC and coliform count 

testing of fluid milk immediately after production, as is typically done in large fluid 

milk processing facilities, likely will not reveal any but the most severe PPC issues. 

These tests are of limited use in detecting low-level Pseudomonas or other GN 

psychrotolerant contaminants that may cause spoilage over shelf life, even if present 

at levels well below 1 MPN (most probable number)/mL immediately after filling 

(Schröder et al., 1982). The need, in the United States, of performing in-facility 

coliform testing on finished product to ensure compliance with regulations has likely 

allowed facilities to more effectively address issues of coliform contamination in their 

products. This could, in part, explain the relatively low incidence of coliforms 

detected over shelf life in this and other studies (Martin et al., 2012). Whereas many 

facilities do not perform microbiological tests on their milk following initial tests 
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performed immediately after processing, they may assess shelf life by performing a 

basic pass or fail sensory evaluation on, or several days past, the product code date. 

Based on our interactions with processing facilities, product stored for this evaluation 

is typically kept in unopened, full containers at 4 to 6°C. This approach has several 

shortfalls. First, storage at 4°C may not reflect the mild temperature abuse that fluid 

milk may be exposed to during transport and consumer storage (Kosa et al., 2007; 

Elliker, 1968). Second, full containers provide very little oxygen-containing 

headspace, which may reduce the growth of Pseudomonas and other obligately 

aerobic, psychrotolerant GN bacteria (Sinclair and Stokes, 1963; Brandt and Ledford, 

1982). Limited oxygen-containing headspace may also affect expression of bacterial 

phenotypes important for spoilage (Bassette et al., 1986), as supported by several 

reports that, in the absence of sufficient oxygen, Pseudomonas spp. will not produce 

a color defect (Price-Whelan et al., 2007; Andreani et al., 2015b; Evanowski et al., 

2017). Improved sensitivity of shelf-life tests for detecting PPC could thus be 

achieved by storage (at 6°C) of partially filled containers or by aseptic transfer of 1 or 

more aliquots of milk to sterile containers with ample headspace, as done in our 

study. 

 

Conclusions 

Despite overall improvements in fluid milk quality and shelf life, detection and 

control of PPC remains an important challenge in the production of HTST-pasteurized 

fluid milk. Pseudomonas is not only the most common cause of PPC, particularly in 
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facilities that have traditionally focused on control of coliforms, but also causes many 

severe defects, including coagulation as well as flavor, odor, and color defects. 

Consequently, there is a need to develop and apply improved approaches to detect 

PPC and identify PPC sources, including improved rapid-detection methods as well as 

subtyping methods such as MLST or whole genome sequencing. Although unlikely to 

be used routinely at this time, use of subtyping methods will greatly enhance our 

ability to identify PPC sources, such as specific fillers, lines, or tanks, facilitating 

corrective actions and long-term improvements, for example through improved 

sanitary equipment design. 
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CHAPTER 3 

INTERVENTIONS DESIGNED TO CONTROL POSTPASTEURIZATION CONTAMINATION IN 
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Abstract 

Postpasteurization contamination (PPC) with Gram-negative bacteria 

adversely affects the quality and shelf-life of milk through the development of flavor, 

odor, texture, and visual defects. Through evaluation of milk quality at 4 large fluid 

milk processing facilities in the northeast United States, we examined the efficacy of 

3 strategies designed to reduce the occurrence of PPC in fluid milk: (1) employee 

training (focusing on good manufacturing practices) alone and (2) with concurrent 

implementation of modified clean-in-place chemistry and (3) preventive 

maintenance (PM) focused on replacement of wearable rubber components. Despite 
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increases in employee knowledge and self-reported behavior change, microbiological 

evaluation of fluid milk before and after interventions indicated that neither training 

alone nor training combined with modified clean-in-place interventions significantly 

decreased PPC. Furthermore, characterization of Gram-negative bacterial isolates 

from milk suggested that specific bacterial taxonomic groups (notably, Pseudomonas 

sequence types) continued to contribute to PPC even after interventions and that no 

major changes in the composition of the spoilage-associated microbial populations 

occurred as a consequence of the interventions. More specifically, in 3 of 4 facilities, 

Gram-negative bacteria with identical 16S rDNA sequence types were isolated on 

multiple occasions. Evaluation of a PM intervention showed that used rubber goods 

harbored PPC-associated bacteria and that PPC may have been less frequent 

following a PM intervention in which wearable rubber goods were replaced 

(reduction from 3/3 samples with PPC before to 1/3 samples after). Overall, our 

findings suggest that commonly used “broad stroke interventions” may have a 

limited effect on reducing PPC. Our case study also demonstrates the inherent 

complexities of identifying and successfully addressing sanitation problems in large 

and complex fluid milk processing facilities. For example, broad changes to sanitation 

practices without improvements in PM and sanitary equipment design may not 

always lead to reduced PPC. Our data also indicate that although short-term 

evaluations, such as pre- and post-tests for employee training, may suggest 

improvements after corrective and preventive actions, extensive microbial testing, 

ideally in combination with isolate characterization, may be necessary to evaluate 
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return on investment of different interventions. 

 

Introduction 

Though Louis Pasteur is often credited with the discovery of the 

pasteurization process, the first application of the principles of pasteurization to fluid 

milk was attributed to Soxhlet over 20 yr later (Soxhlet, 1886; Monrad, 1895). 

Pasteurization of fluid milk quickly became widespread, with numerous publications 

detailing how to accomplish it on both home and commercial scales (De Schweinitz, 

1894; Russell, 1895; Smith, 1896). Early on, bacterial recontamination of pasteurized 

milk was recognized as a potential danger, particularly if the milk was extensively 

handled and exposed to the environment after pasteurization (e.g., cooling, bottling; 

Koehler and Tonney, 1911). This recontamination, commonly referred to as 

postpasteurization contamination (PPC), often leads to sensory deterioration and 

decreased shelf-life of milk (Thomas and Druce, 1969; Hayes et al., 2002; Martin et 

al., 2018). Postpasteurization contamination has been estimated to cause spoilage in 

about 50% of milk from processors in New York State (Alles et al., 2018; Reichler et 

al., 2018), likely contributing to the observation that 20% of milk is wasted at the 

consumer level in the United States (Buzby et al., 2014). The main organisms involved 

in PPC associated with finished product spoilage are heat-labile Gram-negative 

bacteria, including Pseudomonas and the Enterobacteriaceae, which can be 

introduced into finished products from a variety of potential sources, including 

contaminated equipment, contaminated aerosols, and cross-contamination from 
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employees (Sunga et al., 1970; Schröder, 1984; Eneroth et al., 2000b). Although 

thermoresistant Gram-positive bacteria, including sporeformers, could also be 

introduced after pasteurization (Eneroth et al., 2001), endospores formed by these 

bacteria are often present in the raw milk supply (Murphy et al., 2019) and 

endospore numbers are typically not reduced by HTST. While psychrotolerant 

sporeformers and, to a much lesser extent, non-spore-forming Gram-positive 

bacteria cause fluid milk spoilage, they are thus excluded from our PPC definition 

used in this publication. 

The PPC in HTST fluid milk processing facilities can range from 100% 

prevalence (meaning all containers show evidence of PPC) to prevalence <1%. 

Frequency of PPC within a facility can also vary widely between processing days 

(Reichler et al., 2018). Factors that contribute to increased likelihood of PPC vary 

widely and include personal hygiene, operational (e.g., preventive maintenance; PM), 

and sanitation practices. Consequently, it is difficult to determine which strategies 

are most likely to reduce PPC in a given facility. Enhancements in different areas [e.g., 

good manufacturing practices (GMP), PM, and sanitation] may be needed to reduce 

PPC. For example, failure to consistently observe appropriate GMP may result in 

microbial contamination of milk by increasing the risk that bacteria are transferred 

from environmental sources to products. Good manufacturing practices are the 

prerequisite requirements for facilities, processing equipment, and personnel to 

produce food that is safe to eat, and adherence is federally mandated in the United 

States (Padilla-Zakour, 2009). Despite their mandatory status, compliance with 
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appropriate and comprehensive GMP may not be universal and may include issues 

such as bacterial harborage in the facility environment, failure to perform necessary 

PM on equipment, and cross-contamination by workers. Preventive maintenance 

refers to a range of activities intended to prevent or delay the breakdown of 

equipment due to prolonged use. A regular schedule of PM has been linked to 

improved product quality and less unscheduled equipment downtime due to 

emergency repairs, which may be associated with increased likelihood of PPC 

(Tsarouhas, 2007; Zugarramurdi et al., 2007). 

Sanitation in large-scale modern milk production is commonly managed using 

a clean-in-place (CIP) methodology, which has reduced the incidence of PPC 

(Havighorst, 1957; Moerman et al., 2014). Cleaning-in-place is an automated system 

that circulates cleaning and sanitizing solutions through piping and processing 

equipment without prior disassembly (Burgess, 2009). The CIP technology addresses 

microbial contamination caused by direct contact of fluid milk with contaminated 

internal pipe, valve, and processing equipment surfaces. Poorly implemented CIP 

programs are characterized by improper chemical choices or concentrations, 

unsuitably designed equipment, and infrequent sanitation cycles, among other 

design issues. For instance, the inclusion of dead ends in processing lines prevents 

the successful application of CIP to the entire system, and the misplacement of spray 

balls in bulk tanks has resulted in shadowing, where sanitizing agents are not 

uniformly applied to interior surfaces (Asteriadou and Fryer, 2009). Additionally, 

appropriately developed and implemented facility cleaning and sanitation is 
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important, as the general environment of a facility can be a source of PPC. 

In milk processing facilities with a high incidence of PPC, strategic 

interventions addressing GMP, sanitation, and other shortcomings are essential to 

address this problem. Appropriate root cause analysis procedures to identify the 

most effective interventions are also an essential part of reducing PPC. Interventions 

may, for example, target bacterial harborage sites in the processing environment and 

equipment and the transfer of bacteria from the processing facility environment to 

food contact surfaces (e.g., filler nozzles) or directly to milk (e.g., due to 

condensation or water spray; Moseley, 1980). Previously utilized interventions have 

included improved employee training (e.g., on GMP), altered employee GMP, use of 

enhanced CIP sanitizer chemistries, revised scheduling of sanitation shifts, enhanced 

PM of equipment, and improved hygienic equipment design. However, economically 

viable interventions must balance enhanced milk quality outcomes with resource 

utilization (Zugarramurdi et al., 2007). To assess different strategies to control PPC of 

HTST fluid milk, the study reported here applied 3 commonly used interventions in 4 

large dairy processing facilities, with subsequent assessment of training efficacy as 

well as PPC frequency and spoilage patterns. 

 

Materials and Methods 

Processing Facility Recruitment 

We recruited 4 dairy processing facilities who had participated in our previous 

study examining the prevalence and diversity of PPC (Reichler et al., 2018). Facilities 
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will be referred to according to their blinded names from this prior study: facilities C, 

G, D, and I. All 4 processing facilities were located in the northeast United States, 

manufactured HTST-pasteurized fluid milk for sale to retail consumers, and 

experienced persistent Gram-negative PPC in a portion of their products based on 

prior testing and characterization of spoilage bacteria (Reichler et al., 2018). Facilities 

C and G were selected to receive only employee training as an intervention. Facilities 

D and I received employee training along with a modified CIP program that included 

an updated sanitizer regimen specifically targeting biofilm removal (further described 

below). Data were also collected on milk quality outcomes at facility D following a PM 

intervention. The annual production volume of the participating facilities ranged 

from 10 million to over 100 million liters of product. The facilities used between 4 

and 10 package fillers and employed between 51 and 200 employees each. The 

facilities generally had 2 daily production shifts and 1 daily cleaning and sanitation 

shift. The sanitation shifts typically occurred in the evening, between 2200 and 0600 

h. 

 

Training Intervention Development, Delivery, and Efficacy Assessment 

We conducted employee training at all 4 processing facilities. Previously, we 

conducted a survey of the quality assurance managers of 10 fluid milk processing 

facilities (including the 4 in this study) in the northeast United States to inform the 

design of an appropriate employee training session on quality issues caused by PPC 

(data not shown). The training consisted of 3 modules designed to increase 
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awareness of bacterial spoilage, bacterial harborage in food processing facilities, and 

routes of bacterial cross-contamination. Specific topics taken from the survey of 

quality assurance managers included PM, cleaning and sanitation standard operating 

procedures, and control of hygiene practices. The curriculum consisted of an 

approximately 40-slide PowerPoint (Microsoft Corp., Redmond, WA) presentation, 

which was image-intensive and included video of correct and incorrect sanitation 

practices. The training has since been utilized in >10 trainings for >100 dairy food 

processing facility employees in various university extension programs outside of this 

in-facility application. 

Training and modified CIP interventions were implemented over a 1- or 2-d 

period for each facility. The training was presented to the filler operators, cleaning 

crew, maintenance staff, supervisors, and laboratory technicians at each processing 

facility. The number of participants at each facility ranged from 15 to 33. Trainings 

were delivered in American English. All trainees had a working or vocational 

knowledge of English and were previously trained by supervisors in English at their 

facilities. The training was held in either a conference room or a break room and 

lasted approximately 1 h. Multiple training sessions were offered over the course of 1 

to 2 d to accommodate different employee schedules and to allow for continuous 

facility operation. At facilities C, G, and I, the trainees were asked to complete a short 

anonymous survey immediately before training and immediately following its 

conclusion. The survey at both time points was identical and asked each trainee to 

list what they believed were the 3 most important factors affecting milk quality or 
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spoilage in their processing facility. The choices provided were raw milk, water use in 

the processing facility, workers’ hands, unclean equipment, old equipment, and an 

old building. Trainees were also invited to write in their own selections. 

Quality assurance managers at all 4 processing facilities were mailed a packet 

of follow-up surveys 6 to 8 mo after the training to administer to all employees that 

had participated in the training. The surveys asked 5 questions designed to assess 

self-reported changes in policies and behaviors (Figure 3.1B). Questions on the 

follow-up survey were forced response (yes, no, or don’t know/NA). The completed 

surveys were collected by facility quality assurance personnel and returned via mail 

in a pre-addressed, postage-paid envelope within 3 to 4 wk of receipt. No incentive 

was offered for participation in either the training or in completion of the follow-up 

survey. Participation was voluntary, and results of the follow-up survey were 

confidential by individual and aggregated within each facility.
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Figure 3.1. Outcomes of a training intervention targeted toward reducing persistent 
postpasteurization contamination. (A) Estimated marginal means pairwise 

comparisons calculated from a binomial logistic regression for rates of correct 
employee responses to a single survey question administered before and after 
training at processing facilities C, G, and I. (B) Trained employee self-reported 
behavioral changes 8 mo after attendance of a training exercise, separated by 
processing facility. Questions are denoted by number on the y-axis and are as 

follows: (1) Since attending the training, have you used the sanitizer and water hoses 
less often during processing? (2) Since attending the training, have you washed your 
hands more often while working on the filler? (3) Since attending the training, have 
you reported concerns in the plant to your supervisor or to maintenance? (4) Since 

attending the training, have you changed other behaviors while working in the plant? 
(5) Since attending the training, have plant sanitation policies changed? Frequency of 
responses is indicated both by color gradient and by circle area. (C) Trained employee 

self-reported behavioral changes 8 mo following attendance of training exercise, 
pooled across all processing facilities. Questions are denoted by number on the y-axis 

and are listed in the caption for panel B. 
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Chemical Intervention to CIP Systems 

Chemical interventions to CIP systems were designed to minimize PPC due to 

direct milk contact with contaminated internal processing equipment surfaces. The 

CIP interventions were developed in consultation with a large national chemical 

supplier and consisted of modification of the chemical regimen at facilities D and I to 

include a peracid detergent and water conditioner (gluconic acid) pretreatment, an 

alkaline detergent override, an alkaline detergent wash, an acid detergent wash, and 

a heated peracid sanitization. Specifically, the peracid detergent pretreatment, 

alkaline override, and heated sanitization steps differentiate this treatment from a 

typical dairy processing facility CIP cycle (Table 3.1). The CIP interventions were 

performed with the cooperation and assistance of facility management. All pipes, 

valves, and machinery that handled pasteurized milk and were connected for 

treatment within the CIP circuits received this chemical intervention. The modified 

CIP treatment was implemented concurrently with employee training, and milk 

sample collection (described below) was performed after startup on the following 

production shift.
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Table 3.1. Clean-in-place (CIP) chemistry and parameters used for typical dairy processing facility sanitation and a modified 
chemical intervention targeted toward persistent postpasteurization contamination, which was used in this study 

Step Typical dairy processing facility CIP Modified CIP intervention 

Product and 
concentration (% 
vol/vol) 

Temperature 
(°C) 

Time 
(min) 

Product and concentration 
(% vol/vol) 

Temperature 
(°C) 

Time 
(min) 

Pre-rinse Water 100% 7–21 10 Water 100% 7–21 10 

Pretreatment Not performed — — Peracid detergent 0.5%, 
Water conditioner 0.1% 

60 15 

Alkaline 
override 

Not performed — — Alkaline detergent 1.5% 60–82 15 

Alkaline wash Alkaline detergent 1.5% 82 30 Alkaline detergent 1.5% 82 30 

Rinse Water 100% 7–21 10 Water 100% 7–21 10 

Acid wash Acid detergent 1% 71 30 Acid detergent 1% 71 30 

Rinse Water 100% 7–21 10 Water 100% 7–21 10 

Sanitize Peracid sanitizer 0.18% 7–21 15 Mixed peracid sanitizer 
0.16% 

60 15 
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PM Interventions to Equipment 

A PM program intervention was applied to a specific production line at facility 

D with a history of high-diversity and high-prevalence PPC. During the time frame of 

the case evaluation, the facility PM schedule indicated that a manufacturer-

performed change of all wearable (i.e., capable of becoming worn out through 

repeated use) rubber goods was due to be performed on Gable-Top Carton Filler 2 

(Evergreen Packaging, Memphis, TN) in September 2017. To contrast the outcomes 

of this final intervention with other treatments, an additional application of the 

modified CIP chemistry was performed 1 mo before rubber goods replacement. The 

PM consisted of a complete replacement of all wearable rubber goods (i.e., gaskets, 

O-rings) within Gable-Top Carton Filler 2, preceded and followed by typical (i.e., non-

intervention) CIP cycles. The 85 articles of used rubber goods removed from the filler 

were aseptically collected in individual sterile sample bags and transported to the 

Milk Quality Improvement Program laboratory at a temperature <6°C for testing. 

Upon receipt, the rubber goods were stored at 4°C until testing. The rubber goods 

were separated by location within the filler into 9 groups (1A, 1B, 2A, 2B, 3A, 3B, 4A, 

4B, and PV) and commingled by group into single sterile stomacher bags (Nasco, Fort 

Atkinson, WI). To enrich the commingled samples, 250 mL of room temperature 

brain heart infusion (BHI) broth (BD, Sparks, MD) was added to each bag and the 

bags were stomached at 260 rpm for 60 s in a Stomacher 400 Circulator (Seward, 

Basingstoke, UK). Immediately following stomaching and again after 14 d of 

incubation at 6°C, 50-µL aliquots of each enrichment were streaked in duplicate onto 
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crystal violet tetrazolium agar (CVTA; Frank and Yousef, 2004) plates, which were 

then incubated at 21°C for 48 h. Results were interpreted as positive or negative for 

Gram-negative bacteria based on the growth or absence, respectively, of typical 

colonies; isolates were collected, stored, and characterized as for the milk samples 

described below. 

 

Sample Collection and Shelf-Life Testing 

For each of the 4 processing facilities, samples of finished product were 

collected approximately 1 wk before either (1) training or (2) training and the CIP 

intervention were performed. At processing facilities C and G, which received only 

training as an intervention, follow-up samples were collected on 3 sample collection 

dates after training occurred, which consisted of (1) 1 mo after training, (2) 2 to 3 mo 

after training, and (3) 7 to 8 mo after training. For processing facilities D and I, which 

received both training and the modified CIP intervention, samples were collected (1) 

during the initial processing run performed after completion of training and 

application of the modified CIP intervention, (2) 2 to 3 mo after the intervention, and 

(3) 7 to 8 mo after the intervention. For facility D, which received an additional CIP 

intervention and a PM intervention, there were 6 sample collection dates, including 

(1) before the first CIP intervention (all available fillers), (2) after the first CIP 

intervention (samples from all available fillers), (3) after the second CIP intervention 

(samples from 1 filler only), (4) before the PM intervention (samples from 1 filler 

only), (5) after the PM intervention (samples from 1 filler only), and (6) 6 mo after the 
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first CIP intervention (samples from all available fillers). With this scheme, we 

ensured that 3 full milk quality data sets were collected either after the training or 

after the training and CIP intervention for all available fillers for each of the 4 

facilities. 

To collect milk samples, sealed containers of HTST-pasteurized skim, 2% fat, 

and chocolate milk were collected from each filler used to produce consumer-sized 

plastic bottles (e.g., US gallon, half-gallon, quart, and so on) or single-serve paper 

cartons (1/2 US pint) of these products. Samples were packed with ice packs or ice 

into hard-sided coolers and shipped overnight at a temperature <6°C to the Milk 

Quality Improvement Program laboratory. Samples were typically received within 3 d 

of packaging. After receipt, samples were held at 4°C for no more than 1 d before 

testing began. Multiple containers of milk were aseptically commingled, if necessary, 

to obtain a sufficient volume for testing (e.g., 6 × 237 mL single-serve containers 

were commingled to obtain the necessary volume). For every sample, approximately 

300 mL of product was aseptically transferred into each of 4 sterile polypropylene 

500-mL screw-top bottles (Nalgene, Waltham, MA) for testing on separate days of 

shelf-life. Sample division was performed to avoid excessive disruption of the product 

headspace and to reduce the risk of contamination due to repeated sampling during 

shelf-life. Samples were held at 6°C for the remainder of the experiment. 

For microbiological testing, each sample was serially diluted in PBS (Weber 

Scientific, Hamilton, NJ), if necessary, and spiral plated (Autoplate 5000, Advanced 

Instruments, Norwood, MA) in duplicate onto Standard Methods Agar (Merck KgaA, 
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Darmstadt, Germany) to determine SPC and onto CVTA to determine total Gram-

negative counts (Frank and Yousef, 2004; Laird et al., 2004). The SPC plates were 

incubated at 32°C for 48 h, and CVTA plates were incubated at 21°C for 48 h. Plate 

counts were enumerated and recorded using a Qcount automated counting system 

(Advanced Instruments). The milk samples were tested on the initial day of the 

experiment and on d 7, 10, 14, 17, and 21 of shelf-life postpasteurization, or until the 

SPC reached >1 × 106 cfu/mL on 2 consecutive days of shelf-life testing. The milk 

samples for d 7 and 10 of testing were drawn from the same 300-mL aliquot, and 

samples for the other 3 d of testing were drawn from their own separately bottled 

aliquots, as is standard practice for the Cornell Voluntary Shelf-Life Program (Martin 

et al., 2012). 

