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Spore forming bacteria continue to be a source of concern for dairy processors mostly for their 

spoilage and less frequently for their pathogenic attributes. This research investigated the bacterial 

spore forming population in a Cheddar cheese making system from raw milk reception at the plant 

through the cheese making stages until ripening. Although the raw milk samples met regulatory 

requirements at the time of processing, at least 100 aerobic spores per ml were present which soon 

concentrated to 1,000 spores/g along with the milk into the cheese matrix. However, thermoduric 

bacteria were 1 log higher than aerobic spores in both milk and cheese curds. Bacillus, the most 

prominent genus, consisted mostly of B. licheniformis species which had a high diversity with 

only seven of the 23 subtypes present in curds traceable to raw milk. Upon screening the B. 

licheniformis collection with two new B. paralicheniformis specific markers, four isolates of B. 

paralicheniformis were obtained. Bacillus was also resident in the plant which could have been 

introduced by the raw milk. Paenibacillus was another important group isolated from the dairy 

samples which dominated in the aged cheeses up to 20 months of age in the absence of Bacillus. 

A wide diversity of Paenibacillus species were obtained including some (P. azoreducens, P. 

barengoltzii, P. woosongensis, P. pabuli and P. phoenicis) which have not been reported in cheese. 



 

 

 

The most prominent Paenibacillus was P. macerans which produced acid, gas and off-odours. An 

easy-to-use groEL gene-based detection qPCR assay for P. macerans with a detection limit of 100 

CFU/ml was developed. Given the right conditions, there is a possibility for the low level 

Paenibacillus spores occurring in raw milk to concentrate into cheese, increase in number, 

germinate, produce unwanted gas and cause undesirable odour. The newly developed markers can 

be used to improve raw milk characterization prior to milk processing. Spore levels in raw milk 

need to be monitored in Canada. We propose that it should be used in communicating milk quality 

similar to somatic cells and total bacterial count, since their levels have been shown to increase 

significantly in cheese where they can cause problems.  

Keywords: Cheddar cheese, Bacillus, Paenibacillus, raw milk, spores, spore forming 

bacteria, thermoduric bacteria. 
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A major portion of the work presented in this dissertation was completed at the University of 
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Science in the Ontario Agriculture College (OAC). Some work was carried out at other 

laboratories of the University of Guelph, as stated where necessary. Financial support was 

provided by Genome Canada (Genomic Applications Partnership Program (GAPP) Round 7), the 
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LaPointe and the one-time GFTC legacy fund awarded to the author. In addition, all images and 

graphics presented were either produced by the primary author, A. M. Olajide, or reproduced with 

full credit to the original authors. 

Chapter 1. A review of literature providing the background information needed to understand this 

thesis. 

Chapter 2. The first data chapter provides information on the bacterial community in raw milk 

collected from plant A before and after thermization and how the cheese plant environment was 

impacted by this community. 16S rRNA gene profiling was carried out on the dairy samples 

(collected from this Ontario plant) at the Genomic facility, University if Guelph. An adaptation of 

this chapter is in preparation to be published in the Journal of Dairy Science. 

Chapter 3. The second research chapter provides an in-depth information about the numbers and 

identity of spore forming bacteria in a cheese processing system using samples collected in 

Chapter 2. Isolates were identified through Sanger sequencing of the 16S rRNA gene at Eurofins 

(Canada), MALDI-TOF at the Animal Health Laboratory (AHL) in University of Guelph or 

through genetic markers by de Almeida (2014). An adaptation to this chapter is in preparation to 

be published in the International Dairy Journal.  



viii 

 

 

Chapter 4. Two DNA markers to rapidly distinguish B. paralicheniformis from B. licheniformis 

were designed and optimized based on two genes from the fengycin operon. The positive control, 

B. paralicheniformis NRRL B65293 (KACC 18426 = KJ-16T) was gifted to us by the Agricultural 

Research Service (ARS) Culture Collection, Maryland, United States. A new B. paralicheniformis 

strain was sequenced and deposited in the NCBI GenBank (accession number WLVZ00000000). 

An adaptation of this chapter has been submitted to be published in Frontiers in Microbiology. 

Chapter 5. Subtyping of B. licheniformis isolates obtained from chapter 3 was done here using a 

modified MLVA approach which was optimized by the author alongside Dr. Shu Chen. Two extra 

primer sets were designed by the author and synthesized at the Agriculture and Food Laboratory 

(AFL), University of Guelph together with four others from Dhakal et al. (2013). The PCR was 

carried out in our laboratory while the DNA sizing and sequencing was done at AFL. B. 

licheniformis ATCC 14580, the positive control was taken from the CRIFS isolate collection. An 

adaptation of this chapter has been submitted to be published in FEMS Microbes. 

Chapter 6. This chapter gives an insight into a newly developed Paenibacillus macerans specific 

qPCR assay for quick detection of the organism in raw milk. The primers were designed by the 

author and synthesized at Eurofins, Canada.  An adaptation of this chapter has been published in 

the Journal of Microbiological Methods. 

Chapter 7. This chapter focuses on synergizing the main findings from the research chapters 

(chapters 2 - 6) in this work. The chapter features a general discussion, the main conclusions, 

limitations of the study and perspectives to follow in the future.  
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DEFINITIONS 

1. Thermoduric bacteria (TDB) are heat resistant bacteria (Buehner et al., 2014). 

2. Laboratory pasteurization is the heat treatment (63 °C for 30 min) applied in the 

enumeration of thermoduric bacteria (TDB) as defined by Buehner et al. (2014). 

3. The estimate of thermoduric bacteria present in milk after laboratory pasteurization is 

called a Laboratory pasteurization count (LPC) (Frank and Yousef, 2004). 

4. Spore forming bacteria (SFB) as defined by Stulova et al. (2010) are bacteria capable of 

forming spores. 

5. Spore pasteurization (SP) is the condition applied in the enumeration of bacterial spores, 

spore former (SF) or spore forming bacteria (SFB). The most common condition used is 

80 °C for 10 -12 min (Frank and Yousef, 2004). 

6. Aerobic spore former count (ASC) is the estimate of the number of spore forming 

bacteria obtained after a spore pasteurization and aerobic incubation at 30-32 °C 

(mesophilic groups). 

7. Most Probable Number (MPN) is a statistically corrected estimate obtained after 

enriching the population of viable microorganisms. It is used for groups that occur in low 

levels in a test sample especially samples which have particles that could affect plate count 

enumeration (Sutton, 2010). 

8. Anaerobic spore former count (AnSC) is an estimate of the number of spore forming 

and heat resistant bacteria that can survive the spore pasteurization and anaerobic 

conditions used in the enumeration. Since Clostridium is the only genus of anaerobic 

spores in milk, AnSC is often referred to as a count of Clostridium which is not always 

true (Bermúdez et al., 2016, Brändle et al., 2016). 
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CHAPTER 1 

1. Literature Review 

1.1 Overview of the Canadian dairy sector  

1.1.1 The Canadian dairy industry 

Canada is the third largest producer of cow milk in North and Central America following the 

United states and Mexico according to the Food Outlook report by FAO (2017). According to 

Statistics Canada (2019b), milk and dairy products accounted for 13 %, second to meat products 

of the total manufactured shipment in 2019 valued at $15 billion. 

     Ontario is the 2nd largest milk producing province after Quebec with about 3 billion liters (30 

M hectoliters) of milk produced in 2018/2019 (Table 1).  In Ontario, as with most other provinces, 

milk is used in various ways: consumed as fluid milk, as ingredients for confectionery and used in 

other dairy products such as cheese, butter, ice cream or yogurt but lesser as milk powders. 

Cheddar cheese is one of the prominent cheese types produced in Canada yearly, for instance, 

about 52,000 tonnes out of the total (106,000 tonnes) cheese produced in Ontario in 2019 was 

Cheddar (Statistics Canada, 2019a). There is an increasing consumption of cheese among 

Canadians from an average of 12 kg per person in 2004 to 15 kg per person in 2018 according to 

Statista (2019). 

1.1.2 Quality of Canadian raw milk 

The Dairy Farmers of Canada (DFC) established two main programs to regulate the dairy 

industry; namely, the proAction initiative and the Canadian Quality Milk program developed in 

2016 and 1997 respectively. The ‘proAction’ initiative prioritizes milk quality, food safety, animal 

welfare and traceability, biosecurity and environmental sustainability 

(https://www.milk.org/Corporate/proAction/proActionMain.aspx). 

https://www.milk.org/Corporate/proAction/proActionMain.aspx
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Table 1.1: Canadian milk production at the farm by province from 2010 to 2019 (Million 

hectoliters) 

 Provinces 2019 2018 2017 2016 2015 2014 2013 2012 2011 2010 

British Columbia   8.41   8.13   7.94   7.35   7.22   6.91   6.71   6.89   6.77   6.58 

Alberta   8.18   8.16   7.69   7.33   7.02   6.69   6.54   6.80   6.60   6.50 

Saskatchewan   2.97   2.91   2.68   2.55   2.43   2.34   2.31   2.32   2.30   2.23 

Manitoba   4.12   4.09   3.79   3.41   3.45   3.27   3.17   3.36   3.22   3.10 

Ontario 30.11 30.08 29.61 27.99 26.92 25.47 25.48 26.09 25.39 24.95 

Quebec 33.29 33.66 32.91 31.16 30.02 29.07 29.39 29.66 28.97 28.81 

New Brunswick   1.52   1.59   1.54   1.44   1.39   1.33   1.36   1.39   1.34   1.34 

Nova Scotia   2.01   2.07   2.02   1.89   1.80   1.74   1.74   1.77   1.70   1.70 

Prince Edward Island   1.17   1.21   1.17   1.10   1.03   0.99   1.02   1.04   1.01   1.02 

Newfoundland and Labrador   0.48   0.50   0.49   0.48   0.48   0.46   0.47   0.48   0.48   0.49 

Total 92.26 92.38 89.84 84.70 81.77 78.26 78.20 79.80 77.77 76.73 

 

Source: Provincial Milk Boards and Agencies retrieved from http://www.dairyinfo.gc.ca/index_e.php?s1=dff-

fcil&s2=farm-ferme&s3=prod  

 

The program ensures the adherence of Canadian farmers to dairy standards and production of 

quality and safe milk responsibly by adopting on-farm customer assurance programs. On the other 

hand, the Canadian Quality Milk program is based primarily on hazard analysis and critical control 

point (HACCP) principles, to minimize the possibility and occurrence of risks and hazards on dairy 

farms. It helps producers maintain hygiene and good management practices on their farm.  

Generally, in Canada, farm milk quality is assessed based on somatic cell count (SCC), total 

bacteria levels, freezing point and inhibitors on a regular basis 

(https://www.dairyfarmers.ca/proaction). For raw milk to be deemed fit for human use and further 

processing in Ontario, it must be free of any inhibitors including drug residues and must have a 

freezing point of -0.506 °C (Dairy Farmers of Ontario, 2011). The Regulation 761 (1990) of the 

Revised Regulations of Ontario (2014) states that grade 1 milk is that which contains less than 

50,000 CFU per ml while grade 2 contains between 50,000 and 100,000 CFU per ml as measured 

using the standard plate loop count method. Milk complying with the Reg 761 (R.R.O, 2014) is 

designated as grade A by another legislation, Reg 753 (R.R.O, 2014). In addition, the somatic cell 

count of milk in Ontario should not exceed 400,000 somatic cells per ml according to Reg 761 

(R.R.O, 2014). In implementing these legislations, the Dairy Farmers of Ontario set the standard 

http://www.dairyinfo.gc.ca/index_e.php?s1=dff-fcil&s2=farm-ferme&s3=prod
http://www.dairyinfo.gc.ca/index_e.php?s1=dff-fcil&s2=farm-ferme&s3=prod
https://www.dairyfarmers.ca/proaction
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at 122,000 Individual Bacteria Cells (IBC) per ml (measured with a Bactoscan and equivalent to 

50,000 CFU/ml) for good quality raw milk; values above this attract financial penalties for the 

farmer (Dairy Farmers of Ontario, 2011). The penalties fixed for producers not meeting this 

standard in Ontario are explained in detail in the section 55 (1) of Reg 761 1990 (R.R.O, 2014). In 

Ontario, the average Standard plate count (SPC) obtained for farm milk measured with a Bactoscan 

in 2019 was 23,500 IBC per ml (Provincial Milk Boards and Agencies, 2019).  

Milk is required to be thermally processed before consumption to reduce microbial load. 

However, thermoduric bacteria such as Bacilli which can resist high temperatures present a 

concern about food safety and quality to the dairy industry. Furthermore, concerns emanate from 

their ability to produce toxins, spoilage enzymes, heat and chemical resistant spores and biofilms 

under certain conditions (Flint et al., 2001b, De Jonghe et al., 2010). Also, they multiply quickly 

at a wide temperature range, thus, eradicating them in dairy processes is very difficult and almost 

impossible (Flint et al., 2001a, Parkar et al., 2003, Gleeson et al., 2013). The growth cycle of 

Bacillus and relatives comprise of sporulation, a natural process through which they survive 

stressful conditions in their lifetime as encountered during milk processing (Burgess et al., 2010).  

1.2 Genera of spore forming bacteria 

Overall, spore forming bacteria are Gram-positive rods belonging to five classes including 

Bacilli, Clostridia, Erysipelotrichia, Negativicutes and Thermolithobacteria (Galperin, 2013, 

Zhang and Lu, 2015). Spore forming bacteria contaminating dairy products can be classified into 

two groups based on their oxygen need viz: aerobic and anaerobic (Doyle et al., 2015, Gopal et 

al., 2015). Aerobic spore forming bacteria in dairy include those within genus Bacillus, 

Paenibacillus, Geobacillus, Anoxybacillus, Oceanobacillus and many more (Ronimus et al., 2003, 

Rückert et al., 2004, Huck et al., 2008, Gopal et al., 2015). However, many individual species of 



 

4 

the aerobic group can also grow in little or no oxygen. Genus Clostridium is the predominant 

anaerobic spore former of dairy origin containing species with differing levels of oxygen tolerance 

(Pahlow et al., 2003, Zhao et al., 2013). The most prevailing spore forming bacteria in the dairy 

industry including Bacillus, Paenibacillus and Clostridium will be discussed further. 

Genus Bacillus is a large group consisting of nine phylogenetic groups inferred based on their 

16S rRNA gene (Wang and Sun, 2009). Bacilli are gram positive (sometimes gram-negative or 

variable reaction) aerobes or facultative anaerobes that are mesophilic although, some species may 

have thermoduric or thermophilic strains (survival or grow at ≥ 45 °C) (te Giffel et al., 2002, Chen 

et al., 2004, Hanson et al., 2005, Burgess et al., 2010).  Some species commonly reported in the 

dairy environment include Bacillus cereus, B. licheniformis, B. pumilus, B. circulans, B. clausii, 

B. coagulans, B. megaterium, B. oceanisediminis, B. safensis, B. simplex, B. subtilis and B. 

thermoamylovorans (Scheldeman et al., 2005, Scott et al., 2007, Walsh et al., 2012, Buehner et al., 

2014, Kent et al., 2016, Sadiq et al., 2016). 

Phylogenetic analysis of the 16S rRNA gene sequences of 51 Bacillus species revealed 

Paenibacillus as one of the five major clusters with the type strain designation assigned to P. 

polymyxa (Ash et al., 1993). The genus Paenibacillus are the predominant psychrotolerant spore 

forming bacteria in dairy (Ivy et al., 2012). Currently, around 200 species of Paenibacillus have 

been isolated from various environment including extremes such as the north pole and the tropics 

causing them to have diverse attributes (Grady et al., 2016). Both Bacillus and Paenibacillus are 

generally ubiquitous in dairy farm environments (Ranieri and Boor, 2009, Gopal et al., 2015), 

occurring in silage, pasture, manure, rinsing water, farm soil and feces (te Giffel et al., 2002, Huck 

et al., 2007a, Ivy et al., 2012, Driehuis et al., 2016, Martin et al., 2019). Paenibacillus polymyxa, 
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P. lactis, P. macerans, P. polymyxa and P. amylolyticus have been isolated from dairy 

environments (Quiberoni et al., 2008, Sattin et al., 2016). 

Bacteria belonging to the genus Clostridium are gram-positive rods most of which are obligate 

anaerobes with differing levels of oxygen tolerance (Pahlow et al., 2003, Zhao et al., 2013). While 

they are thermoduric in nature since they can survive pasteurization, some can also be 

psychrophilic, others being mesophilic (Drouin and Lafrenière, 2012, Hill and Kethireddipalli, 

2012). Over 180 species have been validly published (Dürre, 2014). They obtain energy for their 

activities by decomposing organic compounds such as carbohydrates and proteins as can be found 

in silage (Pahlow et al., 2003). Clostridium sporogenes, C. butyricum, C. tyrobutyricum and C. 

beijerinckii have also been reported in raw milk (Panelli et al., 2013, Feligini et al., 2014, 

Bermúdez et al., 2016). Only a small fraction of dairy spore forming bacteria are pathogenic while 

the larger proportion indicate if problems exist with the farm management practices or at the 

processing plant (Andersson et al., 1995, Burgess et al., 2010).  

1.3 Bacterial spores 

1.3.1 The process of spore formation: sporulation in B. subtilis 

Unfavourable factors such as lack of nutrient, presence of chemicals and high temperature or 

pressure in bacterial environment are some of the stressful conditions that bacterial cells try to 

escape from by sporulating (Oomes et al., 2009, Burgess et al., 2010). Sporulation is an energy 

intensive process involving the expression of numerous genes (Eichenberger, 2012, Setlow and 

Johnson, 2013). There are two main phases of spore formation, viz: Initiation and Engulfment 

(Setlow and Johnson, 2013). First, in the pre-divisional cell, the stage 0 transcription regulator, 

Spo0A is phosphorylated (through multiple sensor kinases) and together with the stationary-phase 

sigma factor (σH), asymmetrical cell division of the sporulating cell is triggered (Piggot and 
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Hilbert, 2004). In the process called septation, the cell divides into two; the small fore-spore and 

large parent cell, both of which follow different paths but are equally required for sporulation. 

Next, two distinct sporulation-specific RNA polymerase (RNA-P) sigma factors direct the two 

entities to undergo gene expression. In forespore, σF is activated while σE is activated in the parent 

cell (Losick and Stragier, 1992). These sigma factors determine the binding specificity of the cell’s 

RNA-P to promoters which enhance transcription of the genes required for sporulation (Gruber 

and Gross, 2003). Also, they promote the engulfment of the forespore by the parent cell by 

allowing the migration of its membrane around the circumference of fore spore resulting in a 

double-membrane-bound forespore within the parent. Once engulfment is complete, σG and σK are 

triggered in the forespore and parent cell respectively for the regulation of the spore maturation 

and germination genes (Losick and Stragier, 1992).  

During spore maturation, the other spore components such as cortex, germ cell wall, 

proteinaceous coat layer (containing > 70 spore-specific proteins) and dipicolinic acid (DPA) 

deposit are formed. Also, the forespore gains resistance to UV, heat (by producing heat-shock 

proteins), chemicals and gamma radiation during this time. The resistance of the spores is built 

through the several changes in gene regulation leading to development of morphological 

characteristics. Dehydration of the spore is also seen. After full maturation of the spore, the parent 

cell undergoes a programmed cell lysis following autolysin production, releasing the spore into 

the environment (Errington, 2003). 
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Figure 1.1: Spore formation and spore structure in bacteria.  

Structures are not drawn to scale. Modified from Setlow et al. (2017). NB: The spore of some species such as B. 

subtilis lack exosporium. Created with Biorender. 

 

1.3.2 The spore structure: a case study on the endospores of Bacilli  

In most spore forming bacteria, the center of the spore called the core is surrounded by the 

cortical membrane, followed by the cortex, the outer membrane, and lastly the spore coat (Figure 

1) (Burgess et al., 2010). However, while some spores (such as B. cereus) may have an exospore 

covering the spore coat, others may not (such as B. subtilis) (Ankolekar and Labbé, 2010).  

The core, otherwise known as protoplast which has 30-50 % moisture at a pH of 6.3-6.5 holds the 

nuclear material and other regular cellular contents (Setlow, 1994, 2000). There are also immobile 

small acid-soluble proteins (SASPs) in the core which bind to the DNA, changing it to an A-helix 

to protect the DNA against damage from UV radiation, heat and peroxides (Cowan et al., 2004, 

Frenkiel-Krispin et al., 2004, Douki et al., 2005). Likewise, calcium ions which form complexes 

with pyridine-2,6-dicarboxylic acid (DPA), associated with core dehydration are also present 

(Powell, 1953, Paidhungat and Setlow, 2000). 

The inner (or cortical) membrane, an extremely strong barrier surrounding the core is in a 

special condensed state which swells upon germination to form the cytoplasmic membrane. It is 
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the site of the spore germinant receptors which is the target of most spore-killing substances 

(Hudson et al., 2001). The cortex, a thick cell wall consists of spore-specific peptidoglycan helping 

to keep the core’s dehydration (Warth and Strominger, 1972). The inner part of the cortex, closer 

to the inner membrane is called the germ cell wall, lacks the characteristic cortex peptidoglycan 

but is similar to the cell wall of the vegetative cell. 

The outer membrane which is likely non-functional towards spores’ dormancy has an opposing 

polarity to the inner membrane. The proteinous spore coat majorly prevents enzymatic attacks 

from reaching the cortex peptidoglycan (Setlow, 2000, Henriques et al., 2004). During core 

inactivity, enzymes present in the coat, such as the lytic enzyme which degrades the cortex during 

germination can be active (Martins et al., 2002, Ragkousi et al., 2003). Due to the variation in the 

chemical and physical components of the spore-coat between species, spores respond differently 

to varying environmental conditions (Setlow and Johnson, 2013). The exosporium is a loose 

membrane-like structure important for spore hydrophobicity and adherence (Faille et al., 2002). It 

contains some enzymes which may be important for germination.  

1.3.3 Activation, germination and outgrowth of spores  

Once favourable conditions are sensed in the spore environment by germinant receptors (GR -

located on the spore inner membrane), germination is considered (Hudson et al., 2001, Setlow et 

al., 2017). However, GRs must be stimulated to a certain level by germinants for germination to 

proceed (Moir and Cooper, 2016). Spores can have various germinant receptors which show 

different degrees of responsiveness to germinants. Germinants are specific molecules including 

nutrient types such as amino acids, purine nucleosides and sugars and non-nutrient types such as 

lysozyme, salts and Ca2+–DPA (20-60 mM) which trigger germination (Gould, 1969, Setlow, 

2003, Hornstra et al., 2007). Germination has been induced in Paenibacillus larvae by L-tyrosine 
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and uric acid (in-vitro and in-vivo) (Alvarado et al., 2013) and P. polymyxa by L-alanine and 

fructose (Huo et al., 2010). Similarly, in B. subtilis, C. botulinum and C. sporogenes, L-alanine 

and L-lactate can induce germination while D-alanine can inhibit it (Alberto et al., 2003, Yang and 

Ponce, 2009, Yi and Setlow, 2010). The metabolism of amino acids probably provide the energy 

required to trigger germination (Warren and Gould, 1968). 

Non-nutrient agents trigger germination of spores through the components of the nutrient 

germination pathway (Setlow, 2003). Ca2+–DPA released by a germinating spore may stimulate 

others close to it to germinate (Setlow, 2003). Germination can also be activated by certain 

treatments such as high temperature (60-75 °C for ~30 min), high pressure (>150 MPa) and 

chemicals (cationic surfactants such as dodecylamine) (Keynan and Evenchik, 1969, Setlow, 2014, 

Doona et al., 2016). Dodecylamine probably stimulates germination by activating a protein 

involved in the release of CaDPA (Velásquez et al., 2014). Spore activation prior to germinant 

addition has been proven to increase the rate of spore germination, although heat only impacts GR-

dependent germination (Paidhungat and Setlow, 2002, Setlow, 2003, Setlow, 2014). Activation of 

spores by heat is partially reversible by low temperature incubation (Zhang et al., 2009). Heat 

treatment, such as is done in dairy processing, probably enhances spore germination by changing 

the protein conformation of germinant receptors (Setlow et al., 2017). This may increase the 

accessibility of GR to germinant molecules, but the mode of activation is still unclear (Zhang et 

al., 2009, Setlow, 2014). Another possibility is for heat to act on some other protein related to 

germination.  

Once the spore is activated for germination and the right germinants have been sensed (and 

bound), DPA and Ca2+ ions are released, and this is called stage I (Vepachedu and Setlow, 2007, 

Setlow et al., 2017). In stage II, the core rehydrates and swells due to increased inner membrane 
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permeability and cortex degradation (Setlow and Johnson, 2013). The spore dormancy is lost, and 

this leads to outgrowth. Outgrowth includes the stages that follow germination including cell 

enlargement and division (Campbell, 1958). Here, protein and lipid mobility and enzyme activity 

return, SASPs are degraded and carbohydrate is metabolized (Setlow, 2003, Kong et al., 2011, 

Troiano et al., 2015). There is also the onset of RNA and more protein synthesis.  

1.4 The route of spore forming bacteria in dairy production  

The ubiquitous nature of spores results in their occurrence throughout the farm environment 

(Christiansson et al., 1999, Gleeson et al., 2013), thus posing a risk in dairy processing. Spores can 

be present in silage and cow feed concentrate, pasture, soil, feces, manure, bedding and on milking 

equipment surfaces (te Giffel et al., 2002, Magnusson et al., 2007, Vissers et al., 2007b, 

Bartoszewicz et al., 2008, Borreani et al., 2013, Gleeson et al., 2013, Martin et al., 2019, Murphy 

et al., 2019). However, the level of spores in these sources mostly depend on farm management 

practices (Miller et al., 2015a, Bava et al., 2017, Murphy et al., 2019) 

1.4.1 Silage, the main source of spores in raw milk: a case study of Clostridium  

Silage is often noted as the principal source of butyric acid spores among other spores (te Giffel 

et al., 2002, Vissers et al., 2006, Vissers et al., 2007a, Vissers et al., 2007b, Drouin and Lafrenière, 

2012, Borreani et al., 2013). For ensiling to succeed, fermentation by LAB (such as Lactobacillus, 

Pediococcus, Leuconostoc, Enterococcus, Lactococcus, and Streptococcus) must occur fast to 

yield desirable acids leading to low pH in the absence of oxygen (McDonald et al., 1991, Pahlow 

et al., 2003). The growth of Clostridium starts at the onset of ensiling and continues until the lactic 

acid concentration in the silage is high enough to inhibit their growth (Pahlow et al., 2003).  

Other microbes present in the freshly harvested plant material can proliferate leading to 

spoilage, loss of nutritional value, and safety problems (McDonald et al., 1991, Pahlow et al., 
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2003). Spoilage of silage is usually due to the entry of oxygen into the ensiling facility. This 

encourages the growth of acid-tolerating aerobes (such as yeast) that break down the acid in the 

silage, increasing the pH to encourage butyric acid bacterial growth (Pahlow et al., 2003, Vissers 

et al., 2007a, Vissers et al., 2007b). Aerobic spore forming bacteria multiply as the aerobic spoilage 

of silage progresses, resulting in increased amounts of spores than on the fresh forage (Heyndrickx 

et al., 2010, Borreani et al., 2013).  

1.4.2 The on-farm spore cycle: the case study of Clostridium spores 

Forage crops may get contaminated from the soil and manure with a high spore load during 

mowing and harvesting before ensiling (Pahlow et al., 2003, Nadeau et al., 2010). As already 

established, if favorable environment exists during the fermentation, the spores could germinate 

and grow. Animals that feed on contaminated silage will thus have the spores passed out (unaltered 

in the gastrointestinal tract) along with their feces in higher concentrations; this is then applied to 

crops as manure, in turn re-populating the soil (Vissers et al., 2007a, Nadeau et al., 2010, Driehuis, 

2013). In some cases, the cow dung adheres to the teat surface contaminating the milk during the 

milking process (Pahlow et al., 2003, Vissers et al., 2007c). Raw milk only acts as a clostridial 

spore carrier  due to its oxygen level that prevents the germination of spores (Drouin and 

Lafrenière, 2012). However, dairy processes in which lactic acid accumulates (such as cheese), 

provide an enabling environment (lowered pH) for the spores to germinate and induce spoilage 

(gas defect in cheese) (Drouin and Lafrenière, 2012).  

1.4.3 Reduction of spore forming bacteria in raw milk 

Generally, dairy processing conditions are suitable for the survival of endogenous spores of 

bacterial cells (Nicholson et al., 2002), making it difficult to eliminate them from the processing 

environment and surfaces (Jones et al., 2005, Scheldeman et al., 2006). This gives concern as they 
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are widely known to cause defects later on in dairy products after germination (Scott et al., 2007, 

Ivy et al., 2012, Murphy et al., 2016). Increasing the sodium chloride level in cheese and reducing 

ripening temperatures may be effective to prevent gas production by species of Clostridium (Su 

and Ingham, 2000). However, according to Murphy et al. (2016), technology-based approaches 

are the most successful strategies in reducing bacterial spores in milk and dairy products (Table 

1.2).  

Table 1.2: Methods for removal of bacterial spores from milk 

Technique Applications Limitations References 

Addition of 

lysozyme 

It is produced by animal cells and 

able to break down gram positive 

bacterial cell wall but has less 

effect on spores. It is less 

effective in comparison with 

nitrates and requires higher doses 

In high doses, it can inhibit 

desirable fermentations. 

Leftovers may result in allergic 

reactions for people with egg 

allergies if egg lysozyme is used  

(Sheehan, 2011, Neviani 

et al., 2013, Schneider 

and Pischetsrieder, 2013, 

Ávila et al., 2014) 

Addition of 

bacteriocin (such 

as Nisin and 

Lacticin produced 

by L. lactis) 

They are antibacterial peptides 

that possess bactericidal effects 

by forming pores in bacterial cell-

wall and then binding with lipids  

May inhibit the growth and 

activity of starter bacteria or 

other bacteria which are 

desirable for cheese making  

(Hsu et al., 2004, 

Roustel, 2014) 

Addition of nitrate It has inhibitory power on 

Clostridia when reduced to 

nitrites during ripening by 

xanthine oxidase naturally found 

in the milk/curds. It is the most 

widespread method to reduce 

spores in milk because of its low 

cost, ease of use and safety 

May produce possibly 

carcinogenic nitrosamines. 

Nitrite can inhibit the growth of 

propionic acid bacteria which is 

desirable in some cheeses such 

as Emmental 

(Klijn et al., 1995, 

Beresford et al., 2001, 

Ávila et al., 2014)  

Bactofugation  

 

Uses high-speed centrifugation 

technique. It can remove 86-92 % 

and 91-97 % of aerobic and 

anaerobic spores respectively 

It does not exclude Clostridium 

spp. completely. It is expensive, 

time consuming and labor 

intensive  

(Su and Ingham, 2000, 

Ledenbach and 

Marshall, 2009, Garde et 

al., 2011, Drouin and 

Lafrenière, 2012, Arias 

et al., 2013) 

Microfiltration Uses microfiltration membranes 

to retain suspended particles, 

micro-organisms and fat. It 

removes most of the aerobic and 

anaerobic spores of milk 

It can only be applied to skim 

milk as fat globules have similar 

sizes to spores 

 

(Su and Ingham, 2000, 

Garde et al., 2011, 

Drouin and Lafrenière, 

2012, Arias et al., 2013) 
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1.5 Biofilms in dairy plants  

Once in raw milk, spore forming bacteria and their spores can be transmitted into the dairy 

processing plant and become resident within biofilms (Huck et al., 2008, Kable et al., 2016). 