 

Isolate Collection and Initial Characterization 

From each sample on each day of shelf-life testing, a minimum of 2 colonies, 

if present, representing typical Gram-negative morphology on CVTA (i.e., smooth, 

circular, deep red colonies) were selected from the CVTA plates for further 

characterization. From each sample with an SPC >20,000 cfu/mL that was plated on a 

given day of shelf-life, all visually distinct colony morphologies observed on SPC were 

selected for isolation and further characterization. The selected colonies from both 

CVTA and SPC plates were isolated on BHI agar (BD), which was incubated at 32°C for 

48 h. An isolated colony from the BHI plate was then inoculated into 5 mL of BHI 

broth, which was incubated overnight at 32°C and subsequently frozen with 15% 
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glycerol at −80°C. Records for all 1,029 Gram-positive and Gram-negative bacterial 

isolates obtained during this study, including characterization, subtyping, and sample 

information, were deposited in Food Microbe Tracker 

(http://www.foodmicrobetracker.com/; Vangay et al., 2013), and are biobanked in 

our laboratory bacterial isolate collection. 

Bacterial cell lysates were prepared from an overnight culture in BHI broth. 

Briefly, 250 µL of each culture was pelleted by centrifugation and resuspended in 95 

µL of 1× PCR buffer (Promega, Fitchburg, WI). Lysozyme (Thermo Fisher, Waltham, 

MA) was added to a concentration of 3 mg/mL and the solution was incubated at 

room temperature for 15 min. Proteinase K (Roche Diagnostics, Mannheim, 

Germany) was then added to a concentration of 0.4 mg/mL, and the solution was 

incubated for 1 h at 58°C and 10 min at 95°C in an ABI 2720 thermal cycler (Thermo 

Fisher). Lysates were refrigerated at 4°C or frozen at −20°C until the time of use. 

For each isolate, an approximately 765-bp internal fragment of the 16S rDNA 

was amplified via PCR, purified, and Sanger sequenced using dye terminator 

chemistry as previously described (Reichler et al., 2018). The forward and reverse 

annotated sequence chromatograms were assembled, trimmed, and proofread to 

ensure high quality using Sequencher 5.4.5 (Gene Codes Corporation, Ann Arbor, MI). 

Genus-level identification of these consensus sequences was done using 

SequenceServer, a local implementation of BLAST (Priyam et al., 2015), to search 

against the Ribosomal Database Project collection of 16S rDNA sequences (Cole et al., 

2009). 
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Isolate Subtyping 

All isolates that were identified as belonging to Gram-negative genera by their 

16S rDNA sequences were further characterized as previously described (Reichler et 

al., 2018). Briefly, 16S rDNA sequences were aligned and trimmed to an 

approximately 552-bp region, and a unique numerical sequence type (ST) was 

assigned for each unique nucleotide sequence. An ST was considered unique if it 

differed by 1 or more nucleotide substitutions from any previously identified ST. 

A subset of 41 Pseudomonas isolates belonging to ST 13 and isolated from 

milk samples and rubber goods from Gable-Top Carton Filler 2 at processing facility D 

were further characterized by sequencing their glnS and recA genes as previously 

described (Andreani et al., 2015). Briefly, bacterial lysates were prepared as for 16S 

PCR and were used as a template for 2 separate PCR targeting internal regions of the 

genes glnS and recA (Supplemental Table S3.1). The PCR products were purified, 

sequenced, and edited as for 16S rDNA PCR and sequencing. Edited sequences were 

aligned and trimmed using AliView (Larsson, 2014). Allelic types (AT) for both genes 

were assigned for each unique sequence. A sequence was considered unique if it 

differed by 1 or more nucleotide substitutions from that of any previously identified 

AT. To construct a phylogenetic tree of all unique glnS-recA alleles, glnS and recA 

sequences were concatenated to produce single sequences of 936 bp. A maximum 

likelihood tree was constructed using RAxML version 8.2.9 (Stamatakis, 2014) and the 

following settings: General Time Reversible model with optimization of substitution 
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rates, GAMMA model of rate heterogeneity, and rapid bootstrap analysis with 1,000 

iterations. A partition was applied to the sequence alignment so that α-shape 

parameters, General Time Reversible substitution rates, and empirical base 

frequencies were estimated and optimized for glnS and recA separately. The resulting 

tree was visualized using FigTree (1.4.2; http://tree.bio.ed.ac.uk/software/figtree/). 
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Supplemental Table S3.1. DNA sequences of PCR primers used for characterization of isolates obtained from pasteurized fluid 
milk 

Primer name Primer description Primer use Primer sequence (5’→3’) Source 

16S-PEU7 Forward primer 
for internal 
segment of 16S 
rRNA gene 

Initial characterization 
of all isolates 

GCAAACAGGATTAGATACCC (Rothman et al., 
2002) 

16S-DG74 Reverse primer 
for internal 
segment of 16S 
rRNA gene 

Initial characterization 
of all isolates 

AGGAGGTGATCCAACCGCA (Greisen et al., 1994) 

glnS-F Glutaminyl-tRNA 
synthetase 

Pseudomonas 
characterization 

ACCAACCCGGCCAAGAAGACCAGG (Andreani et al., 
2015) 

glnS-R   Pseudomonas 
characterization 

TGCTTGAGCTTGCGCTTG (Andreani et al., 
2015) 

recA-F Recombinase A Pseudomonas 
characterization 

TGGCTGCGGCCCTGGGTCAGATC (Andreani et al., 
2015) 

recA-R   Pseudomonas 
characterization 

ACCAGGCAGTTGGCGTTCTTGAT (Andreani et al., 
2015) 
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Statistical Analysis 

The pre- and post-training surveys were tabulated and the counts of 

responses deemed correct (i.e., water use in the processing facility, workers’ hands, 

unclean equipment, or similar write-in responses) or incorrect, given the content of 

the training, were used as the response variable in a binomial logistic regression 

model constructed using the lme4 package in R (Bates et al., 2015; R Core Team, 

2019). Processing facility, time of survey collection (i.e., before or after the training), 

and the interaction between facility and time were used as fixed effects for the 

model. Post-hoc comparisons were performed on this model using the emmeans 

package (https://cran.r-project.org/web/packages/emmeans/index.html) to 

determine if significant differences in the level of correct survey responses before 

and after training existed in each facility. The frequencies of spoilage due to PPC over 

the 4 sampling points (1 point before intervention and 3 after) were assessed using χ2 

tests with Monte Carlo simulated P-values and the Holm method of multiple 

comparison correction in R. 

 

Results and Discussion 

Participation in Training Had Variable Efficacy on Modifying Employee Beliefs 

Regarding Milk Quality 

Trained employees at facilities C, G, and I were surveyed immediately before 

and after the 1-h training presentation regarding their beliefs on the 3 most 

important factors affecting milk quality and spoilage at their facility. At facility C, 60% 
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of responses were correct before training, and 81% of responses were correct 

following training (P = 0.0038; Figure 1A). At facility G, 78% of responses were correct 

before training, and 76% of responses were correct following training (P = 0.80). At 

facility I, 73% of responses were correct before training, and 81% of responses were 

correct following training (P = 0.29). Only facility C exhibited a significant change in 

the frequency of correct responses, and facility C is also the only facility of the 4 that 

did not hold regular employee training sessions. Similar examinations of pre- and 

post-training questionnaires to assess training efficacy have been used in several 

food safety and hygiene training studies, many of which concluded that training 

resulted in significant improvements in knowledge, as it did at facility C (Egan et al., 

2007). By comparison, facilities G and I had preexisting training programs, which may 

have accounted for their nonsignificant changes in correct responses. Similar results 

were reported by Ehiri et al. (1997), who concluded that food safety training does not 

necessarily result in significant improvements in pre-training knowledge and may be 

dependent on the type of content presented. Our pre- and post-training survey 

results may suggest that an intervention consisting of retraining employees on 

information they have been given previously is unlikely to result in significantly 

increased knowledge. 

Employee Self-Reported Changes to Behaviors 

Results of the follow-up long-term surveys for self-reported behavior change 

collected 6 to 8 mo after the training indicated that trained employees believed that 

their actions and behaviors had changed. In total, 63 completed surveys from trained 
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individuals were received. The responses from facility G are notable because only 2 

surveys were returned by employees who self-reported attending the training. 

Facility D had the largest number of respondents (n = 31), and in general the results 

from facility D resembled those from facilities C and I (Figure 1B). At facilities C, D, 

and I, the largest proportion of trained employees responded “yes” to questions 

regarding positive behavior changes following the training. When results from all 4 

facilities were combined, 41% of respondents indicated that they used the sanitizer 

hose less often during processing, a major objective of the training (Figure 1C). The 

majority of respondents reported more frequent handwashing (78%) and notifying 

their supervisors of sanitation concerns (73%) since attending the training, and 46% 

reported changing other unspecified behaviors since attending the training. When 

asked if sanitation policies at their processing facility had changed since the training, 

approximately equal numbers of employees responded yes and no (41% and 40%, 

while 19% were unsure). Survey responses specifically from facility managers 

indicated that no facilities had changed their sanitation policies (data not shown); 

however, individual employee practices may have changed following the training. By 

comparison, a recent training study conducted on cheesemakers in Pennsylvania 

found that training was effective for increasing food safety knowledge but not for 

improving food safety attitudes and behaviors as measured by observation (Machado 

and Cutter, 2018). A study of food handlers in Brazil reached the similar conclusion 

that food safety training improved knowledge but not attitudes or practices (da 

Cunha et al., 2014). Similarly, a study in the United Kingdom reported no relationship 
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between food safety knowledge of staff and the sanitary condition of the premises 

(Powell et al., 1997). Additionally, the phenomenon of individuals self-reporting use 

of correct food safety practices but failing to do so when observed has previously 

been reported (Patil et al., 2005). A wide discrepancy between farmers’ market 

vendor self-reported food safety practices and researcher and state sanitarian 

observations specifically demonstrated this disconnect (Scheinberg et al., 2018). 

Therefore, without observational data, it is difficult to say if the in-facility behavior of 

the trained employees was truly altered by training. These findings highlight the 

importance of direct observation and supervision to ensure that desired behaviors 

presented in training are truly being carried out. Without this knowledge, analysis of 

the efficacy of an intervention may be difficult. 

 

Neither Training Alone Nor a Combination of Training and Modified CIP Led to 

Reduced Occurrence of PPC 

Samples of finished product collected from each of the 4 processing facilities 

at approximately 1 wk before the training or training and chemical intervention (the 

preliminary sample collection date) were used to assess spoilage due to PPC (S-PPC) 

over refrigerated shelf-life (Figures 2A and 2B). Throughout this study, a sample was 

classified as S-PPC if the sample showed both (1) SPC >20,000 cfu/mL for at least 1 d 

of shelf-life and (2) either sequencing-confirmed presence of Gram-negative bacterial 

genera or characteristic Gram-negative growth on CVTA. Frequency of S-PPC ranged 

from a low of 1/9 samples (facility I) to a high of 7/7 samples (facility G) on this 
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preliminary sample collection date. The 16S rDNA sequencing of isolates identified 

the Gram-negative genera Pseudomonas and Acinetobacter in at least 1 sample from 

each of the 4 facilities from the preliminary sample collection date, whereas 

Enterobacteriaceae were identified only in samples from facilities C, D, and G, and 

Stenotrophomonas was isolated only from facility C. Consistent detection of Gram-

negative PPC in commercially processed HTST-pasteurized milk samples is well 

established in contemporary literature. For example, Alles et al. (2018) reported that 

PPC with Gram-negative bacteria was detected in 57% (60 of 105) finished product 

packages collected from 20 processing facilities, whereas Reichler et al. (2018) found 

that the frequency of Gram-negative PPC in finished product packages collected and 

averaged over 4 sample collection dates from 10 processing facilities (which included 

the 4 facilities studied here) ranged from 13 to 74%.
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Figure 3.2. Effect of employee training and modified clean-in-place interventions on 
the incidence and diversity of postpasteurization contamination (PPC). (A) Incidence 
of PPC of fluid milk with Gram-negative genera before and after the training and 
clean-in-place interventions and 6 to 8 mo following the interventions. Incidence is 
normalized by the number of milk samples tested at each time point and is expressed 
as a continuous color scale. Low frequency denotes a frequency of 0.1 unique 16S 
rDNA sequence types (ST) identified per 1 sample tested (i.e., 1 unique 16S rDNA ST 
identified per 10 samples tested), medium frequency denotes a frequency of 2 
unique 16S rDNA ST identified per 1 sample tested, and high frequency denotes a 
frequency of 4 unique 16S rDNA ST identified per 1 sample tested. (B) Overview of 
sample spoilage due to PPC and the presence of PPC-associated bacterial groups 
before and after training and modified clean-in-place interventions. 
 

For processing facilities C and G, which received only training, follow-up 

samples collected during 3 collection dates after training showed no indication of 

reduced incidence of S-PPC (Figure 3.2B). For facility C, S-PPC was determined in 

6/12, 5/9, and 5/6 samples collected 1 mo, 2 to 3 mo, and 6 to 8 mo post-training, 

compared with 4/10 samples collected on the date before training (P = 0.88). Facility 
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G showed a 100% incidence of S-PPC throughout this study, with S-PPC determined 

for 8/8, 8/8, and 10/10 samples collected on dates 1 mo, 2 to 3 mo, and 6 to 8 mo 

post-training, respectively, as compared with 7/7 samples collected on the date 

before training. Similarly, we did not find evidence for overall reduction of S-PPC in 

the 2 facilities where both training and modified CIP were implemented. For facility I, 

S-PPC was determined for 0/7, 4/7, and 5/7 samples collected immediately after the 

intervention, 2 to 3 mo after the intervention, and 6 to 8 mo after the intervention, 

respectively, as compared with 1/9 samples collected on the date before the 

intervention (P = 0.71). For facility D, S-PPC was determined for 11/14, 9/13, and 

8/12 samples collected immediately after the intervention, 2 wk after the 

intervention, and 6 to 8 mo after the intervention, respectively, as compared with 

11/12 samples collected on the date before the training and modified CIP 

intervention (P = 0.12). 

Overall, our data indicate that although employees (filler operators, sanitation 

staff, and maintenance staff) at all 4 facilities received an hour-long GMP training, 

this did not result in improved milk quality by the assessments performed. Similar 

negative results were reported by Etter et al. (2017), who found that Listeria 

monocytogenes prevalence was not significantly reduced in 30 retail delicatessens 

after implementing new sanitation standard operating procedures. In contrast, 

training has been demonstrated in other cases to result in significant decreases in the 

populations of sanitary indicator bacteria in environmental and food samples (Cohen 

et al., 2001; Machado and Cutter, 2017) as well as on the hands of food handlers 
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(Costa Dias et al., 2012). A possible explanation for the observation that training was 

not associated with reduced PPC in our study is a lack of recognition or 

acknowledgment of ongoing quality issues caused by PPC by management at the 

facilities. For example, facilities may have internal data on a small number of retained 

samples stored at low refrigeration temperatures that do not reveal sensory defects, 

which could be interpreted by management as evidence that no quality issues exist 

(Reichler et al., 2018). Without a sense of urgency surrounding the quality of their 

milk over shelf-life, it is possible that there was insufficient enforcement by facility 

management of the ideas and practices presented in training, reducing employee 

buy-in. The importance of management buy-in to food safety and quality is 

supported by a recent publication that observed a correlation between retail 

delicatessen manager food safety culture and incidence of Listeria monocytogenes 

contamination (Wu et al., 2020). Even more specifically, handwashing among 

mushroom industry workers was significantly increased in instances of reinforcement 

of the correct behavior by supervisors (Nieto-Montenegro et al., 2008). Alternatively, 

the lack of PPC reduction could have been observed even if behaviors were modified 

if employee behavior was not the primary source of the PPC. In previous studies, 

contaminated equipment has been identified as the source of PPC, but it is unclear if 

that contamination was the result of specific employee practices or a consequence of 

equipment structure, design, and cleanability (Eneroth et al., 2000a, 2001; Mugadza 

et al., 2019). Regardless of the root cause of the contamination, it is clear that facility 

management must be committed to ensuring that those they supervise comply with 
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the practices set forth in training. 

 

16S rDNA Findings Support That Specific Bacterial Taxonomic Groups Continued to 

Contribute to PPC Even After Interventions 

To further assess the effect of interventions on S-PPC, 16S rDNA sequence 

typing was performed on all Gram-negative isolates obtained from samples collected 

before and after interventions. Overall, we successfully sequenced 655 Gram-

negative bacterial isolates collected from fluid milk samples (198 collected before 

and 457 collected after interventions). These 655 isolates represented 68 unique 16S 

rDNA ST (Table 3.2). Of these ST, 34 (50%) represented Pseudomonas, 18 (26.5%) 

represented Enterobacteriaceae, 5 (7.4%) represented Acinetobacter, 1 (1.5%) 

represented Stenotrophomonas, and 10 (14.7%) represented other Gram-negative 

genera. Among the 103 samples that had detectable PPC, 66% contained 

Pseudomonas, 24% contained Enterobacteriaceae, 9% contained Acinetobacter, and 

5% contained Stenotrophomonas (several samples yielded more than 1 genus). The 

total number of unique ST isolated from a facility ranged from a low of 10 at facility I 

to a high of 38 at facility D (Table 3.2). The total number of ST that were identified at 

multiple sampling dates within a given processing facility ranged from a low of 0 at 

facility I to a high of 15 at facility D. 
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Table 3.2. Summary of 16S rDNA sequence type (ST) diversity metrics for isolates 
identified at all facilities and across all time points 

Facility C G I D Total1 

Cumulative2 unique ST obtained from 
     

 Preliminary sampling 6 14 3 17 30 

 First follow-up 9 25 3 24 46 

 Second follow-up (total unique ST) 19 33 10 38 68 

Total number of ST with repeat isolation3 4 11 0 15 20 

ST with repeat isolation, classified into4 
     

 Enterobacteriaceae 0 (2) 2 (8) 0 (2) 1 (8) 3 (18) 

 Pseudomonas 3 (12) 8 (19) 0 (6) 11 (22) 13 (34) 

 Acinetobacter 0 (1) 0 (2) 0 (1) 2 (4) 2 (5) 

 Stenotrophomonas 1 (1) 1 (1) 0 (0) 0 (0) 1 (1) 

 Other 0 (3) 0 (3) 0 (1) 1 (4) 1 (10) 

Simpson index of diversity5 
     

 Preliminary sampling 0.82 0.90 0.67 0.92 — 

 First follow-up 0.72 0.93 NA6 0.93 — 

 Second follow-up 0.91 0.92 0.82 0.91 — 
1Values in the total column are equal to or less than the sum of the values in the rows 
because of identification of the same 16S ST from more than 1 processing facility. 
2Cumulative frequency over 3 different sample collection dates; for example, the 
number of ST in the first follow-up row represents all unique ST identified in the 
preliminary sampling plus any additional unique ST identified at the first follow-up. 
3Indicates ST isolated on more than 1 sample collection date for a single facility. 
4Repeat isolation is defined as isolation from samples collected on 2 or more sample 
collection dates. Parenthetical values represent the total number of ST for each 
genus, including both ST with and without evidence of repeat isolation. 
5A measure of diversity that equals 1 – the probability that 2 ST taken at random 
from the sampling of interest represent the same ST. Higher values indicate higher 
diversity. 
6Unable to calculate because no Gram-negative isolates were obtained from this 
sampling.
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For the 2 facilities that received only training (facilities G and C), multiple 

Pseudomonas ST were found among samples with S-PPC collected both before and 

after interventions (Table 3.2 and Figure 3.2). In addition, Enterobacteriaceae were 

found in both facilities before and after training, whereas both Acinetobacter and 

Stenotrophomonas were found before and after training only in facility G. More 

specifically, for facility C, Pseudomonas was isolated from 2/10 samples collected 

before the intervention as well as 6/12 and 5/6 samples collected 1 mo and 6 to 8 mo 

after the intervention. Pseudomonas was isolated from 6/7 samples collected from 

facility G before the intervention as well as 6/8 and 8/10 samples collected on dates 

1 mo and 6 to 8 mo after the intervention. Enterobacteriaceae were isolated from 

2/7 samples collected before training at facility G, whereas on sample collection 

dates after training Enterobacteriaceae were isolated from 3/8 and 4/10 samples. At 

facility G, 8 Pseudomonas ST and 1 Hafnia ST were isolated from milk samples 

obtained on sample collection dates both before and after the training exercise 

(Table 3.2). In terms of PPC diversity, no major changes were seen in the Simpson 

index for the isolates collected from samples from facilities C and G on different 

dates (Table 3.2). Overall, these data suggested that similar bacterial groups are 

associated with PPC of samples collected on dates both before and after the training 

intervention. Pseudomonas as a cause of S-PPC in dairy foods is well and long 

established (Schultze and Olson, 1960; Cousin, 1982). Pseudomonas has also been 

isolated from dairy processing facilities and equipment both before and after 

sanitation (Cleto et al., 2012; Stellato et al., 2017). The importance of Pseudomonas 
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contamination in dairy processing is compounded by the myriad spoilage capabilities 

of Pseudomonas sp., which includes not only flavor and texture but also color defects 

(Hayes et al., 2002; Rossi et al., 2018). Other Gram-negative bacterial genera, such as 

Acinetobacter and Stenotrophomonas, though isolated fairly frequently from milk 

with S-PPC in this and a previous study (Reichler et al., 2018), are rarely remarked 

upon, and their potential for sensory defect production is largely unknown. 

No significant change in the frequency of PPC was observed following the 

implementation of the modified CIP program combined with employee training at 

facilities I and D (Table 3.2 and Figure 3.2). At facility I, only 1/9 samples collected 

before the intervention showed PPC. This 1 pre-intervention sample yielded both 

Pseudomonas and Acinetobacter isolates. Only Pseudomonas was isolated from 

samples collected after the intervention at facility I (4/7 samples at 6 to 8 mo post-

intervention). Overall, 10 ST were identified among the 25 isolates from this facility, 

and no ST were identified from samples collected both before and after intervention. 

The Simpson index increased from 0.67 at the preliminary sample collection to 0.82 

at 6 to 8 mo post-intervention, demonstrating that bacterial isolate diversity did not 

decrease over this time. For facility D, Pseudomonas was also the predominant 

contaminant identified in samples collected on dates before and after the CIP 

intervention. Pseudomonas was isolated and identified in 10/12 samples collected 

before the CIP intervention and in 8/14 and 6/12 samples collected on dates 

immediately after the intervention and 6 to 8 mo after the intervention, respectively. 

In addition, Enterobacteriaceae were isolated from 1/12 samples collected before, 
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2/14 samples collected immediately after, and 3/12 samples collected 6 to 8 mo after 

intervention. Of the 38 ST identified among the 329 Gram-negative isolates collected 

from the 45 facility D milk samples, 11 ST (8 Pseudomonas, 1 Acinetobacter, 1 

Psychrobacter, 1 Serratia) were identified in milk samples collected both before and 

immediately after the modified CIP intervention. Among the ST identified in the 

samples collected 6 to 8 mo after the CIP intervention, 5 ST (3 Pseudomonas, 1 

Acinetobacter, 1 Psychrobacter) were also identified in the samples collected before 

the primary intervention. Overall, 17 ST were identified from milk samples collected 

before the CIP intervention and from samples collected on at least 1 sample 

collection date after the CIP intervention, whereas 20 ST were identified from milk 

samples collected on any 2 or more sample collection dates. The Simpson indices for 

isolates collected from facility D milk samples held steady between 0.91 and 0.93 for 

the 3 sample collection dates where isolates were identified, indicating no observed 

change in PPC community diversity over this time period. 