Bacteria existing in biofilms could have desirable (such as NSLAB which contribute to flavor 

development in cheese making) or undesirable (such as Bacillus spp. in milk powder making) 

impacts on dairy products. Safety and quality problems could arise from bacteria in biofilms due 

to their ability to cross-contaminate pasteurized milk and milk products in dairy plants (Brooks 

and Flint, 2008, Latorre et al., 2010, Asma et al., 2016).  

In dairy plants, biofilms can occur on many surfaces including those of tools, equipment, drains 

and floors (Brooks and Flint, 2008). Specifically, dead ends, joints, valves, and gaskets of 

equipment are more disposed to biofilm growth but biofilms can also form in milk pipelines, 

storage tanks, and silos (Wong, 1998, Shaheen et al., 2010). Among the factors that support biofilm 

growth in food plants is the hygienic state of the equipment and this can be affected by the rate at 

which foulants or food deposits (which also harbor bacteria) remain on its surface (Faille et al., 

2001, Marchand et al., 2012). Sporulation of Bacillus spp. within biofilms on food contact surfaces 

is possible depending on the strain and the growth medium available (Storgårds et al., 2006, 

Wijman et al., 2007).This implies that spores from biofilm play a significant part in contaminating 

food with Bacillus spp. (Scott et al., 2007, Faille et al., 2014).  

Biofilms in nature do not consist of only one species of organism, they usually occur as mixed 

species; however, mono-species biofilms may dominate in some food processing plants (Brooks 

and Flint, 2008, Marchand et al., 2012). Mixed species biofilms are known to result when biofilm 

producers accommodate the growth of other bacteria including non-biofilm forming ones (Parkar 

et al., 2003, Brooks and Flint, 2008). Also, synergistic and antagonistic effects have been observed 
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in mixed biofilms (Faille et al., 2014). For instance, anaerobic bacteria could be aided to form 

biofilms by aerobic bacteria under aerobic conditions (Bradshaw et al., 1997). Sulphite-reduction 

by a biofilm of aerobic bacteria enabled the provision of an anoxic environment for anaerobic 

bacteria to thrive within the biofilm (Bishop and Yu, 1999). 

1.5.1 Common dairy mixed biofilm initiators  

1.5.1.1  Biofilms of Pseudomonas 

Pseudomonas, the most prevailing spoilage bacteria in raw milk are rampant biofilm formers 

in dairy plants (Flint et al., 2000, Dogan and Boor, 2003, Lomander et al., 2004). As well 

established surface colonizers, they can provide the biofilm mainstay to which other bacteria 

(spoilage and pathogenic) could attach resulting in mixed biofilms in natural and processing 

environments such as the walls of pipes or cooling tanks (Lomander et al., 2004, Luo, 2005, 

Marchand et al., 2012, Puga et al., 2018). For instance, a dual-species biofilm of Lactococcus lactis 

subsp. cremoris and P. fluorescens on borosilicate glass in cold UHT milk has been reported 

(Kives et al., 2005, Marchand et al., 2012). This mixed biofilm was stronger than biofilms of either 

of each organism. The co-existence aided L. lactis, a poor biofilm former to dwell in this state as 

the Pseudomonas consumed the available oxygen providing the L. lactis its much-needed 

anaerobic environment while the former used up the lactate made by the latter as energy source.  

1.5.1.2  Biofilms of Lactobacillus 

Non-starter lactic acid bacteria (NSLAB), specifically Lactobacillus spp. (such as Lb. curvatus 

and Lb. fermentum) can also occur on the stainless steel of Cheddar cheese vat as biofilms and 

survive cleaning operations (Wong, 1998, Somers et al., 2001, Agarwal et al., 2006).  Furthermore, 

Somers et al. (2001) demonstrated that the same NSLAB strains in cheese plant biofilms 

contaminate the cheese, thus, modifying its quality and uniformity although they could contribute 
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to flavor development. Since these biofilms are a common place in cheese making, they may tend 

to harbour other bacteria. 

1.5.2 Biofilms of spore forming bacteria 

Of the aerobic spore forming bacteria isolated in habitats surrounding raw milk and cheese 

making, the biofilm of a few have been described. Bacillus cereus biofilms have been reported in 

dairy plants as they can adhere to stainless surfaces in the plant (Sharma and Anand, 2002b, 

Shaheen et al., 2010). Paenibacillus polymyxa, found in raw and pasteurized milk is known to 

form biofilms on crop plant roots (thereby preventing desiccation) and may likely form on abiotic 

surfaces as well (Ternström et al., 1993, te Giffel et al., 2002, Timmusk et al., 2005, Coorevits et 

al., 2008, Ivy et al., 2012, Driehuis et al., 2016). In addition, Paenibacillus species have been 

isolated from food packaging paperboard material surfaces (Pirttijärvi et al., 1996).   

Spore former biofilms are particularly prominent in milk powder processing. Biofilms of 

Geobacillus (such as Geobacillus stearothermophilus), Bacillus (such as B. licheniformis) and 

Anoxybacillus have mostly been reported around the evaporators in milk powder processing plants 

(Murphy et al., 1999, Reginensi et al., 2011, Dhakal et al., 2013). These spores can contaminate 

milk powders and have been reported in commercial products (Scott et al., 2007).  

1.6 Spoilage associated with the prominent spore forming bacteria of milk and dairy 

products 

Spore forming bacteria produce thermoresistant enzymes including proteases, lipases, and 

phospholipases that negatively impact the texture of dairy products and cause unwanted off-flavors 

even after heat treatment (Lücking et al., 2013, Teh et al., 2014). Consequently, the presence of 

these in dairy products cause appreciable economic losses (Gopal et al., 2015). Phospholipase strip 

milk fat globules of their membranes (which consist of phospholipid) to expose the lipids to the 
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activity of lipase (Frank, 1997). Lipases break down lipids to free fatty acids giving off undesirable 

flavours depending on the fatty acid length. Rancid and soapy flavours are obtained with the 

release of short-chain fatty acids (C4 - C8) and long-chain fatty acids respectively (Adams and 

Brawley, 1981). The off-flavour obtained can also be modified by either oxidation or esterification 

to oxidized and fruity off-flavors respectively (Reddy et al., 1968, Deeth and Fitz-Gerald, 1983, 

Meer et al., 1991). Conversely, proteases degrade casein (both beta and kappa) yielding bitter 

peptides (Fernandez-Garcia et al., 1994).  

Due to their ability to produce these enzymes, Bacillus and Paenibacillus cause defects such as 

bitty cream, sweet curdling, off flavor, flat sourness, bitterness and ropiness in milk and milk 

products (Hanson et al., 2005, Burgess et al., 2010). The sweet curdling defect (the coagulation of 

milk in the absence of a deliberately added acidifier), the bitter and rotten off-flavor defects are 

attributed to proteases (Meer et al., 1991, Heyndrickx and Scheldeman, 2002, Coorevits et al., 

2012). Conversely, the bitty cream defect, evident as the floating of fat clusters is due to lecithinase 

(a type of phospholipase acting on lecithin) activity such as those produced by strains of P. 

polymyxa and the B. cereus group (Coorevits et al., 2010, De Jonghe et al., 2010). Some species 

which have shown at least one of lipolytic or proteolytic activity include B. subtilis, B. pumilus, B. 

amyloliquefaciens, B. licheniformis, B. cereus, P. cookii, P. puldeungensis, P. wynnii, P. odorifer 

and P. peoriae (De Jonghe et al., 2010, Ranieri et al., 2012, Trmčić et al., 2015, Ribeiro Júnior et 

al., 2018). 

Under anaerobic conditions, the possibility of spoilage by Paenibacillus spp. exists (Quiberoni 

et al., 2008, De Jonghe et al., 2010). This stems from their ability to produce gas from lactose in 

milk, possibly inducing a gassy defect (De Jonghe et al., 2010) with or without off-odour 

production since they were unable to ferment lactate to butyrate (Driehuis et al., 2016). Also, some 



 

17 

Paenibacillus species can grow under low pH conditions (less than 4.6) which may be present in 

cheeses during ripening (Casadei et al., 2000, Quiberoni et al., 2008). 

Gassy defect is a general name for all defects in cheese due to gas production (such as CO2) 

and includes slits, package blowing, holes and cheese blowing (Partridge, 2008). It is evident in 

Cheddar as blown cheese packages if the gas producers can tolerate oxygen and occur on the 

surface (Dennien, 1980) or simply slits if they are anaerobic and occur in the matrix (Partridge, 

2008). Similarly, when the gas formation occurs quickly, slits are formed while slow gas 

formation, diffusion and solubilization leads to gas in the package. Unwanted slits in cheese cause 

structural defects which lead to a loss in the industry (especially in the sliced cheese industry). 

Likewise, blown cheese packages are not appealing to customers and therefore microorganisms 

that can produce gas in cheese are treats to the industry.  

Similarly, Clostridium cause small and large holes to form in cheese due to excessive gas (H2 

and CO2) formation by degrading lactic acid, xylose and glucose to obtain butyric and acetic acid 

(which give off-flavors) (Su and Ingham, 2000, Vissers et al., 2006, O'Sullivan et al., 2013, Zucali 

et al., 2014, Driehuis et al., 2016). The released H2 or CO2, do not easily solubilize in the cheese 

aqueous phase, thus, puts pressure on the cheese body, forming cracks (O’Sullivan et al., 2016). 

C. tyrobutyricum has been most commonly associated with cheese late blowing due to its 

affinity with lactic acid fermentation at low pH and water activity levels (Cocolin et al., 2004, Le 

Bourhis et al., 2005, Feligini et al., 2014, Bermúdez et al., 2016). Others such as C. butyricum, C. 

beijerinckii and C. sporogenes have been isolated from cheeses and known to contribute to 

blowing (Cocolin et al., 2004, Julien et al., 2008, Sheehan, 2011, Bermúdez et al., 2016). 

Additionally, C. sporogenes can undergo undesirable proteolysis in cheese (Goudkov and Sharpe, 

1965). The growth of Clostridium cells are limited by physical conditions including osmotic 
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pressure, oxygen levels and acidity (Drouin and Lafrenière, 2012). Provided that cheese conditions 

are appropriate for their germination and growth, even low spore counts can lead to spoilage in 

hard-cooked cheeses such as Gouda but not in Cheddar (Dasgupta and Hull, 1989, Klijn et al., 

1995, Gómez-Torres et al., 2015).  

1.6.1 Conditions for gassy defects in cheese 

According to Pahlow et al. (2003) and Sheehan (2007) some cheeses such as Cheddar which 

involve a dry-salting stage have a lower susceptibility to blowing defect by Clostridium, especially 

if the rate of salt diffusion is fast. But hard and semi-hard cheeses such as Grana Padano, 

Emmental, Comté, Gouda, Parmigiano Reggiano, Gruyere, Grevé and Edam (which are brine-

salted) are prone to blowing resulting from Clostridium spp. (Ingham et al., 1998, Pahlow et al., 

2003, Bermúdez et al., 2016).  

The conditions that cause hard and semi-hard cooked cheeses to be susceptible to gassy defect are 

high pH (4.9 – 5.6), high moisture (53 – 63 % moisture in fat-free dry matter - dm), high ripening 

temperature (13- 23 °C), slow salt diffusion and low final salinity (2.5 – 3.5 salt in dm) (Sheehan, 

2013, Düsterhöft et al., 2017). However, since some Paenibacillus and Bacillus are acid tolerant, 

can grow under limited oxygen conditions, utilize milk sugar and produce gas, they have the 

potentials for gassy defect in cheese.  

For cheeses with higher sensitivity for blowing, processors will normally have a threshold for 

the clostridial level of the raw milk. Therefore, the acceptance level of clostridial spores in cheese 

milk depends on the type of cheese being made, as some tolerate clostridial spores better than 

others (Pahlow et al., 2003). For instance, milk from silage-fed herd is not permissible for 

Parmigiano Reggiano and Emmental, but it is for Grana Padano, provided the silage is high-

quality. Similarly, milk destined for Gouda should have less than 1 spore/10 ml of late blowing 
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defect-causing-spores (Klijn et al., 1995, Pahlow et al., 2003, Heyndrickx et al., 2010, Neviani et 

al., 2013). 

For spores to instigate problems in the dairy industry, they must germinate to vegetative cells 

(Swick et al., 2016). High temperature processes which activate spores to germinate are common 

occurrence in the dairy industry (Collins, 1981, Huck et al., 2007b). Additionally, amino acids 

released in cheese during ripening may be at levels able to induce germination of spores present 

in the matrix.  

1.7 Identification, subtyping and quantification of bacteria 

1.7.1 Bacterial identification and detection 

Sequencing of the 16S rRNA gene, the gold standard for bacterial identification, has limitations 

due to the presence of multiple copies in bacterial species and the inability to distinguish bacteria 

with close genetic relatedness (Lee et al., 2008, Burgess et al., 2010, Michon et al., 2010, Vos et 

al., 2012). To mitigate the problems accompanying identification of bacteria by 16S rRNA gene 

sequences, other DNA signatures including housekeeping genes are proposed (Phillippy et al., 

2007). For instance, the rpoB gene has been widely used to track and identify thermoduric and 

spore forming bacteria in the dairy industry, and is said to be more discriminating than the 16S 

rRNA gene (Huck et al., 2008, Weng et al., 2009, Ivy et al., 2012, Seale et al., 2012).  

Bacteria can also be identified using a fast, non-molecular and inexpensive method based on 

the protein profiles (Biswas and Rolain, 2013, Starostin et al., 2015). Matrix-assisted laser 

desorption ionization–time of flight (MALDI-TOF) mass spectrometry identifies microorganisms 

by analyzing their protein (total or ribosomal) through the generation of mass spectra from the 

cells and compares it to a reference spectra (Bizzini and Greub, 2010, Capocefalo et al., 2016). 

However, MALDI-TOF identification is only as good as the quality and size of the database 
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available for comparison as well as the stability of protein production depending on the medium 

used (Stîngu et al., 2008, Seng et al., 2009, Starostin et al., 2015). Many bacteria including Bacillus 

and Clostridium species have been adequately identified by MALDI-TOF (Hsu and Burnham, 

2014, Starostin et al., 2015, Kim et al., 2016).  

Quantitative PCR (qPCR) is a powerful tool for detection and quantification of 

microorganisms including those involved in food spoilage (Martínez-Blanch et al., 2011). Similar 

to bacterial identification, detection can be based on several genes. One of such is the groEL gene, 

although conserved, sequence variation exist, making it suitable for detecting some species 

(Yushan et al., 2010). It codes for molecular chaperonin proteins GroEL (also known as Cpn60, 

GroL, Hsp60, and MopA) involved in stress response of cells. These chaperone proteins assist in 

the conformational folding, unfolding, assembly or disassembly of large proteins (Houry et al., 

1999, Yushan et al., 2010, Junick and Blaut, 2012). The gene is ubiquitous in both prokaryotes 

and eukaryotes, conserved and belongs to the 60-kDa group I chaperonin class (Chang et al., 2003, 

Goyal et al., 2006, Blaiotta et al., 2008, Yushan et al., 2010).  

1.7.2 Subtyping  

Subtyping methods can be used to map and monitor the sources of contamination in food 

processing plants (Seale et al., 2012). Multi-locus variable-number tandem repeats (VNTR) 

Analysis (MLVA) is a genotyping tool that has found more use in subtyping pathogenic bacteria 

than spoilage bacteria (Seale et al., 2012, Dhakal et al., 2013, Lawson and Tsaltas, 2014, Nishihara 

et al., 2014). However, the method has been used for a few dairy-related organisms (Seale et al., 

2012, Dhakal et al., 2013, Nishihara et al., 2014). A tandem repeat is a repeated pattern of one or 

more nucleotides directly adjacent to each other which arises through mechanisms such as slipped 

strand mispairing (SSM), gene deletion or duplication events (unequal crossover and gene 
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conversion) (Seale et al., 2012, Dhakal et al., 2013). Locus length differences arise due to the 

number of closely arranged repeat units present in each location in the genome (Seale et al., 2012).  

Closely related strains can be distinguished by the number of repeat copies in these loci, thus 

serving as subtyping biomarkers (Chen et al., 2011, Nishihara et al., 2014).  While the method has 

been applied directly to food by Chen et al. (2011), most studies have applied it to isolates. 

Generally, MLVA genotyping is less expensive and has a higher discriminatory power in 

comparison to other methods such as Pulsed-field Gel Electrophoresis (PFGE), Random 

Amplification of Polymorphic DNA (RAPD) and Multi-locus Strain Typing (MLST) (Stefano et 

al., 2008, Chen et al., 2011, Radtke et al., 2012, Seale et al., 2012, Tilburg et al., 2012). 

1.8 Research rationale 

Cheddar cheese is one of the most popular cheeses amongst Canadians and in the world and 

the demand for sliced Cheddar cheese is increasing. One evidence of gassy defects in cheese is the 

production of slits that affect the slicing of cheese blocks. Also, the long aging time of matured 

Cheddar cheese translates to longer investment turn-around time for processors. Therefore, 

problematic microbes likely involved in their spoilage and able to interfere during slicing need to 

be investigated in order to reduce economic losses. The quality and safety of dairy products are 

affected primarily by the quality of raw milk. An understanding of this connection and a knowledge 

of the milk microbiota is helpful in keeping product quality high and constant. A holistic molecular 

approach is required to investigate the contributions of the microbiota associated with the stages 

leading to ripening of Cheddar cheese from raw milk reception at the plant and the processing 

environment (te Giffel et al., 2002, Scott et al., 2007, Watterson et al., 2014, Murphy et al., 2016). 

This knowledge will help to develop future guiding principles for dairy production and processing.  
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1.8.1 Hypothesis 

This research investigated the spore forming bacteria (level and identity) that contaminate 

cheese from the raw milk and plant environment. Furthermore, rapid tools to subtype, distinguish 

or detect the most important and prevalent species were developed. Therefore, the hypothesis for 

this research is that “molecular tools can improve the understanding of the occurrence and 

diversity of spore forming bacteria with spoilage potential in Cheddar cheese processing”. 

1.8.2 Research objectives  

Using dairy samples collected from a Cheddar cheese processing plant in Ontario over a 2-

year period, our objectives were: 

1. To investigate the bacterial community in raw milk received by the plant (before and after 

heat treatment in readiness for cheese making) 

• To investigate the bacterial composition of raw milk, heat treated milk and the 

cheese plant environment. 

• To enumerate and identify the spore forming and thermoduric bacteria in raw milk, 

heat treated milk and the plant environment that contaminate the cheese curds. 

2. To design new molecular tools for aerobic and facultatively anaerobic spore forming 

bacteria 

• To rapidly distinguish Bacillus paralicheniformis from B. licheniformis. 

• To investigate the diversity and contamination pathway of B. licheniformis, the 

predominant aerobic spore forming bacteria in the plant. 

• To detect P. macerans (which has gas production potential) in raw milk. 
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CHAPTER 2 

2. Investigating the bacterial community during Cheddar cheese 

processing  

Abstract 

The effect of thermal processing and season on the total bacterial count and microbiome of raw 

milk from a Cheddar cheese plant located in Ontario, Canada was investigated over two years. The 

raw milk samples were generally within acceptable limit, having a total bacteria count (TBC) of 

about 4 log which reduced by 1 log after thermization (65 °C for 18 sec) irrespective of the season 

of collection. By sequencing the 16S rRNA gene (V3-V4 region) of the bacteria in the samples 

using the Illumina high throughput sequencing (MiSeq) platform, a diverse microbiota was 

revealed in the raw milk. Upon thermization, similar groups were observed in the HT-milk 

although at reduced levels . In addition to Firmicutes, which was the most abundant phylum in the 

milk before and after thermization, Actinobacteria, Bacteroidetes and Proteobacteria formed the 

core microbiome of the raw milk. In spring and summer, Clostridiaceae 1 (up to 3 %) was the 

dominating spore former family in raw milk before thermization while Bacillaceae dominated 

after thermization (up to 10 %). Environmental sampling of the three major areas within the plant 

showed Lactococcus and Pseudomonas as the main bacterial community in the plant environment. 

Apart from Lactobacillaceae, Streptococcaceae and Leuconostocaceae which were recovered 

from floors and drains, 1-2 % of Bacillaceae was recovered from surfaces in the starter room and 

raw milk area only. No new groups were recovered from the cheese making area, hence the raw 

milk area and the starter room area served as bacteria entry point into the plant. Overall, milk 

samples were not statistically differentiated by season, but they were by thermal processing (P = 

0.05). Finally, some taxa present in the HT-milk were also resident in the plant. 
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2.1 Introduction 

The microbial community of raw milk is diverse containing health impacting, spoilage causing, 

safety and technology related groups (Quigley et al., 2011, Quigley et al., 2013b). However, milk 

from the udders of cows that have no infection are free of harmful microbes except for the normal 

udder microbes including the genera Micrococcus and Streptococcus, some corynebacteria and 

coliforms which occur at low levels (Beresford and Williams, 2004, Griffiths, 2010). The 

microbial community of the udder consists mostly of microbes taken up from the farm 

environment during lactation and milking (Beresford and Williams, 2004). This implies that raw 

milk contamination begins from diverse sources at the farm level (Murphy and Boor, 2000, 

Magnusson et al., 2007, Griffiths, 2010, Drouin and Lafrenière, 2012, Murphy et al., 2016). 

Recently, the possible internal route for bacterial transfer to the udder from other sites in the animal 

has been proposed, contributing to the presence of gut-related bacteria in milk (Addis et al., 2016). 

The microbial quality of dairy products is largely influenced by the microbiota of raw milk, 

the main ingredient. Therefore, its microbial composition is an important consideration for  

processors (McInnis et al., 2015, Doyle et al., 2017). Similarly, contamination of products from 

in-plant sources have been reported and this is believed to occur through well-established 

microbial communities that can withstand the conditions on the surfaces of processing equipment 

(Sharma and Anand, 2002a, Malek et al., 2012). These communities called biofilms form from 

vegetative bacterial cells and their spores (Seale et al., 2008, Faille et al., 2014). Product 

contamination arises from the release of a cell, spore or a part of the biofilm into the product and 

this usually occurs with insufficient standard cleaning practices (Flint et al., 1997, Burgess et al., 

2009). 
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Plate counts which are group specific bacterial detection methods are the techniques commonly 

used in dairy industries to quantify dairy quality (Quigley et al., 2013b, Doyle et al., 2017). One 

of such is the total bacterial count (TBC or total count) which indicates the total viable bacteria in 

the milk due to environmental changes encountered during the raw milk production, collection, 

handling and storage stages (Chambers, 2002, Gleeson et al., 2013). High TBC is usually recorded 

due to poor cleaning of the milking system and environment, milking of dirty udders, slow cooling 

of milk and milk storage at over 4 °C (Chambers, 2002, Costello et al., 2003, Wallace, 2009). 

More dairy research is incorporating culture independent approaches to understand the community 

composition of milk and its products (Fricker et al., 2011, Li et al., 2018). Only a few have been 

carried out in Canada, limiting our knowledge on the microbiome of Canadian raw milk using 

next-generation molecular approaches (Falardeau et al., 2019, Kennang Ouamba et al., 2020). 

Previously, culture independent approaches such as DGGE and RFLP gave a basic and partial 

yet indispensable understanding of the microbial communities in milk and dairy products (Le 

Bourhis et al., 2007, Julien et al., 2008, Carraro et al., 2011). Nowadays, next generation 

sequencing methods give more in-depth microbiome information on genomic DNA obtained from 

raw milk, pasteurized milk and other dairy products at a fast rate (Kable et al., 2016, Li et al., 2018, 

Porcellato et al., 2018, Falardeau et al., 2019, Kennang Ouamba et al., 2020). Using the deep 

sequencing techniques, Porcellato et al. (2018) observed significant insight and differences in the 

bacterial level, structure and composition of raw milk due to season, processing stage and storage 

temperature. Also, Kable et al. (2016) reported the impact of transportation of milk on the 

microbiome. Bockulich and Mills (2013) got a better understanding of how an artisanal cheese 

processing environment affects the cheese quality in the United States among many other studies. 
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Several studies have utilized various regions of the 16S rRNA gene in profiling the bacterial 

community of raw milk. The most used region is V3-V4 (Li et al., 2018, Skeie et al., 2019, 

Porcellato et al., 2018) although, Kennang Ouamba et al. (2020) compared both V3-V4 and V6 

regions. The influence of the 16S rRNA gene region utilized on the microbiome has been reported 

(Kennang Ouamba et al., 2020). 

This research aims to determine the portion of the raw milk community formed by the aerobic 

and anaerobic spore forming bacteria before and after thermization and the impact of season on 

the milk. The impact of the bacterial community present in the raw milk batches received by the 

Cheddar cheese making plant in Ontario, Canada on the microbiome resident in the plant was 

investigated.  

2.2 Materials and Methods 

2.2.1 Brief facility description 

Plant A is a heat-treated Cheddar cheese making facility located in Ontario, where a full 

cleaning-in-place is done for seven (7) hours after each production day of 30 h. The plant will 

typically store raw milk at 4 °C for 0 - 24 h from the time of delivery before using it to make 

cheese. Starter culture scale up is carried out in a room called the starter room while the raw milk 

and cheese making areas are also distinct. 

2.2.2 Raw milk sampling 

Commingled raw milk samples were periodically collected from plant A for two years. Each 

raw milk batch was used for cheese making after heat treatment (thermization – 65 °C for 18 sec). 

During each cheese making batch (called trials) raw milk (from the silo) was collected just before 

thermization while HT-milk (thermized milk) was collected just after. Seventeen milk samples per 

type were collected four times within each season except in summer, which was collected five 



 

27 

times (Summer 17 to Fall 19). The collected samples were transported frozen to the laboratory and 

analysed as soon as possible.  

2.2.3 Cheddar cheese plant environmental sampling 

Environmental sampling of plant A was carried out via swab analysis between summer 2018 

and fall 2019 resulting in a total of 7 batches of sampling. Surface sampling of the three major 

areas of the plant was done during each stage of processing for every batch (Table 2.1). Therefore, 

this sampling only reflects the state of the surfaces at the sampling time. Twenty-one (21) surfaces 

were sampled with sterile biocide-free cellulose sponges (a 3" x 1.5" surface area) pre-moistened 

with 10 ml neutralizing buffer (Romer labs, USA) covering 100 cm2 surface area. Briefly, the plant 

surface sampling technique involved marking a 10 x 10 cm square area on the surface and 

swabbing the entire area within the square aseptically. The sponge swabs were placed on ice after 

the shaft was removed, placed in sterile bags and transported to the laboratory for analysis. A total 

of 154 swabs were obtained. 
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Table 2.1: The areas in plant A environment sampled 

Area 

designation 

Sample code Area sampled 

Area A A1 Starter room drain  
A2 Starter tank drain   
A3 Starter room floor  
A4 Starter tank floor  
A5 Starter tank exterior  
A6 Starter tank interior  
A7 Starter tank vent  
A8 Starter room west wall 

Area B B1 Raw milk silo floor  
B2 Raw milk silo door  
B3 Raw milk silo drain 

Area C C1 Cheese cutting room   
C2 Cheese vat door   
C3 Cheese vat drain  
C4 Production line wall  
C5 Wall and surface around door belt  
C6 Cheese making wall, phone and table  
C7 Production line presser area  
C8 Surface of fine strainer  
C9 Door end belt 

 C10 Cheddaring area belt door 

 
Area A: starter culture preparation area (starter room area) 

Area B: raw milk area 

Area C: cheese making area 

Plant sampling was carried out during seven cheese making trials 16 (fall), 14, 15 (spring), 10, 11, 17 (summer) and 

13 (winter). 

 

2.2.4 Total bacterial count of raw and HT-milk 

To enumerate total count, the samples were serially diluted, plated on Brain Heart Infusion 

(BHI) agar (Oxoid, Canada) and incubated aerobically at 30 °C for 2 days. Previously, in our 

preliminary studies, the use of BHI and plate count agar (PCA) resulted in similar total bacterial 

counts. 

2.2.5 Sample treatment  

To extract total DNA from raw and HT-milk, 25 ml of milk was initially homogenized (200 

rpm for 5 min) and washed with warmed 1.5 ml of 25 % sodium citrate (45 °C) each time. This 

was followed by a centrifugation (15, 000 x g for 15 min) after which the supernatant was gently 

poured-off and cream removed with a sterile cotton swab to obtain the cell pellet. Two cell pellets, 



 

29 

(one each from 25 ml of HT-milk) were pooled together from HT-milk to increase the probability 

of obtaining quality DNA that meets the standard of 16S profiling. The swabs were homogenized 

in 50 ml of 0.1 % peptone water and 5 ml of each homogenate was enriched in BHI for use 

elsewhere (Chapter 3). A cell pellet was obtained from 40 ml un-enriched homogenate from each 

swab sample (Supplementary Material S2.1).  

2.2.6 DNA extraction  

DNA was extracted from the pellets using the UltraClean® Microbial DNA Isolation Kit 

(Qiagen, Canada) following the manufacturer’s instructions (Supplementary Material S6.1b). The 

quality and concentration of the DNA obtained was quantified by optical density using a 

NanoDrop ND-1000 3.7.1 spectrophotometer (NanoDrop Technologies, Canada) at wavelengths 

of 230, 260, and 280 nm and Qubit 4 high sensitivity (HS, Invitrogen, Canada). The DNA samples 

were stored at -20 °C until further processing. 

2.2.7 Bacterial community profiling of milk and environmental swabs. 

DNA samples which met the minimum requirement for environmental swabs (conc. of ~0.5 

ng/µl) and milk (conc. of ~2 ng/µl) as measured by Qubit 4 HS qualified for 16S profiling. Illumina 

high throughput sequencing (MiSeq) targeting the V3-V4 region (~460 bp) in the 16S rRNA genes 

of the bacteria in the samples was performed using universal primers 16SF (5’ 

CCTACGGGNGGCWGCAG 3’) and 16SR (5’ GACTACHVGGGTATCTAATCC 3’) 

(Klindworth et al., 2013). The amplification, library preparation, PCR clean-up and sequencing 

were carried out at the Genomic Facility, University of Guelph (Canada).  

Briefly, the first-stage PCR reaction mix (25 μl) contained 1x KAPA HiFi HotStart Ready Mix 

(KAPA Biosystems), 0.2 μM of each primer with overhang adapters (Integrated DNA 

Technologies), and 5 μl template DNA. Amplification was carried out on a GeneAmp® PCR 
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System 2720 (Applied Biosystems) in triplicate with the following thermocycling steps: 95 °C for 

3 min; 25 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s; a final extension step at 72 

°C for 5 min and a hold step at 4 °C. Then, the PCR products were purified with NucleoMag Beads 

(Macherey-Nagel) to remove free primers and primer dimers. 

The purified PCR products were re-amplified using Nextera XT DNA kit (Illumina) according to 

the manufacturer’s guidelines (Part # 15044223 Rev. A). Briefly, using 8 bases long index, each 

sample was dual indexed and a second-stage PCR mix (50 μl) containing 1x KAPA HiFi HotStart 

Ready Mix (KAPA Biosystems), 5 μl each of Nextera XT Index primers (Illumina), and 5 μl 

template DNA was used. The PCR thermal cycling conditions were 95 °C for 3 min; 8 cycles of 

95 °C for 30 sec, 55 °C for 30 sec, and 72 °C for 30 sec; followed by 72 °C for 5 min using a 

GeneAmp® PCR System 2720 (Applied Biosystems). PCR products were purified using 

NucleoMag Beads (Macherey-Nagel), normalized and pooled in equivalent amounts.  

The pooled libraries were denatured with NaOH, diluted with hybridization buffer, and then heat 

denatured prior to sequencing. Sequencing of the 16S rRNA gene amplicons obtained was carried 

out on a MiSeq sequencer (Illumina) with the MiSeq v3 reagent kit and 2 x 300 paired-end cycles 

using PhiX at a 15 % level as an internal control following the manufacturer’s protocol. Raw 

sequence reads were filtered using the MiSeq Sequencer System Software to remove low-quality 

sequences and trimmed to remove adaptor sequences.  

Sequence reads were analysed in Quantitative Insights into Microbial Community (QIIME2) 

v 2019.10 - http://qiime2.org (Caporaso et al., 2010). DADA2 in QIIME2 was used to trim, filter, 

combine and remove chimeric sequences (Callahan et al., 2016). The front ends of the reads were 

trimmed by 21 nt for forward and 17 nt for reverse reads to remove regions of primer sequences. 

The tail ends of reads were trimmed once the quality score was consistently below 20, for forward 

https://www.mn-net.com/ProductsBioanalysis/DNAandRNApurification/Cleanup/NucleoMagNGSCleanupandSizeSelect/tabid/12519/language/de-DE/Default.aspx
https://www.mn-net.com/ProductsBioanalysis/DNAandRNApurification/Cleanup/NucleoMagNGSCleanupandSizeSelect/tabid/12519/language/de-DE/Default.aspx
http://qiime2.org/
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reads at 300 bp and for reverse reads at position 265 bp, to reduce low-quality positions. Sequences 

shorter than the trim lengths were automatically excluded. Sequence variants were classified using 

the 99_OTUs and majority_taxonomy_all_levels file by the SILVA 16S taxonomic database 

classifier v132 (Quast et al., 2013, Yilmaz et al., 2014) trained on the 16SF & 16SR primer 

sequences.  The classification allowed assignment of taxonomy at various levels (phylum, class, 

order, family, genus, and species) (Prehn-Kristensen et al., 2018). Alpha rarefaction curves were 

generated to verify if the read numbers were adequate to capture the bacterial diversity in the 

samples.  

The resulting sequence variants having 99.9 % similarity, were classified using the SILVA 

database v132. Taxonomic grouping was done up to the family-level based on relative abundance. 

For ease of analysis, the milk samples were grouped into four based on the season of collection 

while the environmental swabs were classified into three based on the area of the plant they were 

obtained from. For each group, the number of effective reads after trimming were calculated. 

Environmental surveillance and milk heat maps based on taxonomic abundance were generated 

and visualized with GraphPad Prism v 8.4.1. 

Linear discriminant analysis (LDA) effect size (LEfSe) was used to assess the microbial 

compositional differences between the three areas of the plant down to the genus level (Segata et 

al., 2011). The major differences in the taxonomic groups from the three areas were visualized 

using a linear discriminant analysis (LDA) graph and a cladogram 

(https://huttenhower.sph.harvard.edu/galaxy/).  

Rooted phylogenetic trees were obtained in QIIME2 for diversity analyses. Alpha and beta 

diversity analysis metrics were obtained using the ‘core-metrics-phylogenetic’ plug-in with paired 

and filtered reads. Alpha diversity estimate of the samples were inferred based on observed OTUs, 

https://huttenhower.sph.harvard.edu/galaxy/
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Faith’s phylogenetic diversity, the Shannon diversity and the Pielou’s evenness. Briefly, the 

observed OTUs index estimates the number of unique OTUs present in each sample which is also 

called “richness” while the relative abundances of the unique OTUs a sample is composed of is 

defined as “evenness” (Pielou, 1975). Furthermore, Faith’s phylogenetic diversity is a qualitative 

measure based on phylogenetic distances between the features within a sample (Faith, 1992). The 

Shannon-diversity index, an overall measure of diversity, gives the relationship between OTU 

richness and evenness (Prehn-Kristensen et al., 2018). 

Beta diversity measure, the differences in community composition between samples across 

seasons was visualized using principal coordinate analysis (PCoA). This was done based on the 

weighted UniFrac distance, a quantitative measure (Lozupone et al., 2007) and unweighted 

UniFrac distance, a qualitative measure (Lozupone and Knight, 2005). Principal coordinate 

analysis (PCoA) plots were visualised using the EMPeror plugin in QIIME2 v 2019.10. 

2.3 Statistical analysis  

Total bacterial counts were analysed using IBM SPSS Statistics version 25.0 (SPSS Inc., 

Chicago, IL, United States). The differences between milk types and within samples across seasons 

were analysed by analysis of variance (ANOVA), followed by Tukey’s tests. Significant 

differences in means of milk within each season or environmental swabs within each plant area 

for the alpha diversity metrics were tested using the non-parametric Kruskal Wallis test (Kruskal 

and Wallis, 1952). The differences in community composition (beta diversity) due to season or 

processing (thermization) on milk types and plant area on environmental swabs were tested using 

PERMANOVA (permutation analysis of variance) with 999 permutations (Anderson, 2017). 
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2.4 Results  

The total bacterial count of raw milk and HT-milk ranged from 3.73 ± 0.20 to 4.35 ± 0.18 log 

CFU/ml and 2.77 ± 0.20 to 3.28 ± 0.18 log CFU/ml respectively (Table 2.2). Total bacterial count 

of raw milk and HT-milk was significantly different irrespective of seasons (P = 0.0005). 

 

Table 2.2: Total bacterial count of raw and HT-milk 

Season Raw milk A 

(Log CFU/ml) 

HT-milk B 

(Log CFU/ml) 

Fall 3.73 ± 0.20 2.77 ± 0.20 

Spring 4.35 ± 0.18 3.05 ± 0.18 

Summer 4.24 ± 0.16 2.92 ± 0.16 

Winter 4.03 ± 0.18 3.28 ± 0.18 

 

For summer, N = 5 while for all other seasons, N = 4  

Values are reported as mean ± standard error  

Samples with different superscript denote significant differences between the seasons (P < 0.05) 

  



 

34 

 

2.4.1 DNA from environmental swabs 

Twenty-eight percent (44 out of 154) of the environmental swabs yielded DNA of acceptable 

quality for 16S profiling of the bacterial community (Table 2.3). Reads > 500 were obtained from 

36 of 44 swabs (81 %) which covered the three major areas in the cheese plant. Plant surfaces 

which gave acceptable (> 0.5 ng)  DNA concentration and reads > 500 in the starter room area 

included the starter room drain and floor (A1 and A3), the starter tank drain and floor (A2 and A4), 

and the exterior and interior of the starter tank (A5 and A6). All the surfaces sampled in the raw 

milk area (B1 – B3) gave acceptable DNA concentration (> 0.5 ng). The cheese cutting room (C1), 

the vat door (C2), the wall and surface around the door belt (C5), the vat drain (C3) and the surface 

of the fine strainer (C8) gave acceptable concentration of DNA (> 0.5 ng) in area C. Although 

DNA was obtained from the production line wall (C4), cheddaring area belt door (C10) and the 

cheese vat drains and door (C3 and C2) in the cheese making area, they were excluded after 

trimming because the number of reads was below 500. The starter tank vents (A7), starter room 

west wall (A8) and the production line presser area (C7) never yielded DNA at all. 

 

Table 2.3: DNA yield from environmental swabs 

Total number of swabs  Number and % of swabs 

which gave > 0.5 ng/µl 

DNA  

*Number and % of swabs which gave 

> 500 reads from 16S 

profiling after trimming 

< 500 reads from 16S 

profiling after trimming 

154 (100 %) 44 (28 %) 36 (81 %) 8 (19 %) 

 
72 % of swabs gave < 0.5 ng/µl DNA 

A total of 14 of the 21 surfaces swabbed gave acceptable DNA concentration (> 0.5 ng) 

*out of the swabs which gave > 0.5 ng/µl DNA 

The 36 swabs which gave good quality DNA were as follows: starter room area (n = 19), raw milk area (n = 9), 

cheese making area (n = 15) 
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2.4.2 Bacterial community structure by MiSeq analysis 

The microbiome of two milk samples from one batch of sampling was mostly made up of one 

family taxon (Brevibacteriaceae or Streptococcaceae) probably due to the sample structure as the 

DNA extraction and sequencing was repeated. This led to the exclusion of these samples since a 

single bacterial family had more than 94 % relative abundance. Therefore, the microbiome of 32 

milk samples (16 per milk type) were analysed. The effective reads in all sample types ranged 

from 592,158 to 1,843,547 after trimming and processing with the DADA2 pipeline (Table 2.4). 

A mean read number of 58,921, 37,009 and 51,210 was obtained for raw milk, HT-milk and 

environmental swabs respectively. In total, 4,679 OTUs were obtained from 32 milk samples with 

an average read length of 411.37 bp while 1,499 OTUs were obtained from environmental swabs 

with an average read length of 418.41 bp.  

Raw milk collected in the summer had the highest number of effective reads (278,465) which was 

very closely followed by fall (272,608) while winter had the least (137,099) (Table 2.5). However, 

spring HT-milk had the highest number of effective reads (272,984) while fall had the least 

(84,277).  

 

Table 2.4: The number of reads generated for each sample type after trimming and quality 

control 

Sample type Number of 

samples 

Number of reads 

after trimming in 

DADA2 

Range of read number 

per season or area* 

Mean 

number of 

reads#  

Median 

number of 

reads#  

Raw milk 16    942,743 137,099 - 278,465 58,921 58,886 

HT-milk 16    592,158   84,277 - 272,984  37,009 35,325 

Swabs 36 1,843,547     4,058 - 107,570 51,210 49,750 

 
*Milk types are grouped by season while swabs are grouped by area of plant 
#Read number is also expressed as the feature count-. 
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Table 2.5: Effective number of reads obtained from raw milk and HT-milk per season 
 

Reads for raw milk Reads for HT-milk 

Season Total Mean Median Total Mean Median 

Fall 272,608 68,152 63,989   84,277 21,069 18,904 

Spring 254,571 63,643 55,011 272,984 68,246 47,362 

Summer 278,465 69,616 65,200 142,812 35,703 37,986 

Winter 137,099 34,275 32,863   92,077 23,019 22,119 

 

The cheese making area had the least total number of effective number of reads (453,389) 

although many of the swabs collected in this area had DNA concentration > 0.5 ng/µl (15 samples) 

(Table 2.6). An average of 46,594, 56,096 and 56,673 reads were obtained from the surfaces 

sampled in the starter room area, raw milk area and cheese making area. 

The OTU rarefaction curves (based on observed OTUs) for DNA of both milk types from all the 

seasons reached a plateau after 20,000 reads (Figure 2.1). In HT-milk, more unique groups were 

encountered in spring and winter samples than in fall and summer samples.  

 

Table 2.6: Effective number of reads obtained from environmental swabs from different plant 

areas 
 

Reads for environmental samples 

Plant area Total Mean Median 

Starter room area (n = 19) 885,293 46,594 43,356 

Raw milk area (n = 9) 504,865 56,096 58,260 

Cheese making area (n = 8) 453,389 56,674 51,655 
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Figure 2.1: The rarefaction curves of A) raw milk and B) HT-milk collected during four seasons and C) environmental 

swabs collected from three major areas in the cheese plant based on observed OTUs. 
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2.4.3 Alpha diversity of milk and swab samples 

To reduce statistical bias during sample comparison based on diversity indices, a minimum 

sampling depth of 6,782, 2,674 and 4,058 were set to normalize raw milk, HT-milk and swabs 

respectively. There were no significant differences in the alpha diversity of the milk samples within 

each season and the environmental swabs within each plant area (Figure 2.2). However, the 

diversity found within winter raw milk samples was the least for all indices except Pielou’s 

evenness. According to Pielou’s evenness, spring and winter raw milk samples were more even 

than fall and summer but this was not significant. In HT-milk, spring and winter samples had the 

widest range of the number of observed OTUs while summer samples appeared to be the most 

even sample with the least range of evenness. The HT-milk samples collected in the summer had 

the smallest range of Faith’s phylogenetic diversity index as well as the least range of the other 

alpha diversity measures. All indices showed that HT-milk in fall had the least diversity amongst 

all HT-milk samples, which was also lower compared to its corresponding raw milk sample. There 

were no significant differences in the alpha diversity indices of both milk types (P > 0.05). The 

cheese making area of the plant had the least diversity across all indices compared to the other two 

areas. The Shannon index and Pielou’s evenness had wider ranges in the starter room area and the 

raw milk area. 
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Figure 2.2: Alpha diversity of the bacterial communities in A) raw milk (n = 16) B) HT-milk (n = 16) and C) swabs 

(n = 36) based on four measures.  
Four milk samples per season were reported per sample type. The plant surfaces reported included the starter room 

area (n =19), raw milk area (n = 9), cheese making area (n = 8). The line inside the box represents the median, while 

the whiskers represent the lowest and highest values within the 1.5 interquartile range (IQR). Outliers as well as 

individual sample values are shown as dots. Boxplots were constructed in GraphPad Prism v 8.4.1.    
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2.4.4 Beta diversity of milk and swabs 

Overall, there was a significant difference in the beta diversity as shown by the quantitative 

weighted Unifrac for both milk types together based on seasons (P = 0.019) (Figure 2.3). 

Specifically, samples collected in spring were different from those in summer (P = 0.023) while 

samples collected in summer also differed from those in winter (P = 0.007). However, no 

significant difference was observed in the qualitative unweighted UniFrac distance metric for both 

milk types together based on seasons (P > 0.05). Regardless of the season, a significant difference 

was observed in the unweighted Unifrac measure of beta diversity between raw milk and HT-milk 

(P = 0.045) (Figure 2.4). There was a shift in the population of OTUs from raw milk to HT-milk 

but this was not consistent with season. However, heat treatment did not significantly differentiate 

the weighted UniFrac distance (P > 0.05). 

Four samples collected from the starter room area, five from the cheese making area and one 

from the raw milk area substantially overlapped based on the weighted UniFrac metric (Figure 

2.5). For the unweighted Unifrac, all the samples from the starter room area clustered with all of 

the other samples except two from each of the starter room area (A3 and A4) and the raw milk 

area (B1 from two sampling batches). A significant difference was recorded between the 

population of the microbial taxa recovered from the surfaces in the starter room area and those of 

the raw milk area (P = 0.013). 
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Figure 2.3: Weighted Unifrac, a measure of beta diversity of both milk types (raw milk – circles and HT-milk - 

diamonds (n = 32)) collected during four seasons 

Percent variation due to the first and second principal coordinates is shown along axis 1 and 2. Spring vs summer (P 

= 0.023); Summer vs winter (P = 0.007)  
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Figure 2.4: Beta diversity according to milk type (raw milk and HT-milk (n = 8) collected per season based on A) 

Unweighted and B) Weighted Unifrac measures along the principal coordinate axes  

Percent variation due to the first and second principal coordinates is shown along axis 1 and 2 
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Figure 2.5: Beta diversity of environmental swabs (n = 36) collected from three regions of the plant based on A) 

Unweighted and B) Weighted Unifrac measures along the principal coordinate axes. Starter room area vs raw milk 

area (P = 0.013) 
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2.4.5 Bacterial community profiling according to heat treatment of milk  

Over 99.5 % of the raw milk and about 97 % of the HT-milk sample sequences were assignable 

to the phyla level. Overall, there were some differences in the relative abundance of the phyla 

reported in the raw milk before and after thermization (Figure 2.6). Out of the 28 phyla obtained, 

Firmicutes was the most abundant followed by Proteobacteria in all the milk samples. 

Cyanobacteria, Bacteroidetes, Fusobacteria and Actinobacteria were also present with relative 

abundance > 1 % in at least one season. The relative abundances of Cyanobacteria and 

Fusobacteria reduced by half in HT-milk during fall and winter respectively, thus increasing the 

abundance of Bacteriodetes and Proteobacteria relatively. No significant changes in phylum 

abundance was observed in spring while Proteobacteria was significantly reduced in the summer 

upon thermization of the milk. 

Streptococcaceae was the most abundant family in raw milk all year round, however, upon 

thermization, a lowering was observed in the fall and winter while the levels remained largely 

unchanged in the spring and summer (Figure 2.7). Likewise, Pseudomonadaceae and 

Clostridiaceae 1 which occurred in high relative levels in some raw milk collected in summer were 

lower after thermization. Lactobacillaceae was highest in both spring and winter while 

Moraxellaceae was highest only in spring and Fusobacteriaceae only in winter. However, 

Staphylococcaceae was more abundant in HT-milk than raw milk collected during all seasons 

except winter where it was similar. Enterobacteriaceae, Leuconostocaceae, Weeksellaceae and 

Moraxellaxeae were more predominant in HT-milk collected in fall while Bacillaceae was more 

prominent in spring. In contrast, Bacillaceae was relatively lower in abundance in raw milk all 

year round. Similarly, Spingomonadaceae and Planococcaceae were more relatively abundant in 

HT-milk collected in spring and summer respectively. 
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Figure 2.6: The major phyla present in 1.) raw milk and 2.) HT-milk in four seasons (a- fall, b- spring, c-summer, d- 

winter). 
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Figure 2.7: Heat maps illustrating the mean relative abundance of the predominant families present in (A) raw milk 

and (B) HT-milk collected from plant A during four seasons. 

The heat map was generated by GraphPad Prism v 8.4.1. Each rectangle in the heat map corresponds to the relative 

abundance of a single family. The least relative abundance values are represented by light green, progressing to higher 

values as black and dark red. Colour version available online. Only families > 1 % in at least one season are presented. 
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2.4.6 Environmental bacteria community profiling 

Overall, Streptococcaceae was the most predominant family in the starter room area (area A) 

and cheese making area (area C) specifically on the interior and exterior surfaces of the starter tank 

(A6 and A5) (Figure 2.8I). Streptococcaceae was equally abundant in the cheese making area, 

with the highest prevalence in the vat drains (C3) and was least prevalent in the cheese cutting 

room (C1). Moraxellaceae and Pseudomonadaceae were present to a lesser extent in starter area 

with the former dominating the starter room drains (A1) while the latter was observed mostly on 

the floors of the starter room and tank (A3 and A4) (Figure 2.8II).  

Pseudomonadaceae was most predominant in the raw milk area (area B) mostly on the silo 

door (B2) and to a lesser extent in the silo drain (B3). Although a lower relative abundance of 

Streptococcaceae was observed in area B compared to Pseudomonadaceae, it was more 

predominant on the silo floor (B1) than the silo drain (B3). Of the three areas, Moraxellaceae was 

most predominant in the cheese cutting room (C1) followed by the wall and surface around the 

cheese vat door belt (C5). Additionally, Pseudomonadaceae were observed on the surface of the 

fine strainer (C8). However, Bacillaceae and Paenibacillaceae were not found in the cheese 

making area. Staphylocaccaceae although present in area A, was more abundant in area C while 

Bacillaceae, was specific to the raw milk area although in low levels. 
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Figure 2.8: Heat map illustrating the mean relative abundance of the bacterial community (family level) of (I) a cheese 

plant environment based on 3 major areas of the plant (II) the locations sampled within each plant area a) starter room 

area b) raw milk area and c) cheese making area.  

The heat map was generated by GraphPad Prism v 8.4.1. Each rectangle in the heat map corresponds to the relative 

abundance of a single family. The least relative abundance values are represented by light green, progressing to higher 

values as black and dark red. Colour version available online. 
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As expected, more unique taxa were associated with the raw milk area (12) than the starter area 

(7) of the cheese plant with log LDA score up to 8 but no taxon was specific to the cheese making 

area (Figure 2.9A). According to the cladogram, Phylum Actinobacteria, classes Actinobacteria 

and Alphaproteobacteria were the most differentially abundant bacterial taxa in raw milk area of 

the plant. However, orders Sphingobacteriales and Propionibacteriales and genera Psychrobacter 

and Carnobacterium were most differentially abundant in the starter area (Figure 2.9B). 

2.4.7 Spore forming community in milk and plant surfaces 

Family Clostridiaceae 1 was relatively the most abundant spore former family in the raw milk 

samples collected in the summer (up to 3 %) followed by spring and was least in winter (Figure 

2.10I). Generally, Clostridiaceae 1 was less prominent in the milk samples after thermization. In 

addition, Family Bacillaceae was more prominent in fall and winter raw milk samples than other 

seasons, while Paenibacillaceae was only recorded in fall raw milk samples. In HT-milk, 

Bacillaceae was the most dominant spore former, especially in spring samples (up to 10 %) 

followed by summer samples. Similar to Bacillaceae, Paenibacillaceae remained more abundant 

in fall milk samples.  

Paenibacillaceae was not prominent in the cheese plant environment (Figure 2.10II). Up to 2 

% of the bacteria groups recovered from the surfaces in the raw milk area of the plant were 

members of the family Bacillaceae. The starter room area surfaces also harboured about 1 % 

Bacillaceae.  
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Figure 2.9: The characteristic taxa in the microbial communities of environmental swabs collected from the starter 

room area and the raw milk area analysed using the LDA Effect Size (LEfSe) algorithm to determine taxa which were 

significantly more abundant in one area of the plant.  

The bar size represents the effect size of the differential taxa in each plant area (A). Positive LDA score indicate the 

OTUs significantly more abundant in the starter room area, while negative values show the OTUs significantly more 

abundant in raw milk area. The cladogram obtained from LEfSe analysis shows the dominant taxa (highlighted by 

small shaded circles) in starter room area and raw milk area (B). Differing Phyla (P) and Classes (C) are labelled, 

while orders (O), families (F) and genera (G) are annotated with subscripts in the legend. The threshold p-value was 

0.05. This was carried out using Galaxy hutlab v1.0 (https://huttenhower.sph.harvard.edu/galaxy/). NB: There were 

no unique taxa in the cheese making area of the plant.  

 

https://huttenhower.sph.harvard.edu/galaxy/
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Figure 2.10: Heat maps illustrating the mean relative abundance of major spore former community (family level) in I. 

A) raw milk and B) HT-milk collected from plant A during four seasons and II. the cheese plant environment (starter 

room area, raw milk area and cheese making area). 

The heat maps were generated by GraphPad Prism v 8.4.1. Each square in the heat map corresponds to the relative 

abundance of a single family. The least relative abundance values are represented by light green, progressing to higher 

values as black and dark red.  
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2.5 Discussion 

Murphy and Boor (2000) regarded high quality milk as that containing up to 4 log CFU/ml 

total bacteria as enumerated by the total plate count method. The milk received by Plant A had not 

exceeded the required quality level of 122,000 Individual Bacteria Cells (IBC) per ml (50,000 

CFU/ml) as set by the Dairy Farmers of Ontario (Dairy Farmers of Ontario, 2011). In Ontario, 

total bacterial count above these levels may attract financial penalties for the farmer (Dairy 

Farmers of Ontario, 2011). Therefore, the measures put in place at the plant to receive milk works 

effectively in maintaining the milk quality during temporary storage before processing. Under low 

temperature (< 6 °C) storage of raw milk, Gram-negative Pseudomonas is able to proliferate 

quickly after the first two days, resulting in an increase of aerobic bacterial counts (Cousin, 1982, 

Huis in’t Veld, 1996). 

In addition, the count fell within the regulatory limit (< 5 log CFU/ml) established in the United 

States Pasteurized Milk Ordinance (PMO) for raw milk of grade A (FDA, 2011) and the EU 

Regulations (EC) No 853/2004 (2004). The PMO further established that raw milk commingled 

from several producers can have up to 300,000 CFU/mL, which is more than is expected of raw 

milk from a single producer (< 100,000 CFU/ml). Other studies have reported similar counts in 

raw milk samples in the United States and Europe at the plant and farm levels (Martín et al., 2010, 

Fricker et al., 2011, Masiello et al., 2014, Porcellato et al., 2018, Skeie et al., 2019).  

The total bacteria count of raw milk can be influenced by the management practices of the 

farm, the housing type, milking and feeding system, farm and equipment cleanliness (Jago et al., 

2006, Elmoslemany et al., 2010, Jacobs and Siegford, 2012, Doyle et al., 2017). In addition, 

individual-specific factors (such as breed, health status, feeding habit and lactation stage) could 

also have an impact on microbial composition influencing microbiome studies (Parente et al., 
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2020). The significantly lower bacterial populations found in milk after thermization (65 °C for 18 

sec) in plant A implied that the process reduced the bacterial levels in the cheese milk. This was 

expected as many bacterial groups in raw milk are heat sensitive and heat treatment is a common 

technique used to ensure the safety of milk for consumption. A similar population reduction in 

pasteurized milk has been reported (Quigley et al., 2013a, Porcellato et al., 2018). However, total 

count does not absolutely convey information about the groups surviving the heat treatment. 

The use of culture independent methods for understanding the microbiome of foods provides 

an advantage over culture dependent methods but it is still experiencing certain problems. These 

include the possibility of over or under-estimating specific bacterial groups as a result of 

differential DNA extraction efficiencies or bias in PCR amplification of some species over others 

(Coenye and Vandamme, 2003, Arakawa et al., 2008). Furthermore, marker selection can have an 

impact on the results. For instance, distinct regions within the 16S rRNA gene (such as V3-V4, 

V6 and V4) have produced significantly different relative abundances of various taxa in milk 

(Sperling et al., 2017, Pang et al., 2018, Kennang Ouamba et al., 2020). Therefore, when 

comparing microbiome studies based on 16S rRNA, it is important to consider the region of the 

gene used for the analysis, and to remain consistent within the study. Apart from management 

factors, sampling procedure has a strong influence on the composition of the microbiota of 

individual milk samples (Metzger et al., 2018). To have an extensive insight into the raw milk 

microbiome, combining both cultural and molecular approaches in a polyphasic manner is 

suggested (Fricker et al., 2011). 

Most cheese plant surfaces yielded DNA concentrations that met the requirement for 16S 

profiling probably because those surfaces were more soiled due to higher product contact than 

others which did not yield the minimum concentration in DNA. However, not all surfaces yielded 
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DNA every single time of sampling. It is possible that the DNA extraction approach was 

sometimes inefficient in obtaining DNA from the surfaces as bacteria were in very low levels. The 

impact of several DNA extraction methods on skin microbiome investigation has been reported 

(Bjerre et al., 2019). 

A diverse microbiota (in composition and structure) was revealed in the raw milk before and 

after thermization irrespective of seasons as reported in other studies (Quigley et al., 2013a, 

Porcellato et al., 2018). In contrast with other studies, the alpha diversity measures of raw milk 

were not significantly different across seasons (Kable et al., 2016, Porcellato et al., 2018). For 

instance, Porcellato et al., (2018) recorded significantly higher alpha diversity in Norwegian raw 

and pasteurized milk collected in winter compared to spring and summer. Conversely, Kable et al. 

(2016) observed a higher species richness in American raw milk collected directly from milk 

tankers in spring. Many factors which could not be accounted for in our study may have influenced 

the wide variation in the bacterial diversity of the raw milk samples. These factors range from 

difference in farm management practices since the milk was commingled from one transport route 

servicing multiple farms, individual cow microbiome, transportation conditions and storage 

(Oliver et al., 2005, Huck et al., 2007a, Skeie et al., 2019).  

Although raw milk collected in the summer reflected great diversity (based on the four alpha 

diversity indices), upon thermization, this diversity reduced drastically. Lower alpha diversity in 

the summer HT-milk could be due to the relative increase in the abundance of thermoduric bacteria 

such as B. cereus at this time of the year as shown by higher plate counts by other authors (Larsen 

and Jørgensen, 1997, Bartoszewicz et al., 2008, Porcellato et al., 2018). According to Bartoszewicz 

et al. (2008) this could be due to the ecological distribution of Bacillus species in the summer. The 

heat treatment successfully lowered some taxa but did not outrightly eliminate them to the point 
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of significantly changing the composition of the HT-milk. Overall, the diversity of the microbiome 

of the raw milk was consistent every season and there were no major fluctuations in any season 

whatsoever. 

The raw milk area and starter area had the highest number of observed OTUs implying that 

new taxa came from these areas, hence serving as entry points of microbes into the plant. 

Specifically, the floors and drains in the plant were the most contaminated surfaces since biofilm 

formation can easily occur in these parts as they are usually exposed, allowing more deposit of 

microorganisms and nutrients (Berrang and Frank, 2012, Schon et al., 2016). This was also 

substantiated by the unweighted Unifrac which implied that the floors were more contaminated 

than other surfaces swabbed. 

The core microbiome of the raw milk in this study was composed of Firmicutes, 

Actinobacteria, Bacteroidetes and Proteobacteria which has been reported in other studies 

(Quigley et al., 2013a, Kable et al., 2016, Li et al., 2018, Porcellato et al., 2018). In fall and 

summer, phylum Fusobacteria was not present in the raw milk microbiome neither was 

Cyanobacteria in summer, therefore, they cannot be considered as part of the core microbiota. 

Unlike the reports of Kable et al. (2016), phylum Tenericutes was not a part of the core microbiome 

of the raw milk samples although it was sometimes present in very low levels (< 0.2 %). The 

proportion of the core microbiome of raw milk after thermization always changed in different 

seasons but Firmicutes remained the most abundant.  

Genera Acinetobacter, Staphylococcus, Streptococcus, Lactococcus and Leuconostoc were 

found in raw milk in this study and have also been reported elsewhere (Rasolofo et al., 2010, Vaz-

Moreira et al., 2011, Gurung et al., 2013, Quigley et al., 2013a, Kable et al., 2016, Porcellato et 

al., 2018, Frazilio et al., 2019, Skeie et al., 2019). Streptococcaceae could have been introduced 
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to the cheese plant through raw milk as it was also the predominant taxa on the surfaces and in the 

drains of the starter room area.  

Lactococcus, the more abundant of the two genera within family Streptococcaceae was highest 

in cheese making area where it is important for acidification of milk, early stages of cheese 

ripening and flavor development (Franciosi et al., 2009). High relative levels of Lactococcus have 

also been reported in two other artisanal cheese plant environments (Bokulich and Mills, 2013, 

Falardeau et al., 2019). While Lactococcus was the predominating genus on the raw milk silo 

surfaces in our study, Agarwal et al. (2006) reported Pediococcus as the predominant genus from 

raw milk silo surface amongst other surfaces. Raw milk is a known and abundant source of 

Lactococcus (Alegría et al., 2010). Lactococcus was relatively more abundant in spring and fall 

raw milk which is in line with Kable et al. (2016), who observed that some species of Lactococcus 

grew during cold storage of milk. However, they do not state if these were naturally occurring 

Lactococci in raw milk or those from in-plant sources. Besides, it is possible that the relatively 

lower temperature during spring and fall encouraged their growth as certain psychrotrophic species 

of Lactococcus are known (Vaz-Moreira et al., 2011, Pothakos et al., 2014).  