The modified CIP program for the interventions in this study was selected 

because the acid pretreatment and alkaline override are believed to produce soil-

disrupting bubbles absent in conventional CIP (Man et al., 2011; Fernholz and 

Erickson, 2018). Additionally, the use of 60°C mixed peracid sanitizer in place of lower 

or ambient temperature sanitizer at the end of CIP is claimed to result in superior 

bacterial reduction, particularly of sporeformers (Bolduc and McSherry, 2014). One 

possible explanation for the observation that modified CIP implementation did not 

reduce PPC is the questionable degree to which facility infrastructure and existing 
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hygienic design support proper CIP performance. Dairy processing equipment that is 

CIP compatible may be installed or maintained in a manner that is not conducive to 

the action of CIP systems. The same may be true for small articles, such as gaskets 

and O-rings, which may increase microbial harborage with age, condition, and mode 

of use (Mettler and Carpentier, 1997; Storgards et al., 1999). We are not aware of 

any peer-reviewed studies that have examined the efficacy of real-world (i.e., in a 

commercial processing facility) CIP for dairy processing equipment such as filling 

machines. Biofilms are often blamed for quality problems in food and dairy 

processing, though they are difficult to find and accurately diagnose (Austin and 

Bergeron, 1995; Cherif-Antar et al., 2016). The lack of PPC reduction could also be 

because critical components of dairy processing equipment (e.g., filler nozzles) must 

be manually cleaned rather than undergo CIP, consistent with previous studies 

reporting filler nozzles as the likely source of repeat Pseudomonas (Ralyea et al., 

1998) and Bacillus (Mugadza et al., 2019) contamination of fluid milk. Overall, it 

appears that enhanced sanitation chemistry cannot be relied upon as a panacea for 

eliminating PPC resulting from unknown or ambiguous contamination sources within 

a facility. Rather, our data suggest that whatever sanitation problems are causing PPC 

must be discovered and addressed individually to resolve persistent contamination, 

supporting the need for stringent root-cause analysis procedures. 

 

PM Targeting a Single Filler Reduced PPC Incidence 

In facility D, a specific filler (Gable-Top Carton Filler 2) was identified for a PM 
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intervention based on a preexisting in-facility PM schedule. For a point of 

comparison, a second application of the modified CIP intervention was performed on 

this filler approximately 1 mo before changeout of used rubber goods. Following the 

second application of the modified CIP intervention, 3/3 samples collected from this 

filler showed S-PPC. All 3 samples were contaminated with Pseudomonas. Of the 4 ST 

of Pseudomonas identified from this sample collection date, ST 13 was found in all 3 

samples. This incidence rate and composition of S-PPC is similar to that identified 

before the first application of the training and modified CIP intervention (all 3 

samples collected from this filler showed S-PPC; Figure 3.2B). 

After the PM intervention, S-PPC was detected in only 1/3 collected samples; 

Pseudomonas isolated from this sample represented 2 ST (10 and 16). In addition to 

testing the milk samples, the used rubber goods (85 gaskets and O-rings) from this 

filler were pooled by filler location for recovery of PPC-associated bacteria. Gram-

negative bacterial genera were isolated from 6 of these pooled samples, including 

Pseudomonas, Psychrobacter, and Stenotrophomonas (5, 1, and 1 of the pooled 

samples, respectively). Isolates from the rubber goods represented 8 ST (6 

Pseudomonas, 1 Psychrobacter, 1 Stenotrophomonas), 3 of which (all Pseudomonas) 

were also isolated from milk samples packaged on this filler. Similar to our results, 

Ralyea et al. (1998) found that PPC originating from a rotary filler could be 

substantially reduced by replacing the degraded rubber filler nozzles. One limitation 

of our study reported here is the low number of samples collected. Although the 

incidence of PPC was reduced from 3/3 samples collected before the PM intervention 
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to 1/3 samples collected after its application, the statistical and biological significance 

of this decrease requires further evaluation for generalizable conclusions to be 

drawn. However, this case study does suggest that regular implementation of PM 

may be an important factor in controlling microbial harborage in fluid milk processing 

lines. 

 

glnS-recA Allelic Typing Demonstrated High Diversity of Pseudomonas Within a 

Subset of 16S rDNA ST 13 Isolates 

To assess the microbial diversity of Pseudomonas ST isolated from samples 

with S-PPC using a more sensitive genetic comparison, the partial glnS and recA 

sequences were obtained from 41 facility D Pseudomonas isolates with 16S rDNA ST 

13. These data were used to investigate the repeated contamination of milk from 

Gable-Top Carton Filler 2 (Figure 3.3). These isolates originated from 5 milk samples 

collected on 3 sample collection dates (after the training and modified CIP 

intervention, after the second modified CIP intervention performed only on this filler, 

and before the PM intervention), and from 2 pooled samples of gaskets and O-rings 

collected during the PM intervention. This set of 41 isolates with identical 16S ST 

represented 11 unique glnS-recA AT, indicating (1) enhanced discriminatory power of 

glnS-recA sequencing and (2) considerable diversity within a single 16S ST. A median 

of 3 isolates and a maximum of 9 isolates were identified for each assigned glnS-recA 

AT. A minimum of 1 and a maximum of 5 glnS-recA AT were identified from each milk 

or rubber goods sample. The glnS-recA AT 21-23 was isolated from 2 pooled rubber 
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goods samples, but this AT was not isolated from any of the milk samples collected 

from this filler. Whereas the 41 isolates all had the same 16S ST, no common glnS-

recA AT were identified from samples originating from different sample collection 

dates or from both milk and rubber goods samples. This suggests that no particular 

Pseudomonas strains survived over this time period within this filler, but rather that 

taxonomically similar Pseudomonas (as supported by identical partial 16S rDNA 

sequences) temporarily contaminated this filler across multiple sample collection 

dates. Finding higher bacterial diversity than was determined by 16S rDNA 

sequencing when using a more sensitive subtyping tool, such as MLST, is expected 

and demonstrates the advantages of using higher resolution subtyping techniques 

(Jolley and Maiden, 2014). These findings highlight the importance of using high-

resolution subtyping techniques before declaring that a particular bacterial strain is 

persistent in a facility or piece of equipment. Although these data suggest that a 

facility or piece of equipment may simply serve as a niche that selects for a particular 

group of closely related organisms that are continually being introduced from the 

outside environment and do not survive or persist over a long period of time, further 

subtyping studies are clearly needed to assess persistence of Gram-negative bacteria 

that cause PPC in fluid milk processing facilities. 
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Figure 3.3. Effect of a preventive maintenance intervention on diversity of 
postpasteurization contamination. (A) glnS-recA allelic type matrix for Pseudomonas 
isolates with 16S rDNA sequence type 13 from milk and rubber goods samples from 
Gable-Top Carton Filler 2 (Evergreen Packaging, Memphis, TN) at processing facility 
D. (B) glnS-recA allelic type maximum likelihood phylogenetic tree of isolates with 
16S rDNA sequence type 13 from milk and rubber goods samples from Gable-Top 
Carton Filler 2 at processing facility D. The number of bootstrap replicates are 
displayed next to the nodes. The scale bar represents the number of nucleotide 
substitutions per site. 
 

Conclusions 

Implementation of a 1-h employee training both with and without the 

application of a modified CIP intervention failed to decrease the incidence or 

diversity of spoilage due to Gram-negative PPC within the timeframe of this study, 

despite an increase in employee knowledge immediately following the training and 

self-reported long-term behavior changes. However, a regularly scheduled PM 

intervention that targeted replacement of wearable rubber goods within a specific 

package filler did result in decreased frequency of PPC in finished products, though 
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these results are based on a limited number of samples. Our case study results 

demonstrated the inherent difficulties of identifying and successfully addressing 

sanitation problems in large and complex fluid milk processing facilities. This suggests 

that although short-term evaluations of intervention success, such as pre- and post-

tests for employee training, are often used to measure the effect of corrective and 

preventive actions, more sensitive microbial tests performed on larger sample sets 

collected from real processing conditions may be necessary to evaluate the 

effectiveness of different PPC interventions. 
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Abstract 

Pseudomonas spp. are important spoilage bacteria that negatively affect the 

quality of refrigerated fluid milk and uncultured cheese by generating unwanted 

odors, flavors, and pigments. They are frequently found in dairy plant environments 

and enter dairy products predominantly as postpasteurization contaminants. Current 

subtyping and characterization methods for dairy-associated Pseudomonas are often 

labor-intensive and expensive or provide limited and possibly unreliable classification 

information (e.g., to the species level). Our goal was to identify a single-copy gene 

that could be analyzed in dairy spoilage-associated Pseudomonas for preliminary 

species-level identification, subtyping, and phenotype prediction. We tested 7 genes 

previously targeted in a Pseudomonas fluorescens multilocus sequence typing 

scheme for their individual suitability in this application using a set of 113 

Pseudomonas spp. isolates representing the diversity of typical pasteurized milk 
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contamination. For each of the 7 candidate genes, we determined the success rate of 

PCR and sequencing for these 113 isolates as well as the level of discrimination for 

species identification and subtyping that the sequence data provided. Using these 

metrics, we selected a single gene, isoleucyl tRNA synthetase (ileS), which had the 

most suitable traits for simple and affordable single-gene Pseudomonas 

characterization. This was based on the number of isolates successfully sequenced 

for ileS (113/113), the number of unique allelic types assigned (83, compared with 50 

for 16S rDNA), nucleotide and sequence diversity measures (e.g., number of unique 

SNP and Simpson index), and tests for genetic recombination. The discriminatory 

ability of ileS sequencing was confirmed by separation of 99 additional dairy 

Pseudomonas spp. isolates, which were indistinguishable by 16S rDNA sequencing, 

into 28 different ileS allelic types. Further, we used whole-genome sequencing data 

to demonstrate the similarities in ileS-based phylogenetic clustering to whole-

genome-based clustering for 27 closely related dairy-associated Pseudomonas spp. 

isolates and for 178 Pseudomonas type strains. We also found that dairy-associated 

Pseudomonas within an ileS cluster typically shared the same proteolytic and lipolytic 

activities. Use of ileS sequencing provides a promising strategy for affordable initial 

characterization of Pseudomonas isolates, which will help the dairy industry identify, 

characterize, and track Pseudomonas in their facilities and products. 

 

Introduction 

Pseudomonas are ubiquitous in natural environments, nutritionally versatile, 
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often psychrotolerant, and capable of producing undesirable odors, flavors, and 

pigments that render affected food spoiled and possibly inedible (Hayes et al., 2002; 

Remenant et al., 2015). For these reasons, Pseudomonas has long been identified as 

a predominant spoiler of many fresh foods, including uncultured dairy products such 

as fluid milk and mozzarella cheese (del Olmo et al., 2018; Reichler et al., 2019). 

Although Pseudomonas spp. are often abundant in raw milk (Rodrigues et al., 2017), 

heat treatments, such as pasteurization and sterilization, are very effective at 

reducing their viable populations to well below detectable limits (Macaulay et al., 

1963; Dabbah et al., 1971; Weckbach and Langlois, 1977). Because of their sensitivity 

to heat, the majority of Pseudomonas ultimately responsible for product spoilage are 

believed to enter dairy products as contaminants following heat treatment, often 

called postpasteurization contamination (PPC; Schröder, 1984). Poorly cleaned and 

sanitized dairy processing equipment is often cited as the source of PPC (Griffiths et 

al., 1984), though PPC may also result from contaminated water aerosols or 

contamination by worker contact (Sunga et al., 1970; Eneroth et al., 2000). 

Researchers have used several subtyping methods to determine the sources 

of PPC-associated Pseudomonas and to examine product contamination patterns 

over time. Separation-based techniques, such as automatic ribotyping, pulsed-field 

gel electrophoresis, and randomly amplified polymorphic DNA, have all been used for 

this purpose (Ralyea et al., 1998; Carrascosa et al., 2015; Carminati et al., 2019). 

Multilocus sequence typing (MLST), in which several genes are amplified and 

sequenced to achieve subtyping, has seen broad application for food-associated 
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pathogens such as Listeria spp. and Salmonella (Stessl et al., 2014; Alikhan et al., 

2018) and was recently used for subtyping of Pseudomonas associated with color 

defects in dairy foods (Andreani et al., 2015b). Subtyping based on the DNA sequence 

of a single housekeeping gene is a less resource-intensive alternative to MLST and 

has been applied to several groups of organisms, including Listeria spp. and dairy-

associated spore-forming bacteria (Durak et al., 2006; Nightingale et al., 2007). 

Sequencing of 16S rDNA has also been used to identify and subtype Pseudomonas 

and other Gram-negative spoilage bacteria in milk, but there are clear limitations to 

its abilities due to the highly conserved nature of this gene (Masiello et al., 2016; 

Reichler et al., 2018). Our goal in this study was to identify a single DNA sequencing 

target in dairy spoilage-associated Pseudomonas that would provide sufficient 

resolution for species identification as well as initial characterization and subtyping. 

Utilizing a subtyping technique based on this single target will provide dairy 

processors with a simple and cost-effective tool for preliminary identification and 

tracking of Pseudomonas contamination in their facilities and finished products. 

 

Materials and Methods 

Pseudomonas Isolate Selection 

All Pseudomonas used in this study were isolated either from pasteurized, 

homogenized milk, which was incubated at 6°C and tested throughout shelf life, or 

from dairy processing equipment as detailed in the original studies that reported 

these isolates (Reichler et al., 2018, 2020). Briefly, the milk samples from which the 
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Pseudomonas isolates were derived were collected on multiple dates between July 

2015 and January 2018 from 9 different fluid milk plants in the northeast United 

States. Pseudomonas were isolated both from standard methods agar and from 

crystal violet tetrazolium agar onto which samples of milk collected over shelf life at 

6°C were plated. Standard methods agar was incubated at 32°C for 48 h, and crystal 

violet tetrazolium agar was incubated for 48 h at 21°C. From both media, 

morphologically distinct colonies were isolated and identified by partial sequencing 

of their 16S rDNA. A total of 1,297 isolates from these 2 studies were previously 

confirmed to be Pseudomonas by 16S rDNA sequencing and were further 

characterized by SNP-based subtyping based on an approximately 532-bp fragment 

of the 16S rDNA (16S rDNA sequence typing). The isolates were maintained at −80°C 

in brain heart infusion (BHI) broth (BD, Sparks, MD) with 15% glycerol. To recover 

isolates for experimentation, a loopful of each frozen stock was struck onto a plate of 

BHI agar (BD), and these plates were incubated at 32°C for 48 h. Following 

incubation, an isolated colony of each isolate was inoculated into a test tube 

containing 5 mL of BHI broth, and the tubes were incubated at 32°C for 18 to 24 h. 

To assess the ability of each of the 7 sets of primers to amplify its target gene 

in a broad diversity of Pseudomonas, a set of Pseudomonas isolates representative of 

the diversity in the collection was assembled. A total of 113 isolates were selected 

from the 1,297 available Pseudomonas isolates previously characterized by 16S rDNA 

sequencing (Table 4.1). These 113 isolates represented 50 different 16S sequence 

types (ST) and originated from a total of 82 milk samples collected from 9 processing 
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facilities on 28 separate collection dates. Isolates were selected to include (1) isolates 

obtained from multiple processing plants for the 18 most commonly isolated 16S ST 

(facilitating assessment of discriminatory power) and (2) isolates representing 47 less 

common 16S ST as well as isolates that are genetically distant from the majority of 

the isolates based on their 16S rDNA sequences (facilitating assessment of 

inclusivity). 

 

Table 4.1. Distribution of Pseudomonas isolates selected from an initial pool of 1,297 
isolates, based on 16S rDNA sequence type (ST) data, as a test set for single-gene 
subtyping 

Frequency of 
occurrence of a 
given 16S ST 

No. of 16S 
ST within 
this range 

Total no. of 
isolates within 
this range 

No. of 
isolates to 
test per 16S 
ST 

Total no. of 
isolates to 
test 

>0 and <5 39 89 <11 24 

≥5 and <10 8 45 1 8 

≥10 and <50 10 223 3–4 31 

≥50 and ≤100 5 364 4 20 

>100 3 576 ≥52 30 

Total 65 1,297 — 113 
124 isolates representing 24 ST were randomly selected for further testing from this 
group. 
210, 11, and 9 isolates were selected for the 3 allelic types that fell into this category 
(ST 9, 13, and 16, respectively). 
 

PCR and DNA Sequencing for 7 Candidate Genes Included in a Previously Described 

MLST Scheme 

Enzymatic lysis was performed on the Pseudomonas isolates to prepare them 

for PCR. For each isolate, 250 µL of 24-h BHI broth culture (incubated at 32°C) was 
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pelleted by centrifugation (3,220 × g for 10 min at 4°C) in a 96-well PCR plate; the 

pellet was then resuspended in 95 µL of 1× PCR buffer (Promega, Fitchburg, WI). 

Lysozyme (Thermo Fisher, Waltham, MA) was added to a final concentration of 3 

mg/mL, and the solutions were incubated at room temperature for 15 min. 

Proteinase K (Roche Diagnostics, Mannheim, Germany) was subsequently added to a 

final concentration of 0.4 mg/mL, and the solutions were incubated for 1 h at 58°C 

and then 10 min at 95°C in in an ABI 2720 thermal cycler (Thermo Fisher). The 

resulting lysates were refrigerated at 4°C or frozen at −20°C until the time of use. 

Polymerase chain reaction was performed for the 7 genes (glnS, gyrB, ileS, 

nuoD, recA, rpoB, and rpoD) included in a published Pseudomonas fluorescens MLST 

scheme (Andreani et al., 2015b). The primers, reagents, and reaction conditions used 

were those described by Andreani et al. (2015b). Briefly, a 20-µL reaction was 

prepared for each isolate and each of the 7 target genes (Supplemental Table S4.1, 

https://doi.org/10.7298/rekh-4w25; Reichler et al., 2020b). All reactions then 

underwent 35 cycles of PCR. The PCR success and amplicon quality were assessed by 

electrophoresis on a 1.5% agarose-Tris-borate-EDTA gel, followed by staining with 5 

µg/mL ethidium bromide (Amresco, Solon, OH) and imaging using a UV 

transilluminator (GelDoc XR+; Bio-Rad, Hercules, CA). Exonuclease I (10 U) and 

shrimp alkaline phosphatase (1 U; both from Thermo Fisher) were added to the PCR 

product, which was incubated at 37°C for 45 min and then at 80°C for 15 min to 

digest the remaining primers and dNTP (Werle et al., 1994). The enzyme-treated PCR 

products, the appropriate forward or reverse primers, and BigDye 3.1 cycle 
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sequencing chemistry (Thermo Fisher) were used for dye terminator sequencing 

reactions performed per manufacturer recommendations but with the addition of 

4.2% dimethyl sulfoxide to the reaction mix. Postreaction cleanup and capillary gel 

electrophoresis were performed by the Biotechnology Resource Center staff (Cornell 

University, Ithaca, NY) using dye terminator removal columns (Edge BioSystems, 

Gaithersburg, MD) per manufacturer instructions and an ABI 3730xl capillary DNA 

analyzer (Thermo Fisher). 

 

Supplemental Table S4.1. Generic PCR mix for 7-gene multilocus sequence typing  

Ingredient PCR Mix 
Concentration 

1 Reaction 
(µL) 

GoTaq Flexi Polymerase (Promega, Madison, WI), 5 U/µL 1 U/µL 0.2 
GoTaq Green Buffer (Promega), 5x 1× 4.0 
MgCl2 (Promega), 25 mM 1.5 mM 1.2 
dNTPs (New England Biolabs, Ipswitch, MA), 10 mM 0.2 mM 0.4 

Forward primer,10 µM 0.25 µM 0.5 

Reverse primer, 10 µM 0.25 µM 0.5 

Bacterial Lysate - 1.5 

ddH2O - 11.7 

Total Volume - 20 

 

 

Sequence Data Treatment and Allele Assignment 

Sequencher 5.4.5 (Gene Codes Corporation, Ann Arbor, MI) was used to 

automatically trim the forward and reverse sequence reads based on individual base 

call quality scores and then to assemble and proofread the sequences obtained from 

the PCR products. MUSCLE (Edgar, 2004) was used to build a multiple alignment from 

the proofread sequences for each of the 7 genes, and AliView (Larsson, 2014) was 
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used to trim the aligned sequences to the length used for allelic typing. These 

trimmed sequences were imported into BioNumerics 7.6.3 (Applied Maths, Sint-

Martens-Latem, Belgium), where the MLST online plugin was used to assign allelic 

types (AT) to each unique sequence (i.e., differing by ≥1 SNP) for all 7 genes. 

 

Assessment of Primer Specificity and Diversity of Candidate Gene Sequence 

Products 

Following PCR, sequencing, and generation of proofread and trimmed DNA 

sequences for each of the 7 genes from the 113 isolates, several diversity metrics 

were calculated for each candidate gene. DnaSP6 (Rozas et al., 2017) was used to 

determine the number of nonredundant sequences, the number of polymorphic 

sites, the total number of mutations, and the nucleotide diversity metric for each 

gene. The VEGAN package in R (Dixon, 2003; R Core Team, 2019) was used to 

calculate the Simpson index of diversity from the AT frequency data. RDP4 (Martin et 

al., 2017) was used to identify putative recombination events for all 7 genes by the 

RDP, GENECOV, BootScan, MaxChi, Chimaera, SiScan, and 3Seq methods. A putative 

recombination event was reported when it was detected by 2 or more of these 

methods. 

 

Assessment of ileS Single-Gene Sequencing-Based Discrimination Compared with 

16S rDNA Sequencing-Based Discrimination 

As ileS was identified as the gene most suitable for single-gene sequence 
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typing, the ability of ileS allelic typing to differentiate Pseudomonas was investigated 

further. For this, the ileS DNA sequences were assessed for 99 isolates sourced from 

8 milk processing facilities in the northeast United States between 2015 and 2018. 

These 99 isolates had indistinguishable 16S rDNA sequence typing regions; all of 

them belonged to 16S ST 13 (Reichler et al., 2018, 2020). All isolates characterized 

here had been collected from finished packaged milk products or from dairy 

equipment (rubber gasket) enrichments. The ileS AT assignment for these isolates 

was performed as described above. 

 

Assessment of ileS Single-Gene Sequencing-Based Discrimination Compared with 

Whole-Genome Sequencing-Based Discrimination 

Whole-genome sequencing (WGS) was used specifically to investigate a 

subset of isolates with identical ileS AT that were identified across multiple plants 

and multiple sample collection dates. The ileS AT that were selected for this part of 

our study had to meet either of 2 criteria: (1) ileS AT identified in 3 or more samples 

collected from plant D and in 1 or more samples collected from at least 1 additional 

plant, or (2) ileS AT identified in 1 or more samples from plant D and in 1 or more 

samples from each of 2 additional plants. Isolates from the 6 selected ileS AT (2, 5, 

15, 84, 89, 90) all belonged to 16S ST 13. A single isolate identified as each selected 

ileS AT was chosen for WGS from each milk sample in which that AT was detected, 

for a total of 27 isolates originating from 24 milk samples. 