However, Streptococcus, the other genus in family Streptococcaceae, contains species which 

are mostly implicated in the etiology of cow udder mastitis that can be present in milk (Osterås et 

al., 2006, Tenhagen et al., 2006, Oikonomou et al., 2012, Kuehn et al., 2013). Moreover, low levels 

of mastitis-related Streptococcus can occur also in the udder of a healthy cow, as shown by a 

Norwegian study (Reksen et al., 2006). Furthermore, the highest abundance of Streptococcus in 

the spring raw milk and least abundance in summer is not in concordance with the findings of 

Kable et al. (2016) who observed it was highest in summer. Conversely, using the NGS approach 

and cultural methods, Streptococcus was most abundant in the winter raw milk (Gillespie et al., 
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2012, Porcellato et al., 2018). Therefore, the predominance of Streptococcus seems not to be 

season dependent, rather it may be dependent on farm management practices as they occur in the 

farm environment such as on the teat skin (Braem et al., 2013), cow feces (Zadoks et al., 2005) 

and dairy equipment (Marchand et al., 2012; Delgado et al., 2013). In addition, some strains are 

thermophilic, surviving dairy plant heat treatment and producing biofilms on equipment surfaces 

during long processing runs (Marchand et al., 2012, Delgado et al., 2013). Together with 

Lactobacillus and Lactococcus, Streptococcus has been reported on knives, drain tables, in brine 

tanks and the ripening room of an Italian cheese plant (Calasso et al., 2016).  

In the raw milk samples of the present study, Lactobacillus which showed highest abundance 

relative to other groups in spring has been shown to correlate  positively with high temperature 

and humidity (Li et al., 2018). However, Porcellato et al. (2018) reported the predominance of 

members of the order Lactobacillales during winter. Our findings indicate that raw milk collected 

in the spring could be a more abundant source of NSLAB in the plant which normally contribute 

to dairy fermentation positively or negatively (Beresford, 2003, O'Sullivan et al., 2013, Teh et al., 

2014). Although in low levels, the presence of Lactobacillaceae in the cheese plant drains is in 

line with the findings of Bokulich and Mills (2013) where this group dominated the surfaces. This 

was expected as lactic acid bacteria are major players in cheese flavour development, hence 

making up the non-starter culture composition. Lactobacillus species are normally present in raw 

milk (Quigley et al., 2013b, Addis et al., 2016, Bottari et al., 2018) which could be transferred 

along the processing lines into the cheese making area. Also, Lactobacillus biofilms have been 

reported on plant equipment surfaces (Wong, 1998, Somers et al., 2001, Agarwal et al., 2006). Up 

to 4 log CFU/cm2 NSLAB were reported in the milk silo in the study of Agarwal et al. (2006). In 
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the present study, very low relative abundance was recovered from the milk silo surfaces, but this 

cannot be easily compared to absolute counts of published results.  

Leuconostocaceae which were recovered only from the raw milk area drains are not key 

components of conventionally defined Cheddar cheese starter culture, although they may be 

present (Lawrence et al., 1984). This was probably why they were not recovered in the starter room 

and cheese making area, however, they are known to occur in raw milk (Quigley et al., 2013a). 

Similarly, Leuconostocaceae was found on equipment surfaces in the study of Bokulich & Mills 

(2013) although it was part of the starter culture used. The presence of Lactobacillaceae, 

Streptococcaceae and Leuconostocaceae on floors and drains is expected as these exposed 

structures in the plant are usually dominated by product-associated microorganisms, in this case 

cheese (Schon et al., 2016). 

Acinetobacter, a member of Moraxellaceae, which has undesirable lipolytic potential, was 

most abundant in the raw milk samples collected in spring and this agrees with other studies where 

it was abundant in spring to summer (Kable et al., 2016, Li et al., 2018) although Porcellato et al. 

(2018) reported otherwise (winter). There is evidence that many Acinetobacter species are 

ubiquitous and able to endure wide temperature ranges (20 – 44 °C), hence their prevalence in the 

spring (Li et al., 2018). Likewise, many species of Acinetobacter can form biofilms on surfaces 

thereby, dislodging into food products including milk where they can cause spoilage (Doughari et 

al., 2011). Acinetobacter and Aeromonas occurred persistently in tap water indicating their 

probable route of entry into milk (Vaz-Moreira et al., 2017).  

Although Pseudomonas was reported in the raw milk, thermization lowered its incidence (Legg 

et al., 2004) similar to pasteurization (Quigley et al., 2013a, Frazilio et al., 2019). In this study, 

Pseudomonadaceae were always observed in the drains at the three major areas of the plant along 
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with Streptococcaceae and Staphylococcaceae probably due to biofilm build up. Their presence 

on dairy plant equipment surfaces have been reported (Dogan and Boor, 2003, Lomander et al., 

2004, Stellato et al., 2015, Schon et al., 2016, Falardeau et al., 2019). The maturation room and 

aging shelf surfaces in artisanal cheese plants also contained Pseudomonas and Staphylococcus 

(Bokulich and Mills, 2013, Falardeau et al., 2019). Unlike the studies which reported that the 

relative abundance of Pseudomonas increased in raw milk from winter (Marchand et al., 2009, Li 

et al., 2018, Porcellato et al., 2018) and fall (Kable et al., 2016), we found that it was highest in 

summer milk. This may indicate cooling difficulties during the summer where ambient 

temperatures are higher. 

Bacillus, which was mostly observed in very low levels in raw milk had a relative abundance 

peak in winter meanwhile Porcellato et al. (2018) reported higher Bacillus levels in the summer. 

It is possible that the majority of the Bacillus species found in our study were psychrotolerant, 

hence their abundance in winter. Bacillaceae was more abundant in raw milk area likely due to 

their presence in raw milk. This was not surprising as the potential of Bacillus group to form 

biofilms or live within existing ones has been elucidated (Faille et al., 2014, Huang et al., 2020). 

However, the presence of Bacillus was not reported in a previous environmental study carried out 

in the United States (Bokulich and Mills, 2013). Neither Clostridiaceae 1 nor Paenibacillaceae 

was prominent in any of the areas swabbed at all and this is desirable as both have potential for 

spoilage in cheese (Klijn et al., 1995, Quiberoni et al., 2008, Bermúdez et al., 2016).  

The very low levels of Paenibacillaceae in raw milk observed here has been reported by other 

authors (Ivy et al., 2012, Ribeiro Júnior et al., 2018). However, in raw milk, Clostridium sensu 

stricto 1 had the highest relative abundance in summer probably due to the quality of the feed 

given to the animals. This is supported by Bermudez et al. (2016) who observed the prevalence of 
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Clostridium spores in raw milk collected in the summer. Conversely, Kable et al. (2016) reported 

the lowest Clostridium relative abundance in summer. Silage is a recognized source of heat 

resistant and spore forming bacterial contaminants in milk (Julien et al., 2008, Buehner et al., 2014, 

Bermúdez et al., 2016). Although dairy cows in Canada are silage-fed all year round, it is possible 

that problematic silage was used in the summer which may have undergone some deterioration, 

thereby increasing the contamination level of milk produced by the animals. Potential for increased 

Clostridial level in silage could arise from how close to the soil or manure the plant materials were 

harvested (Pahlow et al., 2003, Nadeau et al., 2010). 

The increased abundance of some taxa in milk after heat treatment has been reported 

(Porcellato et al., 2018). All the taxa (order Bacillales, Lactobacillales and Pseudomonadales) 

except order Clostridiales, reported by Porcellato et al. (2018) to have a higher abundance in 

pasteurized milk, were also observed in HT-milk. The higher relative abundance of these taxa in 

HT-milk was probably due to their ability to survive heat treatment while reducing the proportions 

of many other groups (Porcellato et al., 2018). It is generally known that spore forming bacteria in 

the orders Clostridiales and Bacillales (Granum and Lindback, 2013, Buehner et al., 2014) and 

certain thermoduric species in the order Lactobacillales (De Angelis and Gobbetti, 2004) can 

survive heat treatment. While both heat treatment methods have found applications in food 

preservation, the main difference between them is essentially the temperature used for each and 

how much reduction of microbes they can achieve (Tilocca et al., 2020). Both methods can 

indirectly activate spores to germinate, however, pasteurization (72 and 76 °C) significantly 

activated more Bacillus spores than thermization (63 °C) (Hanson et al., 2005). 

It is important to note that the more an OTU increases, the lower another OTU becomes, hence, 

the relative abundance term (Porcellato et al., 2018). Conversely, the increase in the relative 
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abundance of some OTUs could point to actual in-plant bacterial contamination (Svensson et al., 

2000, Marchand et al., 2012). In the present study, measures to prevent amplification of DNA from 

dead cells were not taken, therefore, both milk types likely contained dead cells. Similarly, Kable 

et al. (2016) and Porcelato et al. (2018) reported that dead cells were likely a higher occurrence in 

pasteurized milk due to the heat treatment than raw milk. Kable et al. (2019) incorporated a PMA 

treatment in their studies on the community of raw milk after pasteurization and reported 

thermoduric and spore forming bacteria as the main groups, with a decreased proportion of non-

spore forming groups. 

Apart from taxa commonly associated with milk, less common taxa were also found, as 

reported elsewhere (Quigley et al., 2013a, Oikonomou et al., 2014, Young et al., 2015, Kable et 

al., 2016, Oultram et al., 2017). Prevotellaceae and Parabacteroides were found at extremely low 

levels (~ 0.03 %), likewise, Faecalibacterium (in one raw milk) and Catenibacterium (in one HT-

milk) which occur in other environments such as the gut (Kageyama and Benno, 2000, Sokol et 

al., 2009, Yildirim et al., 2010, Rodriguez et al., 2012). Other gut and rumen associated groups 

found in raw milk include Ruminococcus (Oikonomou et al., 2012, Oikonomou et al., 2014, Young 

et al., 2015, Kable et al., 2016, Oultram et al., 2017), Bacteroides (Oikonomou et al., 2012, 

Oikonomou et al., 2014, Oultram et al., 2017), and Alistipes (Gschwendtner et al., 2016). These 

groups could have entered the milk through fecal contamination or through the suggested entero-

mammary pathway into the udder (Young et al., 2015). In the future, negative controls should be 

tested and sequenced to confirm that rare groups were not contaminants. 

The impact of season on raw milk microbiome can vary greatly, depending on the geographic 

location, humidity, rainfall and prevailing weather conditions. In addition, many other factors 

related to management practices (days in lactation, farming system, cleanliness of the teats and 
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milking equipment, air and water quality and feeding) that may be confounded with the effect of 

season may influence milk microbiota (Doyle et al., 2017, Li et al., 2018, Parente et al., 2020).  

However, as the milk samples were collected at the plant level, the actual cause of the variations 

was not the aim of this study. Overall, the taxa present in the HT-milk were similar to those in the 

raw milk even though heat treatment reduced their population significantly (Quigley et al., 2013a). 

For biofilms to form, deposit of cells, debris, nutrients and extracellular polymeric substances 

(including exopolysaccharide) are required on a surface and this often takes a period of time 

(Marchand et al., 2012). However, the frequent and effective cleaning of the plant will disrupt the 

accumulation of the elements required for biofilm formation. Once the incidence of bacteria on the 

surfaces is drastically reduced or outrightly removed the chances of a biofilm build-up is lowered.  

2.6 Conclusions 

These results add to the current knowledge available on the bacterial community of Canadian 

raw milk, although more studies are required to further expand the scope of information readily 

available in literature. Research groups in many parts of the world (the United States, NewZealand, 

Australia, China, Denmark and Sweden) have gained deeper insight into the microbiota of milk of 

those origins at different stages of processing. However, this is still a developing research in the 

Canadian context. Furthermore, since the bacterial community in any processing plant can affect 

the quality of products, the need to gain insight into the resident bacteria of the plant arises. 

Although some plant environmental studies have been reported on milk powder plants in New 

Zealand/Australia and on artisanal cheese plants in the United States and British Columbia, 

Canada, little data are available about Cheddar cheese plants. Changes in the microbiome of the 

Cheddar plant were observed as samples moved along the three major areas:  starter room area, 

raw milk silo area and cheese making area. The quality of all the raw milk samples was within the 
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acceptable limit which was maintained until processing. The effect of heat treatment was more 

pronounced than season in this study.  
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CHAPTER 3 

3. Aerobic and anaerobic spore forming bacteria in a Cheddar cheese 

processing plant in Ontario   

Abstract 

Spore forming bacteria remain a hurdle to overcome in dairy processing as they are important in 

the spoilage of dairy products. A cheese plant located in Ontario was sampled over a period of 

two years to assess their presence. A count of about 3 log CFU per ml of thermoduric bacteria 

was obtained from raw milk irrespective of the season, which increased by 1 log CFU per g in 

the cheese curds produced from the milk due to concentration. An average of 2 log CFU/ml of 

aerobic spore forming bacteria was observed in milk with no noticeable effect of season. 

However, in curds, aerobic spore forming bacteria were present up to 3 log CFU/g and were 

generally higher in the winter than fall (P < 0.05). For all curds, the lab pasteurisation counts 

(LPC) were higher than aerobic spore counts (P = 0.0001) probably due to the lower temperature 

applied for LPC. Anaerobic spore count was a log higher in curds than milk irrespective of the 

season. Spore counts in whey were below the detection limit and very few spore forming bacteria 

were isolated (20 in total). Bacterial isolates identified (657) belonged to three major genera (63 

% Bacillus, 23 % Paenibacillus and 9 % Clostridium) with Bacillus dominating irrespective of 

the season. Oceanobacillus, Lysinibacillus and Brevibacillus were also found to a lesser extent. 

Comparison of Shannon and Simpson diversity indices showed no difference in the diversity of 

spore forming bacteria between the summer and fall (H = 1.06, D = 0.6). Bacillus and 

Lysinibacillus were recovered from the three major areas in the plant. Overall, B. licheniformis, 

P. macerans and C. tyrobutyricum were the most prevalent species in the genera Bacillus, 

Paenibacillus and Clostridium, respectively. 
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3.1 Introduction 

The spoilage abilities of thermoduric spore forming bacteria, which survive elevated 

temperature conditions and thermophiles which grow under these conditions are a cause of 

concern to the dairy industry. These bacteria possess the ability to resist heat treatment during 

food processing such as pasteurization and thermization (Rückert et al., 2004, Gleeson et al., 

2013). Thermoduric bacteria, spore forming bacteria and their spores often remain in raw milk 

and dairy products after pasteurization (Scott et al., 2007, Buehner et al., 2014, Kent et al., 2016). 

Furthermore, the occurrence of spores and the multiplication of these thermoduric bacteria within 

biofilms on equipment surfaces is possible; thus, the laboratory pasteurization count (LPC) can 

reflect the cleanliness of milking equipment (Murphy and Boor, 2000, Pantoja et al., 2009). 

Spore former genera of interest in the dairy industry include Bacillus, Paenibacillus, 

Geobacillus, Anoxybacillus, Clostridium, Oceanobacillus, Brevibacillus, Lysinibacillus to name 

just a few (Coorevits et al., 2008, Doyle et al., 2015, Kent et al., 2016). Spore forming bacteria 

can produce unwanted gas which impacts cheese structure or heat resistant enzymes which could 

break down milk components (Coorevits et al., 2008, De Jonghe et al., 2010, Gleeson et al., 

2013), in addition to toxins which cause safety concerns. Lendebach and Marshall (2009) stated 

that spores can likely concentrate in cheese curds, as one spore/ml of milk can result in gas defect 

in some cheeses, but no evidence was given. Spore forming bacteria such as Bacillus and 

Paenibacillus were the main cause of the spoilage of Ricotta cheese before expiry (Sattin et al., 

2016). Additionally, Paenibacillus polymyxa and P. macerans have the potential to cause 

blowing of cheeses due to gas production (Ternström et al., 1993, Quiberoni et al., 2008, De 

Jonghe et al., 2010). Genera of spore forming species have been found in silage (te Giffel et al., 

2002, Justé et al., 2008, Borreani et al., 2013, Driehuis et al., 2016), cattle feed (Vaerewijck et 
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al., 2001, Scheldeman et al., 2004), raw milk (Coorevits et al., 2008, Miller et al., 2015b) and 

dairy products (Huck et al., 2007a, Ranieri et al., 2009, Ivy et al., 2012, Oliveira et al., 2016, 

Sattin et al., 2016).  

Unlike other countries such as New Zealand, Australia and the Netherlands, there are no 

regulated industry standards for levels of spore former and spores acceptable in dairy products 

in Canada. Only a few studies have been carried out on spore forming bacteria in Canada (Lin et 

al., 1998, Julien et al., 2008, Elmoslemany et al., 2010) compared to the vast majority of studies 

in the United States. Therefore, there is a need to widen the scope of the knowledge of the 

abundance and diversity of thermoduric bacteria, aerobic and anaerobic spore forming bacteria 

in Canadian milk.  

To identify the spore forming bacteria, markers other than 16S rRNA gene have been 

explored to make up for the shortcomings of 16S rRNA gene (Weng et al., 2009, Ivy et al., 2012, 

de Almeida, 2014).  Identification of microorganisms using the Matrix-assisted laser desorption 

ionization–time of flight (MALDI-TOF) mass spectrometry has also gained much popularity 

(Hsu and Burnham, 2014, Starostin et al., 2015, Kim et al., 2016). This research aimed to 

determine the level of occurrence of spoilage thermoduric, aerobic and anaerobic spore forming 

bacteria in Ontario milk supplied to one cheese plant over a 2-year period. Spore forming bacteria 

which may persist from fresh curds to 20 months old ripened cheese were identified. 

3.2 Materials and Methods 

3.2.1 Cheddar cheese plant sampling  

The raw milk and HT-milk samples (from chapter 2) together with cheese curds and whey 

were collected from a Cheddar cheese manufacturing plant, hereafter called plant A (Figure 3.1). 

In the plant, each raw milk batch was divided after heat treatment (65 °C for 18 s) into six vats 



 

67 

for cheese production with two starter cultures (in triplicate). This resulted in each sampling 

batch having one raw milk, one HT-milk and six cheese curd samples. The cheese making trials 

were carried out four times within each season over two years, except five trials were done in 

summer (summer 17 – fall 19). The cheese curds were mostly taken at the onset of cheese 

ripening when acidification, coagulation and cheddaring was complete.  

Whey samples were collected during wheying-off in six trials (1, 2, 3, 4, 6 and 7). The 

cheeses made from the first two trials (trial 1 and 2 in summer) were followed through ripening 

up to 20 months of age and were sampled at 1, 3-4, 6, 14-15 and 19-20 months. Swabs were 

obtained from the three major areas of the cheese plant sampled during four cheese making trials 

(trials 10, 11, 13, 14, 15 and 17) (Chapter 2). In total, 26 aged cheeses, 32 whey samples and 154 

environmental swabs were obtained. Only descriptive (identity and diversity) analysis of spore 

forming bacteria was carried out on the aged cheeses and environmental swabs. The collected 

samples were transported frozen to the laboratory and analysed as soon as possible. 
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Figure 3.1: Flow chart for cheese production in plant A showing the major operations where samples were 

collected. 
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3.2.2 Enumeration of heat resistant and spore forming bacteria 

To enumerate thermoduric bacteria (TDB), LPC was carried out on raw milk and cheese 

curds only while aerobic spore former count (ASC) was done for all samples except aged cheeses 

as the interest was in groups able to tolerate and grow under anaerobiosis. Anaerobic spore 

former count (AnSC) was enumerated in all samples except environmental swabs because the 

surfaces are oxygen-rich areas that would usually not support their growth. Curds and aged 

cheese samples were processed by treating 10 g of each sample (from surface and interior of 

aged cheese) in 90 ml of sterile 2 % (w/v) trisodium citrate solution preheated at 45 °C. This was 

homogenized with a stomacher (2 min at 260 rpm) and then used for analysis. Enriched 

homogenate of the environmental swabs was used for aerobic spores detection (Supplementary 

material S2.1). 

For aerobic enumeration, 5 ml samples were heat treated either at 80 ± 1 °C for 12 min to 

eliminate vegetative cells or at 63 ± 1 °C for 30 min to obtain thermoduric bacteria (Buehner et 

al., 2014). Heat treatment was done in a water bath with a temperature control, after which, the 

samples were immediately cooled on ice. Ten-fold dilutions in 0.1 % peptone water were 

prepared, plated on brain-heart infusion (BHI) agar and incubated aerobically at 30 °C for 48-72 

h (Watterson et al., 2014, Miller et al., 2015b). Enumeration was performed in duplicate, and 

average counts of colony forming units were reported.  

Anaerobic spore forming bacteria were determined using a 3 by 3 most probable number 

(MPN) enumeration followed by plating (Bermúdez et al., 2016). From preliminary work with 

BB-lactate medium, fewer tubes tested positive for gas production than RCM, hence RCM was 

chosen in our study. Briefly, the MPN was done using 9 ml of Reinforced Clostridial Medium 

(RCM) in tubes which were heat treated (80 ± 1 °C for 10 min) after 1 ml of samples were added. 
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The tubes were sealed with sterile melted 5 % (w/v) agar and incubated (37 °C for 7 days) 

anaerobically (Supplementary Material S3.1). The spore counts were estimated using an 

appropriate MPN table according to MLG Appendix 2.05 (2014) and expressed as MPN (of 

spores) mL-1 in milk or as MPN (of spores) g-1 in cheese. To obtain colonies, 0.1 ml of culture 

was taken only from tubes positive for gas production and streaked onto a plate of Reinforced 

Clostridial Agar (RCA) with 50 μg of neutral red and 200 μg of D-cycloserine per ml (Jonsson, 

1990). Neutral red was added for a colour change upon acid production (lowered pH) while D-

cycloserine represses the growth of facultative anaerobic Bacillus (Jonsson, 1990). Plates were 

incubated anaerobically using plastic boxes containing Oxoid aneroGengas generators (Oxoid 

Ltd., Basingstoke, UK) for 3 days at 37 °C (Bermudez et al., 2016).  

 

Table 3.1: Bacterial groups and their incubation conditions. 

Plate Counts  Samples  Pre-treatment  Media  Incubation conditions 

Aerobic (mesophilic) spore 
former count (ASC) 

Raw milk, HT-
milk, whey, curd, 

environmental 

swabs 

Spore pasteurization (SP) 
at 80 ± 1 °C/12 min  

BHI 32 °C/ 2 days (Frank and Yousef, 
2004, Miller et al., 2015b)  

Thermoduric bacteria (TDB) 
  

Raw milk, whey, 
curd 

Laboratory pasteurization 
counts (LPC) at 63 ± 1 °C / 

30 min 

BHI 32 °C/ 2 days (Buehner et al., 2014)  

Anaerobic spore former count 
(AnSC) 

  

Raw milk, HT-
milk, whey, curd, 

aged cheese 

3 x 3 MPN  RCM 37 °C / 7 days/ anaerobic 

Positive MPN tubes  RCA 37 °C / 3 days/ anaerobic (Bermúdez 

et al., 2016) 

 

 

3.3 Bacteria collection and identification 

After incubation, morphologically different colonies (8-12 per plate count per sample 

depending on how many were observed) were selected for each trial and stored at -80 °C in 20 

% glycerol. These were identified, in addition to isolates selected from total bacterial count of 

raw milk and HT-milk (Chapter 2). Isolates were identified via Sanger sequencing of at least 750 

bp of the 16S rRNA gene (crude DNA) using the FD1 forward primer (5’-



 

71 

AGAGTTTGATCCTGGCTCAG-3’) and the RD1 reverse primer (5’- 

AAGGAGGTGATCCAGCCGCA-3’) (Weisburg et al., 1991). Colony PCR was carried out on 

some of the isolates with the condition as follows: 94 °C for 2 min, 35 cycles of 94 °C for 15 s, 

55 °C for 30 s, 72 °C for 1.5 min and finally, 72 °C for 10 min. After amplification, the amplicons 

were separated by agarose gel electrophoresis (1 % w/v, 70 v for 30 min) and visualized using a 

ChemiDoc Imaging System (Bio-Rad, Canada). Once the appropriate bands were purified, the 

products were sequenced at Eurofins (Canada). The sequences obtained per isolate were 

assembled using DNA Baser (v4). The assembled sequences were then compared against the 

Ribosomal Database Project (RDP-II, Michigan State University) to obtain an identification 

(s_ab score > 0.99 were accepted) (Supplementary Material S3.2a).  

MALDI-TOF was used to identify a selection of isolates at the Animal Health Laboratory, 

University of Guelph (Guelph, ON) on the MALDI Biotyper (Bruker, Canada) with the software 

Compass v 4.1.80 (PYTH) 102 2017-08-226_04-55-52. Briefly, colonies were freshly grown 

overnight at either 30 °C on BHI agar (aerobic) (Oxoid) or 37 °C on RCA (anaerobic) and sent 

for identification without refrigeration in order to ensure the protein integrity of the cells 

(Supplementary Material S3.2b).  

3.3.1 Detecting B. licheniformis amongst Bacillus spp. isolates 

The general 16S rRNA gene primers do not discriminate well among Bacillus groups, 

therefore, specific markers were used to further identify Bacillus licheniformis from the group 

of isolates identified as Bacillus spp. after the initial identification methods were applied. The 

choice of B. licheniformis was made because many authors have reported it to be one of the 

prevalent Bacillus species in dairy plants (Scott et al., 2007, Walsh et al., 2012, Buehner et al., 

2014, Sadiq et al., 2016). DNA was obtained from single colonies of each isolate from freshly 
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prepared plates using Instagene matrix (Bio-Rad, Canada) following the manufacturer’s 

protocol. Four B. licheniformis specific primer sets (in pairs per PCR) were applied to 116 

Bacillus spp. isolates as described by de Almeida et al. (2014) (Table 3.3) using DNA from strain 

ATCC 14580 as the positive control. The PCR reaction mixture (23.5 μl) contained 1x PCR 

Supermix (Invitrogen), 0.25 μl (12.5 μM) of each primer and 10 μl of template DNA. The 

amplification was done on a Biometra thermocycler as follows: initial denaturation for 5 min at 

95 °C, 35 cycles of 30 s at 95 °C, 30 s at 58 °C and 90 s at 72 °C followed by a final extension 

step for 10 min at 72 °C. The amplification products were separated on a 2 % agarose gel at 100 

V for 35 min. Isolates for which amplicons were obtained by all 4 primer sets were assigned to 

B. licheniformis.
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Table 3.2: B. licheniformis specific primer sequences and amplification conditions. 

PCR ORF  Products  Marker Primers Primers sequence (5’ – 3’) Amplicon 

size (bp) 

Limitation (observed during 

the in-silico primer 

verification via NCBI 

PCR 

1 

BL00303 hypothetical protein BL5B Forward CGCTCACCATATGCACAGCTCT 332 Amplified at least 1 B. 

paralicheniformis genome 

        Reverse CGGTTTATCGCTTGAGACYCGG     

  serA2 3-phosphoglycerate 

dehydrogenase  

BL8A Forward TCACAACCCGTTGACGACAA 247 Amplified at least 1 B. 

paralicheniformis or B. 

glycinifermentans genome 

        Reverse CGTGTCCGAGTGTGCGTTATAT     

PCR 

2 

BLi00806 hypothetical protein BL13C Forward TTGTGCGTATCTCCGGGCCA 376 Amplified at least 1 B. 

paralicheniformis genome 

        Reverse AGGCATTGTCCCGATGGTGG     

  ligD ATP-dependent 

DNA ligase 

BL18A Forward GTCAACGACACAATTTCCCCGT  216 Amplified about 6 B. 

paralicheniformis genomes 

with 2 mismatched 

nucleotides 

        Reverse AGCTCCCTCAGGCGGCAATT     

 
Letter Y = nucleotides T/C 

Notes: Marker BL5B was not present in all genomes deposited as B. licheniformis in NCBI while marker BL8A gave nonspecific amplification with other 

Bacillus species.
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3.4 Experimental design 

Aerobic spore former count and Laboratory pasteurization count (ASC and LPC) 

Four (4) milk (raw and HT-milk) samples were collected in fall, winter and spring while five 

(5) were collected in summer. This resulted in the plate count experiment being done five times 

in summer and four times in each of the other seasons, all in duplicate. Counts were obtained 

from all plates (n = 8 or 10). Eight replicates of curds were collected for winter, spring and fall, 

while six were obtained in the summer (N = 8 or 6). For curds, each independent sample had 

three technical replicates at the production level in all the seasons. In total, plate counting of 

curds was done on 24 samples or 18 samples (summer) in duplicate within each season. For each 

season and each count type, values were obtained from all plates which resulted in n = 48 or 36 

(in summer). 

Anaerobic spore former count (AnSC) 

As the MPN method requires the use of a statistical estimation table after testing the dilution 

of the samples (3 dilutions by 3 tubes), the experiment was carried out once on independent 

samples for milk (N = 4 or 5). For curds, independent samples with their production technical 

replicates (N = 24 or 18) were used to compute AnSC.  

3.5 Statistical analysis 

All the plate counts were log10 transformed for statistical analysis. A one-way analysis of 

variance was used to test for the effect of processing (heat treatment and acidification) and season 

on the plate counts (LPC, ASC and AnSC). Overall mean of counts by season were analysed 

using the general linear model in IBM SPSS Statistics Version 25 (SPSS Inc., Chicago, IL) and 

differences of the pooled counts by season and/or processing were analysed using ANOVA with 

statistical significance set at P < 0.05. When significant differences were obtained, a post hoc 
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test for multiple comparison of mean counts was conducted using Tukey-Kramer multiplicity 

adjustment. Type III sums of squares calculations in ANOVA based on the number of 

observations in each treatment group adjusted for the unbalanced nature of the data obtained 

during the analysis. Data illustrations were prepared with GraphPad Prism version 8.4.1 (676) 

except when otherwise stated. The diversity of spore forming bacteria among sample types (due 

to processing) and across seasons were assessed based on the Pielou's evenness, richness, 

Shannon index and Simpson index using the PRIMER-e software (version 7) 

(https://www.primer-e.com/). 

3.6 Results  

3.6.1 Enumeration of spore forming and heat resistant bacteria  

The mean LPC of raw milk across all seasons was not significantly different (P > 0.05) (Table 

3.4). Within curds, the mean LPC was significantly higher in spring and winter compared to fall 

and summer (P < 0.05). Lastly, the LPC of curds in spring, summer and winter was significantly 

higher (about 1 log) than the LPC of raw milk in those seasons (P < 0.05). 

Table 3.3: Thermoduric bacteria enumerated by laboratory pasteurization count (63 ± 1 °C/ 30 

min) of raw milk and curds 

Season Raw milk 

(Log CFU/ml) 

Curds 

(Log CFU/g) 

Fall 2.99 ± 0.29Aa 3.68 ± 0.12Aa 

Spring 2.34 ± 0.29Aa 4.42 ± 0.12Bb 

Summer 2.74 ± 0.26Aa 3.88 ± 0.13Ab 

Winter 2.52 ± 0.29Aa 4.46 ± 0.12Bb 

 
For raw milk, N = 4 except in summer where N = 5  

For curds N = 8 except in summer where N = 6 

Values are reported as mean ± standard error  

In columns: Values with different uppercase superscript within a sample type denote significant differences 

between the seasons (P < 0.05) 

In rows: Values with different lowercase superscript in a season denote significant differences between the 

sample types in that season (P < 0.05)  

 

https://www.primer-e.com/
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Overall, no significant difference in the aerobic spore former count was observed between 

raw milk and HT-milk across all seasons (Table 3.5). The ASC of curds in winter was 

significantly higher than the raw milk and HT-milk in the same season (P < 0.05).  

Table 3.4: Aerobic spore former count (80 ± 1 °C/ 12 min) of raw milk, HT-milk and curds 

Season Raw milk 

(log CFU/ml) 

HT-milk 

(log CFU/ml) 

Curds 

(log CFU/ g) 

Fall 2.22 ± 0.29Aa  2.13 ± 0.29Aa 2.72 ± 0.12Aa 

Spring 2.29 ± 0.29Aa 2.28 ± 0.29Aa
 2.95 ± 0.12Aa 

Summer 2.61 ± 0.26Aa 1.48 ± 0.26Ab 2.94 ± 0.12Aa 

Winter 2.14 ± 0.29Aa 1.94 ± 0.29Aa 3.23 ± 0.12Ab 

 
For raw milk and HT-milk, N = 4 except in summer where N = 5  

For curds N = 8 except in summer where N = 6 

Values are reported as mean ± standard error  

Plates of the lowest dilution used for computing some aerobic spore former counts had fewer than 20 colonies 

In columns: Values with different uppercase superscript within a sample type denotes significant differences 

between the seasons (P < 0.05) 

In rows: Values with different lowercase superscript in a season denote significant differences between the 

sample types in that season (P < 0.05)  

 

There was no significant difference between the anaerobic spore former counts of raw milk 

and HT-milk (Table 3.6). However, AnSC was significantly higher in curds collected from 

summer and winter than any of the milk samples (P < 0.05).  
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Table 3.5: Anaerobic spore former count (AnSC) in dairy samples (log CFU/ml or g) 

Season Raw milk 

(Log MPN/ml) 

HT-milk 

(Log MPN/ml) 

Curd 

(Log MPN/g) 

Fall 4.43 ± 0.52Aa 3.60 ± 0.52Ab 5.59 ± 0.21Aa 

Spring 3.03 ± 0.52Aa 3.38 ± 0.52Aab 4.74 ± 0.21Abc 

Summer 3.33 ± 0.47Aa 3.33 ± 0.52Aa 5.22 ± 0.25Ab 

Winter 2.84 ± 0.52Aa 1.78 ± 0.52Aa 5.19 ± 0.21Ab 

 
For raw milk and HT-milk, N = 4 except in summer where N = 5 

For curds N = 8 except in summer where N = 6 

Values are reported as mean ± standard error  

In columns: Values with different uppercase superscript within a sample type denotes significant differences 

between the seasons (P < 0.05) 

In rows: Values with different lowercase superscript in a season denote significant differences between the 

sample types in that season (P < 0.05)  

 

3.7 Bacteria collection and identification 

A total of 1,629 isolates selected from raw milk, HT-milk, cheese curds, environmental 

swabs, whey and aged cheese from the plating methods (TBC, LPC, ASC and AnSC) were 

identified (Supplementary Material Figure S3.7). A proportion of 20 % of the 16S rRNA gene 

sequences could only discriminate to genus level while 5 % of the MALDI-TOF profiles could 

not reliably identify isolates (unknown). To obtain more specific identification for the most 

frequently occurring genus with the highest number of undetermined species, additional 

molecular markers were selected.  

3.7.1 Detecting B. licheniformis amongst Bacillus isolates with undetermined species  

Seventeen (17) additional B. licheniformis isolates were obtained (Figure 3.2) out of the 116 

isolates identified to the genus level as Bacillus by 16S rRNA gene sequencing or MALDI-TOF. 

A total of 99 Bacillus spp. isolates remain to be speciated. The negative control, Bacillus 

paralicheniformis KACC 18426, was amplified by three out of the four primer sets (BL13C, 

BL18A, BL8A). 
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Figure 3.2: Agarose gel showing the amplicons from 17 isolates identified as B. licheniformis using the four B. 

licheniformis specific markers (de Almeida, 2014). 

A - Multiplex 1: primer sets 18A and 13C; B- Multiplex 2: primer sets 5B and 8A 

Lane 1 contains the GeneRuler Low range DNA ladder (ThermoScientific). Lanes 2-18 represent isolates 

(Supplementary Material Table S3.8) while lane 19 contains B. licheniformis ATCC 14580 (positive control), lane 

20 contains B. paralicheniformis KACC 18426 (negative control) and lane 21 contains the no template control. 

 

3.7.2 Three major spore forming genera were obtained 

Generally, aerobic and facultatively anaerobic spore forming bacteria (Bacillus and 

Paenibacillus) were more abundant than anaerobic group (Clostridium). Up to 3 % of the total 

isolates were made up of minor spore former genera such as Brevibacillus, Lysinibacillus and 

Oceanobacillus. Overall, a total of 657 spore forming bacteria were identified as follows: 418 

Bacillus, 155 Paenibacillus, 62 Clostridium, 13 Lysinibacillus, 7 Oceanobacillus and 2 
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Brevibacillus species (Table 3.7). Seventy (70) percent of the spore forming bacteria could be 

identified to species level by the methods used. About 75 % of the Paenibacillus identified in 

this study were obtained from MPN positive tubes with RCM under anaerobiosis. 

Generally, summer had the highest (238 isolates) incidence of all spore former types while 

fall had the least (71 isolates) (Figure 3.3). The three major spore former types were lowest in 

fall except Clostridium which was least in winter. In all seasons, Bacillus was the most frequently 

occurring spore former, followed by Paenibacillus. 

 

Table 3.6: Summary of spore former genera identified 

 

 

# includes Brevibacillus, Lysinibacillus and Oceanobacillus 

  

Genus Number of isolates 

with species 

determined 

 (% Total) 

Number of isolates  

with undetermined 

species  

(% Total) 

Total (% grand total) 

Bacillus 319 (76.3 %)   99 (23.7 %) 418 (63.6 %) 

Paenibacillus 116 (74.8 %)   39 (25.2 %) 155 (23.6 %) 

Clostridium    43 (69.4 %)   19 (30.7 %)   62 (9.4 %) 

Others#   12 (54.5 %)   10 (45.5 %)   22 (3.3 %) 

Grand total 492 (70.7 %) 204 (29.3 %) 657 (100 %) 
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Figure 3.3: Frequency of occurrence of genera of spore forming bacteria by season. Bacillus (n = 418), 

Clostridium (n = 62), Paenibacillus (n = 155), Others (n = 22). 

Others: Brevibacillus, Lysinibacillus and Oceanobacillus  

  

3.7.3 Anaerobic spore forming bacteria in aged cheese 

In total, 37 isolates with distinct morphologies were identified out of 84 AnSC isolates 

obtained from cheeses ranging from ages 1 to 20 months (Supplementary Material Table S3.8). 

Seven of the isolates were identified as Lacticaseibacillus paracasei (formerly Lactobacillus 

paracasei), a non-spore former, while the others were either Paenibacillus (55 %) or Clostridium 

(41 %) species. Only one isolate from 1-month old cheese was Bacillus. Overall, Paenibacillus 

species persisted in the cheeses up to 20 months of age. The species include P. barengoltzii, P. 

macerans, P. phoenicis and Paenibacillus spp. (undetermined). 

3.7.4 Aerobic spore forming and heat resistant bacteria in environmental swabs 

Fourteen (14) out of the 36 swabs which gave a sufficient yield of DNA also yielded spore 

former isolates. Thirty-five (35) of the 57 isolates identified were spore forming. Overall, 

Bacillus species such as B. subtilis, B. cereus, B. licheniformis, B. amyloliquefaciens and B. 

megaterium were isolated from the three major cheese plant surface areas (Table 3.8). However, 

no spore former isolates were obtained from the floors and drains of the raw milk silo in the plant 
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(Area B), rather, non-spore former isolates such as Staphylococcus warneri, Enterococcus spp., 

E. faecium, Kurthia gibsonii and Escherichia coli were found (Supplementary Material Table 

S3.9). 

 

Table 3.7:  Aerobic spore forming bacteria isolated from the cheese plant environment 

Plant 

Area 

Plant surface 

code 

Plant surface description  Presumptive ID of bacteria obtained  

Area A A2 Starter room tank drain  B. cereus  

  A3 Media prep room floor B. cereus, B. megaterium, Bacillus spp., B. 

amyloliquefaciens, B. licheniformis 

  A5 Outside of starter tank  B. cereus, Lysinibacillus sphaericus, B. 

subtilis 

Area C C1 Cheese cutting room  L. boronitolerans, L. xylanilyticus 

  C2 Cheese vat door  L. sphaericus, B. licheniformis 

  C4 Production line wall B. subtilis 

  C8 Surface of fine strainer/sieve under 

blower  

B. cereus 

 C10 Cheddaring area belt door Bacillus spp., B. subtilis 

 
Area A: starter room area, Area B: raw milk area, Area C: cheese making area 

No spore former isolated from Area B 
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3.7.5 Spore former species isolated from all samples  

The spore former isolates were identified from raw milk (26.5 %), HT-milk (11.1 %), cheese 

curds (49.9 %), aged cheeses (4.4 %), whey (2.7 %) and environmental swabs (5.3 %) 

(Supplementary Material Table S3.10). The most frequently identified genus, Bacillus was 

identified as follows: raw milk (119; 28.5 %), HT-milk (49; 11.7 %), cheese curds (203; 48.6 

%), whey (17; 4.1 %), environmental swabs (29; 6.9 %) and aged cheese (1; 0.2 %). The second 

most dominant genus, Paenibacillus, was recovered with isolates as follows: raw milk (38; 24.5 

%), HT-milk (9; 5.8 %), cheese curds (91; 58.7 %), aged cheese (16; 10.3 %) and whey (1; 0.6 

%) but none from the environmental swabs.  

The Bacillus species with the highest frequency of occurrence was B. licheniformis (143 of 

418; 34.2 %) while 44 (26 %) of the Paenibacillus isolates were P. macerans. B. licheniformis 

isolates occurred in samples as follows: raw milk (44; 30.7 %), HT-milk (25; 17.5 %), curds (68; 

47.6 %), whey (2; 1.4 %), aged cheese (1; 0.7 %) and environmental swabs (3; 2.1 %). The 

second most abundant Bacillus species were B. pumilus and B. cereus in both milk types and 

cheese curds, respectively. The less pronounced Bacillus species in raw milk were B. circulans, 

B. clausii, B. coagulans, B. megaterium, B. oceanisediminis, B. safensis, B. simplex, B. subtilis, 

B. thermoamylovorans.   

P. macerans isolates were obtained from raw milk (30; 68.2 %), cheese curds (10; 22.7 %) 

and aged cheese (4; 8.6 %) but none from HT-milk nor whey. Apart from P. macerans, P. 

glucanolyticus was also abundant in cheese curds. There were no Paenibacillus in the 

environmental swabs. The third most abundant genus, Clostridium, was recovered from curds 

(26; 41.9 %), aged cheese (12; 19.4 %), raw milk (10; 16 %) and HT-milk (14; 22.6 %) but not 

whey nor cheese environmental swabs. The most abundant Clostridium species found was C. 
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tyrobutyricum with 17 isolates making 27 % of the total Clostridium identified. Lysinibacillus 

was isolated from environmental swabs (6 isolates), raw milk (4), curds (2) and HT-milk (1). 

Oceanobacillus was found in curds (5 isolates) and raw milk (2 isolates) only while only one 

each of Brevibacillus spp. was found in raw milk and curds. 

3.7.6 Diversity of spore forming bacteria  

The highest alpha diversity in terms of genera was found in the summer (0.91) while fall had 

the least (0.70) (Table 3.9). Based on Pielou's evenness, spore former genera in fall were the 

most even (0.76) compared to winter (0.47) which was less even. In addition, the highest 

diversity of spore former genera was found in fall which also had the least number of unique 

genera (H = 1.06, D = 0.60). The same diversity was also found in summer when the highest 

total number of unique genera was observed. Overall, spore-former diversity was least in winter 

(H = 0.75, D = 0.42).  

Curds had the highest species richness for Bacillus (2.82) and Clostridium (1.53) but not 

Paenibacillus (2.88) (Table 3.10). In terms of species evenness, raw milk was the most even 

sample for Bacillus (0.73) and Clostridium (0.86) while HT-milk had a more even Paenibacillus 

(0.88) distribution compared to curds (0.77). Curds were the least even samples in terms of the 

three groups. Although curds had more individual Bacillus isolates than raw milk, a similar 

species diversity (Shannon and Simpson indices) was displayed within the isolates. While raw 

milk was the most diverse in terms of Bacillus (H = 1.94, D = 0.80) and Paenibacillus (H = 2.23, 

D = 0.87), curds had the most diverse Clostridium population (H = 1.40, D = 0.70) amongst the 

three sample types.  
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Table 3.8: Indices of alpha diversity of genera of spore forming isolates collected across four 

seasons 

Seasons Summer Spring Winter Fall 

No of genera      6     5     5   4 

Total isolates  238 194 154 71 

Richness (d)     0.91     0.76     0.79    0.70 

Pielou's evenness (J)     0.59     0.61     0.47    0.76 

Shannon index (H)     1.06     0.98     0.76    1.06 

Simpson index (D)     0.57     0.54     0.42    0.60 

Including Brevibacillus, Lysinibacillus and Oceanobacillus 

 

Table 3.9: Diversity indices of species within the three major genera of spore forming bacteria 

in raw milk, HT-milk and curds 

Genus Bacillus Paenibacillus  Clostridium 

Sample type  Raw milk HT-milk Curds Raw milk HT-milk Curds Raw milk HT-milk Curds 

Total species   14   9   16 13 3 14   3   3   6 

Total individuals 119 49 203 38 9 91 10 14 26 

Species richness (d)     2.72    2.06     2.82    3.30 0.91   2.88    0.87    0.76    1.53 

Pielou's evenness (J)     0.73    0.68     0.68    0.87 0.88   0.77    0.86    0.81    0.78 

Shannon index (H)     1.94    1.50     1.88    2.23 0.96   2.05    0.95    0.89    1.40 

Simpson index (D)     0.80    0.69     0.79    0.87 0.67   0.82    0.62    0.56    0.70 
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3.8 Discussion 

The presence of heat resistant bacteria in dairy processing cannot be over looked as they can 

withstand heat treatment (such as thermization and pasteurization), the main step for reducing 

the microbial population of finished foods (Walsh et al., 2012). Irrespective of the season, the 

low thermoduric bacterial level in our raw milk samples is similar to levels found in United 

States. About 2-3 log LPC was reported in raw milk from fluid milk plants and bulk tanks in the 

United States (Fromm and Boor, 2004, Jayarao et al., 2004, Buehner et al., 2014).  

LPC > 200 CFU/ml is commonly linked to poor milking practices or unclean equipment 

(Murphy, 1997). In addition, Ruegg and Reinemann (2002) consider LPC of bulk tank milk < 

200 CFU/ml as normal while < 10 CFU/ml shows high equipment cleanliness. In the United 

States, < 300 (2.5 log) CFU/ml of thermoduric bacteria is recommended in raw milk (Piston et 

al., 1991) and all the samples collected in the present study were not significantly different from 

this. Also, thermoduric bacteria (up to 3.4 log) were found on milking equipment in contact with 

the teats of the animals, suggesting unclean animals or equipment as a route of entry into the 

milk. According to Elmoslemany et al. (2010), factors likely to increase the LPC of raw milk 

include the absence of a water purification system on a farm, plate coolers which are difficult to 

clean and can easily gather debris, as well as inadequate frequency of acid washes. Elmoslemany 

et al. (2010) and Zucali et al. (2011) observed that LPC is likely higher in summer than winter 

due to higher temperatures that encourage the growth of thermoduric bacteria coupled with 

improper equipment cleaning. However, this was not the case in the raw milk reported here. 

Although the study by Elmoslemany et al. (2010) was extensive (235 bulk tank raw milk 

samples), they did not state the level of thermoduric bacteria obtained, which precludes a 

comparison of the raw milk from Prince Edward Island and Ontario, two provinces in Canada. 
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Not many studies have evaluated the thermoduric bacteria count in cheese curds. At up to 4 logs, 

cheese curds contained 1 log higher thermoduric bacteria in comparison to raw milk levels. This 

was similar to the preliminary study of Anand (2013), who observed up to 3 log in 2 day-old 

Cheddar cheese curds throughout the sampling day. Higher LPC in curds produced in the spring 

and winter could be due to increased number of unclean cows during cold seasons, as suggested 

by Zucali et al. (2011). In Italy, more cows were unclean in winter months compared to other 

times of the year and this could influence LPC. The assumed lesser cleanliness of cows in winter 

did not reflect in the LPC of the raw milk probably because the thermoduric bacteria were not 

favored until heat was applied. After thermization of the milk and coagulation to make cheese, 

this higher count was accentuated.  

From preliminary studies, whey harboured little or no spore forming nor thermoduric bacteria 

other than Lactococcus species since spores could not be recovered from whey with the same 

methods that yielded many spore forming isolates in the other sample types including curds. 

Walsh et al. (2012) previously recovered about 3 log CFU/g of aerobic spore forming bacteria 

from whey protein concentrate (WPC) implying that concentration of whey could also 

concentrate the few spores present, increasing the count above the detection limit.  

As with many other studies, about 2 logs of aerobic spore forming bacteria were obtained in 

raw milk irrespective of the season the sample was collected. Te Giffel et al. (2002), Stulova et 

al. (2010) and Martin et al. (2011) observed about 2 log spores/ml in Dutch, Estonian and New 

York State raw milk respectively. Anzueto (2014) and Mugadza and Buys  (2018) reported lower 

levels (1.4 - 1.6 log) of spores in raw milk. However, another United States (central Midwestern) 

study by Buehner et al. (2014) reported the least levels (< 1 log spore counts) in bulk tank raw 

milk samples collected in winter and summer, with no observable effect of season.  
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These spores likely emerged from the farm environment as te Giffel et al. (2002) observed 

higher levels of aerobic spores in maize silage (10 – 103 g−1) and grass silage (102 – >105 g−1) 

compared to raw milk samples. Cows can ingest spores present in feed which then pass 

unaffected through the gastrointestinal tract ending up in the feces. The feces, applied as manure 

to forage crops, lead to a continuous cycle of spores on the farm (Pahlow et al., 2003, Huck et 

al., 2008).  

Although aerobic spore former count in raw milk was not influenced by season in this study, 

a seasonal effect has been reported previously. In the Netherlands, a higher aerobic spore level 

in farm raw milk in spring and summer was due to contamination of the udder teats during 

grazing (Vissers et al., 2007c). However, the opposite was observed in Scotland by Sutherland 

and Murdoch (1994). In Canada, dairy cattle in conventional operations are mostly kept indoors 

all year round (little summertime outdoor grazing except for organic farms) feeding on silage of 

good and uniform quality all year long. This was probably why there was no seasonal impact on 

the levels of the aerobic spore forming bacteria. Also, the studies that reported seasonal changes 

in raw milk ASC sampled individual farms, which was not the case in our study. The effect of 

seasons could be masked, since the raw milk samples here were obtained from milk commingled 

from one transport route servicing multiple farms. A more frequent sampling of raw milk at the 

farm level could reveal more subtle seasonal effects.  

Overall, for all curds, the LPC levels were always higher than aerobic spore counts probably 

because heat treatment for LPC was at a lower temperature which does not eliminate as many 

cells. This was also reported by Buehner et al. (2014) for bulk milk tank samples in their study. 

At 63 °C, many bacterial groups in dairy products including some which cannot sporulate such 

as Lacticaseibacillus, Lactobacillus, Streptococcus, Enterococcus, Micrococcus, 
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Microbacterium and Arthrobacter can survive (Fromm and Boor, 2004, Jayarao et al., 2004, 

Walsh et al., 2012). The lower incidence of spore forming bacteria compared to thermoduric 

bacteria is advantageous as the latter cannot regenerate during dairy processing due to their 

inability to grow at high temperatures but merely tolerate it (Scott et al., 2007, Gleeson et al., 

2013). 

Similar to the findings of Driehuis et al. (2016) and Arias et al. (2013) where 3 log anaerobic 

spores/ml was reported in farm tank milk, about 3-4 log MPN/ml was observed in raw milk 

samples here. Driehuis et al. (2016) recovered an average of 4.4 log spores/g in the soil, 

highlighting that the soil is a possible source of anaerobic spores in milk. Also, Dasgupta & Hill 

(1989) observed more anaerobic spores (up to 3.2 log MPN/ml) in raw milk samples collected 

from silage-fed cows than non-silage fed ones, indicating that silage is a source of anaerobic 

spores. Generally, a wide range of 5-1000 Clostridium spores/L of milk is considered a risk level 

for gas defect in hard cheeses (Brändle et al., 2016). 

The slight reduction in the anaerobic spore count of raw milk upon heat treatment (3.2 log vs 

3 log MPN/l) was also reported by Bermudez et al. (2016). The increased thermoduric bacteria, 

and anaerobic spore former count in cheese curds compared to raw milk was likely due to the 

moisture loss during the concentration of milk. During cheese making, raw milk coagulates and 

is concentrated (10 x) into the cheese matrix after whey drainage (Lucey and Fox, 1993, Guinee 

et al., 2007). Thus, along with the milk, spores are also concentrated in cheese (Sheehan, 2011).  

Previously, the AnSC approach described here has been used to count butyric acid producing 

bacteria, however, other bacteria apart from this group were usually obtained (Dalla Torre and 

Berger, 2004, Julien et al., 2008, Jakob, 2011). According to Julien et al. (2008), only colonies 

from this enrichment showing golden-yellow fluorescence under UV-light and testing negative 
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for catalase activity were presumptive Clostridium spp. Therefore, the method enumerates all 

anaerobic, facultatively anaerobic spore forming and heat resistant bacteria in the samples 

(Dasgupta and Hull, 1989). This is probably because the long period of the MPN enrichment (7 

days) could have encouraged the recovery and growth of injured cells. Upon plating the 

enrichment from tubes positive for gas production, 70 % of the colonies obtained from cheese 

curd samples turned yellow, a phenotype indicating acid production. However, more facultative 

anaerobic spore forming bacteria were obtained in agreement with Brandle et al. (2017) and 

Driehuis et al. (2016), who recovered as much Bacillus and Paenibacillus isolates respectively 

as Clostridium from positive MPN tubes. In these previous studies, Bryant and Burkey (BB) 

broth, RCM and Van Beynum and Pette medium (VBP) were used. Even with anaerobic 

incubation, facultatively anaerobic Bacillus species reportedly interfere with the enumeration of 

Clostridium because Bacillus germinates and grows faster than Clostridium (Xiao et al., 2011).  

Generally, raw milk has a wide spore former population, ranging from Clostridium and 

Paenibacillus to Bacillus and other relatives of Bacillus such as Lysinibacillus, Brevibacillus and 

Oceanobacillus (Coorevits et al., 2008, Anzueto, 2014, Driehuis et al., 2016, Brändle et al., 

2018). Across all seasons, Bacillus was the most common spore forming genus in the cheese 

processing system examined and this has been reported by Kent et al. (2016) in a milk powder 

system. This is probably because their fast growth increases the chances of contaminating the 

samples and the facultatively anaerobic nature of Bacillus (Bergey et al., 2009, Xiao et al., 2011).  

At the farm level, plants material can be contaminated with spores from the soil during 

harvesting, thereby introducing spores into the silage. Also, the plant materials naturally provide 

aerobic conditions which can facilitate Bacillus growth and domination before fermentation. 

During ensiling, the Clostridium spores present in the plant material may propagate under the 
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anaerobic conditions if other barriers are not present (Pahlow et al., 2003). Once air flows into 

the silo, yeasts begin aerobic deterioration which leads to lowered acid concentrations, increased 

pH and O2 concentration, resulting in spoiled silage thus allowing considerable clostridial 

growth.  

Furthermore, B. licheniformis was the most commonly found contaminant in the dairy 

processing system (Walsh et al., 2012, Buehner et al., 2014, Kent et al., 2016, Sadiq et al., 2016). 

In milk around the world, it has the highest frequency of occurrence among the spoilage 

thermoduric microorganisms which agrees with our findings (Reginensi et al., 2011, Yuan et al., 

2012, Buehner et al., 2014, Masiello et al., 2014, Ribeiro Júnior et al., 2018). The spoilage 

potential of B. licheniformis is due to their ability to produce heat resistant enzymes such as 

proteases, lipases and phospholipases which cause defects in structure and flavor (Coorevits et 

al., 2008, Gleeson et al., 2013, Lücking et al., 2013). Additionally, some strains of B. 

licheniformis are capable of producing a slimy extracellular substance that can affect the quality 

of pasteurised milk and cream (Gilmour and Rowe, 1990).  

The highest Bacillus and Paenibacillus diversity were observed in raw milk but this diversity 

decreased as the selection exerted by the cheese processing progressed from the heating of the 

milk, to concentration, salting and ripening (cold temperature). Some Bacillus species which did 

not occur in the raw milk were recovered from curds, probably because the coagulation of milk 

allowed the concentration of rare and low abundance species not seen in milk. None of these rare 

species were recovered from surfaces in the plant but some were present in HT-milk. For 

instance, B. paralicheniformis and B. koreensis which were also present in the HT-milk could 

have originated from the pasteurizer or germinated during thermization. Furthermore, spore 



 

91 

forming bacteria have been isolated from the preheat section of an evaporator in a milk powder 

plant (Scott et al., 2007).  

Raw milk as the port of entry of spores into the plant has been well elucidated but evidence 

of their persistence and retention within cheese curds has not been previously shown, although 

Sheehan et al. (2011) stated the possibility in their review it. In addition, to the best of our 

knowledge, the predominance of Paenibacillus in cheese curds has not been previously reported. 

This is not surprising as spores can normally be transmitted and harboured in dairy foods where 

spoilage can be induced (Hill and Smythe, 2012, Lücking et al., 2013, Buehner et al., 2015). 

Compared to the curds, the population of spore forming bacteria in the whey was lower implying 

that they were retained within the curds. The spores are trapped probably by adsorption to the fat 

globules or the strong fibrous structure formed by casein protein in the curd matrix when pH 

reaches at least 5.8 (Czulak, 1959, Lucey and Fox, 1993). In the future, specific spore stains 

(such as malachite green) could be used to determine the location of spores in the cheese matrix. 

Few species of Clostridium isolated from raw milk and HT-milk, including C. sporogenes, 

C. tyrobutyricum and C. beijerinckii have also been reported in raw milk destined for cheese 

making (Panelli et al., 2013, Feligini et al., 2014, Bermúdez et al., 2016). More Clostridium were 

recovered from curds and aged cheese compared to milk probably because milk could not 

adequately provide the anaerobic conditions required for their growth. According to McHugh et 

al. (2017), the high amount of aeration required in milk powder processing reduced the 

possibility of finding anaerobic spores. However, the matrix of the aged cheese offers a more 

compact anaerobic condition and a much lower redox potential than either the cheese curds or 

milk. The lowered pH due to starter action during acidification combined with anaerobiosis cause 

a reduction reaction that results in a low redox potential during cheese ripening, (from about 
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+250 mV in raw milk to -120 mV in Cheddar cheese) (Caldeo and McSweeney, 2012, Caldeo et 

al., 2016). Except at elevated temperatures, the chemical composition of raw milk prevents 

spores from germinating. Thus, raw milk only acts as a clostridial spore carrier (Drouin and 

Lafrenière, 2012). Oxygen, which enters the silo during the feed out of silage can fulfill the needs 

of aerobic spore-formers that survived the anaerobic silage environment. Moreover, during 

cheese ripening, proteins are broken down to amino acids, which could induce germination of 

spores. However, in the anaerobic cheese matrix, the lack of oxygen may be the reason the 

vegetative cells could not survive.  

Many studies have isolated Clostridium species from cheese, although predominantly hard 

cooked cheeses where they cause problems if adequate pH, and salt-in-moisture conditions are 

met (Le Bourhis et al., 2007, Feligini et al., 2014, Bermúdez et al., 2016). Clostridia tend to grow 

better in Gouda and Swiss type cheeses which have high pH (4.9 – 5.6), high moisture (53 % – 

63 % moisture in fat-free dry matter - dm), slow salt diffusion and low final salinity (2.5 – 3.5 % 

salt in dm) compared to Cheddar cheeses (Sheehan, 2013, Düsterhöft et al., 2017). However, 

Sattin et al. (2016) reported a very low level of Clostridia in most of their Ricotta cheese samples 

due to the absence of an anaerobic environment in the cheese packages. The low incidence of 

gas-producing C. tyrobutyricum in milk and curds from the present study implies reduced risk 

of late gas blowing in the cheese, unless other gas-forming species develop (Sheehan, 2011). 

Based on only spore forming bacteria isolated from AnSC, Bacillus was outrightly excluded 

from the onset of cheese ripening as Paenibacillus dominated until 20 months while some 

Clostridia were also found. However, future work is required in assessing the aerobic spore 

former population of cheeses as ripening progresses. The absence of Bacillus within the 

identified isolates from aged cheese could be attributed to their inability to compete under the 
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ripening conditions (lower temperature and pH levels combined with the absence of oxygen) 

(Rukure and Bester, 2001). In experimental Gouda cheese, Rukure & Bester (2001) showed that 

B. cereus spores could germinate after thermization and multiply up to twice of its initial 

population during the early stages of ripening. The inactivation of B. cereus in this study was 

attributed to lower moisture content (40 %), aw, high salt content (2 %), depleted lactose content 

combined with high acidity (pH = 5.16), substrate competition, changes in redox potential and 

perhaps even production of antimicrobial agents by LAB (Frank et al., 1978, Wong and Chen, 

1988, Rukure and Bester, 2001). 

Bacillus on various plant surfaces, especially the cheese making area, could have re-

contaminated the cheese curds as in-plant contamination of dairy products is possible (Wijman 

et al., 2007, Brooks and Flint, 2008, Shaheen et al., 2010). Bacillus can form biofilms in 

pasteurized milk plants (Sharma and Anand, 2002b, Malek et al., 2012) or be incorporated into 

existing biofilms in other food and beverage plants including Cheddar cheese plants (Agarwal et 

al., 2006, Gunduz and Tuncel, 2006, Storgårds et al., 2006, Faille et al., 2014). The 

hydrophobicity of B. cereus sensu lato spores aids their attachment to plant equipment surfaces 

(Shaheen et al., 2010, Kumari and Sarkar, 2014). Detection of Bacillus on these surfaces after 

cheese-making indicates that spores can accumulate within the period between cleaning cycles. 

Usually, a 7 h full cleaning of the plant is carried out after 30 h of cheese making. This exposure 

time should normally be adequate in cleaning the most soiled open surfaces of the plant. 

Conversely, a continuous build up of nutrients, debris and microorganisms on the equipment 

surfaces during the 30 h run could lead to the onset of biofilm formation (Marchand et al., 2012, 

Selover and Waite-Cusic, 2020). 
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The absence of spore forming bacteria on surfaces in the raw milk silo area of the plant (Area 

B) could be due to the effective sanitation of these areas reducing bacterial build up, or that build-

up does not occur within the cycle period. Also, it is possible that the conditions in the raw milk 

silo are not conducive to spore germination, and therefore no outgrowth occurs at this stage, but 

possibly later in the cheesemaking process after heat treatment of milk.  