Genomic DNA was extracted and WGS was performed for these 27 isolates 
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using the procedure described by Kovac et al. (2016) with minor modifications. 

Briefly, purified genomic DNA was extracted from bacterial suspensions using a 

QIAamp DNA Mini Kit (Qiagen, Valencia, CA), and DNA concentration and purity were 

checked using a Nanodrop spectrophotometer and a Qubit dsDNA High Sensitivity Kit 

(both from Thermo Fisher). The DNA samples were submitted the to the Cornell 

University Institute of Biotechnology Genomics facility in Ithaca, New York, where 

staff prepared libraries using the Nextera XT DNA Library Preparation Kit (Illumina, 

San Diego, CA). The libraries were pooled and sequenced in an Illumina HiSeq 2500 

rapid run with 2 × 150-bp paired-end reads. 

The raw sequence reads for all isolates were trimmed using Trimmomatic 

0.36 (Bolger et al., 2014), and then FastQC 0.11.5 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to check 

the overall quality of the reads. The reads were screened for contamination using 

Kraken 2 (https://github.com/DerrickWood/kraken2) and MetaPhlAn2 (Truong et al., 

2015) before they were assembled de novo into contigs using SPAdes 3.13.0 

(Bankevich et al., 2012) with the “—careful” pipeline option and a coverage cutoff of 

2.0. Contigs shorter than 200 bp were removed, and the quality of the assemblies 

was checked using QUAST 4.0 (Gurevich et al., 2013). Raw sequence reads and 

whole-genome sequence assemblies for all sequenced isolates were deposited in 

NCBI GenBank (https://www.ncbi.nlm.nih.gov/genbank/) under BioProject 

PRJNA579538. Accession ID for individual isolates can be found in Supplemental 

Table S4.2 (https://doi.org/10.7298/rekh-4w25; Reichler et al., 2020b). Analysis of 
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the sequencing data indicated good sequencing coverage (115 to 488× coverage, 

mean coverage of 221×) and high-quality assemblies (Supplemental Table S4.2; 

https://doi.org/10.7298/rekh-4w25; Reichler et al., 2020b). 
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Supplemental Table S4.2. Whole-genome sequencing metadata 

Strain 
Genome 
size (bp) %GC 

No. of 
contigs N501 

Average 
coverage 

NCBI Biosample 
ID 

Sequence 
Read Archive 
accession ID 

NCBI Assembly 
accession ID 

FSL A6-1183 5,457,968 57.87 414 50,082 254x SAMN13113595 SRX7082056 WIVP00000000 

FSL R10-0056 5,437,823 57.97 248 68,375 206x SAMN13113617 SRX7082071 WIWL00000000 

FSL R10-0071 6,115,779 57.72 1,830 73,935 198x SAMN13113618 SRX7082072 WIWM00000000 

FSL R10-0072 5,835,515 57.98 273 58,480 154x SAMN13113619 SRX7082073 WIWN00000000 

FSL R10-0399 6,345,698 57.65 369 42,349 131x SAMN13113616 SRX7082070 WIWK00000000 

FSL R10-0765 6,195,027 57.87 536 29,329 215x SAMN13113620 SRX7082074 WIWO00000000 

FSL R10-0802 5,244,033 56.21 289 87,700 488x SAMN13113621 SRX7082075 WIWP00000000 

FSL R10-1339 5,243,315 58.02 359 47,201 140x SAMN13113596 SRX7082057 WIVQ00000000 

FSL R10-1350 5,683,671 58.08 272 70,979 201x SAMN13113597 SRX7082068 WIVR00000000 

FSL R10-1371 5,945,441 57.92 448 35,388 115x SAMN13113598 SRX7082076 WIVS00000000 

FSL R10-1594 5,277,667 56.23 248 125,298 152x SAMN13113599 SRX7082077 WIVT00000000 

FSL R10-1637 6,375,769 57.97 318 68,721 259x SAMN13113600 SRX7082078 WIVU00000000 

FSL R10-1876 6,085,737 57.94 574 30,794 196x SAMN13113601 SRX7082079 WIVV00000000 

FSL R10-1984 5,374,517 56.31 275 94,084 233x SAMN13113602 SRX7082080 WIVW00000000 

FSL R10-2107 6,430,408 57.86 643 24,246 353x SAMN13113603 SRX7082081 WIVX00000000 

FSL R10-2172 5,854,775 58.12 354 69,305 203x SAMN13113604 SRX7082082 WIVY00000000 

FSL R10-2189 5,823,204 58.18 192 125,230 130x SAMN13113605 SRX7082058 WIVZ00000000 

FSL R10-2216 6,445,540 57.90 379 50,288 244x SAMN13113606 SRX7082059 WIWA00000000 

FSL R10-2245 6,124,013 58.03 222 182,172 152x SAMN13113607 SRX7082060 WIWB00000000 

FSL R10-2339 5,121,438 56.51 218 100,990 360x SAMN13113608 SRX7082061 WIWC00000000 

FSL R10-2342 5,973,808 58.06 480 36,257 221x SAMN13113609 SRX708206 WIWD00000000 

FSL R10-2398 6,042,606 57.88 370 51,198 182x SAMN13113610 SRX7082063 WIWE00000000 
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Strain 
Genome 
size (bp) %GC 

No. of 
contigs N501 

Average 
coverage 

NCBI Biosample 
ID 

Sequence 
Read Archive 
accession ID 

NCBI Assembly 
accession ID 

FSL R10-2932 6,431,329 57.98 554 35,458 307x SAMN13113611 SRX7082064 WIWF00000000 

FSL R10-2940 5,867,306 57.84 403 43,823 152x SAMN13113612 SRX7082065 WIWG00000000 

FSL R10-2964 5,109,819 58.37 169 106,131 210x SAMN13113613 SRX7082066 WIWH00000000 

FSL R10-3254 6,196,469 57.89 329 65,629 169x SAMN13113614 SRX7082067 WIWI00000000 

FSL R10-3257 6,027,713 57.99 252 100,200 330x SAMN13113615 SRX7082069 WIWJ00000000 
1N50 is a whole-genome sequencing metric that represents a contig length such that sequence contigs of this length or longer 
include half the bases of the assembly.
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To verify the identities of the 27 whole-genome sequenced isolates, their 16S 

rDNA sequences, extracted using RNAmmer 1.2 (Lagesen et al., 2007), and their ileS 

sequences, extracted using MLSTcheck (Page et al., 2016), were checked against the 

sequences previously obtained via PCR and dye-terminator sequencing. To determine 

species identity, an average nucleotide identity by BLAST (ANIb) distance matrix was 

constructed using pyani (https://github.com/widdowquinn/pyani). This matrix was 

constructed using all 27 Pseudomonas whole-genome assemblies along with 8 type 

strain assemblies downloaded from NCBI GenBank representing the Pseudomonas 

species P. psychrophila, P. fragi, P. deceptionensis, P. weihenstephanensis, P. 

lundensis, P. helleri, P. endophytica, and P. taetrolens. Type strain assemblies were 

selected for inclusion in the ANIb analysis based on the results of a preliminary 

neighbor joining tree, constructed in MEGA X (Kumar et al., 2018), using ileS 

sequences for the 27 newly whole-genome sequenced Pseudomonas isolates as well 

as 178 Pseudomonas type strains. This phylogeny was used to select the 8 type strain 

genomes that were most similar to the newly whole-genome sequenced 

Pseudomonas isolates. The ANIb distance matrix was used to construct a dendrogram 

in R using the ggdendro package (de Vries and Ripley, 2016; R Core Team, 2019). For 

speciation, strains with >95% pairwise ANIb were considered to belong to the same 

species. To compare the phylogenetic relationships and level of resolution between 

ileS-based and WGS-based discrimination methods, a maximum likelihood tree was 

constructed based solely on the ileS sequences of the 27 Pseudomonas isolates using 

RAxML (Stamatakis, 2014), and a maximum likelihood whole-genome SNP tree was 
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constructed using kSNP 3.0 with a k-mer size of 21 for the same 27 isolates (Gardner 

et al., 2015). To quantitatively compare these 2 phylogenies, the Robinson-Foulds 

and subtree prune and regraft distance metrics were calculated using the phangorn 

package in R (Schliep, 2011). 

To further assess the ability of ileS allelic typing to discriminate between 

Pseudomonas spp. and to produce congruent phylogenetic topology for 

Pseudomonas from a diverse collection, whole-genome assemblies representing 178 

Pseudomonas spp. type strains were downloaded from NCBI GenBank. The ileS DNA 

sequences were extracted from these assemblies using BLAST+ (Camacho et al., 

2009) and aligned using MUSCLE (Edgar, 2004). The aligned sequences were trimmed 

to include only the 552-bp region of ileS used for allelic typing, and this trimmed 

region was used to construct a maximum likelihood phylogenetic tree with 100 

bootstrap replicates using the GTRGAMMA model in RAxML (Stamatakis, 2014). 

These 178 whole-genome assemblies were also used to construct a bac120 

alignment, which consisted of the translated and concatenated partial AA sequences 

of 120 ubiquitous single-copy proteins, using GTDB-Tk (Parks et al., 2018). This 

bac120 alignment was used to construct a maximum likelihood phylogenetic tree 

with 100 bootstraps using the LG Likelihood model in RAxML (Stamatakis, 2014). To 

compare the phylogeny of this bac120 tree to the tree constructed only from ileS, 

clusters in both trees were labeled with the Pseudomonas species groups and 

subgroups delineated by Hesse et al. (2018). In cases where no pre-existing group 

could be accurately assigned to a given cluster, a new group name was assigned 
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based on the type strain within the cluster that was described the earliest (e.g., a 

group was assigned the name “P. bauzanensis group” in the ileS tree). The species 

comprising the assigned groups and subgroups were compared between the bac120 

and ileS trees. Deviations in the ileS tree from the group and subgroup assignments in 

the bac120 tree were determined and used to assess the relative accuracy of ileS-

based subtyping for species and group identification. Additionally, the Robinson-

Foulds and subtree prune and regraft distance metrics were calculated for the 2 

phylogenies using the phangorn package in R (Schliep, 2011). 

 

Isolate Evaluation for Cold-Acting Lipolytic, Proteolytic, and β-Galactosidic Activity 

A subset of 144 ileS sequenced Pseudomonas isolates from fluid milk were 

selected to characterize spoilage-associated enzyme activity among the newly 

generated ileS AT data set. Five isolates were selected from each of the 11 ileS AT 

that were identified in ≥5 previously ileS sequenced isolates, preferentially choosing 

isolates from different plants, processing dates, containers, and days of shelf life to 

yield a total of 55 isolates. One isolate was selected from each of the 89 ileS AT that 

were identified in <5 isolates to yield a total of 89 isolates. Additionally, 4 control 

isolates were selected: Paenibacillus odorifer FSL H8-0237 (positive) and Viridibacillus 

arenosi FSL R5-0213 (negative) as β-galactosidase controls and Pseudomonas sp. FSL 

R5-0202 (positive) and Raoultella sp. FSL W4-0273 (negative) as controls for both 

proteolysis and lipolysis. Enzymatic activity was determined at 6°C as previously 

described by Trmčić et al. (2015). Briefly, each selected isolate was inoculated in 
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technical duplicate onto Spirit Blue agar (BD) to assess lipolysis, onto skim milk agar 

(BD) to assess proteolysis, and onto BHI agar (BD) containing 200 mg/L X-Gal (Gold 

Biotechnology, St. Louis, MO) to assess β-galactosidase activity. All isolates were 

additionally plated onto BHI agar (BD) for visual assessment of pigment formation. All 

agar plates were incubated at 6°C for 14 d and then assessed visually for clearing 

(lipolysis and proteolysis activity) or for blue color appearance (β-galactosidase 

activity). 

 

Results 

ileS Was Identified as the Most Appropriate Target for Single-Gene Sequencing of 

Diverse Dairy-Associated Pseudomonas 

We performed analyses on the MLST sequence data generated for 113 

intentionally selected, dairy-associated Pseudomonas isolates (Table 4.1) with the 

goal of selecting the gene with the most favorable combination of metrics for use in 

single-gene subtyping (Table 4.2). The number of isolates successfully amplified and 

sequenced for each gene ranged from a low of 99 (nuoD) to a high of 113 (ileS, rpoB, 

and rpoD) out of 113 isolates. The number of unique AT (i.e., sequences that differed 

by ≥1 SNP from any other sequences) ranged from a low of 69 (nuoD) to a high of 87 

(glnS). The number of polymorphic sites and the total number of unique SNP indicate 

the level of sequence divergence for each gene among the isolates characterized; ileS 

had the highest values for both the number of polymorphic sites (249) and the total 

number of unique SNP (384). The average number of pairwise nucleotide differences 
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per site among the sequences for each gene represents another metric for nucleotide 

diversity, with higher values indicating greater sequence divergence; gyrB had the 

highest value at 0.122. To measure the level of community diversity revealed by each 

candidate gene, we calculated the Simpson index for each gene using the frequency 

data for each AT. Simpson index values closer to 1 are indicative of greater 

community diversity. Although the Simpson index values for all genes were relatively 

high, glnS and recA had the 2 highest values at 0.984 and 0.983, respectively. For 

comparison with an existing technique, we also examined the 16S rDNA sequence 

metrics for the selected Pseudomonas. Unsurprisingly, each of the 7 candidate genes 

produced substantially higher values for nonredundant sequences, polymorphic sites, 

unique SNP, nucleotide diversity, and community diversity than 16S rDNA (Table 4.2). 
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Table 4.2. Summary of diversity measures for 7 candidate genes to identify the single 
gene best suited for Pseudomonas subtyping 

Item 16S glnS gyrB ileS nuoD recA rpoB rpoD 

Isolates successfully 
PCR amplified and 
sequenced1 

113 112 111 113 99 112 113 113 

Proportion successfully 
sequenced (%) 

100 99 98 100 88 99 100 100 

Unique allelic types 
identified 

50 87 81 83 69 83 73 76 

Amplicon sequence 
length2 (bp) 

552 501 492 552 516 435 477 480 

No. of polymorphic 
sites 

30 234 217 249 187 162 182 133 

Total no. of unique SNP 32 351 354 384 281 265 265 187 

Nucleotide diversity3 0.009 0.122 0.128 0.119 0.092 0.119 0.097 0.067 

Simpson index4 0.961 0.984 0.981 0.980 0.974 0.983 0.975 0.974 

Putative recombination 
events detected by ≥2 
methods5 

1 6 3 1 0 0 3 1 

Putatively recombinant 
sequences detected 

1 25 6 1 0 0 8 1 

1113 representative isolates were selected for PCR and sequencing. 
2Length of the portion of the PCR amplicon used for analysis. 
3The average number of nucleotide differences per site between 2 DNA sequences in 
all possible pairs in the sample population. 
4A statistical measure of diversity that equals 1 – the probability that 2 entities taken 
at random from the data set represent the same allelic type. Higher values indicate 
greater diversity. 
5RDP4 (Martin et al., 2017) was used to identify putative recombination events for all 
7 genes by the RDP, GENECOV, BootScan, MaxChi, Chimaera, SiScan, and 3Seq 
methods. 
 

Based on these initial findings, we eliminated nuoD (due to low PCR success 

rate) as well as rpoB and rpoD (both due to low number of unique AT) from 
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consideration. We also analyzed all 7 genes for previous recombination events. 

Putative recombination events that were detected by ≥2 methods and the number of 

putatively recombinant sequences are reported in Table 4.2. Lower numbers of 

recombination events were favored in candidate gene selection because they 

indicate a lower likelihood of phylogenetic relationships being obfuscated due to 

horizontal gene transfer events. Of the 4 remaining candidate genes, ileS had the 

second lowest number of putative recombination events (n = 1) and putative 

recombinant sequences (n = 1). No individual factor was the sole determinant for our 

selection of a gene target, but we attempted to select the gene with the most 

favorable combination of metrics. The gene ileS was selected as it was successfully 

analyzed for all 113 isolates in the test set; ranked second for nonredundant 

sequences with 83, first for both number of polymorphic sites and total number of 

mutations, third for nucleotide diversity (0.119), and third for Simpson index (0.980); 

and had only 1 putative recombination event. Successful sequencing for all 113 

isolates was important for this decision, as we wanted to ensure that our assay would 

be broadly applicable across diverse Pseudomonas spp. 

 

ileS Sequencing Allowed for Greater Discrimination of Pseudomonas than 16S rDNA 

Sequencing 

A collection of 99 Pseudomonas isolates that were all previously characterized 

as 16S rDNA ST 13 were evaluated by ileS allelic typing to compare the discriminatory 

power of these 2 single-gene sequencing methods. These 99 isolates were 
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differentiated into 28 distinct ileS AT, with between 1 and 10 isolates assigned to 

each AT. We additionally examined these ileS AT in the context of the milk or 

environmental samples from which they were obtained. Though all 99 isolates 

represented the same 16S ST (ST 13), these isolates were collected from a total of 8 

plants producing HTST-pasteurized fluid milk (plants A, C, D, G, E, H, J, and I). Notably, 

23 ileS AT were identified among isolates obtained from samples collected at plant D 

over a period of approximately 2 yr (Figure 4.1). Of these 23 AT, only 6 (AT 1, 2, 86, 

89, 90, and 92) were ever identified from isolates obtained from samples collected 

on different processing dates. Repeat isolation of these AT over time suggests, but 

does not prove, environmental persistence of certain Pseudomonas within plant D. A 

total of 9 ileS AT (AT 2, 5, 15, 29, 84, 89, 90, 91, and 98) were isolated from multiple 

plants (Figure 4.1); for example, AT 15 was isolated from plants D, H, J, and C. 
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Figure 4.1. The ileS allelic typing results for isolates with 16S rDNA sequence type 13 
from multiple dairy plants. Dairy plant designations are consistent with designations 
in previous studies that reported spoilage patterns in these facilities (Reichler et al., 
2018, 2020). Each column represents an individual product or environmental sample, 
and each row represents an ileS allelic type (AT). Dates (yr-mo-d) when samples were 
collected are indicated at the top of each column. Red indicates ileS AT found at 
multiple plants, yellow indicates AT found on multiple sampling dates at 1 plant, and 
blue indicates AT found on a single sampling date in only 1 given plant. 
 

ileS Phylogeny Generally Agreed with WGS-Based Phylogeny 

To evaluate the accuracy of phylogenetic relationships inferred among closely 

related isolates based on ileS sequence data, we performed WGS on 27 Pseudomonas 

isolates that had the same 16S ST but represented 6 ileS AT. As revealed by ANIb 

analysis (Figure 4.2; Supplemental Table S3, https://doi.org/10.7298/rekh-4w25; 

Reichler et al., 2020b), the sequence diversity ranged from relatively minor (e.g., 



 

 

 

160 
 

isolates with ileS AT 2, 89, and 90 each shared >99.4% identity within their respective 

AT) to somewhat greater (e.g., the 5 isolates with ileS AT 15 shared >97.8% identity, 

the 4 isolates with ileS AT 5 shared >97.6% identity, and the 5 isolates with ileS AT 84 

shared >96.3% identity). Using a generally recognized species cutoff of >95% identity, 

the 27 Pseudomonas isolates characterized here by WGS represent 3 distinct species, 

though all 27 isolates were identified as the same ST using 16S rDNA-based 

subtyping. Only 1 of these species could be assigned an existing name based on a 

cutoff of >95%: ileS AT 2, 5, 15, and 89 were identified as Pseudomonas helleri; ileS 

AT 84 and AT 90 most likely represent 2 separate species for which no type strain 

whole-genome sequences were publicly available at the time of analysis. No ileS AT 

were identified as containing more than 1 species. This result further supports that 

ileS AT assignments show greater resolution and are better aligned with speciation 

than 16S rDNA alone. 
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Figure 4.2. Average nucleotide identity by BLAST (ANIb) dendrogram based on 
pairwise distances between the whole-genome sequences of the 27 Pseudomonas 
isolates with 16S sequence type 13. The scale bar represents pairwise distance, and 
the vertical line represents a pairwise distance of 0.05 (i.e., 95% ANIb), the typical 
cutoff for speciation. AT = allelic type. Isolates are identified by their Food Safety 
Laboratory (FSL) collection names. 
 

We also compared maximum likelihood phylogenetic trees generated from (1) 

a whole-genome SNP matrix constructed from the 27 Pseudomonas whole genomes 

and (2) the aligned ileS sequences extracted from the same 27 genomes (Figure 4.3). 
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Each AT, by definition, represented a monophyletic group within the ileS tree. 

However, in the SNP tree, AT 90, 84, 2, and 89 remained monophyletic groups, 

whereas AT 15 and 5 represented paraphyletic groups. For AT 15, all isolates were 

inferred to have descended from a common ancestor that was shared with AT 2, AT 

5, and AT 89. For AT 5, all isolates were inferred to descend from a common ancestor 

shared with AT 89. The low bootstrap support for some nodes in the ileS tree is due 

to the close genetic similarity of the different AT included (as few as 3 SNP in a 552-

bp ileS sequence). Despite this, the clustering observed in the whole-genome SNP 

tree was generally preserved in the ileS tree. The normalized Robinson-Foulds 

distance between these 2 trees was 0.667, meaning that these trees differ from each 

other by 66.7% of their maximal possible distance. The subtree prune and regraft 

distance calculated for the 2 trees was 6, meaning that the topological differences 

between the trees may be explained by a minimum of 6 subtree prune and regraft 

operations. 
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Figure 4.3. Maximum likelihood phylogenies of 27 newly sequenced Pseudomonas 
isolates, generated from a whole-genome SNP matrix (left) and the 552-bp ileS allelic 
typing sequences (right). All 27 isolates represented the same 16S rDNA sequence 
type (sequence type 13); the same whole-genome sequencing data were used to 
generate the average nucleotide identity BLAST dendrogram shown in Figure 4.2. 
Both trees are drawn to scale and midpoint rooted. In the whole-genome SNP tree, 
the scale bar represents 0.2 nucleotide substitution per site. In the ileS tree, the scale 
bar represents 0.008 nucleotide substitution per site. Numbers in blue located next 
to the nodes represent node confidence as the percentage of 100 bootstrap 
replicates. Red lines are drawn to join identical tips in the 2 trees. Blue boxes 
circumscribe individual ileS allelic types (AT). Isolates are identified by their Food 
Safety Laboratory (FSL) collection names. 
 

To substantiate that ileS AT-based groupings would also be effective across 

diverse Pseudomonas, an ileS-based tree for 178 type strain Pseudomonas was 

compared with a bac120-based tree to assess the ability of ileS to accurately assign 

phylogenetic relationships (Figure 4.4; Supplemental Figure S1, 

https://doi.org/10.7298/rekh-4w25; Reichler et al., 2020b). In both trees, bootstrap 

support for many nodes outside of the P. fluorescens group was generally low 

(<40%). The ileS sequence data alone were able to distinguish 176 of the 178 type 
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strains (P. meliae and P. savastanoi being indistinguishable), whereas bac120 was 

able to distinguish between all 178 type strains. For the clades in the bac120 tree 

that were strongly supported by bootstrap values (>90%), the ileS-based phylogeny 

generally provided similar clustering of both Pseudomonas groups and subgroups. 

For example, the same set of strains was classified into the P. putida group, 

supported by bootstrap values of 100% and 74% for bac120 and ileS, respectively. 

Within the P. fluorescens group (which includes 9 subgroups), 51 of 66 type strains 

were placed into the same subgroup in both the ileS and bac120 trees (Figure 4.4); 

most notably, in the ileS phylogeny, some type strains were placed in other 

subgroups (P. gessardii and P. koreensis) or did not form clusters (P. mandelii). 

Outside of the P. fluorescens group, 94 of the 112 remaining type strains were placed 

into the same group in both the ileS and bac120 trees (Figure 4.4; Supplemental 

Figure S4.1, https://doi.org/10.7298/rekh-4w25; Reichler et al., 2020b). Notable here 

was the loss of monophyly for the P. anguilliseptica and P. pertucinogena groups in 

the ileS phylogeny, which separated each of these groups into 2 clades. The 

normalized Robinson-Foulds distance between the ileS and bac120 trees was 0.650, 

whereas the subtree prune and regraft distance calculated for the 2 trees was 59. 

However, these tree distance metrics are typically used for comparison between 

different methods of phylogenetic reconstruction rather than comparison between 

phylogenies built from different data sets and should thus be interpreted with 

caution. Overall, for a broad diversity of Pseudomonas isolates, the ileS phylogeny 

provided classification into species groups and subgroups that are largely consistent 
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with bac120 classification. 

 
Figure 4.4. Maximum likelihood phylogenetic trees of 178 Pseudomonas spp. type 
strains based on concatenated partial AA sequences of 120 single-copy housekeeping 
genes (bac120, left) and on the 552-bp ileS allelic typing sequence (right). Whole-
genome sequences for these type strains were downloaded from NCBI GenBank, and 
ileS sequences were extracted from the respective assemblies. Cellvibrio japonicus 
Ueda 107 was used as an outgroup to root the trees, and both trees are drawn to 
scale, with the exception of this truncated outgroup branch. In the bac120 tree, the 
scale bar represents 0.1 AA substitution per site. In the ileS tree, the scale bar 
represents 0.2 nucleotide substitution per site. Numbers in blue located next to the 
nodes represent node confidence as the percentage of 100 bootstrap replicates. The 
black triangles located on terminal branches represent condensed monophyletic 
clusters containing 2 or more type strains. The lines drawn between the tip labels of 
the 2 trees connect tips containing ≥1 of the same type strains. The line width 
represents the number of type strains shared between the 2 tips, and the line color 
represents 100 × (no. of type strains represented by the line)/(no. of type strains 
represented by the bac120 tree tip)—that is, the percentage of the total number of 
type strains originating from a given tip in the bac120 tree included in the line 
originating from that tip. Uncondensed versions of these trees are included as 
Supplemental Figure S4.1. 
 

Pseudomonas Spoilage-Relevant Enzyme Production Was Associated with ileS Clade 

A total of 144 representative Pseudomonas isolates from pasteurized milk 
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samples were used to assess production of spoilage-associated enzymes and 

association of these phenotypes with ileS AT (Figure 4.5). The majority of the 

evaluated isolates (n = 126) belonged to various subgroups within the P. fluorescens 

group, whereas 18 isolates clustered into the P. putida, P. rhizosphaerae, P. 

anguilliseptica, and P. lutea groups. None of these 144 isolates exhibited β-

galactosidase activity. Overall, the ileS phylogeny segregated isolates according to 

spoilage-associated enzyme production. For instance, isolates within the P. fragi and 

P. chlororaphis subgroups of the P. fluorescens group were generally lipolytic (56/69 

and 2/2, respectively) and nonproteolytic (67/69 and 2/2, respectively), whereas the 

remaining subgroups within the P. fluorescens group present in the data set (P. 

koreensis and P. fluorescens 1 and 2) were both lipolytic (5/5 and 32/32, respectively) 

and proteolytic (5/5 and 29/32, respectively). The isolates within the P. putida group 

were generally lipolytic (6/8) and nonproteolytic (8/8). Overall, production of 

spoilage-associated enzymes was generally delineated by Pseudomonas species 

groups and subgroups as determined by ileS. Isolates that produced yellow pigment 

on BHI agar were generally restricted to the P. rhizosphaerae group (5/5 within the 

group, 2/139 outside the group; Figure 4.5).
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Figure 4.5. Maximum likelihood phylogeny of Pseudomonas spp. based on a multiple 

alignment of sequenced ileS alleles. Branch lengths correspond to the average 
number of mutations per site. The scale bar represents 0.1 nucleotide substitution 
per site. Colored shapes represent spoilage-associated enzyme production for each 
given isolate or isolates (determined at 6°C) or production of yellow pigments. For 
spoilage-associated enzyme production, a circle represents detection of enzymatic 

activity (+), and a square represents absence of detectable enzymatic activity (−). For 
yellow pigment production, only isolates that were positive for the pigment 

production are marked with a yellow circle. Branch labels prefixed with “FSL” identify 
isolates that were used here for ileS sequencing and phenotypic characterization; 

branch labels listing genus and species are type strains, and no phenotypic 
characterization was performed for these isolates. 
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Discussion 

Although Pseudomonas is a major dairy spoilage organism and is relevant and 

important across a range of perishable dairy products, simple and affordable tools for 

Pseudomonas identification (e.g., to the level of Pseudomonas species group, 

subgroup, or species) and initial characterization (e.g., subtype and spoilage 

phenotype) are still largely undescribed. Thus, we developed and initially assessed a 

single-gene sequencing-based approach (targeting ileS) to identify and characterize 

dairy-associated Pseudomonas isolates. With the initial isolate set evaluated here, we 

have shown that (1) ileS sequencing allows for preliminary species prediction and 

initial subtype discrimination for a broad range of dairy-associated Pseudomonas 

isolates and (2) specific ileS AT are associated with the production of selected 

spoilage enzymes (i.e., lipase and protease) at 6°C. Hence, ileS sequencing represents 

a promising tool for the dairy industry. 

 

ileS Sequencing Allows for Pseudomonas Isolate Species Prediction and Initial 

Subtype Discrimination 

Several identification and subtyping methods have been described for 

Pseudomonas; however, many of them focus on specific groups or species (e.g., P. 

syringae, P. aeruginosa; Sarkar and Guttman, 2004; Johnson et al., 2007; van Belkum 

et al., 2015). In addition, many characterization methods previously described are 

costly, time consuming, or require specialized expertise and equipment to complete 

(e.g., pulsed field gel electrophoresis, randomly amplified polymorphic DNA, WGS, 
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CRISPR spacer analysis, and MLST; Eneroth et al., 2000; Porteous et al., 2002; Botes 

et al., 2003; van Belkum et al., 2015). Although 16S rDNA sequencing provides a 

universal approach to initial identification of bacterial isolates, its low discriminatory 

power limits the usefulness of this approach for investigation of contamination and 

spoilage issues in dairy. As single-gene sequencing-based approaches have shown 

promise for affordable and rapid initial classification of several other bacterial 

groups, including bacterial groups associated with dairy spoilage (Durak et al., 2006), 

we first set out to define a single gene target that could be used with the 

Pseudomonas typically associated with dairy products. Beginning with 7 possible 

target genes from a Pseudomonas-specific MLST scheme (Andreani et al., 2015b), we 

identified ileS as the most suitable target for single-gene speciation and subtyping 

purposes. Key criteria for selection of ileS included (1) high discriminatory power, (2) 

low recombination frequency, and (3) high level of inclusivity, defined as ability to 

yield PCR products and sequence data for a range of Pseudomonas isolates obtained 

from fluid milk. We elected to begin our search with genes included in a pre-existing 

MLST scheme (Andreani et al., 2015b) as this (1) took advantage of previous data 

that demonstrated the suitability of these 7 genes and (2) allowed for backward 

compatibility with previous subtyping efforts. Our general approach described here 

could, however, also be used to identify candidate genes stating with larger genes 

sets (e.g., core genes defined based on WGS data). 

Evaluation of ileS discriminatory power against both (1) the other 6 genes 

included in the previously reported MLST scheme (i.e., glnS, gyrB, nuoD, recA, rpoB, 
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and rpoD) and (2) sequencing a fragment of 16S rDNA confirmed that the highly 

conserved nature of the 16S rDNA limits its value for species identification and 

determination of intrageneric and intraspecific relationships (Moore et al., 1996; 

Anzai et al., 2000; Yamamoto et al., 2000). Several previous studies have assessed 

multi-gene sequencing-based approaches for classification and phylogenetic 

characterization of Pseudomonas; however, most have used a combination of at least 

2 genes (e.g., gyrB and rpoD; Yamamoto et al., 2000). Previously evaluated genes 

included aprX, atpD, carA, gyrB, oprF, recA, rpoB, and rpoD (Yamamoto et al., 2000; 

Bodilis et al., 2004; Hilario et al., 2004; Ait Tayeb et al., 2005; Caldera et al., 2016); 

gyrB, recA, rpoB, and rpoD were also evaluated in our study, albeit using different 

PCR primers. The gene ileS was found to possess a superior combination of inclusivity 

and diversity traits compared with each of these 4 genes. An additional challenge 

with 16S rDNA sequencing is that many bacterial genomes, including those of 

Pseudomonas spp., contain multiple rDNA operons and hence multiple 16S rRNA 

gene copies (Hartmann et al., 1986; Fogel et al., 1999), which often differ from each 

other in nucleotide sequence. For instance, Pseudomonas putida KT2440 contains 7 

copies of 16S rDNA that represent 4 distinct alleles separated by 3 SNP (Acinas et al., 

2004). When universal 16S primers are used for PCR amplification, each of these 

different copies may be amplified, which yields Sanger sequencing data with 

ambiguous bases that are difficult to analyze. This makes reliable AT assignment 

based on 16S rDNA sequencing data extremely challenging. By comparison, sequence 

data for a single-copy gene such as ileS can be analyzed much more easily. 
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Identification of isolates with the same ileS AT from multiple facilities suggests, 

however, that the discriminatory power of ileS allelic typing sensitivity may in some 

cases not be sufficient. Confirmation of a close relationship between 2 isolates with 

identical ileS types may require further characterization (e.g., by WGS), as also 

supported by our data showing that a single ileS AT can contain isolates that are 

found to be distinct by WGS. Nonetheless, our data showed that ileS generated 28 

unique AT from 99 isolates, whereas 16S rDNA sequence typing identified only 1 ST, 

demonstrating substantial improvement in subtyping sensitivity. 

Our results also suggest that ileS sequences can provide appropriate data for 

initial clustering of isolates into groups that can be correlated with Pseudomonas 

species and Pseudomonas species groups and subgroups. Although limited evidence 

of recombination among Pseudomonas ileS sequences provided initial indication that 

recombination is unlikely to frequently obscure the phylogenetic relationship of 

isolates, single-gene sequencing is not expected to allow for reliable reconstruction 

of phylogenetic relationships, as also reported for several other organisms, including 

Listeria spp. (Liao et al., 2017) and Gram-positive aerobic spore-forming bacteria 

(Durak et al., 2006). The limitation of ileS-based phylogenies is further illustrated by 

the fact that the utilized portion of ileS is 552 bp in length, whereas other methods 

use substantially more information to infer phylogenies. For instance, the SNP-based 

tree in Figure 4.3 relied on a matrix of >56,000 SNP, and the bac120 tree in Figure 4.4 

was derived from a concatenated series of 5,035 AA residues. Even with these 

limitations, our comparison of an ileS phylogeny with a bac120 phylogeny for the 178 
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Pseudomonas type strain isolates with available WGS data showed similar overall 

clustering. In general, clustering provided sufficient information to allow for species 

group assignment based on ileS data, even though ileS phylogeny in several cases did 

not infer the correct evolutionary relationship of isolates (assuming that the bac120 

phylogeny represents the true evolutionary relationships of the isolates). Although 

nucleotide similarity cutoffs have been defined for species assignment based on WGS 

(e.g., ANIb of ≥95%), defining cutoffs based on single-gene sequences tends to be 

extremely challenging, if not impossible, presenting a limitation to the application of 

ileS for species identification. Hence, we conclude that although ileS data can in most 

cases be used to correctly assign isolates to taxonomic groups, reliable identification 

of isolates with ileS sequences that are distinct from type strains may require more 

sophisticated analysis (e.g., WGS) to allow for initial taxonomic group or species 

assignment. For instance, Hesse et al. (2018) produced a phylogeny based on the 

protein sequences of 100 single-copy orthologous genes derived from the whole-

genome sequences of 163 Pseudomonas species. A more generalized approach to a 

similar end result is described by Parks et al. (2018), whose bac120 phylogeny was 

used in this study. Though these contemporary methods offer unparalleled 

resolution and accuracy in phylogenetic placement of species, they impose several 

hurdles that prevent broad adoption by dairy processors at this time. Hence, routine 

use of ileS sequencing (compared with routine WGS) is likely to be valuable. Dairy 

plants and their service laboratories could use this approach to diagnose, identify, 

and track PPC in their facilities. Although routine use of ileS may be limited in the 
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short to medium term, these tools are likely to be viable in cases of major spoilage 

incidents, as supported by the use of more costly techniques to investigate high-

profile spoilage cases in the past (e.g., pulsed-field gel electrophoresis or WGS; 

Martin et al., 2011; Andreani et al., 2015a). 

 

ileS AT Is Associated with Relevant Spoilage Enzyme Production 

A subset of the isolates that were characterized here by ileS sequencing were 

screened for the expression of relevant spoilage enzymes on laboratory media. These 

data revealed differences in proteolysis and lipolysis expression between 

Pseudomonas species groups and subgroups, namely that the majority of P. putida 

group and P. fragi subgroup isolates are lipolytic and nonproteolytic, whereas the 

majority of P. fluorescens and P. koreensis subgroup isolates are both lipolytic and 

proteolytic. Similar enzymatic evaluations of dairy-associated Pseudomonas were 

performed by Wiedmann et al. (2000) and Dogan and Boor (2003), both of whom 

demonstrated that unique clusters of Pseudomonas spp. exhibited different enzyme 

activities. Specifically, both publications reported that clusters consisting of P. 

fluorescens often exhibit both proteolytic and lipolytic activity, which agrees with our 

findings, but also that isolates identified as P. fragi and P. putida generally lack both 

proteolytic and lipolytic activity, which differs from our findings. Factors that may 

account for these discrepancies include the use of differently formulated media for 

enzymatic evaluation, enzyme evaluation at 30°C in these previous studies rather 

than 6°C (as performed here), and the use of phenotypic characterization rather than 
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DNA sequencing for species assignment. More recent studies (Meng et al., 2017, 

2018), however, included classification of dairy-associated Pseudomonas spp. by DNA 

sequencing (producing more reliable species assignments) as well as evaluation of 

isolates for enzymatic activity. For example, a study reported that Pseudomonas spp. 

isolated from raw goat, camel, buffalo, and yak milk generally exhibited low 

temperature proteolysis for the species P. fluorescens, P. putida, and P. fragi, similar 

to our findings reported here; isolates in this study were identified by 16S rDNA and 

rpoB sequencing (Meng et al., 2018). In contrast, Pseudomonas spp. isolated from 

raw bovine milk exhibited much more variation than we observed in low-

temperature proteolysis for these 3 species groups (Meng et al., 2017). Identification 

of spoilage-associated enzymatic activities in pure culture systems provides initial 

data on spoilage capabilities of isolates; however, it should be noted that spoilage 

expression in fluid milk may depend on additional variables, such as prior heat 

treatment, storage conditions, and presence of additional types of bacteria (Worm et 

al., 2000; Nicodème et al., 2005; Colantuono et al., 2020). Future studies may benefit 

from correlating spoilage phenotypes with presence and genotype of the aprX-lipA 

operon, which encodes extracellular protease and lipase enzymes that may be 

associated with product degradation (Woods et al., 2001; Zhang et al., 2019). 

Spoilage enzyme association with specific ileS AT has several potential applications in 

dairy plant management, including assistance in root cause analysis following 

spoilage incidents, evaluation of long-term trends in product quality, and 

prioritization of strains that produce spoilage enzymes for corrective actions related 
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to PPC. 

 

Conclusions 

Although WGS of bacterial isolates and the interpretation of the resulting 

data are still beyond the capabilities of most dairy processors, Pseudomonas 

subtyping based on the DNA sequence of ileS can provide practical and actionable 

information to dairy processors. Data from ileS sequencing are easily interpreted, 

provide greater resolution for Pseudomonas than partial 16S rDNA sequencing, and 

are useful for species identification, initial identification of possible persistent 

contamination issues, and prediction of enzymatic spoilage potential. With the 

disadvantages of 16S rDNA sequencing, ileS sequencing for Pseudomonas could be a 

cost-effective, resource-minimal, and yet still informative tool. Single-gene 

sequencing is presently far more affordable than WGS and can therefore be used 

both for larger numbers of isolates and by processors with fewer resources. 

Application of tools such as ileS subtyping may thus be valuable to dairy processors 

working toward improved product quality and shelf life. Furthermore, single-gene 

targets such as ileS or rpoB (described previously as facilitating discrimination of 

Bacillus) could be applied in targeted metagenomics assays designed to characterize 

spoilage organisms. 
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CHAPTER 5 

A CENTURY OF GRAY: A GENOMIC LOCUS FOUND IN 2 DISTINCT PSEUDOMONAS SPP. 

IS ASSOCIATED WITH HISTORICAL AND CONTEMPORARY COLOR DEFECTS IN DAIRY 

PRODUCTS WORLDWIDE 
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Abstract 

Some Gram-negative bacteria, including Pseudomonas spp., can grow at 

refrigeration temperatures and cause flavor, odor, and texture defects in fluid milk. 

Historical and modern cases exist of gray and blue color defects in fluid milk due to 

Pseudomonas, and several recent reports have detailed fresh cheese spoilage 

associated with blue-pigment-forming Pseudomonas. Our goal was to investigate the 

genomes of pigmented Pseudomonas isolates responsible for historical and modern 

pigmented spoilage of dairy products in the United States to determine the genetic 

basis of pigment-forming phenotypes. We performed whole genome sequencing of 9 

Pseudomonas isolates: 3 from recent incidents of gray-pigmented fluid milk 

(Pseudomonas fluorescens group), 1 from blue-pigmented cheese (P. fluorescens 

group), 2 from a historical blue milk spoilage incident (Pseudomonas putida group), 
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and 3 with no evidence for blue or gray pigment formation (2 from P. fluorescens 

group and 1 from Pseudomonas chlororaphis group). All 6 isolates collected from 

products with a gray or blue pigment defect were confirmed to produce pigment 

using potato dextrose agar or pasteurized milk. A subset of 2 isolates was selected for 

inoculation into milk and onto the surface of a model cheese for subsequent color 

measurement. These isolates produced different colors on potato dextrose agar, but 

produced nearly identical color defects in milk and on model cheese. For the same 

subset of 2 isolates, the gray color defect in milk was produced only in containers 

with ample headspace and not in full containers, suggesting that oxygen is vital for 

pigment formation. This work also demonstrated that a Pseudomonas isolate from 

cheese can produce a pigment defect in milk, and vice versa. Comparative genomics 

identified an accessory locus encoding tryptophan biosynthesis genes that was 

present in all isolates that produced gray or blue pigment under laboratory 

conditions and was only previously reported in 2 P. fluorescens isolates responsible 

for blue mozzarella in Italy. Because this locus was found in genetically distant 

isolates belonging to different Pseudomonas species groups, it may have been 

acquired via horizontal gene transfer. These data suggest that several past and 

present gray- or blue-pigmented dairy spoilage events share a common genetic 

etiology that transcends species-level identification and merits further investigation 

to determine mechanistic details and modes of prevention. 
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Introduction 

Visual spoilage in dairy products has a high potential for economic harm to 

manufacturers. The relationship between food companies and their consumers has 

been revolutionized by social media, because consumers now have a platform on 

which to broadcast images and videos of spoiled or otherwise defective products. In 

several cases, attention was drawn to large-scale food spoilage incidents via social 

media (Karp, 2010; Stones, 2013), but this phenomenon is not isolated to large-scale 

events. The threat to a food manufacturer or brand from a single spectacularly 

spoiled unit of product cannot be overlooked or underestimated, particularly 

because a nontrivial proportion of consumers interpret food spoilage as a safety 

concern. In annual surveys performed by the Food Marketing Institute from 1993 to 

1997, 41 to 69% of consumers volunteered spoilage-related answers when asked 

about the greatest threats to the safety of the food they ate (Food Marketing 

Institute, 1997). In similar surveys conducted in 1999 and 2000, 20 and 19% of 

consumers volunteered spoiled or expired food as the single most important source 

of food poisoning (Food Marketing Institute, 2000). Although these surveys are 

somewhat old, they remain a reminder that significant dissonance may exist between 

manufacturer and consumer knowledge about the meaning of “spoilage,” a topic 

beyond the scope of this publication. It suggests that consumers may misinterpret 

the severity of spoilage events or the consumption of spoiled food, particularly when 

recalls occur. A 2017 survey reported that 13% of consumers said they would never 

purchase a specific food product again once they were aware that it had been 
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recalled, although the survey question did not specify a cause for the recall (Food 

Marketing Institute, 2017). 

Pigmented bacteria have a long history of causing visual spoilage in dairy 

foods. References to blue milk in German and French agricultural and scientific 

literature date back over 200 yr (Borowski, 1788; Parmentier and Deyeux, 1799). In 

1884, the first inoculations of blue-pigmented bacteria into sterilized milk were 

performed, and the bacteria produced a blue pigment in raw milk, a gray pigment in 

neutral pH sterilized milk, and a blue-gray pigment in sterilized acidified milk 

(Hueppe, 1884). Blue milk from the United States was first described by Duckwall 

(1905), who isolated the causative strain, Bacillus cyanogenus, from a milk sample in 

Pennsylvania. Upon inoculation into sterilized milk, this isolate produced no acid or 

coagulation, but colored the milk “slate-gray, which turns blue with acids.” A 1914 

report detailed an “outbreak” of blue milk in Iowa and included a detailed profile of 

the implicated organism, Bacillus cyanogenes (Hammer). Hammer described a Gram-

negative, motile, rod-shaped bacterium that produced a gray pigment in sterilized 

milk and a blue pigment in sterilized milk when cocultured with a lactic acid 

bacterium. Of note, although modern day Bacillus are exclusively Gram-positive 

sporeformers, the generic name “Bacillus” was used more broadly in the past. These 

historical isolates no longer fall within the contemporary Bacillus genus. 

Few reports exist of pigment defects in fluid milk in the last 100 years, which 

may be attributed to the widespread adoption of pasteurization for milk beginning in 

the early 20th century (Boor et al., 2017). A case of blue milk attributed to 
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Pseudomonas fluorescens was reported in Germany in 2006 (Seiler, 2006), and a case 

of gray milk attributed to Pseudomonas azotoformans was reported by our group in 

2017 (Evanowski et al., 2017). In both of these instances, pigment formation 

appeared to be dependent on the presence of oxygen. 