Paenibacillus macerans was abundant in curds probably because they can utilize glucose 

which could be present during ripening if the starter culture is inefficient in using up lactose for 

acidification (Weimer, 1984). In addition, some strains can utilize citrate (Shida et al., 1997). 

The abundance of P. macerans in dairy environments has not been reported but low numbers 

have been obtained in dairy powders of Chinese origin (Sadiq et al., 2016). Due to their 

dominance and spore forming potential, Bacillus and Paenibacillus are a source of concern, 

therefore, it is important to keep these microorganisms low in raw milk as much as possible 

(Huck et al., 2007a, Huck et al., 2007b). Apart from improved management practices, physical 

processes such as ultrafiltration and microfiltration have been employed to reduce the incidence 

of spores in dairy processing (Drouin and Lafrenière, 2012). 

Of the fourteen Paenibacillus species identified in this study, five were unique to curds (P. 

azoreducens, P. barengoltzii, P. woosongensis, P. pabuli and P. phoenicis) and have not been 

reported previously in cheese. One reason could be that the extent of isolate sampling and 

identification lead to greater chances of finding rare species. Also, it is possible that more 

attention was paid to morphological differences between the colonies when selecting them for 

identification. Another reason could be due to the higher number of cheese curd samples 

collected per trial than milk samples. However, in concordance with our study, the occurrence 

of P. macerans, P. polymyxa and P. amylolyticus in cheese has been reported (Quiberoni et al., 
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2008, Sattin et al., 2016). De Jonghe et al. (2010) and Driehuis et al. (2016) established that the 

strains of P. polymyxa found in their study produced gas from lactose in milk, although the latter 

reported their strains were unable to ferment lactic acid to butyric acid, in the same way that 

Clostridium does.  More sampling of aged cheese could provide a better insight into the relative 

survival rate of the variety of spore former species present.  

Lysinibacillus, Oceanobacillus and Brevibacillus which occurred at very low levels across 

all sample types have also been reported in low populations during powder processing, in cream 

cheese and dairy production environment such as in the udder teat apex and cow dung (Coorevits 

et al., 2008, Coorevits et al., 2012, Braem et al., 2013, Seiler and Wenning, 2013, Miller et al., 

2015b, Sattin et al., 2016). These minor spore forming bacteria have also been reported 

worldwide in raw milk (Coorevits et al., 2008, De Jonghe et al., 2010, Miller et al., 2015b, 

Hamzah, 2019). Furthermore, Brevibacillus such as B. agri, B. borstelensis, B. parabrevis, B. 

laterosporus and Lysinibacillus fusiformis of dairy processing origin were associated with 

spoilage (Lücking et al., 2013). This implies that some of the species of these minor genera 

recovered from our study may have spoilage potential.  

3.9 Conclusions 

Although the spore former level was low in raw milk, it is still a major source of spore 

forming bacteria in cheese processing. This study highlights the predominance of spore forming 

bacteria in curds due to concentration from raw milk and particularly the presence of 

Paenibacillus in aged Cheddar cheese. As commingled milk from multiple farms was supplied 

to plant A, potential seasonal effects were masked but the effect of processing was not. At high 

levels, P. macerans may be able to cause problems as they can produce acid and gas. B. 

paralicheniformis could be easily mis-identified as B. licheniformis which could overestimate 
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the presence of the latter in dairy systems. To reduce the incidence of spore forming bacteria in 

food processing systems, control measures such as microfiltration and ultrafiltration could be 

considered where possible. In addition to improving the quality and safety of dairy products, 

these findings will serve as a foundation for understanding spore former abundance and diversity 

in an Ontario context. Clearly, regular testing of milk from individual farms will give more in-

depth information on factors affecting the origin and distribution of microorganisms. 

3.10 Acknowledgement  

We acknowledge the financial support of Genome Canada (Genomic Applications Partnership 

Program (GAPP) Round 7), of NSERC/Dairy Farmers of Ontario Industrial Research Chair in 

Dairy Microbiology held by G. LaPointe and the GFTC legacy fund awarded to the author in 

May 2017.



 

97 

 

CHAPTER 4 

4. New markers to rapidly distinguish Bacillus paralicheniformis from the 

very close relative, B. licheniformis 

Abstract 

As close relatives, Bacillus paralicheniformis is often wrongly identified as B. licheniformis. In this 

study, two genetic markers are presented based on fenC and fenD from the fengycin operon of B. 

paralicheniformis to rapidly distinguish it from B. licheniformis. The fengycin operon is one of the 

few operons present in B. paralicheniformis but absent in B. lichenformis. Using these markers, two 

presumptive B. paralicheniformis isolates were recovered from a set of one hundred and forty-one 

(141) isolates previously identified as B. licheniformis by Matrix-assisted laser desorption 

ionization–time of flight (MALDI-TOF). These markers were detected by amplification of the DNA 

from two out of an additional eighty-five (85) isolates previously identified only to genus level as 

Bacillus by 16S sequencing. Whole genome sequencing of the four isolates confirmed their identity 

as B. paralicheniformis having the closest similarity with B. paralicheniformis ATCC 9945a 

(GenBank: CP005965.1) with a 7,682 k-mer score and 97.22 % ANI. Average Nucleotide Identity 

(ANI) of 100 % revealed that the four isolates are highly similar. Further analysis will be necessary 

to determine if finer differences exist among these isolates at the level of single nucleotide 

polymorphisms. 
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4.1 Introduction 

In the Bacillus genus, many species within the assigned groups are very closely related so that 

16S rRNA gene sequences cannot be used to distinguish them (Branquinho et al., 2014a). For 

instance, in the Bacillus cereus group, more than 97 % sequence similarity exists among the 16S 

rRNA genes of B. anthracis, B. cereus, B. weihenstephanensis, B. thuringiensis, B. mycoides, B. 

pseudomycoides, B. cytotoxicus, B. gaemokensis and B. manliponensis (Guinebretière et al., 2013). 

In the Bacillus pumilus group, B. pumilus, B. safensis, B. altitudinis, B. stratosphericus, B. 

aerophilus, B. xiamenensis and B. invictae have over 99.5 % similarity in their 16S rRNA gene 

sequences (Satomi et al., 2006, Liu et al., 2013, Branquinho et al., 2014b, Lai et al., 2014). Likewise, 

based on the comparative analysis of the 16S rRNA gene, B. paralicheniformis strain KACC 18426 

(KJ-16T) is 99.5 % similar to B. sonorensis KCTC-13918T and 99.4 % similar to B. licheniformis 

DSM 13T (Dunlap et al., 2015).  

Bacillus licheniformis, a common food contaminant found along the stages of milk production 

and processing, is mesophilic but can survive temperatures up to 55 °C under anaerobic and aerobic 

conditions (Clements et al., 2002, Ivy et al., 2012, Madslien et al., 2012). Members of this species 

are used in enzyme and antibiotic production (de Boer et al., 1994, Dunlap et al., 2015). Due to the 

close relatedness of B. paralicheniformis to B. licheniformis, the former has been wrongly identified 

as B. licheniformis up until 2015. 

In 2015, strain KACC 18426 was isolated from a Korean fermented soybean paste (Dunlap et 

al., 2015) and a plant growth-promoting strain (MDJK30) was isolated from peony in 2017 (Wang 

et al., 2017). The genomic relatedness of B. licheniformis and B. paralicheniformis has been 

documented by Du et al. (2019). The phylogenetic analysis of nine B. paralicheniformis and 46 B. 

licheniformis showed that most of the former belonged to lineage P while the latter clustered 
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together in lineage L (Du et al., 2019). However, they observed that a few B. lichenformis clustered 

with B. paralicheniformis in lineage P rather than in lineage L. Previously, we observed that at least 

one of the four published B. licheniformis specific primers by de Almeida (2014) also amplified 

other species suspected to be B. paralicheniformis. This together with earlier findings strengthened 

the need for B. paralicheniformis specific primers. The genome comparative study by Du et al. 

(2019) revealed differences existing in the operons implicated in secondary metabolite synthesis 

amongst many Bacillus species. An example is the fengycin operon, which is present in the genomes 

of B. paralicheniformis but absent in those of B. licheniformis analysed to date (Du et al., 2019). 

Fengycin is a non-ribosomally synthesized antifungal lipopeptide produced by certain strains of 

Bacillus species such as B. subtilis, B. velezensis, B. paralicheniformis and B. amyloliquefaciens 

(Steller et al., 1999, Stein, 2005, Du et al., 2019). Recently, it reportedly lowered the numbers of 

Staphylococcus aureus in the human intestine, indicating it is also active against bacteria(Piewngam 

et al., 2018). 

 

Figure 4.1: Genetic organisation of the cluster coding for fengycin biosynthesis from the genome 

of B. paralicheniformis MDJK30 (Du et al., 2019). 

Fengycin synthetase consists of five non-ribosomal peptide synthetases (NRPSs) FenA - FenE 

encoded by fenA - fenE (Vanittanakom et al., Steller et al., 1999, Chen et al., 2007). Fengycin is a 

cyclic lipodecapeptide (CLP) containing a β-hydroxy fatty acid side chain of up to 19 carbon atoms 

(Steller et al., 1999). Its peptide portion contains at least four amino acids (Steller et al., 1999). The 

structure and function of the fengycin synthetase of B. subtilis origin has been reviewed previously 
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by Steller et al. (1999). Although Dunlap et al. (2015) attempted to differentiate B. 

paralicheniformis from B. licheniformis based on 16S rRNA gene phylogenetic and phenotypic 

analyses, there are no known genetic markers that can be used to rapidly achieve this. In addition, 

it is known that the methods used by Dunlap et al. (2015) can be unreliable within these closely 

related species (Zeigler, 2003, Janda and Abbott, 2007, Mohania et al., 2008). To adequately 

identify Bacillus species present in foods, it is important to develop markers that work rapidly and 

efficiently in distinguishing these close relatives. Hence, B. paralicheniformis specific markers 

based on the fenC gene which is 7,640 bp long and fenD which is 10,780 bp long were designed. 

The markers were used to screen a collection of isolates previously identified as B. licheniformis or 

Bacillus spp. by 16S rRNA gene sequencing or Matrix-assisted laser desorption ionization–time of 

flight (MALDI-TOF). To the best of our knowledge, dairy B. paralicheniformis isolates of Canadian 

origin have not yet been reported. 

4.2 Materials and methods 

4.2.1 Identification of the fengycin operon in the B. paralicheniformis genome 

The annotation of sequenced bacterial genomes deposited in the NCBI GenBank database were 

searched for genes belonging to the fengycin operon using keywords from the operon ID of B. 

paralicheniformis MDJK30 (GenBank: CP020352.1) as published by Du et al. (2019). The genes 

making up the fengycin operon were searched manually using BLAST within the six other B. 

paralicheniformis whole genomes present in the NCBI GenBank (NZ_CP023666.1, 

NZ_CP023168.1, NC_021362.1, NZ_CP020352.1, NZ_CP023665.1 and NZ_CP033389.1). Next, 

each gene was located on the operon using their arrangement in the genome of strain MDJK30 as a 

reference. The two longest genes (fenC and fenD) of the operon were chosen for designing primers. 
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The sequences of these two genes from the six genomes listed above were aligned (MEGA 7; default 

settings) and observed to be 100 % similar. 

4.2.2 Primer design and PCR  

Two primer sets each were designed (using primerquest tool on IDT.com) for fenC and fenD 

based on the B. paralicheniformis MDJK30 genome sequence (GenBank: NZ_CP020352.1). The 

specificity and compatibility of the primer sets for B. paralicheniformis were confirmed by a 

BLAST search which returned one B. licheniformis (Strain NCTC8721, GenBank: LR134165.1). 

This was in line with the findings of Du et al. (2019) that some B. licheniformis may have been 

identified wrongly and would therefore cluster with lineage P. Primers were synthesized by Eurofins 

(Canada) and the PCR conditions were optimized using B. paralicheniformis KACC 18426. Out of 

two primer sets tested, the one which gave the best compatibility for multiplexing based on the 

annealing temperature and product size was selected for each gene. 

Crude DNA was extracted from all the B. licheniformis isolates (141) and Bacillus spp. isolates 

(85) using Instagene matrix according to the manufacturers’ recommendations (Bio-Rad, Canada) 

and screened (Table 4.1). The PCR reaction mix of 23.5 μl containing 1× PCR Supermix 

(Invitrogen), 10 μM (0.5 μl) each of forward and reverse primers and 10μl of template DNA 

(approx. 10 – 100 ng) was used. The PCR cycle carried out on Biometra professional thermocycler 

was as follows: 2 min at 95 °C, 40 cycles of 30 s at 95 °C, 30 s at 53 °C and 1.5 min at 72 °C, 

followed by a final extension step at 72 °C for 5 min. 
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Table 4.1: PCR primer sequences and amplification conditions for fenC and fenD 

Gene Primer 

name 

Direction  5'--->3' Start Stop Length Tm GC % Amplicon 

length 

fenC FenCf Forward  CCGCAAGACTGAGAGAAATA 6204 6224 20 59 45 446 

 
FenCf Reverse  CGACGACCAAATGATGAATG 6630 6650 20 59 45 

 

fenD FenDf Forward  GGATAGTCCTGGTGTTCATAG 6695 6716 21 59 47.6 803 
 

FenDr Reverse  CAGAGAGTGGAAGCTGTATT 7478 7498 20 59 45 
 

 

4.2.3 Confirmation of presumptive B. paralicheniformis isolates 

First, the isolates which gave amplicons (of correct sizes) with the two sets of B. 

paralicheniformis specific primers were sequenced using the Sanger method which was carried out 

at Eurofins (Canada). Also, whole genome sequencing of the presumptive B. paralicheniformis 

isolates was carried out for confirmation of their identity. For each isolate, genomic DNA was 

extracted from a single colony (picked from freshly prepared plates) using the Ultraclean Microbial 

DNA Isolation Kit (Qiagen, Canada), following the manufacturer’s protocol. The sequencing was 

carried out at the Laboratory Services, University of Guelph (Guelph, Ontario). The sequence 

library preparation was done using the Nextera DNA Flex library preparation kit (Illumina, Canada) 

following the manufacturer’s protocol.  

A MiSeq sequencer was used for sequencing with a MiSeq V2 reagent kit (Illumina) and 2 x 

250 paired-end cycles, according to the manufacturer’s recommendation. The MiSeq sequencer 

system software v3.1 (Illumina) was used to process the raw sequence reads. Short sequences were 

filtered using FastQC 1.0.0 in BaseSpace (https://basespace.illumina.com). The sequences that 

passed a quality score of 30 were assembled via de novo assembly following an overlap-layout-

consensus method using SPAdes v3.9.0 Genome Assembler (Bankevich et al., 2012) to generate 

contigs and scaffolds. Bacterial Analysis Pipeline v1.0.4 was used to predict the bacterial species 

based on kmerFinder (Larsen et al., 2014). An Average Nucleotide Identity (ANI) calculator on 

https://basespace.illumina.com/


 

103 

 

EZBioCloud (https://www.ezbiocloud.net/) (Yoon et al., 2017) was used to determine the 

percentage nucleotide identity. NCBI Prokaryotic Genome Annotation Pipeline (PGAP) v4.10 was 

used to predict, name, and annotate genes using the best-placed reference protein set method 

(Tatusova et al., 2016). Default parameters were used for all software. 

4.2.4 Maximum likelihood dendrogram 

Using the genomes of B. subtilis (168 and ATCC 13952), B. velezensis (UCMB5033 and 

BZB42), B. amyloliquefaciens (IT-45 and DSM 7), B. paralicheniformis MDJK30 and a 

presumptive B. paralicheniformis isolate, a maximum likelihood dendrogram was constructed. 

Consensus sequences of the fengycin operon were extracted from each genome and aligned in the 

CLC workbench genomics (v10.0), after which the tree was created using MEGA (K2+I model).  

 

Figure 4.2: Agarose gels showing four isolates (Lanes 2-5) which were amplified by the DNA markers (fenC 

(A) and fenD (B)) designed specifically for B. paralicheniformis using B. licheniformis ATCC 14580 as 

negative control (Lane 6) and B. paralicheniformis KACC 18426 (NRRL – B65293) as positive control 

(Lane 7).  

Lane 8 contains the no-template control of the PCR reaction. Lane 1 contains the GeneRuler Low range 

DNA ladder (ThermoScientific). 

 

https://www.ezbiocloud.net/
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4.3 Results 

4.3.1 Detection of B. paralicheniformis isolates  

Of all the presumptive B. licheniformis isolates tested, two (9MF010A and 9MF10B) gave 

amplicons with both fenC and fenD genes. Two isolates identified to genus level as Bacillus (7CS50 

and 7WI3) also gave amplicons with these markers (Figure 4.2 and Table 4.2). On all occasions, 

DNA from B. licheniformis ATCC 14580 (negative control) and the no-template control were not 

amplified by both sets of primers. Sanger sequencing of the amplicons from fenD confirmed that 

they were 99 % identical to B. paralicheniformis ATCC 9945a as top match.  

 

 

Table 4.2: Isolates newly identified as B. paralicheniformis 

Isolate code Isolation source Isolation 

method* 

Initial method of identification Initial identity 

7WI3 Whey ASC 16S rRNA gene Sanger 

sequencing 

Bacillus spp. 

9MF10A HT-milk ASC MALDI-TOF B. licheniformis 

9MF10B HT-milk ASC MALDI-TOF B. licheniformis 

7CS50 Cheese curd ASC 16S rRNA gene Sanger 

sequencing 

Bacillus spp. 

 

*Aerobic spore former count (ASC) after spore pasteurization (80 °C for 12 min) was carried out (Chapter 3) 
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Figure 4.3: The circular genome of B. paralicheniformis 7CS50 using the CGViewer and a command line 

(https://github.com/paulstothard/cgview) for multiple contigs (Grant and Stothard, 2008). 

4.3.2 Whole genome sequencing of presumptive B. paralicheniformis isolates 

To further confirm the identity and diversity of these isolates, whole genome sequencing was carried 

out. Upon genome assembly using a reference genome, no mismatch was reported per 100 kb of 

nucleotides. The four isolates were closest to B. paralicheniformis ATCC 9945a (GenBank: 

CP005965.1) with identical k-mer score of 7,682 and therefore, were identified as B. 

paralicheniformis. Average Nucleotide Identity (ANI) of 97.22 % was obtained between each of 

the isolates and strain ATCC 9945a. All four isolates had an ANI of 100 % therefore, only one 

https://github.com/paulstothard/cgview
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genome (7CS50) is presented here. With a 137x coverage, 2,302,435 reads were generated for strain 

7CS50 which were trimmed to 250 bp and assembled into 26 contigs. Strain 7CS50 has an estimated 

genome size of 4,199,730 bp and a 46.07 % GC content (Figure 4.3). In total, 3,981 protein-coding 

sequences, 111 RNAs, 4,217 genes and 125 pseudogenes were found. The fengycin operon in B. 

paralicheniformis 7CS50 is closest in nucleotide identity to strain MDJK30 (97 %) and farthest 

from the other species (78 – 87 %) (Figure 4.4). 

 

Figure 4.4: Maximum likelihood dendrogram based on the fengycin operon alignment from Bacillus 

paralicheniformis 7CS50 and seven other Bacillus reference sequences via MEGA (K2+I model) using the 

CLC workbench genomics v 10.  
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4.4 Data availability 

The strain was deposited in the Canadian Research Institute for Food Safety (CRIFS) collection. 

The draft genome data were deposited at DDBJ/EMBL/GenBank (BioProject ID  PRJNA580480) 

under the accession number WLVZ00000000 with SRA accession number  SRX7224652.   

4.5 Discussion  

Fengycin was selected for the design of the B. paralicheniformis specific primers due to the ease 

of locating the operon in at least five publicly available genomes coupled with the ease of primer 

design. As most relevant literature targets B. licheniformis for marker design, developing markers 

based on B. paralicheniformis is new and should be explored. Of the five large proteins in the 

fengycin operon, only fenC and fenD were present in the six genomes with complete genome 

sequence data in the National Center for Biotechnology Information (NCBI) GenBank database.  

The four isolates which were amplified by the designed primers were confirmed to be B. 

paralicheniformis using B. paralicheniformis ATCC 9945a as the reference genome. The four 

genomes encode the fengycin A-D operon, specific to B. paralicheniformis (Du et al., 2019). Two 

of the isolates were obtained from winter cheese and whey samples from separate vats while the 

other two were from a heat-treated milk sample collected in spring, all from a cheese making plant.   

These isolates were obtained after spore pasteurization (80 °C for 12 min) of dairy samples obtained 

from a cheese processing system during the aerobic spore former count (ASC). Also, the ANI and 

the K-mer score showed that the four isolates were in fact the same strain as their sequences were 

100 % identical. B. licheniformis ATCC 14580 was not amplified by the primer sets implying that 

the sets were indeed specific for B. paralicheniformis. 

B. paralicheniformis specific markers have not been reported to date, to the best of our 

knowledge. These markers provide a fast detection of B. paralicheniformis among presumptive B. 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA580480
https://www.ncbi.nlm.nih.gov/nuccore/WLVZ00000000
https://www.ncbi.nlm.nih.gov/sra/SRX7224652%5baccn%5d
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licheniformis isolates or even isolates identified to genus level as Bacillus. These markers are very 

promising as they provide a better approach to distinguishing these closely related Bacillus in 

comparison to the phylogenetic and the phenotypic approaches.  

The four new B. paralicheniformis isolates had been previously identified as B. licheniformis 

by MALDI-TOF or as Bacillus spp. by 16S rRNA gene Sanger sequencing. It can be inferred that 

these approaches cannot adequately identify this bacterial species, as seen with many other close 

relatives among the genera Bacillus, Anoxybacillus and Geobacillus (Randazzo et al., 2009, Weng 

et al., 2009, Burgess et al., 2010, Branquinho et al., 2014a). The misidentification of B. 

paralicheniformis by MALDI-TOF may have been due to either the quality and size of the protein 

database itself or to a lesser extent due to the instability of the proteins produced by the isolates 

(Stîngu et al., 2008, Seng et al., 2009, Starostin et al., 2015). Adding the protein profile of these 

isolates to the MALDI-TOF database will improve future discrimination of the species using this 

method. Although 16S rRNA gene sequencing has been the gold standard for bacterial identification 

and for inferring phylogenetic relationships, it shows insufficient variation between closely related 

species (Zeigler, 2005). In addition, misidentification of isolates based on 16S rRNA gene can have 

serious consequences as in the case of Fonterra, a dairy producer who recalled their products in 

2013 after Clostridium sporogenes was misidentified as C. botulinum. Species-specific primers of 

B. licheniformis that are not designed based on operons lacking in B. paralicheniformis will likely 

amplify the latter. This probably means that many of the primers previously designed specifically 

for B. lichenformis might also detect B. paralicheniformis. Even though fenC and fenD are not 

housekeeping genes which are alternative options for providing accurate taxonomic resolution of 

close relatives, they may be suitable to provide species identification.  
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Across Bacillus species that possess a fengycin operon, the level of homology in terms of 

protein identity was low, ranging from 62 – 74 %, indicating divergence from a common ancestor 

rather than horizontal transfer of these genes (Du et al., 2019). The fengycin operon from strain 

7CS50 shows less than 90 % nucleotide identity with the fengycin operons from seven other 

Bacillus species, which also suggests divergence, not horizontal transfer. Horizontal gene transfer 

(HGT) can occur in three main ways: transformation, transduction and conjugation (Thomas and 

Nielsen, 2005). Genes (even if they are not accompanied by mobile elements) can be integrated into 

genomes if there is an active recombination system in the strain. Similarly, cells must be competent 

to take up DNA and integrate it into their genome (Johnston et al., 2014). Therefore, if fenC or fenD 

were transferred to B. licheniformis, then the strain would become indistinguishable from B. 

paralicheniformis with these markers. To mitigate this problem, it would be prudent to combine 

these markers with additional types of taxonomic identification or other markers based on either 

bacitracin and paralichencidin (specific to B. paralicheniformis) or lichenicidin (specific to B. 

licheniformis). There appears to be a lower risk of HGT with the diverse polyketide synthases (pks) 

and NRPS-type (non-ribosomal peptide synthetases) operons (Grubbs et al., 2017), even though 

they are often found on genomic islands. Other approaches can be considered, such as Single 

Nucleotide Polymorphisms (SNPs) or a K-mer based approach as well as the use of smaller 

individual genes.  

Structures such as transposons, genomic islands and integrases could suggest the possibility of 

HGT (Bose and Grossman, 2010). At this time, an in silico search using the IslandViewer online 

tool (v4 - www.pathogenomics.sfu.ca/islandviewer/query.php) predicted no genomic island close 

to the fengycin operon in at least three B. paralicheniformis genomes analysed (NZ_CP020352.1, 

NZ_CP023168.1 and NZ_CP023666.1) (Bertelli et al., 2017). However, in the B. amyloliquefaciens 



 

110 

 

FZB42 genome (now B. velezensis FZB42), there is a Tn1546 transposon close to the fengycin 

operon located on genomic island 10 (Rückert et al., 2011). Similarly, the bmy (bacillomycin D) 

operon (located on a DNA island) is closely inserted by the fengycin operon in FZB42 genome 

(Koumoutsi et al., 2004). A low (74 %) nucleotide similarity between the fengycin-related gene 

(fenD) in B. amyloliquefaciens FZB42 and B. paralicheniformis MDJK30 presents evidence that 

they are different will likely possess different mobility abilities. For these markers to remain 

relevant, the possibility of horizontal gene transfer of the fengycin operon from B. paralicheniformis 

to B. licheniformis accompanied by recombination should continue to be monitored. In future 

applications, these markers could be used singly or in duplex to distinguish these two closely related 

species.   

4.6 Conclusions 

Here, two newly designed Bacillus paralicheniformis markers were used to rapidly distinguish 

isolates from B. licheniformis, without the need for whole genome sequencing. These markers are 

specific to B. paralicheniformis. Using these markers, new dairy B. paralicheniformis isolates of 

Canadian origin were discovered. Quick genetic markers based on B. paralicheniformis provide 

more reliable means of distinguishing it from the close relative, B. licheniformis. Unlike other 

lanthipeptides such as bacitracin, the operons encoding fengycin-type NRPS metabolites do not 

show any evidence of HGT as yet but display a significant level of diversity amongst Bacillus 

species. The draft genome assembly of strain 7CS50 provides more data for future research on the 

species such as exploring the genomic diversity and functions of dairy B. paralicheniformis strains 

in comparison with those obtained from other environments. 
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CHAPTER 5 

5. Subtyping of Bacillus licheniformis isolates obtained from a Cheddar 

cheese processing system 

Abstract  

Bacillus licheniformis of dairy origin were subtyped using a modified Multi-locus Variable number 

tandem repeat Analysis (MLVA)-capillary electrophoresis approach. The method was applied to a 

set of 139 isolates collected over a period of two years from samples (milk, whey, cheese curd and 

environmental swabs) obtained from a Cheddar cheese plant. Using six loci (VNTR1, VNTR2, 

VNTR4, VNTR5, VNTR6 and VNTR7), 36 subtypes were obtained from this set of isolates. Based 

on Shannon and Simpson indices, VNTR7 and VNTR4 were the most and least diverse markers 

respectively. Eight subtypes (4, 6, 7, 8, 9, 10, 11 and 33) were commonly found in raw milk, HT-

milk (thermized milk) and cheese curds during every season. Isolates from subtype 7 and 9 were 

the most frequently found (15 %), followed by those from subtype 10 (14 %). Many subtypes (25) 

were unique, especially from samples collected in the summer followed by the winter. The highest 

diversity was found in the summer while the least was observed in the fall. Eight of the subtypes 

found in cheese curds originated from raw milk, while one was traceable to HT-milk and 15 

subtypes were unique to curds. Another eight subtypes (5, 15, 17, 21, 26, 30, 31, 36) were found 

only in raw milk. The subtypes which have locus variants (single, double or triple) of at least one 

other subtype were grouped together, forming five major clusters of subtypes (cluster A, B, C, D 

and E). Subtype 7 was the primary founder subtype in the largest cluster, cluster C, which gave rise 

to the three other clusters. The Hunter-Gaston discrimination index of the assay was 0.92. Once 

optimization was completed, the subtyping technique was easy to use and simple to interpret.  
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5.1 Introduction 

Industrial dairy processes requiring high temperatures are commonly affected by thermophilic 

and thermoduric bacteria which can grow or survive at these conditions thereby adversely affecting 

the safety and quality of the product (Scott et al., 2007, Burgess et al., 2010, Buehner et al., 2015). 

Some of these bacteria are spore forming. Spore forming genera occurring in the dairy industry are 

Bacillus, Geobacillus, Clostridium and more recently, Paenibacillus and Anoxybacillus (Ronimus 

et al., 2003, Rückert et al., 2004, Huck et al., 2008, Khanal et al., 2014, Gopal et al., 2015).  

Bacilli, the most prominent spore forming genera are Gram-positive aerobes and facultative 

anaerobes that may be mesophilic, while some are thermoduric or thermophilic (Chen et al., 2004). 

They multiply quickly at a wide temperature range, thus, eradicating them in dairy processes is very 

difficult and almost impossible (Flint et al., 2001a, Parkar et al., 2003, Gleeson et al., 2013). They 

are generally ubiquitous in the farm environment, occurring in silage, pasture, manure, rinsing 

water, farm soil and feces (Slaghuis et al., 1997, Christiansson et al., 1999, te Giffel et al., 2002, 

Huck et al., 2007a, Ivy et al., 2012, Driehuis et al., 2016). Some Bacillus spp. found in silage include 

B. cereus, B. lentus, B. firmus, B. sphaericus and B. licheniformis (te Giffel et al., 2002, Driehuis, 

2013, Driehuis et al., 2016). These bacteria are known to contaminate milk along the farm to fork 

continuum (Ranieri and Boor, 2009, Ivy et al., 2012, Anzueto, 2014).  

Being a large and diverse group, members of the Bacillus genus have a wide range of 

physiological attributes and this prevents them from being easily grouped (Slepecky and Hemphill, 

2006, Zeigler and Perkins, 2008). As of 2015, over 280 species had been identified and published 

(Gopal et al., 2015). Of the recognized members of this genus, only B. anthracis and B. cereus are 

considered pathogenic, but a few other members (such as B. licheniformis, B. circulans, B. lentus, 

B. subtilis and B. amyloliquefaciens) produce heat-labile toxins (De Jonghe et al., 2010). A major 
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species causing spoilage-related problems in milk and milk products is B. licheniformis (Ronimus 

et al., 2003, Reginensi et al., 2011, Dhakal et al., 2013, Ribeiro Júnior et al., 2018). Previously, we 

have shown that B. licheniformis is the singular most frequently occurring Bacillus species in a 

Cheddar cheese processing system (Chapter 3). It is therefore important to understand how diverse 

this group is within the system investigated. 

Multi-locus variable-number tandem repeats (VNTR) Analysis (MLVA) is a simple and easy to 

use PCR-based subtyping technique with a high level of reproducibility (Bertrand et al., 2015, 

Techaruvichit et al., 2015). Variable number of tandem repeats (VNTR) loci are randomly scattered 

along the bacterial genomic DNA and differ in length, resulting in strain dependent features (Seale 

et al., 2012). In dairy microbiology, MLVA has been used in genotyping Geobacillus (Seale et al., 

2012), B. licheniformis (Dhakal et al., 2013) and Clostridium tyrobutyricum (Nishihara et al., 2014). 