There are also historical and contemporary reports of bacterial blue pigment 

in cheese. In the late 19th century, Bacillus cyaneo-fuscus contamination was blamed 

for blue Edam cheese in the Netherlands (Beyerinck, 1892), and blue cheese caused 

by Bacillus cyanogenus, the same organism that caused blue milk, was also reported 

(Conn, 1892). Pseudomonas fluorescens biovar IV caused blue-pigmented spoilage of 

queso fresco cheese from a processor in the United States in 2006 (Martin et al., 

2011), and in 2010, 70,000 units of mozzarella cheese produced at a facility in 

Germany and sold in Italy turned blue and were confiscated by Italian officials 

(Greenhalgh, 2010). Again, P. fluorescens was responsible, and indigoidine was 

suggested as the pigment causing the defect (Cantoni and Bersani, 2010; Sechi et al., 

2011; Cenci-Goga et al., 2014). Multilocus sequence typing identified a “blue branch” 

of strains in the P. fluorescens phylogeny (Andreani et al., 2015b; Chierici et al., 

2016). Leucoindigoidine was found to be a chemical marker of blue spoilage potential 

(Caputo et al., 2015), and a high-molecular-weight indigo derivative, rather than 

indigoidine, was suggested as the identity of the pigment (Andreani et al., 2015a). 

Some recent investigations of the Pseudomonas responsible for blue color 

defect formation have used next-generation sequencing [i.e., whole-genome 

sequencing (WGS) and RNA-seq] to provide hypotheses for the metabolic pathways 
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leading to blue pigment formation in cheese and for the possible identity of the 

pigment. Comparative genomics performed on whole genome sequences of 4 

Pseudomonas strains, 2 of which produced blue pigment in cheese, revealed that the 

pigmented strains possessed additional accessory copies of genes involved in the 

tryptophan biosynthesis pathway, whereas nonpigmented strains had only 1 copy of 

each gene (Andreani et al., 2015a). An RNA-seq analysis performed on the same set 

of isolates showed an upregulation of iron uptake (e.g., pyoverdine), oxidoreductase, 

and transcriptional regulation genes in the pigmented strains that was not present in 

the unpigmented strains. Transposon-induced pigment-deficient mutants of Ps_77, a 

blue-pigment-producing strain of P. fluorescens isolated from beef, confirmed the 

involvement of the accessory copy of the tryptophan biosynthesis gene trpB in 

production of the blue phenotype (Andreani, 2016). Transposon-induced mutations 

in genes putatively involved in oxidative stress response, biofilm formation, and cell 

signaling were also able to eliminate the production of the blue pigment. 

Our goal in this study was to investigate the gray- and blue-pigment-

producing strains of Pseudomonas from our own culture collection, as well as publicly 

available blue-pigmented strains, to aid in the global effort to understand the 

mechanisms of gray and blue pigment production and ultimately work to prevent 

their formation in dairy products. To this end, we performed WGS and phenotypic 

evaluations on 3 recently obtained isolates of Pseudomonas from pasteurized milk 

with a gray defect, 1 recently obtained isolate from blue-pigmented fresh cheese, 3 

recently obtained isolates unassociated with these defects, and 2 isolates responsible 
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for the historic production of blue and gray pigments in milk. 

 

Materials and Methods 

Isolate Selection and Growth Conditions 

We used Pseudomonas strains with and without pigmented phenotypes for 

comparative genomics. We selected 7 representative Pseudomonas strains that had 

been identified previously by partial sequencing of their 16S rDNA from the Milk 

Quality Improvement Program isolate collection (Table 5.1). These included 4 strains 

that had previously shown evidence of causing blue or gray color defects in dairy 

products and 3 that did not. The 3 isolates with no prior evidence for blue or gray 

pigment formation originated from dairy products or dairy processing environments: 

R5-0199 was selected specifically for its close partial 16S rDNA sequence match with 

the 4 recently obtained P. fluorescens group isolates associated with color defects. 

Additional details on the history and characterization of these isolates can be 

accessed via Food Microbe Tracker (http://www.foodmicrobetracker.com; Vangay et 

al., 2013). 
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Table 5.1. Pseudomonas isolates used in this study for phenotyping, genotyping, or both 

Isolate Taxonomic 
group 

Phenotype Isolate source Isolation 
date 

Isolation 
location 

Reference 

FSL E2-8864 P. fluorescens 
group 

Gray pigment in fluid milk Pasteurized fluid milk July 2018 United 
States 

This publication 

FSL R10-
2514 

P. fluorescens 
group 

Gray pigment in fluid milk Pasteurized packaged 
2% fat milk 

June 2017 United 
States 

This publication 

FSL E2-0548 P. fluorescens 
group 

Gray pigment in fluid milk; 
fluorescent and blue 
pigments in cheese 

Pasteurized packaged 
whole milk 

August 2015 United 
States 

Evanowski et al., 
2017 

FSL W5-
0203 

P. fluorescens 
group 

Gray pigment in fluid milk; 
fluorescent and blue 
pigments in cheese 

In-process queso 
fresco cheese curds 

September 
2006 

United 
States 

Martin et al., 2011; 
Trmčić et al., 2015 

FSL R10-
3386 (NRRL 
B-251) 

P. putida 
group 

Gray pigment in sterilized 
fluid milk 

Unpasteurized milk 
with blue 
discoloration 

October 
1913 

Iowa, 
United 
States 

Hammer, 1914; 
Haynes, 1961 

FSL R10-
3389 (NRRL 
B-252) 

P. putida 
group 

Gray pigment in sterilized 
fluid milk 

Unpasteurized milk 
with blue 
discoloration 

October 
1913 

Iowa, 
United 
States 

Hammer, 1914; 
Haynes, 1961 
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Isolate Taxonomic 
group 

Phenotype Isolate source Isolation 
date 

Isolation 
location 

Reference 

FSL W5-
0299 

P. fluorescens 
group 

Bright yellow pigment Cheese vat agitator 
drain tube 

October 
2006 

United 
States 

This publication 

FSL R5-0199 P. fluorescens 
group 

No pigment Pasteurized packaged 
2% fat milk 

July 2006 United 
States 

Ranieri and Boor, 
2009 

FSL W7-
0098 

P. chlororaphis 
group 

No pigment Packaged pasteurized 
2% fat milk 

May 2008 United 
States 

Van Tassell et al., 
2012; Trmčić et al., 
2015 
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Additionally, 2 Pseudomonas isolates were obtained from the USDA 

Agricultural Research Service Northern Regional Research Laboratory Culture 

Collection (https://nrrl.ncaur.usda.gov/). These 2 isolates, B-251 and B-252, were 

given laboratory IDs of FSL R10-3386 and FSL R10-3389, respectively (Table 5.1). Both 

isolates are reported to originate from unpasteurized blue milk obtained in Iowa in 

October 1913 (Hammer, 1914; Haynes, 1961). The lyophilized cultures were 

rehydrated in 2 mL of brain heart infusion (BHI) broth (BD Diagnostics, Sparks, MD), 

which was immediately inoculated onto BHI agar plates (BD Diagnostics). The plates 

were incubated at 28°C for 24 h. A single colony from each of these plates was 

inoculated onto a new BHI agar plate, which was incubated at 28°C for 24 h. An 

isolated colony from each of these plates was inoculated into 5 mL of BHI broth, and 

the broth was then incubated at 32°C for 18 h before freezing at −80°C in BHI broth 

supplemented with 15% glycerol for long-term storage. 

For the milk and cheese inoculation experiments and for the WGS 

experiments described in the subsections that follow, the isolates were recovered 

from stocks of BHI broth with 15% glycerol stored at −80°C. The stocks were removed 

from storage, and a loopful of each was streaked onto BHI agar plates before the 

plates were incubated at 32°C for 48 h. A colony of each isolate was selected and 

inoculated into 5 mL of BHI broth, and the broth was then incubated without shaking 

at 32°C for 18 to 24 h to produce a bacterial suspension of approximately 8 log 

cfu/mL. 

 



 

 

 

196 
 

Initial Color Defect Screening 

To initially characterize pigment production for the 6 isolates that had 

previously been reported to produce blue or gray pigmentation, of our 9 total 

Pseudomonas isolates, we recovered isolates FSL E2-0548, FSL E2-8864, FSL R10-

2514, FSL R10-3386, FSL R10-3389, and FSL W5-0203 from frozen glycerol stocks as 

described above, and a single colony from the BHI plate was streaked onto 2 sets of 

potato dextrose agar (PDA; BD Diagnostics) plates. The first set of plates was 

incubated at 6°C for 12 d, and the second set was incubated at 21°C for 5 d. Every 24 

h during incubation, the plates were removed from their respective incubators and 

photographed using an EOS Rebel T3 DSLR camera (Canon, Tokyo, Japan) with the 

following settings: f/5.6, 1/60 s exposure, ISO-800, 55 mm focal length, compulsory 

flash, and fluorescent white balance. 

Based on the results of the screening on PDA, we performed further screening 

of the 6 isolates selected above, along with FSL R5-0199, an unpigmented strain, in 

pasteurized milk. Pasteurized, homogenized 2% fat milk in 473-mL (16 US fluid 

ounce) containers was purchased from a local supermarket, and half of the milk 

(approximately 230 mL) was aseptically removed from each container. We prepared 

18-h bacterial suspensions of the selected isolates as described previously, and a 1-

mL aliquot of each was centrifuged at 18,000 × g for 1 min. The supernatants were 

removed, and the pellets were resuspended in 1 mL of pasteurized milk. Each 1-mL 

bacterial suspension was then added to a prepared half-full container of milk. The 

containers were sealed, gently inverted to mix their contents, and incubated at 21°C 
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for 96 h. After 48, 72, and 96 h, photographs were taken using the same camera 

settings as described above for the PDA photographs, but without the camera flash. 

 

Milk and Cheese Color Defect Assessment 

Based on the results of the preliminary screenings performed on PDA and in 

milk, we selected a subset of 2 pigment-producing isolates (FSL E2-0548 and FSL W5-

0203) and 1 negative control isolate (FSL W5-0299) for further analysis of pigment 

formation in milk and on cheese. We specifically selected FSL E2-0548 and FSL W5-

0203 because they originated from different matrices (fluid milk and cheese), and 

because they exhibited different color phenotypes on PDA at 6°C. Selection of these 

2 isolates also allowed us to test the hypothesis that the same isolates can cause 

color defects in both cheese and fluid milk. We selected FSL W5-0299 as the negative 

control because it did not exhibit blue or gray pigmentation on cheese, but yellow (N. 

H. Martin, unpublished data). Milk samples for color defect assessment were 

produced as described by Evanowski et al. (2017). Briefly, a 1-mL aliquot of an 

overnight bacterial suspension of each isolate was pelleted by centrifugation and 

resuspended and serially diluted in PBS (Weber Scientific, Hamilton, NJ). To inoculate, 

500 µL of each appropriate dilution was added to 2 half-filled 946-mL (1 US quart) 

high-density polyethylene containers of pasteurized, homogenized 2% fat milk 

(Cornell University Dairy, Ithaca, NY) and 1 mL of each appropriate dilution was 

added to 2 completely filled 946-mL high-density polyethylene containers of 

pasteurized, homogenized 2% fat milk. This achieved an initial inoculum 
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concentration of approximately 3.75 log cfu/mL in both the filled and half-filled 

containers. We determined SPC by spiral plating (Autoplate 5000; Advanced 

Instruments, Norwood, MA) immediately after inoculation and after 14 d of storage 

at 6°C to verify the growth of the inoculum. We selected an incubation temperature 

of 6°C for both the milk and the cheese, because this represented the semi-abusive 

conditions that dairy products may realistically encounter in the homes of consumers 

(Kosa et al., 2007). To determine color change over time, we applied the approach 

used by Evanowski et al. (2017). Briefly, sample L*a*b* coordinates were measured 

immediately after inoculation and after 14 d of storage using a HunterLab ColorQuest 

XE colorimeter (Hunter Associates Laboratory, Reston, VA). In the L*a*b* color space, 

L* represents lightness (L* = 0 is black; L* = 100 is a diffuse white), a* represents the 

position between green and red (negative values are green; positive values are red), 

and b* represents the position between blue and yellow (negative values are blue; 

positive values are yellow). 

We used laboratory-scale mozzarella-style cheese made from 1.9 L (0.5 US 

gallon) of locally obtained pasteurized, homogenized whole milk for color defect 

assessment. The cheese was prepared as described previously by Carroll (2002). The 

milk was heated to 13°C, and 60 mL of 360 mM citric acid solution (Fisher Chemical, 

Fair Lawn, NJ) was stirred in. The milk was further heated to 32°C, and a solution 

containing 616 µL of prepared vegetable rennet (mucorpepsin; New England 

Cheesemaking Supply Company, South Deerfield, MA) in 30 mL of deionized water 

was added with gentle stirring. The milk was allowed to coagulate without stirring for 
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5 min while heating to 40°C before the curd was drained. The curd was then heated 

in a 1,100 W microwave oven set at full power for 1 min, followed by kneading with 

gloved hands. Next, the curd was heated for 30 s and kneaded for a second time. 

Finally, the curd was heated for 30 s, and 1.18 g of granulated sodium chloride (Fisher 

Chemical) was added before kneading again. The resulting molten cheese was 

flattened into a disk approximately 1 cm in height before it was chilled in an ice-

water bath and stored at 4°C in a sealed plastic bag to await inoculation. To 

inoculate, 1-mL bacterial suspensions prepared from overnight cultures of isolates 

FSL E2-0548, FSL W5-0203, and FSL W5-0299, were pelleted in a microcentrifuge at 

18,000 × g for 1 min and resuspended in 1 mL of PBS. Pieces of the prepared cheese 

approximately 4.5 cm in diameter and 1 cm in height were placed into sterile 90-mm-

diameter polystyrene Petri dishes and spot-inoculated with 50 µL of the bacterial 

suspensions. The dishes were covered and stored at 6°C for 7 d. At 2 d and 7 d after 

inoculation, photographs of the cheese samples were taken using an EOS Rebel T3 

DSLR camera (Canon) in a darkened room and illuminated by (1) the camera flash 

(f/5.6, 1/60 s exposure, ISO-800, 55 mm focal length) and (2) a 6 W, 365-nm 

wavelength UV-A lamp (VWR, Radnor, PA) with full automatic camera settings. We 

performed color analysis of the photographed cheese samples essentially as 

described by Yam and Papadakis (2004). Briefly, the pigmented area of the cheese (or 

the entire surface of the negative control cheese) was selected in Photoshop (CC 

2018; Adobe Systems, San Jose, CA), and the histogram window was used to obtain 

the mean, standard deviation, and median L, a, and b values for the selected area, 
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which were then converted to standard L*, a*, and b* coordinates. For both the 

inoculated milk and cheese, L*a*b* coordinates across strains and treatments were 

visualized using ggplot2 (Wickham, 2016). 

 

DNA Extraction and Whole-Genome Sequencing 

Extraction of genomic DNA and WGS was performed using select 

modifications of the procedure described by Kovac et al. (2016) for all 9 

Pseudomonas isolates listed in Table 5.1. Briefly, genomic DNA was extracted and 

purified from the prepared bacterial suspensions using a QIAamp DNA MiniKit 

(Qiagen, Valencia, CA) and checked for concentration and purity using a Nanodrop 

spectrophotometer and a Qubit dsDNA high sensitivity kit (both ThermoFisher 

Scientific, Waltham, MA). We submitted DNA samples to the Cornell University 

Institute of Biotechnology Genomics facility, where libraries were prepared using the 

Nextera XT DNA Library Preparation Kit (Illumina, San Diego, CA). Samples were 

pooled and sequenced in 2 Illumina HiSeq 2500 rapid runs with 2 × 100-bp paired-

end reads or in an Illumina MiSeq with 2 × 250-bp paired-end reads. The detailed 

protocol for genomic DNA extraction and quality analysis for WGS can be accessed at 

https://cornell.box.com/v/Reichler2018b. 

 

Quality Checks, Genome Assembly, Genome Annotation, and Assessment of 

Orthology 

Raw sequence reads were checked for quality using FASTQC v 0.11.5 
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(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and trimmed using 

Trimmomatic version 0.36 (Bolger et al., 2014). After trimming, sequence reads were 

rechecked for quality and then used for de novo genome assembly. Genomes were 

assembled using SPAdes version 3.6.2 or 3.10.1 (Bankevich et al., 2012) using the “-

careful” parameter. Final draft assemblies were annotated using Prokka v 1.12 

(Seemann, 2014). Orthologs were identified using the program Roary (Page et al., 

2015). An identity threshold of 50% was used to account for intrinsic diversity in the 

isolate set. Whole genome assemblies were deposited in GenBank 

(https://www.ncbi.nlm.nih.gov/genbank/) under BioProject PRJNA341280. Accession 

IDs for individual isolates can be found in Table 5.2. 
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Table 5.2. Summary of Pseudomonas whole-genome metrics 

Strain Genome 
size1 (bp) 

% 
GC 

No. of 
contigs 

N502 Average 
coverage 

GenBank 
accession ID 

FSL E2-
8864 

6,755,291 59.8 188 95,881 23 RWKC00000000 

FSL 
R10-
2514 

6,397,553 59.9 57 260,661 108 RWKD00000000 

FSL E2-
0548 

6,901,852 59.6 260 74,043 26 RXHZ00000000 

FSL W5-
0203 

6,284,734 59.7 114 136,285 177 RXHY00000000 

FSL 
R10-
3386 

6,068,646 62.6 91 175,121 46 RWKE00000000 

FSL 
R10-
3389 

6,087,214 62.5 87 175,140 43 RWKF00000000 

FSL W5-
0299 

7,139,722 59.2 137 156,053 83 RXHX00000000 

FSL R5-
0199 

6,659,123 59.5 106 194,733 111 RXHV00000000 

FSL W7-
0098 

5,026,399 58.3 35 449,785 145 RXHW00000000 

1This represents the combined size of all contigs. 
2N50 = weighted median statistic such that 50% of the entire assembly is contained in 
contigs or scaffolds of a length equal to or larger than this value. 
 

Phylogenetic Analysis 

We obtained the 16S rDNA sequences of 164 Pseudomonas type strains from 

the Ribosomal Database Project (Cole et al., 2009). The 16S rDNA sequences from the 

9 newly sequenced Pseudomonas isolates in this study were extracted from their 

whole genome sequences using RNAmmer (Lagesen et al., 2007). These sequences 
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were aligned using MUSCLE (Edgar, 2004) and used to generate a maximum-

likelihood tree in RAxML (Stamatakis, 2014) with the General Time Reversible 

nucleotide substitution model, an optimization of substitution rates (gamma model 

of rate heterogeneity), and estimation of proportions of invariable sites. To measure 

node confidence, 1,000 bootstraps were generated. 

Whole genome sequence assemblies of 52 Pseudomonas type strains (i.e., 

denoted as type strains by the American Type Culture Collection, Deutsche 

Sammlung von Mikroorganismen und Zellkulturen, or other collections) were 

downloaded from http://www.pseudomonas.com. We also obtained 4 whole 

genome sequences of pigmented and unpigmented Pseudomonas strains (Ps_20, 

Ps_22, Ps_40, and Ps_77; generated by Andreani et al. (2015a) from GenBank. The 

Ps_22 and Ps_77 strains were isolated in Italy and the United Kingdom, respectively, 

and are associated with blue color defects similar to those observed for FSL W5-0203. 

The Ps_20 and Ps_40 strains were 2 isolates that did not produce the color defect 

and were used for comparison with Ps_22 and Ps_77. We used these sequences 

along with the whole genome sequences generated in this study to construct an 

Average Nucleotide Identity by Basic Local Alignment Search Tool (ANIb) distance 

matrix using pyani (https://github.com/widdowquinn/pyani). This distance matrix 

was visualized as a dendrogram using the ggdendro package (de Vries and Ripley, 

2016) in R (R Core Team, 2018). To confirm the phylogeny of a subset of closely 

related isolates (5 newly sequenced isolates, 4 previously sequenced isolates, type 

strain Pseudomonas lactis DSM 29167, and type strain Pseudomonas paralactis DSM 



 

 

 

204 
 

29164) with higher resolution than the ANIb dendrogram, we constructed a 

maximum parsimony tree from their pan-genome SNPs using kSNP3 (Gardner et al., 

2015) with a k-mer size of 19. 

Predicted amino acid sequences annotated as the trpA, trpB, trpC, trpD, and 

trpF genes were extracted from the 9 newly sequenced genomes and the 4 

previously sequenced genomes. These sequences were used to construct maximum-

likelihood evolutionary trees for each gene based on the Jones–Taylor–Thornton 

matrix-based model (Jones et al., 1992) implemented in MEGA X (Kumar et al., 2018). 

We used a discrete Gamma distribution with 5 categories to model evolutionary rate 

differences among sites; all positions containing gaps and missing data were 

eliminated, and 1,000 bootstrap replicates were performed. 

 

Hidden Markov Models 

We downloaded hidden Markov models for proteins hypothesized to be 

involved in the biosynthesis of pyoverdine, pyocyanin, tryptophan, indigoidine, 

violacein, and blue copper-binding proteins (see Supplemental Table S1 for models 

included; https://doi.org/10.3168/jds.2018-16192) from the Pfam database (Finn et 

al., 2016). We used these models to search for their targeted protein families or 

domains in the annotated predicted protein sequences of the 9 newly sequenced 

Pseudomonas isolates using HMMER v. 3.1b2 (http://hmmer.org) in maximum 

sensitivity mode. An E-value of <1 × 10−3 for one or more predicted proteins from an 

isolate was considered significant evidence of the presence of a given protein family 
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or domain for that isolate. 
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Supplemental Table S5.1. Hidden Markov model results for selected protein domains predicted to be associated with pigment 
formation  
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Number of Predicted Proteins with Full Sequence E-values below the Inclusion 
Threshold1 for Isolate 

Family or 
Domain (Pfam 
accession) Explanation 

FSL E2-
88642 

FSL 
R10-
25142 

FSL E2-
05482 

FSL 
W5-
02032 

FSL 
R10-
33862 

FSL 
R10-
33892 

FSL 
W5-
0299 

FSL 
R5-
0199 

W7-
0098 

HpaB_C 
(PF03241) 

May play a role in one of the 
proposed hydroxylation 
steps of pyoverdine 
chromophore biosynthesis 
(C-terminal) 

0 0 0 0 0 0 0 0 0 

HpaB_N 
(PF11794) 

May play a role in one of the 
proposed hydroxylation 
steps of pyoverdine 
chromophore biosynthesis 
(N-terminal) 

2 2 2 2 0 0 2 2 1 

DIT1_PvcA 
(PF05141) 

Pyoverdine biosynthesis 
protein PvcA is involved in 
the biosynthesis of 
pyoverdine 

0 0 0 0 0 0 0 0 0 

GATase 
(PF00117) 

May play a role in pyocyanin 
biosynthesis by transferring 
an amine group from 
glutamine to chorismic acid 

9 7 9 7 11 11 10 7 8 

Chorismate 
binding enzyme 
(PF00425) 

Chorismic acid is the 
precursor of pyocyanin 

4 2 3 3 3 3 2 3 2 
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Number of Predicted Proteins with Full Sequence E-values below the Inclusion 
Threshold1 for Isolate 

Family or 
Domain (Pfam 
accession) Explanation 

FSL E2-
88642 

FSL 
R10-
25142 

FSL E2-
05482 

FSL 
W5-
02032 

FSL 
R10-
33862 

FSL 
R10-
33892 

FSL 
W5-
0299 

FSL 
R5-
0199 

W7-
0098 

PhzC-PhzF 
(PF02567) 

PhzC-PhzF is involved in 
dimerization of 2 2,3-
dihydro-3-oxo-anthranilic 
acid molecules to create 
phenazine-1-carboxylic acid 
by P. fluorescens 

3 3 3 3 3 3 3 3 2 

Anth_synt_I_N 
(PF04715) 

Anthranilate synthase 
catalyzes the first step in the 
biosynthesis of tryptophan. 
Component I catalyzes the 
formation of anthranilate 
using ammonia and 
chorismate. 

4 2 3 2 3 3 2 2 2 

Trp_syntA 
(PF00290) 

Tryptophan synthase alpha 
chain 

2 2 2 2 2 2 1 1 1 

Indigoidine_A 
(PF04227) 

Indigoidine suggested by 
other authors as indicator of 
pigment formation 

0 0 0 0 0 0 0 0 0 

VioE (PF18234) Violacein is responsible for 
pigment formation in 
Janthinobacterium lividium 
and is synthesized from 
tryptophan 

0 0 0 0 0 0 0 0 0 



 

 

Table S5.1 (Continued) 

209 
 

  

Number of Predicted Proteins with Full Sequence E-values below the Inclusion 
Threshold1 for Isolate 

Family or 
Domain (Pfam 
accession) Explanation 

FSL E2-
88642 

FSL 
R10-
25142 

FSL E2-
05482 

FSL 
W5-
02032 

FSL 
R10-
33862 

FSL 
R10-
33892 

FSL 
W5-
0299 

FSL 
R5-
0199 

W7-
0098 

Ferritin-like 
(PF12902) 

Polyketide synthase enzyme 
that is a key component of 
the violacein biosynthesis 
pathway 

0 0 0 0 0 0 0 0 0 

CopC (PF04234) Bacterial blue copper 
membrane protein found in 
some Pseudomonas 

1 1 2 2 0 0 3 2 1 

Copper-bind 
(PF00127) 

Plastocyanin family of 
copper binding proteins 
includes bacterial azurins, 
which are blue and found in 
some Pseudomonas 

3 2 2 2 4 4 4 2 3 

 
1E-values are the expected number of false positives (e.g., non-homologous sequences) to score this well or better. E-values 
below 10-3 are considered significant. 
2Pigmented isolates 
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Results 

Color Defect Screening on PDA and in Milk 

We initially screened the 6 isolates associated with either a gray color defect 

in milk or a blue color defect in cheese for color formation on PDA (incubated at 6 or 

21°C) and in pasteurized milk. On PDA incubated at 21°C, 4 isolates (FSL E2-8864, FSL 

E2-0548, FSL W5-0203, and FSL R10-2514) showed clearly visible color development 

after 3 d of incubation, whereas the other 2 isolates showed either no color 

development (FSL R10-3389) or very weak orange coloration (FSL R10-3386) after 3 

and 5 d (Figure 5.1). The 4 isolates with clear color development showed varied 

intensities of gray or gray-orange to gray-blue color; isolate FSL E2-8864 showed the 

weakest color (defined by the http://html-color-codes.info web tool as gray-orange 

after both 3 d and 5 d of incubation) and FSL W5-0203 showed the darkest color 

(defined as dark gray-blue after both 3 d and 5 d of incubation). Consistent with the 

data obtained for the same group of isolates at 21°C, incubation of isolates on PDA at 

6°C also identified a group of 4 isolates (FSL E2-8864, FSL E2-0548, FSL W5-0203, and 

FSL R10-2514) with clear color development after 12 d of incubation and a group of 2 

isolates (FSL R10-3386 and FSL R10-3389) with very weak growth after 12 d at 6°C 

and no evidence of color formation (Figure 5.2). Interestingly, the 4 isolates with 

clear color development showed a wider range of color when incubated at 6°C than 

when incubated at 21°C: colors displayed at 6°C ranged from light gray-violet (FSL E2-

8864) and dark gray-blue (FSL R10-2514) to very dark reddish-brown (FSL E2-0548) 

and dark blue (FSL W5-0203). Color formation was evident for FSL R10-2514 after 3 d 
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incubation and for FSL E2-8864, FSL E2-0548, and FSL W5-0203 by 6 d incubation. 

Over time, the color on the plates intensified but did not appear to change from one 

color to another (e.g., from blue to brown). 

 
Figure 5.1. Growth and color phenotype of pigment-associated isolates of 
Pseudomonas on potato dextrose agar after incubation at 21°C for 1, 3, and 5 d. 
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Figure 5.2. Growth and color phenotype of pigment-associated isolates of 
Pseudomonas on potato dextrose agar after incubation at 6°C for 3, 6, and 12 d. 
All 6 isolates additionally showed evidence of gray pigment formation in pasteurized 
milk after 3 d at 21°C (Figure 5.3). As well, FSL E2-8864, FSL R10-2514, FSL E2-0548, 
and FSL W5-0203 exhibited fluorescence under UV light (Supplemental Figure S5.1; 
https://doi.org/10.3168/jds.2018-16192). Extensive proteolysis, evidenced by 
coagulation and separation of the milk samples, appeared after 3 d of incubation and 
became more pronounced after 4 d of incubation. An uninoculated milk sample 
showed neither color change nor coagulation after 4 d incubation.
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Supplemental Figure S5.1. Appearance after 72 h of incubation at 21°C of pigment-associated isolates inoculated into milk when 
illuminated with ultraviolet light

Illumination FSL E2-8864 FSL R10-2514 FSL E2-0548 FSL W5-0203 
FSL R10-3386 
(NRRL B-251) 

FSL R10-3389 
(NRRL B-252) 

Uninoculated 
Control 

Ambient 
Light 

       

UV Light 
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Figure 5.3. Growth of pigment-associated isolates of Pseudomonas in pasteurized, 
homogenized 2% fat milk after incubation in half-filled containers at 21°C for 2, 3, 
and 4 d. 
 

Color Defect Demonstration and Measurement in Milk and Cheese 

We selected 2 blue- or gray-pigmented isolates and 1 yellow-pigmented 

isolate for more detailed analysis of color defects produced in milk and on cheese. All 

3 isolates were inoculated into filled and half-filled containers of pasteurized, 

homogenized, 2% milk followed by incubation at 6°C for 14 d. Milk from full 

containers that were inoculated with FSL E2-0548 or FSL W5-0203 were not 

substantially different in L*a*b* coordinates from uninoculated milk in half-full or full 

containers, or from milk inoculated with the control strain FSL W5-0299 in half-full or 

full containers. This indicated no detectable color change (Figure 5.4a). However, 

half-full containers inoculated with FSL E2-0548 and FSL W5-0203 exhibited 

decreased values in L*a*b* relative to the uninoculated half-full container control. 

These decreased values indicated that these samples were darker, greener, and less 
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yellow than the uninoculated negative control sample. Only small differences existed 

between the L*a*b* coordinates of FSL E2-0548 and FSL W5-0203, but all coordinate 

values were numerically lower for FSL E2-0548 than they were for FSL W5-0203. Half-

full and full containers of milk inoculated with these 3 Pseudomonas isolates showed 

SPC between 7.3 and 8.5 log cfu/mL after 14 d of incubation (data not shown). All 

isolates reached a higher plate count in half-filled containers than they did in full 

containers, and the population difference between full and half-full containers 

ranged from 0.3 to 1.1 log cfu/mL. The SPC of the full and half-full uninoculated 

control containers did not increase over the 14 d of incubation. 
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Figure 5.4. Color (expressed as L*a*b* coordinates; L* = lightness, a* = red-green 
color, b* = yellow-blue color) of (A) pasteurized fluid milk after inoculation with 
pigment-associated strains of Pseudomonas and incubation at 6°C for 14 d, and (B) 
mozzarella-style cheese after inoculation with pigment-associated strains of 
Pseudomonas and incubation at 6°C for 7 d. 
 

When the same 3 isolates were inoculated onto the surface of mozzarella-

style cheese followed by incubation at 6°C for 2 d, blue pigment was present on the 

cheeses inoculated with FSL E2-0548 and FSL W5-0203 when viewed under white 

light, and the pigmented areas fluoresced under UV light (Figure 5.5). The cheese 

inoculated with the control strain FSL W5-0299 and the uninoculated (negative 
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control) cheese showed no visible pigmentation under white light and did not 

fluoresce under UV light after 2 d. After 7 d of incubation, dark gray-blue 

pigmentation was visible on the cheeses inoculated with FSL E2-0548 and FSL W5-

0203 under white light, but only the pigmented areas on the cheese inoculated with 

FSL W5-0203 fluoresced under UV light. The cheese inoculated with FSL W5-0299 had 

a yellow pigment after 7 d of incubation, and the pigmented areas fluoresced under 

UV light. 
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Figure 5.5. Photographs under white and UV light of pigment-associated 
Pseudomonas isolates inoculated onto mozzarella-style cheese and incubated at 6°C 
for 2 and 7 d. Red dashed lines represent the areas in each image from d 7 that were 
selected for color analysis (results in Figure 5.4). 
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The pigmented regions of photographs of the cheese inoculated with FSL E2-

0548 and FSL W5-0203 both exhibited decreased values of L*a*b* when compared 

with the negative control, indicating that they were darker, greener, and less yellow 

than the control cheese (Figure 5.4b). Cheese inoculated with FSL E2-0548 was lower 

in L* and b* and higher in a* than cheese inoculated with FSL W5-0203, indicating 

that FSL E2-0548 produced a pigment that was darker, less green, and bluer than that 

produced by FSL W5-0203. The pigmented regions of cheese inoculated with FSL W5-

0299 exhibited a decreased value of L* and increased values of a* and b* compared 

with the negative control, indicating that they were darker, redder, and yellower 

than the control cheese. 

 

WGS Metrics 

The WGS of the 9 isolates yielded genomes that ranged from 5,026,339 bp 

(FSL W7-0098) to 7,139,722 bp (FSL W5-0299; Table 5.2). The GC content ranged 

from 58.3% to 62.6%. The average coverage achieved was lowest for FSL E2-8864 

with 23× and highest for FSL W5-0203 with 177×. The number of contigs in the final 

high-quality draft genomes ranged from 35 (FSL W7-0098) to 260 (FSL E2-0548), and 

the N50 (defined as a weighted median statistic such that 50% of the entire assembly 

is contained in contigs or scaffolds of a length equal to or larger than this value) 

ranged from 74,043 bp (FSL E2-0548) to 194,733 bp (FSL R5-0199). 

 

Phylogenetic Analysis of 16S rDNA Sequences 
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Initial phylogenetic characterization of the 6 Pseudomonas isolates previously 

linked to blue or gray color defects in dairy products and that were characterized by 

the initial tests on PDA and in fluid milk showed that these isolates represented 2 

distinct clusters in a 16S rDNA phylogenetic tree (Supplemental Figure S5.2; 

https://doi.org/10.3168/jds.2018-16192). Of these isolates, 4 (FSL W5-0203, FSL E2-

8864, FSL R10-2514, and FSL E2-0548) represented a monophyletic clade that 

clustered with the 16S rDNA sequence for the P. azotoformans type strain. The other 

2 isolates previously linked to blue or gray color defects in dairy products (FSL R10-

3386 and FSL R10-3389) also clustered together but were very distinct from the clade 

described above and formed a monophyletic clade with the P. putida type strain. Low 

bootstrap support (<15%) was generally achieved throughout the tree, which 

suggests that the 16S sequences may not provide enough resolution to clearly 

delineate Pseudomonas species, including among the isolates characterized here. 

The 3 control isolates, which had not been linked to blue or gray color defects 

and were included in our WGS to allow for comparative genomics approaches, were 

also included in the 16S rDNA phylogeny. Among these 3 isolates, FSL R5-0199 

grouped into the same monophyletic clade that included the P. azotoformans type 

strain and the 4 Pseudomonas isolates previously linked to blue or gray color defects 

in dairy products. The other 2 control isolates clustered separately from each other 

and from the other 7 isolates characterized here. The closest relatives of FSL W7-

0098 were P. fragi and P. psychrophila, whereas FSL W5-0299 did not cluster with 

any of the Pseudomonas type strains included in the Ribosomal Database Project. 
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ANIb Data Analysis and Clustering 

To facilitate better species classification than is possible with 16S rDNA data 

alone, we constructed an ANIb dendrogram using WGS data (Figure 5.6). This 

dendrogram confirmed that the 6 Pseudomonas isolates previously linked to blue or 

gray color defects in dairy products represented 2 distinct groups. The 4 newly 

sequenced pigment-forming isolates that grouped with P. azotoformans based on 

16S rDNA sequence data grouped with (1) the P. lactis type strain (the most closely 

related type strain based on ANIb data); (2) our control strain FSL R5-0199; (3) 2 

other European strains (Ps_22 and Ps_77) previously reported to cause blue color 

defects in food; and (4) 2 European strains (Ps_20 and Ps_40) that had not been 

shown to cause blue color defects when inoculated into cheese. However, the ANIb 

dendrogram also indicated that this group of 10 isolates represented 2 clusters: 

cluster I with 4 isolates (including the P. lactis type strain DSM 29167) that were all 

within a pairwise ANIb of >95.2%, and cluster II with 6 isolates (all within a pairwise 

ANIb of >95.0%) that further separated into 2 distinct subclusters (IIa and IIb) of 3 

isolates each. In subcluster IIa, pigmented isolate FSL E2-0548 clustered closely with 

Italian isolates Ps_20 and Ps_22 (unpigmented and pigmented, respectively; ANIb 

>98.2%). Notably, FSL E2-0548 and Ps_22 shared >99.7% ANIb. In subcluster IIb, FSL 

W5-0203 (pigmented) and FSL R5-0199 (unpigmented) clustered closely with each 

other and with the pigmented isolate Ps_77 from the United Kingdom (ANIb >98.7%). 

In cluster I, the pigmented isolates FSL E2-8864 and FSL R10-2514 clustered with the 
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unpigmented Italian isolate Ps_40 and with the unpigmented type strain P. lactis 

DSM 29167 (ANIb >95.2%). The 9 non-type strain isolates from clusters I and II had 

ANIb ranging from 94.2 to 95.9% with the type strain Pseudomonas lactis DSM 

29167, and they therefore fell close to the lower bound of the suggested average 

nucleotide identity for species delineation of 95 to 96% (Richter and Rosselló-Móra, 

2009). The ANIb of these 9 isolates with the type strain P. azotoformans (the closest 

match in the 16S rDNA phylogenetic tree) ranged from 86.7 to 87.1%, and the ANIb 

with the type strain P. fluorescens DSM 50090 ranged from 86.4 to 86.8%. To 

determine whether or not the isolates from clusters I and II would have been 

identified as P. lactis had its 16S rDNA sequence been included in the Ribosomal 

Database Project, we constructed a second 16S rDNA maximum-likelihood tree using 

the 5 newly sequenced isolates from clusters I and II, the 7 Pseudomonas type strains 

from the Ribosomal Database Project that clustered with the newly sequenced 

isolates, and P. lactis DSM 29167 (Supplemental Figure S5.3). P. lactis DSM 29167 

clustered more closely with the newly sequenced isolates than the P. azotoformans 

type strain, indicating that the 5 newly sequenced isolates were more closely related 

to P. lactis than to P. azotoformans by 16S rDNA as well. A maximum parsimony tree 

constructed using the pan-genome SNPs from the isolates in clusters I and II 

supported the groupings of the ANIb dendrogram with more resolution 

(Supplemental Figure S5.4).
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Figure 5.6. Dendrogram of the whole-genome-sequenced Pseudomonas isolates 
generated using the whole-genome average nucleotide identity by basic local 

alignment search tool (ANIb) distance matrix. Newly sequenced isolates are in bold 
text, and isolates known to produce a gray or blue pigment are in blue text. The red 

vertical line represents 95% ANIb, and the numbers along the horizontal axis 
represent pairwise nucleotide distance. Clusters and subclusters identified in the 

Pseudonomas fluorescens group are denoted using curly braces. 
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Supplemental Figure S5.3. 16S rDNA maximum-likelihood phylogenetic tree of 5 
newly sequenced Pseudomonas isolates, the Pseudomonas type strains from the 
Ribosomal Database Project that they cluster with, and the type strain P. lactis DSM 
29167. Newly sequenced isolates are in bold text, and isolates demonstrated to 
produce a blue or gray pigment are in blue text. The scale bar indicates the number 
of nucleotide substitutions per site. 
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Supplemental Figure S5.4. Pan-genome SNP maximum parsimony tree of pigmented 
and unpigmented Pseudomonas cf. lactis strains. The scale bar indicates branch 
length, expressed as the number of SNP changes per total number of SNPs identified 
by the kSNP analysis. Proportions of 1,000 bootstrap replicates are displayed at the 
nodes. Newly-sequenced isolates are in bold text, and isolates demonstrated to 
produce a blue or gray pigment are in blue text. 
 

The ANIb dendrogram also confirmed that 2 additional Pseudomonas isolates 

previously linked to blue or gray color defects clustered closely to P. putida 

(consistent with the 16S rDNA-based clustering). Isolates FSL R10-3386 and FSL R10-

3389 clustered very closely with each other (ANIb >99.9%) and showed an ANIb of 

94.7% relative to the type strain P. putida NBRC 14164, which places these isolates 

close to the lower bound for species delineation. 
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Genes Associated with the Gray Color Defect in Milk and the Blue Color Defect in 

Cheese 

We used subtractive genomics to identify genes that were specifically present 

in the 4 newly sequenced P. cf. lactis isolates (FSL E2-0548, FSL W5-0203, FSL E2-

8864, and FSL R10-2514) and in the 2 newly sequenced P. putida isolates (FSL R10-

3386 and FSL R10-3389) but missing from the other 3 newly sequenced isolates (FSL 

W7-0098, FSL R5-0199, and FSL W5-0299). We identified 18 genes using this 

approach (Supplemental Table S5.2). Among these, 14 genes (including trpA, trpB, 

trpC, trpD, and trpF) were in the same locus and were annotated with functions 

mainly associated with the tryptophan biosynthesis pathway. An additional 2 genes 

were found in this locus only among the 4 pigmented P. cf. lactis isolates and were 

not found in the 2 pigmented P. putida isolates. The genes in the trpABCDF operon 

are involved in all reactions carried out in the tryptophan biosynthesis pathway, 

beginning from anthranilate (Figure 5.7). Interestingly, further analyses found that 

these 5 genes showed homology to 5 divergent genes, present in all genomes 

analyzed, where they are separated into 3 distinct loci containing 2 (trpAB), 1 (trpF), 

and 2 (trpCD) genes. Also present in the 6 pigmented isolates sequenced here and 

absent in the unpigmented isolates were genes encoding toxin and antitoxin proteins 

(ChpB-ChpS) and an l-homoserine lactone exporter (rhtB). 

 



228 

Supplemental Table S5.2. Genes identified as present in the 6 pigmented isolates 
and absent from the 3 non-pigmented isolates 

Gene Function Loci (FSL E2-
0548) 

wbpA UDP-N-acetyl-D-glucosamine 6-
dehydrogenase 

FSL_ E2-
0548_02093 

trpD Anthranilate phosphoribosyltransferase FSL_ E2-
0548_02094 

trpF N-(5'-phosphoribosyl)anthranilate isomerase FSL_ E2-
0548_02095 

trpA Tryptophan synthase alpha chain FSL_ E2-
0548_02096 

trpB Tryptophan synthase beta chain FSL_ E2-
0548_02097 

group_6931 hypothetical protein FSL_ E2-
0548_02098 

gfo Glucose--fructose oxidoreductase FSL_ E2-
0548_02099 

yjmC putative oxidoreductase YjmC FSL_ E2-
0548_02100 

lysK [LysW]-lysine hydrolase FSL_ E2-
0548_02101 

iolE Inosose dehydratase FSL_ E2-
0548_02102 

wbpE UDP-2-acetamido-2-deoxy-3-oxo-D-
glucuronate aminotransferase 

FSL_ E2-
0548_02103 

wbpE UDP-2-acetamido-2-deoxy-3-oxo-D-
glucuronate aminotransferase 

FSL_ E2-
0548_02104 

trpC Indole-3-glycerol phosphate synthase FSL_ E2-
0548_02106 

rhtB Homoserine/homoserine lactone efflux 
protein 

FSL_ E2-
0548_02108 

chpB Endoribonuclease ChpB FSL_ E2-
0548_02131 

chpS Antitoxin ChpS FSL_ E2-
0548_02132 

prtR hypothetical protein FSL_ E2-
0548_02218 

group_14448 tRNA-Lys(ttt) FSL_ E2-
0548_05245 
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Figure 5.7. The putative roles of accessory tryptophan biosynthesis genes found in 
Pseudomonas isolate FSL E2-0548 in the tryptophan and indigo biosynthetic 
pathways. All pigmented Pseudomonas isolates possessed these accessory genes. 
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Evolution of Genes Involved Both in Tryptophan Biosynthesis and Indigo 

Biosynthesis 

As was indicated by our own data from the preceding section and by a 

previous study on 2 Pseudomonas isolates linked to a blue color defect in food 

products (Andreani et al., 2015a), there appears to be a linkage between blue or gray 

color phenotypes and the presence of genes encoding part of the tryptophan 

biosynthesis pathway. The 8 pigmented isolates, FSL E2-8864, FSL R10-2514, FSL E2-

0548, FSL W5-0203, FSL R10-3386, FSL R10-3389, Ps_22, and Ps_77, harbored 2 

copies of trpA, trpB, trpC, trpD, and trpF; the other 5 isolates, which showed no color 

defect, harbored 1 copy of each gene. Maximum-likelihood trees created from 

multiple alignments of the predicted amino acid sequences of the genes showed that 

1 of the 2 copies of the trpA, trpB, trpC, trpD, and trpF genes from all 8 of the 

pigmented isolates clustered together (Figures 5.8a–e). To differentiate the 2 distinct 

copies of these genes, we designated the trp genes found in all isolates as trpA-1 

through trpF-1, and we designated the trp genes found only in the pigmented 

isolates as trpA-2 through trpF-2. We did not include Ps_22 in the trpB tree because 

its trpB-2 sequence was incompletely sequenced in the previously published Ps_22 

genome (Andreani et al., 2015a); trpA-2, trpC-2, trpD-2, and trpF-2 for Ps_22 

clustered with the remaining 7 pigmented isolates as detailed below. With this 

exception, in all 5 gene trees, 1 copy of each gene consistently grouped the 8 

pigmented isolates together in a cluster consisting of 1 branch (trpD-2) or 2 branches 

(trpA-2, trpB-2, trpC-2, and trpF-2). In cases of 2 branches, 1 branch consisted of P. cf. 
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lactis isolates FSL E2-8864, FSL R10-2514, FSL E2-0548, FSL W5-0203, Ps_22, and 

Ps_77, and 1 branch consisted of P. putida isolates FSL R10-3386 and FSL R10-3389. 