Compared to other typing methods, MLVA has a lower cost and a higher discriminatory power 

(Stefano et al., 2008, Chen et al., 2011, Radtke et al., 2012, Seale et al., 2012, Tilburg et al., 2012). 

The aim of this research was to adapt MLVA as a rapid method for subtyping a set of B. 

licheniformis isolates obtained from a cheese processing system.  

5.2 Materials and Methods 

5.2.1 Sample collection and analysis 

A total of 139 Bacillus licheniformis isolates previously identified by Sanger sequencing of the 

16S rRNA gene, Matrix Assisted Laser Desorption Ionization-Time of Flight mass spectroscopy or 

by specific markers from de Almeida et al. (2014) were used in this study. The isolates were 

obtained after spore pasteurization (80 °C for 12 min) or laboratory pasteurization (63 °C for 30 

min) carried out on samples obtained from a Cheddar cheese making plant. These samples (raw 



 

115 

 

milk, HT-milk, whey, curds and environmental swabs) were collected across all seasons over two 

years (Chapter 2).  

5.2.2 Subtyping of B. licheniformis isolates via modified MLVA 

The Multi-locus variable number tandem repeat (VNTR) analysis (MLVA) assay of Dhakal et 

al. (2013) was modified for typing the B. licheniformis isolates. Four of the primer sets reported in 

Dhakal et al. (2013) were selected and two more primer sets were designed. A tandem repeat 

database (Benson, 1999) was searched for new repeat loci within 30 complete B. licheniformis 

genomes on GenBank (B. licheniformis genomes). The search was based on the following 

parameters: % matches > 80, copy no > 2.5 and % mismatches < 10 which were previously used 

for the ATCC 14580 genome. The repeats finder under the above parameters generated 26 and 25 

repeats respectively for PB3 and MT-B06 (GenBank: NZ_CP025226.1 and NZ_CP032538.1 

respectively), which passed the criteria of > 20 loci. 

VNTRs were randomly selected from each of the two strains (two VNTRs from strain PB3 and 

one from strain MT-B06) and primer sets were designed for them. The primers were selected which 

could amplify all the B. licheniformis genomes in the NCBI database after in silico testing. The 

primers were synthesized at the Laboratory Services, University of Guelph (Guelph, ON) using an 

ABI 3900 HT DNA synthesizer (Applied Biosystems, Foster City, CA). Afterwards, PCR 

conditions were optimized using a set of ten isolates including ATCC 14580. The set from MT-B06 

was later discarded because the region was revealed to be similar to one of the others from PB3. 

During optimization, the amplicons obtained from ATCC 14580 were sequenced to confirm the 

actual number of repeats present. The number of repeats obtained from ATCC 14580 formed the 

basis of the calculations. The forward primers were fluorescently labeled, and the six primer sets 

were combined into two multiplex assays (1 and 2) (Table 5.1). Crude DNA was obtained from all 

https://www.ncbi.nlm.nih.gov/genome/browse/#!/prokaryotes/412/
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP025226.1
https://www.ncbi.nlm.nih.gov/nuccore/NZ_CP032538.1
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the B. licheniformis isolates using Instagene matrix (Bio-Rad, Canada) according to the 

manufacturers’ protocol.  

5.2.3 PCR amplification of the six VNTR regions 

The PCR reaction mixtures (20 μl) contained 1× HotStarTaq plus Master Mix (Qiagen), 2–30 

μM corresponding primers (in proportions), 2 μM additional MgCl2 (total of 3.5 μM), 6 μl 

molecular-grade water and 2 μl of template DNA. The thermal cycling conditions used were as 

follows: 5 min at 95 °C; 40 cycles of 30 s at 95 °C, 30 s at 56 °C, 70 s at 72 °C, a final extension 

step at 72 °C for 7 min and finally 60 °C for 30 min to reduce the incidence of double peaks. A 

positive control and a no-template control were included in each amplification run. All 

amplifications were carried out on a TProfessional thermocycler (Biometra).  

5.2.4 Fragment analysis and allele number assignment  

After successful amplification was verified by gel electrophoresis, the amplicons were resolved by 

automated capillary electrophoresis using an ABI 3730 Genetic Analyzer with POP-7 polymer and 

3730 Buffer with EDTA (Applied Biosystems). The GS LIZ600 (Applied Biosystems) was used as 

an internal size standard. Sizing of the PCR fragments was done using the default settings of the 

GeneMapper v4.0 software (Applied Biosystems). The number of tandem repeats (TRs) was 

calculated and rounded off to whole numbers (> 0.7: round up; < 0.7: round down) (Supplementary 

material S5.1) Furthermore, if there was no product, it is suspected that amplification did not occur, 

hence designated as NA. If amplification occurred but the amplicon was shorter than expected, a 

deletion of sequences is suspected in the locus and it is called 0. An MLVA allele number string 

based on the number of TRs at each locus (in the order of VNTR6, VNTR1, VNTR5, VNTR4, 

VNTR2 and VNTR7) was assigned to each isolate. Each allele number string with a unique 

fingerprint pattern was called a subtype. 
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Table 5.1: Summary of the VNTRs and MLVA primers used to subtype B. licheniformis 

PCR 

Assay 

 VNTR  Genome 

used to 

design 
primer 

Repeat consensus sequence Consensus 

length 

Copy 

no. of 

repeats 

Genome 

coordinate 

(start-end) 

Primer 

name  

Primer sequence (5' -> 3') Range of 

product 

length (bp)     

1 VNTR6 B. 

licheniformis 

PB3 

CAGCTGCTGGAGCTG 

CGCGGGACA 

24 5.67 2833382-

2833517 

V6fb GTCGTTGGAGATGGATCACTT 220-292  

              V6rrb AAACTACATGCCTCCGT   
 

  VNTR1 B. 

licheniformis 
ATCC 

14580 

GAAGCTTTAGGAGCA 15 2.7 1572848-

1572888 

V1fa CGTGCGGGCAACCTTGCTCA 365-434 

              V1ra GCGTTCAGCACGCAGACGCTA   

  VNTR5 B. 

licheniformis 
ATCC 

14580 

CAGGACGAAGGTA 

CTCGGCGTTTTTCACAGG 
ACGCGAAAGACCTTAGCC 

GAGTCTCCTTTCACAC 

65 3.8 2767276--

2767524  

V5fa AAGAAGTCGGGCCTTCCCCA   400-530  

      
    

V5ra ACGCTTGAATCCGACAGCCGG 
 

 2 VNTR4 B. 

licheniformis 

ATCC 
14580 

AAGCGCTTGTCTACT 

TCAACG 

21 3.2 3010294-

3010361  

V4fa TCGGGAGCCTCTCCTGCCCT     246-267  

              V4ra TGAGTCCGATCAATCAGCGCCT   

  VNTR2 B. 

licheniformis 
ATCC 

14580 

TTCTTCTCTTTTC 

AGCTCATA 

21 3.25 2825772-

2825840  

V2fa CGTATGCCCGGCTTCCTCTTCT 362-575 

  
      

V2ra CGGCGGCAGAGCGTACGAAG 
 

  VNTR7 B. 

licheniformis 

PB3 

GAAAAAGA 8 5 3467555-

3467594 

V7fb CGGAAACCATCTCTGTACATCC 376-408 

  
      

V7rb CCGACTGTCATGCCGATAAA 
 

 

 aPrimer sets obtained from Dhakal et al. (2013) 
bPrimer sets designed in this study 

V1f, V2f and V4f were fluorescently labelled with FAM while V6f, V7f and V5f were Cal-orange labelled 

Primer concentrations: 2 μM (V1 and V4); 30 μM (other primers) 

The range of amplicon sizes were determined based on the genome sequences of 45 entries out of 181 B. licheniformis strains present in NCBI. 

FAM: 6-Fluorescein amidite 
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5.2.5 VNTR locus characteristics  

The diversity of each VNTR locus was measured through the Shannon and Simpson diversity 

indices computed using PRIMER-e software (v7) (https://www.primer-e.com/). The overall 

discriminatory power of the assay was expressed as the Hunter-Gaston discrimination index (D-

value) and calculated using http://insilico.ehu.es/mini_tools/discriminatory_power/index.php 

(Hunter and Gaston, 1988). The frequency of occurrence of each VNTR locus was computed. The 

stability of each locus was assessed after consecutive sub-culturing of one isolate each from three 

of the most frequently occurring subtypes. Three isolates of B. licheniformis were sub-cultured daily 

on BHI agar for 15 days. All six loci were amplified and analyzed via MLVA using DNA extracted 

from cultures on the first, third, nineth and fifteenth days. The sub-culturing, DNA extraction and 

MLVA was carried out in two independent replicate. 

5.2.6 Clustering analysis of MLVA subtypes  

PHYLOViZ online (Ribeiro-Goncalves et al., 2016) based on global optimal eBURST 

(goeBURST) algorithm was applied to group the MLVA subtypes at different locus variant (LV) 

levels (single, double and triple) and generate a minimum spanning tree (Francisco et al., 2009). 

Interpretation of the results generated by PHYLOViZ online was done in accordance with Feil et 

al. (2004) with slight modification. Briefly, for subtypes to be grouped together as a cluster, they 

must be locus variants (single, double or triple) of at least one other subtype within the group. This 

is globally optimized, thereby considering all possible ties at all levels between the subtypes in the 

data set (Francisco et al., 2009). Additionally, the primary founder subtype has the highest number 

of links from which sub-cluster founders with fewer number of links diversify. 

https://www.primer-e.com/
http://insilico.ehu.es/mini_tools/discriminatory_power/index.php
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5.3 Results  

5.3.1 Selection of six primer sets 

Five published primer pairs based on B. licheniformis ATCC 14580 were evaluated using a set 

of ten B. licheniformis isolates (nine from the collection and one control) and only four of them 

amplified the DNA of the isolates effectively (Dhakal et al., 2013). Two new primer sets were 

designed based on two tandem repeats found in the B. licheniformis PB3 genome (Table 5.2). These 

two primer sets were chosen for their compatibility and functionality with the previous four sets. 

PCR conditions with the six selected primer pairs were optimized for balanced amplification of the 

targets under one set of conditions. Calculations to determine the number of tandem repeats (TRs) 

in each locus, the position and the sequence was based on the results obtained after amplifying and 

sequencing these loci using DNA from B. licheniformis ATCC 14580 as template. In some strains, 

primers targeting VNTR4 gave smaller amplicons (160 bp) than the expected size (> 245 bp). Upon 

sequencing, the repeat units were absent, therefore, this was called 0. Whenever an isolate did not 

yield any amplification, such as the case of the VNTR5 region of isolate 7ME155A, it was 

designated “na”. 

5.3.2 VNTR locus characteristics  

Each locus had at least two alleles with some having up to six (Table 5.2). While the Shannon 

index was strongly influenced by richness of all the tandem repeats (TRs) and rarely occurring TRs, 

the Simpson index gave more weight to evenness and common tandem repeats. Using both 

measures, VNTR7 was the most diverse locus, splitting the set up into five different alleles while 

VNTR4 was the least diverse (Table 5.2 and Figure 5.1). Although VNTR4 divided the isolate set 

into three alleles, the division was not balanced with 128 of 139 isolates having 3 repeats while 

three and eight isolates had 2 or 0 repeats respectively. Comparing VNTR4 with VNTR1, which 
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had only two alleles with an almost equal number of isolates in each group, the diversity of VNTR1 

was higher than that of VNTR4. The overall discriminatory power (D-value) of the assay was 0.92. 

The most frequently occurring repeat copy number in VNTR1, VNTR2, VNTR4, VNTR5, VNTR6 

and VNTR7 were 2, 7, 3, 4, 7 and 2 respectively (Figure 5.1).  

The MLVA assay produced clear and easy-to-interpret electropherograms with well-defined 

peaks, as shown with representative strains of B. licheniformis from three of the most frequent 

subtypes obtained (Figure 5.2). A correct amplification of each locus is represented by peaks formed 

at a position on the x-axis of the electropherogram which coincides with the size (bp) of the 

amplicon obtained (Figure 5.2). The peak of each locus is similar to the bands that would otherwise 

have been obtained if gel electrophoresis was carried out. The intensity of the peak shows the 

intensity of the band obtained at each locus and a combination of peaks from the six loci gives a 

unique fingerprint pattern for each isolate. All isolates tested had the same MLVA subtypes after 

15 days of sub-culturing showing that the loci were stable over this time period (about 720 

generations), suggesting that the assay is useful for the application. 

 

Table 5.2: Characteristics of VNTR for B. licheniformis collection (139 isolates) 

VNTR TR Length 

(nucleotides)  

No. 

alleles 

No. of repeat 

copies 

Min rep 

number 

Max rep 

number 

Shannon 

index (H) 

Simpson  

Index (D) 

VNTR1 15 2 2, 5 2 5 0.66 0.46 

VNTR2 21 6 3, 4, 6, 7, 9, 10 3 10 0.59 0.28 

VNTR4 21 3 0, 2, 3 0 3 0.32 0.15 

VNTR5 65 6 na, 1, 2, 3, 4, 5 1 5 1.12 0.61 

VNTR6 24 5 5, 6, 7, 8, 12 5 12 0.50 0.23 

VNTR7 8 5 1, 2, 3, 4, 5 1 5 1.19 0.68 

 
The tandem repeats (TRs) length, the number of alleles (No. alleles), the number of tandem repeats in each allele (No. 

repeat copies), the maximum and the minimum number of repeats (max rep, min rep) are presented. The Shannon and 

Simpson indices were both used to measure the diversity. The Discriminatory Power (D) as described by Hunter can 

be expressed by the Simpson index. 
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Figure 5.1: Frequency of occurrence of VNTR loci.  

For each VNTR locus, the tandem repeat numbers (TRN) are presented with their frequency of occurrence in the isolate 

collection VNTR1: two alleles (2, 5), VNTR2: six alleles (3, 4, 6, 7, 9, 10), VNTR4: three alleles (0, 2, 3), VNTR5: 

five alleles (na 1, 2, 3, 4, 5), VNTR6: five alleles (5, 6, 7, 8, 12), VNTR7: five alleles (1, 2, 3, 4, 5). na – no amplification. 
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Figure 5.2: Representative MLVA patterns of B. licheniformis generated in two multiplex PCR assays 1 and 2 (using 

ATCC 14580 as positive control and an example from each of type 7, 9 and 10). MLVA pattern in order of appearance 

of amplicons from loci used are as follows: PCR 1: VNTR6 (green), VNTR1 (blue), VNTR5 (green) while PCR 2: 

VNTR4 (blue), VNTR2 (green) and VNTR7 (blue). 
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5.3.3 The distribution of 36 subtypes of B. licheniformis 

Thirty-six DNA fingerprint patterns called subtypes were obtained from 139 B. licheniformis 

isolates (Table 5.3). Subtypes 7 and 9 were the most prevalent subtypes with 21 isolates (15 %) 

followed closely by subtype 10 with 20 isolates (14 %). Seven subtypes including subtype 4, 6, 7, 

8, 9, 10 and 33 were observed in all seasons (Table 5.4). On the contrary, 25 subtypes were unique 

to one season while only three subtypes were present in at least two seasons. Twelve of the unique 

subtypes occurred within the summer isolates while five, four and one unique subtype were found 

in the winter, spring and fall respectively. Overall, summer had the highest diversity (24 subtypes) 

while fall (10 subtypes) had the least. Winter and spring had intermediate diversity with 15 and 14 

subtypes respectively. Subtype 7 (11 isolates) was the predominant subtype in the summer, closely 

followed by 10 (six isolates) and 8 (four isolates). The predominant subtypes in the fall, winter and 

spring were subtypes 10 (three isolates), 9 (13 isolates) and 10 (eight isolates) respectively. 

A total of 68 B. licheniformis subtyped isolates were obtained from cheese curds which also 

showed the highest diversity with 24 different subtypes (Table 5.5). This was followed by raw milk 

which had 42 isolates divided into 17 subtypes. Two subtypes were found in isolates obtained from 

whey samples (two isolates) and from environmental swabs (three isolates). Twenty-five B. 

licheniformis isolates from HT-milk (thermized milk) were grouped into nine subtypes. 
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Table 5.3: MLVA allele profiles and subtypes of 139 B. licheniformis isolates 

VNTR designation Subtype Number of 

isolates 

% prevalence 

8-5-3-2-9-1   1     2     1.4 

8-2-1-3-3-2   2     1     0.7 

7-2-4-3-3-4   3     4     2.9 

7-2-4-3-7-4   4     6     4.3 

7-2-4-3-3-2   5     1     0.7 

7-2-4-3-3-3   6     8     5.8 

7-2-4-3-7-2   7   21   15.1 

7-5-5-3-7-2   8   14   10.1 

7-5-4-3-7-4   9   21   15.1 

7-2-3-3-7-3 10   20   14.4 

7-2-3-3-3-4 11     6     4.3 

8-5-5-3-7-2 12     4     2.9 

7-2-4-3-7-5 13     1     0.7 

6-5-4-3-7-2 14     1     0.7 

7-5-2-3-3-4 15     1     0.7 

7-2-3-3-7-4 16     1     0.7 

7-2-4-3-7-3 17     2     1.4 

7-5-5-3-7-4 18     1     0.7 

7-5-4-3-7-2 19     1     0.7 

7-2-4-3-6-2 20     1     0.7 

7-2-5-3-7-2 21     1     0.7 

7-2-4-3-10-4 22     1     0.7 

7-2-2-3-7-4 23     1     0.7 

12-5-5-3-7-3 24     1     0.7 

5-2-1-3-7-2 25     1     0.7 

7-2-na-3-7-2 26     1     0.7 

6-2-3-3-7-2 27     1     0.7 

7-2-3-3-7-2 28     1     0.7 

8-2-4-3-7-2 29     1     0.7 

7-2-5-3-9-4 30     2     1.4 

7-5-4-2-7-2 31     1     0.7 

6-2-3-3-7-3 32     1     0.7 

8-2-4-0-7-2 33     5     3.6 

7-2-4-0-7-2 34     2     1.4 

7-2-3-0-4-2 35     1     0.7 

7-5-4-0-3-4 36     1     0.7 

TOTAL  
 

139 100 

 

MLVA allele string is indicated in the order of VNTR6, VNTR1, VNTR5, VNTR4, VNTR2 and VNTR7  
TRN – Tandem repeat number 

TRN > 0.7 round up 

TRN < 0.7 round down 

na – no amplification 

0 - amplification occurred but a deletion of sequences in the locus was suspected 

Results from one independent experiment are reported 
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Table 5.4: The distribution of B. licheniformis subtypes across four seasons 

  Number of isolates per season 

VNTR designation Subtypes Summer Fall Winter Spring 

8-5-3-2-9-1   1   2 
  

  

8-2-1-3-3-2   2   1 
   

7-2-4-3-3-4   3 
  

  3   1 

7-2-4-3-7-4   4   1   2   1   2 

7-2-4-3-3-2   5   1 
   

7-2-4-3-3-3   6   2   1   3   2 

7-2-4-3-7-2   7 11   2   2   6 

7-5-5-3-7-2   8   4   1   5   4 

7-5-4-3-7-4   9   1   2 13   5 

7-2-3-3-7-3 10   6   3   3   8 

7-2-3-3-3-4 11   2   2   1   1 

8-5-5-3-7-2 12   3 
 

  1 
 

7-2-4-3-7-5 13 
   

  1 

6-5-4-3-7-2 14   1 
   

7-5-2-3-3-4 15   1 
   

7-2-3-3-7-4 16 
  

  1 
 

7-2-4-3-7-3 17 
  

  2 
 

7-5-5-3-7-4 18 
  

  1 
 

7-5-4-3-7-2 19   1 
   

7-2-4-3-6-2 20 
  

  1 
 

7-2-5-3-7-2 21   1 
   

7-2-4-3-10-4 22   1 
   

7-2-2-3-7-4 23   1 
   

12-5-5-3-7-3 24 
   

  1 

5-2-1-3-7-2 25 
 

  1 
  

7-2-na-3-7-2 26 
  

  1 
 

6-2-3-3-7-2 27 
   

  1 

7-2-3-3-7-2 28   1 
   

8-2-4-3-7-2 29   1 
   

7-2-5-3-9-4 30 
   

  2 

7-5-4-2-7-2 31   1 
   

6-2-3-3-7-3 32   1 
   

8-2-4-0-7-2 33   1   1   2   1 

7-2-4-0-7-2 34 
 

  1 
 

  1 

7-2-3-0-4-2 35   1 
   

7-5-4-0-3-4 36   1 
   

TOTAL  
 

47 16 40 36 

No. of subtypes   24 10 15 14 

         

Unique to one season     Present in two seasons   Present in at least three seasons 
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Table 5.5: The frequency of occurrence of B. licheniformis subtypes according to sample type 

  Number of isolates per sample type 

VNTR designation Subtypes Raw milk HT-milk Curds Whey Environmental 

swabs 

8-5-3-2-9-1   1 
    

2 

8-2-1-3-3-2   2 
  

  1 
  

7-2-4-3-3-4   3 
 

  1   4 
  

7-2-4-3-7-4   4   1 
 

  5 
  

7-2-4-3-3-2   5   1 
    

7-2-4-3-3-3   6   2   2   4 
  

7-2-4-3-7-2   7   9   7   5 
  

7-5-5-3-7-2   8   6   2   6 
  

7-5-4-3-7-4   9   5   5 11 
  

7-2-3-3-7-3 10   5   3 11 1 
 

7-2-3-3-3-4 11   2 
 

  3 
 

1 

8-5-5-3-7-2 12   1   3 
   

7-2-4-3-7-5 13 
  

  1 
  

6-5-4-3-7-2 14 
  

  1 
  

7-5-2-3-3-4 15   1 
    

7-2-3-3-7-4 16 
  

  1 
  

7-2-4-3-7-3 17   2 
    

7-5-5-3-7-4 18 
  

  1 
  

7-5-4-3-7-2 19 
  

  1 
  

7-2-4-3-6-2 20 
  

  1 
  

7-2-5-3-7-2 21   1 
    

7-2-4-3-10-4 22 
  

  1 
  

7-2-2-3-7-4 23 
  

  1 
  

12-5-5-3-7-3 24 
  

  1 
  

5-2-1-3-7-2 25 
 

  1 
   

7-2-na-3-7-2 26   1 
    

6-2-3-3-7-2 27 
  

  1 
  

7-2-3-3-7-2 28 
  

  1 
  

8-2-4-3-7-2 29 
 

  1 
   

7-2-5-3-9-4 30   2 
    

7-5-4-2-7-2 31   1 
    

6-2-3-3-7-3 32 
  

  1 
  

8-2-4-0-7-2 33   1 
 

  3  1 
 

7-2-4-0-7-2 34 
  

  2 
  

7-2-3-0-4-2 35 
  

  1 
  

7-5-4-0-3-4 36   1 
    

TOTAL  
 

42 25 68 2 3 

No. of subtypes 
 

17   9 24 2 2 

         

Unique to one season     Present in two seasons   Present in at least three seasons 
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5.3.4 Clustering of MLVA subtypes  

Five clusters or clonal complexes were found, with the cluster C proposed to be the oldest and 

the largest clonal complex (13 subtypes) (Figure 5.3). Cluster C diversified and gave rise to three 

other clonal founders (founders 4, 19 and 28). In cluster C, the primary founder subtype was subtype 

7 because it had the highest number of links in the population (nine), and with three other large 

clusters (A, B and D). Apart from three subtypes (subtypes 17, 29 and 5) which had one link each, 

other sub-cluster founder genotypes in cluster C had no other links. In cluster E, subtype 4 was the 

primary founder subtype, with five other links, one of which (subtype 22) had three other links. In 

the less complex cluster D, the primary founder subtype 28 had only three linkages. Within cluster 

B, the primary founder subtype 19 gave rise to another sub-clustering made up of subtypes 8, 12, 

18 and 24. Cluster A, the most distant contained only one subtype belonging to environmental 

isolates, making it the smallest clonal cluster (Figure 5.3).  

5.4 Discussion 

The results highlight the usefulness of the modified MLVA fingerprinting tool for investigating 

the genetic diversity of a set of 139 cheese-plant-derived B. licheniformis isolates. Using the 

method, differences could be detected in the set of isolates. Previous studies have shown that B. 

licheniformis is one of the predominant contaminants of raw milk, but reports of its predominance 

in a cheese processing system have not been well documented (Ivy et al., 2012). Sequence analysis 

showed that twenty potential new loci in the B. licheniformis ATCC 14580 genome met the criteria 

for use in MLVA but all efforts to design primers which would amplify these loci in other known 

genomes proved difficult to achieve. This may be why 32 other loci were previously discarded 

(Dhakal et al., 2013). In total, two new primer sets were adapted for combination with the four sets 

previously designed by Dhakal et al. (2013) for a better discrimination and typing. 
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Figure 5.3: Cluster analysis of 36 MLVA subtypes of 139 isolates of B. licheniformis at a globally optimized locus 

variant level. 

Each node in a tree represents a separate subtype, numbered for reference. A set of nodes within one larger circle 

represent one cluster, labelled A-E. Tree link cut-off was set at an absolute distance of four.   
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Shannon and Simpson diversity indices showed that VNTR7, VNTR5 and VNTR1 separated the 

isolate collection better, giving more diversity than VNTR2, VNTR4 and VNTR6. The 

discriminatory power of each VNTR locus contributed to the overall discriminatory power (D-

value) of the MLVA assay which was 0.92. This agrees with the D-value reported in other MLVA 

studies (Dhakal et al., 2013, Dong et al., 2017, Dahyot et al., 2018). The diversity in the isolate 

collection likely reflects the diverse sources of B. licheniformis on the farms supplying milk to the 

processing plant. 

Some other studies have shown that MLVA gave a better or at least a similar discrimination 

with Listeria monocytogenes (Chen et al., 2011), B. licheniformis (Dhakal et al., 2013) and 

Geobacillus (Seale et al., 2012) in comparison to other methods such as Amplified Fragment Length 

Polymorphism (AFLP), PFGE and RAPD. Chen et al. (2011) showed that combining two restriction 

enzymes (Apal and AscI) for PFGE gave a discrimination comparable with MLVA in their 

experiment with a set of 46 L. monocytogenes isolates. Dhakal et al. (2013) obtained five RAPD 

profiles and five partial rpoB sequence types in their set of 52 B. licheniformis isolates compared to 

19 genotypes observed using MLVA. Furthermore, Nishihara et al. (2014) obtained 17 MLVA types 

from 29 strains of C. tyrobutyricum of dairy origin which was more discriminatory than the gold 

standard, PFGE. As opposed to PFGE and AFLP, MLVA can be used for strain typing directly from 

foods without the need for obtaining pure culture DNA (Chen et al., 2011).  

Seale et al. (2012) obtained 16 different groups using MLV-HRMA (Multilocus variable-High 

resolution melting analysis) for 46 Geobacillus spp. isolates in contrast to only 13 genotypes 

obtained by RAPD-PCR. Dhakal et al. (2013) recommended using HRMA as a more accurate 

option compared to the traditional post MLVA approach. The traditional method uses DNA-stained 

2 % agarose gel electrophoresis to visualize the products, which has some limitations in accuracy 
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(Seale et al., 2012). In addition, HRMA used by Dhakal et al. (2013) and Seale et al. (2012) is more 

expensive and complex to interpret. Therefore, a simpler approach was applied in the present study 

using a genetic analyzer to determine the precise size of each product after amplification via 

automated capillary electrophoresis (Lindstedt et al., 2008, Chen et al., 2011, Techaruvichit et al., 

2015). Once the amplicons are correctly sized and repeat numbers accurately computed, MLVA 

fingerprints compare well with direct sequencing of short amplicons (Lindstedt et al., 2008). The 

MLVA-genetic analyzer approach was easy to carry out and interpret. Even with the lowering costs 

of whole genome sequencing (WGS), using WGS for the sole purpose of determining if 139 isolates 

are the same or different is unrealistic, although WGS remains a good tool for more in depth analysis 

of strain diversity. The stability of the VNTR loci in this study was found to be suitable after 15 

passages. This has been reported in other studies where repeated subculture did not yield any 

changes for Chlamydia trachomatis after 72 passages (Labiran et al., 2012), Staphylococcus 

lugdunensis after 30 passages (Dahyot et al., 2018), Campylobacter jejuni (Techaruvichit et al., 

2015) and B. licheniformis (Dhakal et al., 2013) after 10 passages. 

The 52 B. licheniformis isolates (19 subtypes) obtained in June and July of 2010 in Australia 

reported by Dhakal et al. (2013) were compared with the collection used in the present study. 

Although this collection is larger (36 subtypes within 139 isolates), the overall diversity of both 

collections as defined by the Hunter-Gaston index was not significantly different, 0.92 vs 0.93 (P > 

0.05). Perhaps the use of these six loci did not necessarily increase the discrimination capacity of 

the modified assay used here. It could also be that the present collection was not as diverse, as the 

isolates were obtained from samples of the same cheese plant compared to those collected from 

several commercial powder milk samples and two powder plants by Dhakal et al. (2013). 

Nevertheless, the modified MLVA approach provided a quicker interpretation compared to the melt 
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curves (from HRMA) which are more challenging to interpret and understand at a glance (Dhakal 

et al., 2013). More sampling of the plant environment could be done to better track the 

contamination sources of B. licheniformis and understand its movement along the processing 

system.  

Additionally, some other subtypes were observed across two to four sample types and this can 

be used to infer their contamination pathway. Irrespective of the season, subtypes 4, 6, 7, 8, 9, 10, 

11 and 33 were commonly found in raw milk, HT-milk and cheese curds. Specifically, subtype 10 

was recovered in raw milk, HT-milk and cheese curds during the winter, spring and summer, 

suggesting that this subtype probably contaminated cheese curds from raw milk in these seasons. 

Again, subtype 7 in the summer and subtype 9 in the winter were recovered from these three sample 

types, which were not found in the other two seasons. This might have been due to the fewer B. 

licheniformis isolates collected from the other seasons and not necessarily because these subtypes 

were season dependent. Subtype 8 was recovered in raw milk samples collected in the summer, 

winter and spring, and curds collected in the winter, fall and spring but only in the summer HT-

milk. Perhaps subtype 8 which was not recovered from fall raw milk but found in the fall curds 

emanated from the plant environment, although no environmental isolates from the plant were 

obtained during this season. 

The subtyping method has demonstrated how similar strains move along the processing flow 

from raw materials to final products. The incidence of multiple strains of B. licheniformis in a dairy 

system is not surprising as raw milk,  collected from more than one farm could be contaminated 

from varying sources such as the soil, silage, water, feces, teats and the milking equipment (Ribeiro 

Júnior et al., 2018). Apart from external sources of contamination of the dairy processing plant, in-
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plant contamination of products by Bacillus and relatives has been reported (Rückert et al., 2004, 

Scott et al., 2007, Zhao et al., 2013).  