For trpA-1, trpB-1, trpC-1, trpD-1, and trpF-1, all of which were found in all 13 

isolates, the genes for pigmented and unpigmented isolates did not represent 

separate clusters.
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Figure 5.8. Phylogeny of proteins encoded by (a) trpA, (b) trpB, (c) trpC, (d) trpD, and 
(e) trpF involved in tryptophan biosynthesis from all newly sequenced Pseudomonas 
isolates and in previously sequenced isolates Ps_20, Ps_22, Ps_40, and Ps_77. The 
maximum-likelihood trees are drawn to scale, with branch lengths and the scale bar 
measured in the number of AA substitutions per site. Isolate names in blue text have 
been shown to produce gray or blue pigment. Curly braces have been used to 
identify phylogenetic clusters.
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Hidden Markov Models 

We ran hidden Markov models for 13 protein families or domains on the 

translated protein-coding sequences from the whole genome sequences of each of 

the 9 newly sequenced Pseudomonas isolates. We found significant evidence using 6 

of the models for the presence of protein families or domains associated with 

pyocyanin, tryptophan, and plastocyanin copper-binding proteins in all 9 genomes 

tested, whether from pigmented or unpigmented isolates. We found a lack of 

evidence for the presence of 5 other protein families or domains that were 

associated with pyoverdine, indigoidine, or violacein biosynthesis in all 9 tested 

genomes. The remaining 2 models, a protein family encoding the N-terminal of a 

protein putatively involved in pyoverdine biosynthesis (HpaB) and a protein domain 

encoding membrane-bound blue copper proteins (CopC), were present in 1 or more 

predicted proteins for 7 of the 9 isolates (P. putida isolates FSL R10-3386 and FSL 

R10-3389 were missing these predicted proteins). Overall, the hidden Markov models 

failed to detect any protein families or domains associated with pigment production 

that were present only in the pigmented isolates and absent in the unpigmented 

isolates. Corroborating the results found in the comparative genomics analysis, 2 

copies of predicted tryptophan biosynthesis domain Trp_syntA were found in 

pigmented isolates, whereas only 1 copy was found in unpigmented isolates. 

 

Discussion 

A Diversity of Pseudomonas Can Cause Gray Defects in Fluid Milk 
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The Pseudomonas spp. that can cause either a gray color defect in milk or a 

blue color defect in cheese can represent at least 2 very distinct taxonomic groups, 

including (1) a group that we can currently classify as P. cf. lactis [we used the 

designation cf. (confer) because these isolates are closely related to the P. lactis type 

strain but border the currently accepted cutoff for speciation by whole genome 

average nucleotide identity] and (2) a group that we can likely classify as P. putida. 

These findings illustrate the improved ability of taxonomic and species classification 

when using WGS data compared with using 16S rDNA data, which have not allowed 

for reliable classification of Pseudomonas isolates in several studies (Gomila et al., 

2015; Garrido-Sanz et al., 2016; Peix et al., 2018). 

Members of the group of 6 pigmented P. cf. lactis isolates sequenced 

previously and in this work had been reported as P. azotoformans (Evanowski et al., 

2017), P. fluorescens biovar IV (Martin et al., 2011), and P. fluorescens (Andreani et 

al., 2015a). Based on ANIb analysis of WGS data, our data clearly support the concept 

that these isolates form a single group of related strains that likely represent a single 

species or perhaps 2 closely related species. Specifically, this group includes 9 total 

isolates along with the P. lactis type strain, with overall pairwise ANIb of ≥94% 

(slightly below the species cutoff of 95%). Separation of this overall group into 2 

clusters yielded cluster I with 3 isolates (along with the P. lactis type strain) and 

cluster II with 6 isolates. Each cluster had pairwise ANIb values of >95.0%. Although 

one could argue that cluster II represents a new species (when applying the 

previously proposed 95% cutoff as a strict rule), we elected to classify all 9 isolates as 
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a single species (P. cf. lactis), at least for the time being, allowing for collection and 

characterization of additional isolates and generation of further data before making a 

taxonomic proposal that contributes to the already rapidly expanding number of new 

Pseudomonas spp. Previous studies that classified isolates in this group to the species 

level did not use WGS data for classification. For example, our group reported that, 

based on 16S rDNA data, a Pseudomonas isolate that caused a gray defect in milk 

(FSL E2-0548) could be classified as P. azotoformans (Evanowski et al., 2017). This 

finding is consistent with the 16S data analysis we have reported here, but the ANIb 

data generated for this study showed that this isolate had only 86.8% similarity to the 

P. azotoformans type strain and 94.2% similarity to the P. lactis type strain and 

classified it into P. lactis cluster II. Similarly, our group used 16S rDNA sequence data 

to classify a single isolate obtained from blue-pigmented cheese (FSL W5-0203) as P. 

fluorescens biovar IV (Martin et al., 2011), whereas it showed only 86.9% ANIb 

similarity to the P. fluorescens type strain. An Italian group also previously reported 

whole genome sequences for 2 isolates (Ps_22 and Ps_77) that caused blue color 

defects in cheese as well as 2 closely related isolates (Ps_20 and Ps_40) that did not 

cause this type of defect (Andreani et al., 2015a). These 4 isolates were classified into 

the P. fluorescens group without reporting a more specific species classification. The 

WGS data analyses we have reported here support the idea that P. lactis, which was 

first reported in 2017 (von Neubeck et al., 2017), represents a species that includes 

several distinct strains that can cause blue or gray color defects in dairy products. 

Several Pseudomonas species have been linked to the spoilage of dairy products, but 
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identification of P. lactis isolates in products or processing environments may 

indicate an enhanced risk of color defects. It is, however, important to note that 

many currently used species classification approaches for Pseudomonas may not 

correctly identify a given isolate as P. lactis (e.g., as of December 5, 2018, a P. lactis 

16S sequence was not included in the Ribosomal Database Project) and may 

misidentify P. lactis isolates as closely related species including, but not limited to, P. 

azotoformans. 

Interestingly, we also found 2 isolates that caused a color defect when 

inoculated into milk, did not cause a color defect on PDA, are not closely related to P. 

lactis, and likely represent the species P. putida. These 2 pigmented isolates were 

very closely related to each other and showed an ANIb similarity of 94.7% to the P. 

putida type strain. Importantly, this clarifies that Pseudomonas strains closely related 

to P. putida are also able to cause blue or gray color defects in dairy products. 

Interestingly, these 2 historical isolates were described by Hammer (1914), who 

investigated an “outbreak” of blue milk in Iowa and originally identified these isolates 

as Bacillus cyanogenes. Bacillus cyanogenes was later reclassified as Pseudomonas 

syncyanea or P. cyanogenes (Hammer, 1957), but neither of these species is present 

in the most recent edition of Bergey's Manual (Palleroni, 2015). In addition, the 2 

isolates characterized here were submitted to the USDA Agricultural Research Service 

Culture Collection by B. W. Hammer under the names P. mildenbergii and P. 

cyanogena, but these species do not appear in the current Bergey's Manual either 

(Haynes, 1961; Palleroni, 2015). The collection currently lists these isolates as P. 
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putida (USDA Agricultural Research Service, 2018), and we verified that this 

classification is accurate by WGS. Overall, our findings indicate that a larger diversity 

of Pseudomonas species than is generally assumed can cause color defects in dairy 

products, and they illustrate the value of accessible long-term strain collection 

maintenance. 

 

Some Pseudomonas Strains Can Cause Both Gray Color Defects in Milk and Blue 

Color Defects on Cheese 

Through inoculation and WGS experiments involving isolate FSL E2-0548 from 

fluid milk and isolate FSL W5-0203 from cheese, we demonstrated that these 2 

isolates are both closely related to each other and are able to produce color defects 

in dairy products other than those from which they originated (i.e., FSL E2-0548 

produced blue pigment on cheese and FSL W5-0203 produced gray pigment in milk). 

This inoculation experiment, along with the >99.7% ANIb shared between pigment-

producing isolates FSL E2-0548 (milk) and Ps_22 (cheese), strongly suggests that 

many blue- or gray-pigment-producing Pseudomonas associated with dairy foods 

should be able to produce pigment defects in multiple dairy products. The reason 

why fluid milk appears gray when contaminated with these Pseudomonas whereas 

cheese turns blue is relatively unexplored, but is supported by historical reports. A 

gray color in milk similar to what we observed was reported by Duckwall (1905) and 

by Hammer (1914) when samples of sterilized milk were inoculated with their 

respective isolates of blue-pigmented Pseudomonas. Both authors observed blue 
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pigment in their Pseudomonas-inoculated sterilized milk when the milk was acidified 

— chemically in the case of Duckwall, and when cocultured with lactic acid bacteria 

in the case of Hammer. The efficacy of both approaches to acidification suggests that 

pH, rather than other fermentation-related changes in the milk, determines the 

ultimate appearance of the pigment. It is likely that modern high-temperature short-

time pasteurized milk appears gray when contaminated due to its near-neutral pH 

and its low prevalence of lactic acid bacteria that reach spoilage levels (i.e., reduce 

the pH) over shelf life (Reichler et al., 2018). By extension, it could be surmised that 

blue, rather than gray, pigment was produced on mozzarella cheese by these 

Pseudomonas because of the acidification of the cheese during production, having 

much the same effect as has been reported in fluid milk. Other potential explanations 

for the differences in the color produced in milk and on cheese are that multiple 

pigments are produced, that the pigment is altered after its synthesis, and that the 

perceived color of the pigment or pigments depends on environmental conditions 

other than pH (e.g., nutrients, oxygen). 

Importantly for the dairy industry, isolates associated with blue or gray 

pigment defects have been isolated from dairy and other food products both in the 

United States and throughout the European Union, including Great Britain, Spain, 

Germany, and Italy (Andreani et al., 2015b; del Olmo et al., 2018). The occurrence of 

these strains in global regions that are noteworthy, even famous, for their dairy 

products leaves open the risk of future high-profile mass spoilage events similar to 

what occurred in Italy in 2010 (Greenhalgh, 2010). In the United States, we have 
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heard anecdotally that periods of contamination at dairy processing facilities have led 

to increased levels of consumer complaints due to gray pigment defects in fluid milk. 

Because even a single spectacularly spoiled unit of product has the potential to cause 

damage to a brand if disseminated in photographs or videos via social media, it is 

imperative that producers of fresh, uncultured milk and cheese products take the 

necessary precautions to prevent postpasteurization contamination with pigment-

producing Pseudomonas. Such precautions include the implementation or 

improvement of sanitation standard operating procedures, preventive maintenance 

protocols, and employee training. 

It is important to note that the gray pigmentation in milk does not result from 

an unrealistically large population of Pseudomonas. In our study, the gray color 

defect was observed in milk that reached approximately 8 log cfu/mL. This level of 

Pseudomonas can realistically be achieved in commercial fluid milk over 21 d of 

storage at refrigeration temperatures, particularly under conditions of slight 

temperature abuse. For example, Reichler et al. (2018) observed that milk 

contaminated with Pseudomonas at the processing facility showed an average SPC of 

8.23 log cfu/mL after 21 d of storage at 6°C. 

 

Tryptophan and Indigo Biosynthesis Genes Are Likely Associated with the 

Formation of Color Defects in Foods by Pseudomonas spp. Strains 

Our comparative genomics analysis identified only 18 genes that were 

present in all 6 genomes associated with the gray color defect in fluid milk and 
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absent in all 3 genomes not associated with this color defect. Among those genes, 14 

were clustered in a single locus that had been previously found in a European 

Pseudomonas isolate that produced a blue color defect in mozzarella cheese 

(Andreani et al., 2015a). Interestingly, the 16 genes of this locus reported by 

Andreani et al. were present in all of our newly sequenced P. cf. lactis isolates, but 

only 14 genes were detected in the newly sequenced P. putida isolates. This may be 

because of extensive evolutionary divergence between the P. cf. lactis isolates and 

the P. putida isolates, or it may represent either the gain of these 2 genes by the 

ancestor of the P. cf. lactis isolates or the loss of them by the ancestor of the P. 

putida isolates. This locus includes 5 genes that encode for proteins involved in the 

tryptophan biosynthesis pathway. All Pseudomonas shown to produce the gray color 

defect in fluid milk or the blue color defect in cheese present 2 copies of these 5 

genes, whereas Pseudomonas that do not produce either of these color defects 

harbor a single copy of the genes. Interestingly, our data are consistent with the 

previous suggestion (Andreani et al., 2015a) that this second tryptophan operon copy 

may have been transferred horizontally across a diverse population of Pseudomonas, 

resulting in its presence in 2 distinct Pseudomonas groups. The horizontal gene 

transfer hypothesis is supported by the observation that the genes in the second 

copy of this operon, which is present only among pigmented isolates, are 

phylogenetically closely related and show much lower nucleotide diversity than the 

copies present in all Pseudomonas. Interestingly, indole is produced during 

tryptophan biosynthesis, which can then be converted into indigo or an indigo-like 
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molecule (which typically exhibit a color that is close to blue) in a reaction that is 

oxygen-dependent (Ensley et al., 1983). The oxygen dependence of the indigo 

production, combined with the observation that the gray color defect was only 

observed in half-empty containers of fluid milk (which leads to increased oxygen 

exposure) and previous reports that the defect often showed up as a ring on the milk 

surface, makes it highly plausible that this indigo reaction is responsible for the 

production of the gray milk defect. Functionally, an additional tryptophan operon 

may be regulated in a way that facilitates tryptophan synthesis in refrigerated fluid 

milk, whereas the broadly distributed operon is not expressed in milk. Further 

experimental work is needed to test this hypothesis. Another alternative hypothesis 

that could be tested experimentally is that the second horizontally transferred trp 

operon encodes proteins with enhanced activity in a dairy environment or at low 

temperatures. In addition to the 5 genes encoding enzymes involved in tryptophan 

biosynthesis, the locus specifically present in the pigmented isolates also included 

the gene rhtB, which encodes for an l-homoserine and l-homoserine lactone 

exporter. Because l-homoserine lactone has been shown to function as a quorum-

sensing molecule (i.e., its presence in the environment signals that a high population 

density has been reached; Zakataeva et al., 1999; Dunstall et al., 2005), it is possible 

that it serves as a signal for biosynthesis of the pigment as the cell density reaches a 

minimum threshold. No other gene within the locus appears to be involved in gene 

regulation. 

We also tested the hypothesis that all strains that produce gray milk or blue 
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cheese could express specific blue or gray pigments other than indigo. This 

hypothesis was considered appropriate, because several other blue or violet 

pigmented molecules have been described in Pseudomonas (e.g., pyocyanin, 

indigoidine relatives, hydroxamic acids, blue copper proteins; Cha and Cooksey, 1991; 

Budzikiewicz, 2010; Palleroni, 2015). Although hidden Markov model searches 

identified several genes that were predicted to encode pathways for potential blue 

or gray pigments, none of these was specifically associated with the strains that 

caused the gray milk pigment defects. For example, although genes involved in 

pyoverdine biosynthesis were found among the genomes of the pigmented isolates, 

these genes were also found among the genomes of the unpigmented isolates. Of 

note, however, no models existed for hydroxamic acid or hydroxamate biosynthesis, 

and hydroxamates are known for their pH-dependent formation of reddish-brown to 

purple complexes with iron (Neilands, 1967). Hydroxamates have been reported both 

in P. fluorescens group isolates (Shirahata et al., 1970; Philson and Llinás, 1982) and 

in P. mildenbergii (Hulcher, 1982), a currently invalid species that once included our 2 

historical P. putida isolates. 

 

Closely Related Pseudomonas cf. lactis Isolates that Cause Near-Identical Color 

Defects on Cheese and in Milk Differ in Their Color Phenotypes on PDA 

Our analyses identified the duplication of a tryptophan biosynthesis operon as 

a likely mechanism linked to the gray milk and blue cheese defects, but we also found 

that the Pseudomonas isolates we tested caused several different color phenotypes 
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when grown on PDA at 6°C, even though they showed the same phenotype when 

inoculated in milk incubated at 21°C. For example, isolate FSL E2-0548, which 

originated from gray milk but also produced a blue pigment on cheese, produced a 

reddish-brown pigment on PDA after 5 d of incubation at 6°C. On the other hand, 

isolate FSL W5-0203 produced a blue pigment on both cheese and PDA. The 

difference in pigmentation on PDA compared with cheese and milk, as well as the 

diversity of color phenotypes on PDA, may be attributed to several, not necessarily 

mutually exclusive, causes, including (1) production of additional or different 

pigments on PDA; (2) different color appearance of a given pigment on cheese and 

PDA due to compositional differences (e.g., pH); (3) production of a supplemental 

factor that either stabilizes or degrades the pigment on PDA; or (4) strains differing in 

their ability to alter their growth environment in different media (e.g., acid 

production from glucose), resulting in different visible colors. Some of these 

hypotheses have been raised by previous papers (Duckwall, 1905; Hammer, 1914; 

Andreani et al., 2015b) that reported expression of gray and brown pigments by blue-

pigment-producing Pseudomonas strains grown on agar plates. These authors 

suggested that these observations could be due to additional pigments being 

produced or to the blue pigment being altered upon exposure to oxygen. In our 

experiments, the hypothesis that oxygen exposure is responsible for the alteration of 

the pigment from blue to brown did not seem relevant, because both cheese (where 

a blue color was observed) and PDA (where a gray color was observed) were held 

without immersion in brine or other liquid in unsealed Petri dishes with ample 
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oxygen exposure. Additionally, other isolates have been reported to change color 

from blue to gray or brown over the course of incubation (Andreani et al., 2015b), 

but this was not the case for FSL E2-0548, which never exhibited blue pigment on 

PDA media, or for FSL W5-0203, which has been observed to produce only a stable 

blue pigment (Martin et al., 2011). 

The hypothesis that the color-producing Pseudomonas strains studied here 

produce additional pigments on PDA seemed initially attractive, but hidden Markov 

model searches did not identify any pigment production pathways that could explain 

our findings. However, the available hidden Markov models are unlikely to identify all 

pigment pathways that may be responsible for the different color phenotypes 

observed. The hypothesis that a given pigment may show different color on cheese 

and PDA is supported by historical publications that indicate that lower pH (as found 

in cheese) has been reported to enhance blue pigmentation in dairy spoilage 

Pseudomonas (Hammer, 1914; Mildenberg, 1922). With respect to the hypothesis 

that a supplemental factor could stabilize or degrade color formed in dairy or PDA, it 

is possible that the citric acid used to acidify the milk for cheesemaking exerts a 

protective role on the blue pigment, because citric acid is known to inhibit enzymatic 

browning in fruits and vegetables and to chelate metal ions that could directly 

catalyze oxidative reactions of pigments or act as enzymatic cofactors (Lindsay, 1996; 

Whitaker, 1996; Brady, 2013). Interestingly, historical reports also suggested that 

increasing amounts of glucose (which is a major ingredient of PDA) create more 

intense pigments without acid production in blue-pigment-producing Pseudomonas 
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(Duckwall, 1905; Hammer, 1914); however, mechanisms of this color intensification 

have not been reported or explored and could be multifold. UV fluorescence 

disappeared from the cheese inoculated with FSL E2-0548 between d 2 and 7 of 

incubation, whereas fluorescence remained after 7 d for the cheese inoculated with 

FSL W5-0203. This difference suggests that the blue pigment and the fluorescent 

pigment are mutually exclusive, and that some factor differs between these 2 isolates 

that may explain the colors of the isolates on PDA. Overall, our findings, as well as 

the previous literature referenced in this section, clearly indicate that production of 

pigments and color by Pseudomonas present in dairy products is complex and may 

involve several pathways that directly and indirectly relate to color formation. 

Although control of color defects will not necessarily require future research into 

relevant pigment formation pathways, this type of future research will likely provide 

insights that could be used to help enhance rapid detection of color-producing 

Pseudomonas (e.g., through molecular methods targeting appropriate genes or 

through media that facilitate and enhance color production) or prevent color 

formation in dairy products (e.g., through inhibitors of pigment production 

pathways). 

 

Conclusions 

Our findings, combined with those of other studies conducted mainly in Italy, 

show that a range of Pseudomonas strains are likely able to cause visual color defects 

in dairy products that could result in their broadcast via social media. One may argue 
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that control of these types of visually apparent spoilage issues is simple and only 

requires prevention of any post-kill step recontamination, but this may not be 

practically achievable considering that, in theory, contamination of a large volume of 

milk (e.g., 1 US gallon, slightly less than 4 L) with a single viable cell of Pseudomonas 

is sufficient to allow for the gray color defect to occur over a 21-d shelf life under 

slightly abusive conditions. Therefore, further development of detection methods to 

rapidly identify pigmented Pseudomonas that could cause color defects is important. 

In this context, our finding that certain P. putida strains cause color defects in milk 

without showing coloration on plating media (e.g., PDA) is highly relevant, because 

classical microbiological methods may not easily detect these strains. Fortunately, 

our data provide molecular targets, such as the accessory tryptophan biosynthesis 

genes (e.g., trpD), that could be used to develop initial molecular tests for the 

identification of color-producing Pseudomonas that belong to both P. putida and P. 

cf. lactis. 
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CHAPTER 6 

 

CONCLUSIONS 

 

 As I reach the end of my PhD and the end of this dissertation, I’m once again 

struck by the feeling that I’ve accomplished very little that is novel. Just as was done 

by researchers in decades past, I used newly developed tools to generate novel data 

and produce minor advances in our knowledge of well-known problems that have 

plagued Dairy Microbiology for over a century. Such is the iterative nature of 

research. I am reminded of a biblical quote which I believe applies not only to this 

thesis, but to all the experiences of life:  

What has been will be again, and what has been done will be done again; 

there is nothing new under the sun (Ecclesiastes 1:9). 

As I believe is always the case with scientific research, I have many more questions 

now than I did when I set out on this academic path. As famously stated by Albert 

Einstein, “The more I learn, the more I realize how much I don't know.” 

 To provide effective, realistic, and evidence-based guidance to dairy 

processors, we will need to learn much more about the underlying causes of PPC and 

the mechanisms allowing for it to occur. The diversity of unique bacterial strains 

contaminating fluid milk, even within a single facility, is astounding. We know 

practically nothing yet about how these bacteria enter the dairy plant or where they 

reside therein. Modern tools, such as shotgun metagenomics, may have the potential 
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to answer some of these questions, but will invariably raise many others that we 

cannot anticipate and are not yet capable of answering. So it goes. 

 The challenges already facing the dairy industry have been recently 

compounded by the mounting and extraordinary challenges facing global civilization. 

Pandemics, climate change, economics, and the changing human diet all threaten the 

millennia-old agricultural practices of dairy farming and dairy food production. These 

challenges are much larger than those posed by dairy spoilage, and require much 

more drastic, creative, and transformative solutions. I’m excited to witness what the 

future holds. 