It is possible that the 15 subtypes recovered only from curds may have originated from in-plant 

sources since they were not encountered in the raw milk. Alternatively, concentration of spores in 

curds could lead to collection of a higher diversity of isolates obtained during plating. Also, subtypes 

which were found only in the raw milk but not from any other sample, probably did not move along 

with processing in the plant or were eliminated. For every subtype found in raw milk and traceable 

to curds, a higher frequency of occurrence of its isolates was found in the curds except for subtype 

7. This agrees with an earlier finding that spore forming bacteria were concentrated in curds 

compared to raw milk (Chapter 3). Both isolates obtained from whey belonged to subtypes 10 and 

33 which were traceable to curds and raw milk. Only two subtypes (subtypes 25 and 30) were unique 

to HT-milk and these could have originated from the heating equipment as they were not 

encountered in raw milk or any other sample. Scott et al. (2007) reported spore forming bacteria in 

the evaporators and preheaters in powder processing. They could have germinated in HT-milk due 

to the heat applied. All other subtypes found in HT-milk were also found either in raw milk or curds. 

The cluster analysis showed the evolution of subtypes with cluster C being the most abundant, 

implying that this cluster was most consistently isolated in space and time from the cheese 

processing system. The subtypes within each cluster had a relationship with each other but this 

relationship differed slightly across clusters. The unique subtypes in raw milk and HT-milk both 

appeared in cluster C and E while those in curds were distributed across all clusters except cluster 

A. Also, the subtypes in cluster D, except subtype 10, were predominately found in curds. These 

findings may imply that subtypes of cluster D may be preferentially retained in the cheese curd 

matrix while those of cluster C and E concentrate in milk due to the sample structure and 
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composition. The cluster A isolates which were the most distant to all the other isolates were 

unlikely to have originated from the raw milk during the sampling period. These isolates could have 

been resident in the plant from previous contamination events, as they were obtained only from 

environmental swabs.  

5.5 Conclusions 

The diversity of B. licheniformis recently reported as the most abundant Bacillus species in a 

cheese processing system was explored. MLVA coupled with a genetic analyzer based on 

automated capillary electrophoresis for post-PCR analysis was shown to be a powerful, quick and 

easy to use tool for subtyping B. licheniformis isolates. Subtyping contributes to tracking of the 

diversity and contamination pathway of bacteria and this knowledge can be used to monitor 

contamination in a dairy processing system. 
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CHAPTER 6 

6. Detection of spore forming Paenibacillus macerans in raw milk 

Abstract 

Paenibacillus macerans can cause spoilage of milk during extended storage. However, the natural 

milk microbiota interferes with the enumeration of Paenibacillus species in raw milk. In this study, 

a qualitative SYBR Green real-time PCR assay was developed based on the groEL gene for 

detecting P. macerans (PMassay) in raw milk and compared with one designed for total 

Paenibacillus detection (TPassay). The specificity of the PMassay was confirmed against a panel 

of 10 Paenibacillus species, four Bacillus species and one Clostridium tyrobutyricum strain. In the 

presence of background DNA substituted up to 95 %, P. macerans DNA could still be detected by 

the PMassay although interference did occur as non-target DNA substitution increased. The 

PMassay was sensitive (detection limit of as low as 2 log CFU/ml in milk) and specific as non-P. 

macerans isolates gave a Ct > 30. After enrichment of raw milk for 7 days in Reinforced Clostridial 

Medium with D-cycloserine (RCM-D) under anaerobiosis, Paenibacillus was detected in 10 of the 

16 raw milk samples tested. Duplicate testing revealed that 9 of the 10 positive samples had P. 

macerans in at least one aliquot tested. This would not have been possible in the absence of D-

cycloserine, probably due to competition with resident microbiota. Enrichment in RCM-D yielded 

an approximate amount of 0.5 to 5.8 log CFU/ml total Paenibacillus and 0.3 to 4.6 log CFU/ml P. 

macerans in the samples. In addition to detecting P. macerans in both artificially and naturally 

contaminated milk samples, PMassay could perform equally well in commercial settings, allowing 

a sensitive detection of P. macerans.  
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6.1  Introduction 

Bacillus and, to a lesser extent, Paenibacillus are the most frequently occurring aerobic Gram-

positive spore forming genera in dairy processing systems (Huck et al., 2007a, Huck et al., 2007b, 

Huck et al., 2008, Ranieri and Boor, 2010, Ivy et al., 2012). Both Bacillus and Paenibacillus spores 

can gain entry into raw milk from farm sources such as silage and cow feed concentrate, pasture, 

soil, feces, soiled udders, bedding and contaminated milking equipment (te Giffel et al., 2002, 

Magnusson et al., 2007, Vissers et al., 2007b, Bartoszewicz et al., 2008, Borreani et al., 2013, 

Gleeson et al., 2013, Martin et al., 2019, Murphy et al., 2019).  

The genus Paenibacillus is made up of Gram-positive psychrotolerant spore-forming rods once 

considered as Bacillus (Ash et al., 1993). These bacteria reduce the shelf life of pasteurized dairy 

products even in the absence of post-pasteurization contamination due to their ability to survive 

HTST pasteurization and grow under low temperatures (Durak et al., 2006, Huck et al., 2007a, Huck 

et al., 2008, Ranieri and Boor, 2010, Ivy et al., 2012). Paenibacillus has been isolated from milk 

powder (Kent al., 2016), packaged pasteurized milk (Huck et al., 2007b, Huck et al., 2008, Sattin 

et al., 2016) and cheese (Quiberoni et al., 2008, Sattin et al., 2016). Quiberoni et al. (2008) isolated 

Bacillus polymyxa from Mozzarella, Taluhet and Cremoso cheeses while B. macerans was isolated 

from only the first two. However, attributing the blowing of these cheeses to this species may 

require further evidence. Sattin et al. (2016) noted that of all three major spore forming genera 

encountered during the shelf life of Ricotta cheese in their study, Paenibacillus dominated late in 

the shelf life due to the cold temperature conditions.  

Paenibacillus such as P. polymyxa and P. macerans could be a concern in the cheese industry 

as some strains can produce acid and/or gas while surviving anaerobiosis similar to spoilage 

Clostridium species (Weimer, 1984, Ternström et al., 1993, Quiberoni et al., 2008, Bergey et al., 
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2009, De Jonghe et al., 2010). The ability of some Paenibacillus species to tolerate acid similar to 

Bacillus species and grow at pH values below 4.6 (about 3.8 – 3.9) make them problematic in 

products characterized by this low pH (Casadei et al., 2000, Quiberoni et al., 2008). Furthermore, 

some Paenibacillus species isolated from Brazilian pasteurized milk samples have been reported to 

show lipolytic (such as P. cookii, P. puldeungensis) and/or proteolytic (P. wynnii) activities (Ribeiro 

Júnior et al., 2018). Similarly, Ranieri et al. (2012) and Trmčić et al. (2015) reported that 

Paenibacillus odorifer and P. peoriae produce enzymes which lead to off-flavour and curdling of 

pasteurized fluid milk.  

In a previous study (Chapter 3), Paenibacillus isolates were recovered mostly from the 

enumeration of anaerobic spore forming bacteria with P. macerans being the predominant species 

from the identification carried out. However, using previously published enumeration methods 

(Ranieri et al., 2012, Doll et al., 2017), detection of Paenibacillus was problematic based on β-

galactosidase activity, as many other Bacillus species could display this phenotype. However, no 

currently known assay can rapidly detect the presence or quantify P. macerans in milk. Although 

quantitative PCR (qPCR) is often described as a sensitive detection method, spoilage microbes often 

occur at very low levels in foods and so pre-enrichment of food is usually necessary to detect them 

or rule out the fact that they are present (Hanna et al., 2005, Martínez-Blanch et al., 2011). qPCR 

after enrichment has most especially been used for detection of pathogens such as Listeria 

monocytogenes, Salmonella spp., B. cereus, Staphylococcus aureus in a variety of food matrices 

(Hein et al., 2006, Chiang et al., 2007, O’Grady et al., 2008, Cheng et al., 2009, Postollec et al., 

2011). qPCR studies to quantify various spore forming bacteria with or without an enrichment step 

have been reported (Rueckert et al., 2005, Yoon et al., 2005, López-Enríquez et al., 2007, Lim et 

al., 2011, Ranieri et al., 2012, Wei et al., 2018). The Paenibacillus specific assay by Ranieri et al. 
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(2012) was used to detect the genus directly in spore-shocked and enriched (13 °C for 48 h) naturally 

contaminated raw milk. They obtained limiting results as Ct value ~34.49 was recorded in only 1 

of the 24 samples tested. However, Paenibacillus was detected from a pool of isolates via colony 

qPCR.  

Consequently, the groEL gene was targeted for detecting P. macerans since it has been used for 

detecting, identifying and characterizing some Bacillus species (Chang et al., 2003, Zeigler and 

Perkins, 2008, Lim et al., 2011, Wei et al., 2018). In P. macerans 3CT49 (NCBI GenBank accession 

#: WOZZ00000000), the single copy groEL gene is about 2691 bp long. In this study, a P. macerans 

specific assay was designed to detect its presence in raw milk samples as a first step to reducing or 

controlling its outgrowth in the dairy system and enhance product quality. The primer/probe set 

designed by Ranieri et al. (2012) was combined with a newly developed enrichment approach. 

6.2  Methods 

6.2.1  Primer design and optimization 

Primers were designed based on the groEL gene of P. macerans 3CT49 

NODE_3_length_425768_cov_45.7605, whole genome shotgun sequence 

(WNZZ01000003.1:64292-66982) (using the primerquest tool on IDT.com). The specificity of the 

primer sets for P. macerans was verified by a BLAST search with hits only on the few entries of 

this species in the NCBI database. Primer and probe sequences for this assay and another by Ranieri 

et al. (2012) were synthesized by Eurofins (Canada) and primer conditions were optimized 

(concentration and annealing temperature) (Table 6.1). 

The P. macerans specific qPCR assay (PMassay) contained 10 µl SYBR green using 

ssoAdvanced Universal Inhibitor-Tolerant Supermix (2x) (Bio-Rad), 1 µl of 10 µM forward and 

reverse primers, 5 µl water and 3 µl DNA template. The total Paenibacillus assay (TPassay), 
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included 10 µl ssoAdvanced Universal Probes Supermix (2x) (Bio-Rad), 0.8 µl of 10 µM forward 

and reverse primers, 0.2 µl of 10 µM probe, 5 µl water and 3 µl DNA template. For both assays, 

the cycle was 95 °C for 30 s, 40 cycles (95 °C /10 s, 60 °C/10 s for annealing and extension using 

a Thermal Cycler CFX96 Touch™ Real-Time PCR detection system (Bio-Rad, Canada) carried out 

in triplicate. A total reaction volume of 20 µl using clear low profile hard-shelled thin wall skirted 

96-well plates (Bio-Rad) was sealed with a microseal 'B' PCR plate optical adhesive sealing film. 

Melting curves and peaks were determined for all analyses to confirm reaction specificity. This was 

done by heating from 65 °C to 95 °C at 0.5 °C increments per cycle and ramp rate 0.5 °C/s, while 

still collecting fluorescence signals. Using the default baseline set by the instrument, the cycle 

threshold (Ct) was determined and recorded automatically. The collected data was analysed with 

the Bio-Rad CFX Maestro Software (v1.1; Bio-Rad, Canada). The software automatically 

transformed melting curves to peaks then plotted the negative derivative of fluorescence against 

temperature (-d(RFU)/dT vs T). A no-template control (NTC) consisted of replacing DNA with 

nuclease-free biotechnology-grade water (VWR Life Sciences) in the reaction mix. Inclusion of the 

NTC was for verification that there was no contamination or primer dimer formation (Libert et al., 

2015).  

Table 6.1: TaqMan primers/probe and SYBR green primers for detection of Paenibacillus spp. 

and P. macerans 

Target 

organism 

 

Gene 

Primer/ Probe 
 

Length 

(bp) 

Tm 

(0C) 

Sequence (5'-3') GC % Amplicon 

length 

(bp) 
aPaenibacillus 

spp. 

16S rRNA MR-18_16S F Forward 20 61.1 AAA TCA TCA TGC CCC TTA TG 40 158 

 MR-19_16S R  Reverse 21 59.8 CGA TTA CTA GCA ATT CCG 

ACT  

43 

 MR-18paeniPROBE Probe 27 69.6 FAM- CGT ACT ACA ATG GCC 

GGT ACA ACG - BHQ1 

54 

bP. macerans groEL groEL_QPMf Forward 21 62 GGCGGCAACAACATTACATAC 48   93 

 groEL_QPMr Reverse 21 62 GTCGATATCCGTCATGCCTTT  48 

 

Primer set from Ranieri et al. (2012) a  

Primers designed in this study b  
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6.2.2 DNA extraction from milk and isolates 

DNA extraction from milk was carried out as described previously (Supplementary Material 

S6.1). Briefly, 25 ml of milk was homogenized (200 rpm/5 min) with 1.5 ml of 25 % sodium citrate 

(warmed to 45 °C) and washed with 1.5 ml of 2 % sodium citrate (45 °C). A fat-free cell pellet was 

obtained after centrifugation (15,000 x g for 15 min), removal of supernatant and cream. DNA was 

then extracted from the pellet obtained using the UltraClean® Microbial DNA Isolation Kit 

(Qiagen, Canada) following the manufacturer’s instructions. For each isolate (Table 6.2), genomic 

DNA was extracted from a single colony (picked from freshly prepared plates) using UltraClean® 

Microbial DNA Isolation Kit (Qiagen, Canada) following the manufacturer’s instructions. 

6.3  Total Paenibacillus assay (TPassay) 

The total Paenibacillus assay was based on 16S rRNA gene (Ranieri et al., 2012) (Table 6.1). 

First, the assay was tested with 10 Paenibacillus species from the CRIFS culture collection (Table 

6.2) to confirm if these isolates could be detected. DNA from the isolates (Table 6.2) were amplified 

after dilution to 13 ± 2 ng/µl and quantification was done as described in section 6.2.1. Also, 

standard curves in pure culture and milk were constructed for the TPassay as described in section 

6.4.2. 

6.4  Paenibacillus macerans assay development (PMassay) 

6.4.1  Specificity of the P. macerans assay 

A total of 10 Paenibacillus, four Bacillus species and one C. tyrobutyricum were used to 

determine the specificity of the P. macerans assay (Table 6.2). DNA from the isolates (Table 6.2) 

was amplified after dilution to 13 ± 2 ng/µl as described above (section 6.2.1) and the Ct value 

obtained. 
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Table 6.2: Strains employed to determine the specificity of both assays 

Bacterial strains Origin  

Paenibacillus macerans 3CT49b Cheese curds a 

Paenibacillus polymyxa 17ME1b Raw milk a 

Paenibacillus timonensis 12ME58b Raw milk a 

Paenibacillus pabuli 8CR5b Cheese curds a 

Paenibacillus lautus 6WNN37b Whey a 

Paenibacillus woosogensis 12CR55b Cheese curds a 

Paenibacillus validus 2CS3b Cheese curds a 

Paenibacillus glucanolyticus 8CO40b Cheese curds a 

Paenibacillus campinasensis 3CS1b Cheese curds a 

Paenibacillus lactis 13MEP2b Raw milk a 

Bacillus licheniformis 13ME47 Raw milk a 

Bacillus cereus 8CT40 Cheese curds a 

Bacillus paralicheniformis KACC 18426 ARS Culture Collection c 

Bacillus pumilus 13CQ2 Cheese curds a 

Clostridium tyrobutyricum ATCC 27577 ATCC American Type Culture Collection d 

a Obtained from the CRIFS culture collection (University of Guelph, Ontario, Canada) 
b Isolates used for specificity of TPassay  
c Agricultural Research Services (ARS) is in Illinois, United States  

d Located in Manassas, Virginia, United States  

 

6.4.2  Standard curve development for the P. macerans assay  

Two standard curves were prepared for quantification purposes, one with pure culture and the 

second with inoculated milk.  

Standard curve for P. macerans pure culture 

A calibration curve was constructed using an overnight culture of 3CT49 in BHI broth (Oxoid, 

37 °C/aerobic) of 8 log CFU/ml (OD600 = 0.87). DNA was extracted from 1 ml culture using 

UltraClean® Microbial DNA Isolation Kit (Qiagen, Canada) according to manufacturer’s protocol. 

The DNA samples obtained were serially diluted in nuclease-free water (VWR Life Sciences) and 

quantification was carried out to determine the Ct of the population present. On the other hand, 

bacterial populations were confirmed in the serial dilutions of culture and inoculated milk (101 to 

108 (107 for milk) CFU/ml) by plate counts on BHI. 
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Standard curve for P. macerans inoculated in milk 

Commercially obtained 2 % microfiltered milk inoculated with a known population of P. 

macerans 3CT49 was used. Three (3) ml of overnight culture was inoculated into 27 ml of milk to 

obtain 7 log CFU/ml in the milk and confirmed by plate counting. DNA was extracted as described 

above, serially diluted and the assay carried out to quantify the population in the milk. 

All culture growth, DNA extractions and standard curve determination both for cultures and 

artificially contaminated milk samples in TPassay and PMassay, were performed in duplicate. 

Average Ct values and standard deviations (STD) were calculated for each dilution. A plot of the 

Ct value against the log concentration of the template DNA was done for all standard curves, and 

efficiency (E) was determined through the slope of the regression line obtained using the equation: 

E = [10(-1/slope)]-1 (Klein, 2002, Bustin et al., 2009). 

6.4.3  Detection limit of the P. macerans assay in milk  

A fresh culture of P. macerans 3CT49 (with known initial population) was serially diluted to 

obtain 101 to 108 CFU/ml in 0.1 % peptone water. Thereafter, 3 ml of each dilution of P. macerans 

3CT49 culture was inoculated in 27 ml of commercial 2 % microfiltered milk (after the standard 

plate count was confirmed to be 0). The milk samples contained 101 to 107 CFU/ml of P. macerans 

and DNA was then extracted from 25 ml of each inoculated milk sample for the PMassay. 

6.4.4  Sensitivity of the P. macerans assay in the presence of background DNA 

DNA mixtures comprising increasing proportions of P. macerans 3CT49 (from 5 % to 100 %) 

with background DNA from P. polymyxa, B. licheniformis, B. cereus and C. tyrobutyricum ATCC 

27577 was used.  A DNA concentration of P. macerans 3CT49 which gave a Ct of approx. 22 (~5 

log) was used as the target DNA. The PMassay was then carried out. 
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6.5 Optimization of Paenibacillus enrichment  

Two previously reported methods (M1 and M2) for Paenibacillus enrichment were tested 

(Ranieri et al., 2012, Doll et al., 2017). For each method, spore pasteurization (80 °C for 12 and 10 

min for M1 and M2 respectively) was carried out on the milk (1 ml in 9 ml of medium) before 

aerobic enrichment. M1 involved enriching milk at 13 °C for 2 d (Ranieri et al., 2012) while M2 

involved enrichment at 6 °C for 21 d in TSB supplemented with 100 μl L-alanine (Doll et al., 2017). 

After enrichment, 1 ml (over five plates) from the M1 enrichment was plated on BHI-B, which was 

BHI (Oxoid, Canada) agar supplemented with 100 mg/l bromo-chloro-indolyl galactopyranoside 

(Promega, Canada) and incubated at 32 °C for 24 h. Conversely, 100 µl from the M2 enrichment 

was plated on Trypticase Soy Agar (TSA) and incubated at 30 °C for 2 d. A third method (M3) was 

developed using Reinforced Clostridial Medium (Oxoid, Canada) with 200 µg/µl D-cycloserine 

(Sigma, Canada) enriched at 37 °C under anaerobic conditions for 7 days after spore pasteurization 

(80 °C/10 min). The enrichment from each method was evaluated by identification of colonies (by 

MALDI-TOF) that showed up on plates and qPCR. 

6.5.1  Detection of Paenibacillus in raw milk  

Using M3, 4 ml of comingled raw milk samples obtained from a cheese manufacturing plant 

(16 samples) were enriched and incubated after spore pasteurization (80 °C/10 min) in two 

independent replicates. To obtain DNA, 1 ml of the enrichment was vigorously shaken manually to 

break coagulated milk followed by centrifugation (10,000 x g for 5 min). The sediment was 

suspended in 0.5 ml of 25 % sodium citrate (warmed to 45 °C) and then centrifuged (15,000 x g for 

15 min) to obtain a pellet. DNA was extracted from the pellet using the UltraClean® Microbial 

DNA Isolation Kit (Qiagen, Canada) following the manufacturer’s instructions. qPCR to detect total 



 

143 

 

Paenibacillus and P. macerans (TPassay and PMassay respectively) in the samples using the 

obtained DNA was carried out.  

6.6  Results  

6.6.1 Total Paenibacillus assay (TPassay) 

The species tested produced Ct values ranging from 13.57 ± 0.21 to 15.87 ± 0.15 (Table 6.3; 

Figure 6.1). A linear graph was obtained between the mean Ct values and the log CFU/ml with a 

linearity ranging from 2 x 101 CFU/ml to 2 x 108 CFU/ml for pure culture, which is equivalent to a 

range of 2 x 100 CFU/ml to 2 x 107 CFU/ml in the raw milk (Figure 6.2). For P. macerans cells, the 

slope of the curve was -3.44 and the R2 (regression co-efficient) was 0.9816 while these values were 

respectively -3.4524 and 0.9918 in milk.  

 

Table 6.3: Mean Ct obtained in qPCR reactions with DNA from isolates of 10 bacterial species 

used to evaluate the specificity of the TPassay  

Species 
 

Mean Ct* ± std 

Paenibacillus macerans 3CT49 
 

15.15 ± 0.03 

Paenibacillus polymyxa 17ME1 
 

13.98 ± 0.25 

Paenibacillus timonensis 12ME58 
 

14.26 ± 0.08 

Paenibacillus pabuli 8CR5 
 

13.74 ± 0.09 

Paenibacillus lautus 6WNN37 
 

15.20 ± 0.03 

Paenibacillus woosogensis 12CR55 
 

14.72 ± 0.13 

Paenibacillus validus 2CS3 
 

13.57 ± 0.21 

Paenibacillus glucanolyticus 8CO40 
 

15.25 ± 0.01 

Paenibacillus campinasensis 3CS1 
 

15.14 ± 0.06 

Paenibacillus lactis 13MEP2  15.87 ± 0.15 

No-template control 
 

36.55 ± 0.57 
 

*Average of technical triplicate measurements and standard deviation. 
All DNA was adjusted to 13 ± 2 ng/µl 
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Figure 6.1: Amplification curves of DNA from Paenibacillus spp. using the total Paenibacillus spp. assay. 

Each amplification curve is an average of triplicate measures from two independent experiments. *The horizontal line 

represents the threshold baseline. Isolate numbers correspond to the species as follows: Paenibacillus macerans 3CT49, 

P. pabuli 8CR5, P. lactis 13MEP2, P. campinasensis 3CS1, P. polymyxa 17ME1, P. lautus 6WNN37, P. validus 2CS3, 

P. timonensis 12ME58, P. woosogensis 12CR55, P. glucanolyticus 8CO40. 
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Figure 6.2: Standard curves for Paenibacillus spp. assay using P. macerans 3CT49 pure culture (a) and (b) using 

3CT49 inoculated milk. 

Assay designed by Ranieri et al. (2012).  Each data point is an average of 6 values (two independent replicates in 

triplicate).  Standard deviation is also reported. 

 

 

6.6.2 Paenibacillus macerans assay (PMassay) 

6.6.2.1 Specificity of the P. macerans assay 

The target strain amplified with a mean Ct value of 18.31 ± 0.02 while the other non-P. 

macerans species ranged from 30.12 ± 0.04 to 36.46 ± 2.01 (Table 6.4 and Figure 6.3). No 

amplification was detected in the molecular grade water (NTC) analysed by the PMassay as a Ct of 

~36 was obtained, which was considered negative. Also, the PMassay could not detect 

Paenibacillus pabuli at all. Although the DNA concentration (13 ± 2 ng/µl) of Paenibacillus species 

used in this assay was high (about 106 CFU/ml) as obtained from the positive control (P. macerans 

3CT49), the Ct of these non-P. macerans was mostly negative.  

Single peaks were observed for amplicons of each isolate tested using the PMassay. Sharp melting 

peaks at 80.5 °C were observed for the DNA from all the Paenibacillus isolates tested using the 

PMassay except for isolate 8CO40 which had a Tm of 81 °C and the target bacteria, P. macerans 

3CT49 which had a Tm of 81.5 °C (Figure 6.4). The projected 93-bp amplicon of P. glucanolyticus 

8CO40 at 81 °C had an overall theoretical nucleotide identity of 43.8 % with the target P. macerans 
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sequence. The acceptable range of Tm for P. macerans was set at 81.5 ± 0.5 °C in order to exclude 

amplicons of P. glucanolyticus and other species tested. 

Table 6.4: Mean Ct obtained in qPCR reactions with DNA from isolates of 15 bacterial species 

used to evaluate the specificity of the PMassay 

Bacterial strains Origin  Mean Ct* ± std 

Paenibacillus macerans 3CT49 Cheese curds a 18.31 ± 0.02 

Paenibacillus polymyxa 17ME1 Raw milk a 36.46 ± 2.01 

Paenibacillus timonensis 12ME58 Raw milk a 34.20 ± 0.05 

Paenibacillus pabuli 8CR5 Cheese curds a ND 

Paenibacillus lautus 6WNN37 Whey a 34.62 ± 0.09 

Paenibacillus woosogensis 12CR55 Cheese curds a 36.66 ± 1.29 

Paenibacillus validus 2CS3 Cheese curds a 35.71 ± 0.60 

Paenibacillus glucanolyticus 8CO40 Cheese curds a 30.12 ± 0.04 

Paenibacillus campinasensis 3CS1 Cheese curds a 36.61 ± 1.38 

Paenibacillus lactis 13MEP2 Raw milk a 35.69 ± 0.83 

Bacillus licheniformis 13ME47 Raw milk a 36.77 ± 0.82 

Bacillus cereus 8CT40 Cheese curds a 36.53 ± 0.04 

Bacillus paralicheniformis KACC 18426 ARS Culture Collection c 36.25 ± 0.30 

Bacillus pumilus 13CQ2 Cheese curds a 35.79 ± 0.02 

Clostridium tyrobutyricum ATCC 27577 ATCC American Type Culture 

Collection d 

36.42 ± 0.28 

No-template control   36.52 ± 0.51 

 

Average of triplicate measurements and standard deviation* 

All species DNA were adjusted to 13 ± 2 ng/µl 

ND: not detected 

Obtained from the CRIFS culture collection (University of Guelph, Ontario, Canada) a 

Agricultural Research Services (ARS) in Illinois, United States c 

Located in Virginia, United States d 
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Figure 6.3: Amplification curves of DNA from 15 bacterial isolates using the P. macerans assay. 

Each amplification curve is an average of triplicate measures. *The horizontal line represents the threshold baseline. 

Isolate numbers correspond to the species as follows: Paenibacillus macerans 3CT49, P. timonensis 12ME58, P. 

woosogensis 12CR55, P. validus 2CS3, P. campinasensis 3CS1, Bacillus cereus 8CT40, Bacillus pumilus 13CQ2, P. 

polymyxa 17ME1, P. pabuli 8CR5, P. lautus 6WNN37, P. lactis 13MEP2, P. glucanolyticus 8CO40, B. licheniformis 

13ME47, B. paralicheniformis KACC 18426, Clostridium tyrobutyricum ATCC 27577. 
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Figure 6.4: Melting peaks of PCR products from isolates tested on the P. macerans specific assay (PMassay). 

* DNA from P. macerans 3CT49 **DNA from P. glucanolyticus 8CO40 #NTC. Other curves: Paenibacillus timonensis 

12ME58, P. pabuli 8CR5, P. lautus 6WNN37, P. woosogensis 12CR55, P. validus 2CS3, P. polymyxa 17ME1, P. lactis 

13MEP2, P. campinasensis 3CS1. dT: change in temperature; RFU: relative fluorescence units. -d(RFU)/dT is the 

negative derivative of the function “fluorescence vs. Tmelting” which represents the rate of the fluorescence variation 

in the reaction. The cycler begins the melt-curve analysis at 65 °C and ends at 95 °C. 

 

 

6.6.2.2 Standard curve for the P. macerans assay  

The dynamic range of the qPCR assay was 7 to 8 logs, ranging from DNA of 1 to 108 CFU/ml 

in pure culture and 1 to 107 CFU/ml in milk (Figure 6.5). In pure culture, the mathematical 

expression that related the log CFU/ml with the Ct values obtained was as follows: y = -3.1504x + 

37.406 with a R² of 0.9932. In milk, a similar linearity range was obtained in which case, the 

relationship between log CFU/ml and Ct values was as follows: y = -3.244x + 35.565 with a R² of 

0.9977. However, the assay variability increased with concentrations lower than DNA from 100 

CFU/ml per reaction as seen by the larger standard deviations in Ct values. Consequently, the 

quantification limit was established as 102 CFU/ml per PCR reaction in 33 cycles. To maintain 

specificity, an assay was reported as strongly positive if the value fell above the Ct for detection 
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limit (Ctdl) while a target was reported as weakly positive when the Ct fell within the range Ctdl to 

the Ct of the no-template control (Ctntc). The confidence level in samples reported as positive was 

therefore higher than those reported as weakly positive. 

6.6.2.3 Sensitivity of the P. macerans assay in the presence of background DNA 

In the presence of background DNA, 5 % to 100 % of P. macerans DNA gave a Ct ranging from 

30.57 ± 0.11 to 21.49 ± 0.18 which coincided with 2.2 – 5.2 log CFU/ml in pure culture and 1 - 4.6 

CFU/ml in milk (Table 6.5). In the presence of background DNA from other microorganisms, P. 

macerans was effectively detected down to 25 % of the total DNA present, although at 25 %, 1 log 

less of cells was detected compared to 100 % when there was no background DNA. At 5 % P. 

macerans DNA, about 3 log less detection was observed from the Ct value obtained, although ~5 

log was inoculated. 

 

 
Figure 6.5: Standard curve for P. macerans pure culture (A) and (B) P. macerans inoculated in milk using the newly 

designed P. macerans specific assay. 

Each data point is an average of 6 values (2 independent replicate in triplicate). Standard deviation is also reported. 
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Table 6.5: Mean Ct value obtained from qPCR with DNA cocktails containing up to 95 % non-

specific background DNA. 

Target DNA  Background DNA Mean Ct*± std Approximate population (Log CFU/ml) #  

In culture  In raw milk  

    5 % 95 % 30.57 ± 0.11 2.2 1  

  25 % 75 % 24.33 ± 0.13 4.2 3.5 

  50 % 50 % 22.68 ± 0.07 4.8 4.2 

  75 % 25 % 22.13 ± 0.03 4.9 4.25 

100 %   0 % 21.49 ± 0.18 5.2 4.6 

 

*an average and standard deviation of triplicate measurements is reported  
#extrapolated from standard curve 

Target DNA: P. macerans  

Background DNA: P. polymyxa, B. licheniformis, B. cereus and C. tyrobutyricum ATCC 27577 
 

 

6.6.3 M3 was the most efficient enrichment method 

For M1, less than 25 % of the galactosidase positive colonies were Paenibacillus while for M2, 

very few colonies (~10 for 1 sample) were obtained, and only 1 of 3 isolates was identified as 

Paenibacillus. There was a predominance of Bacillus in M1 and M2. In addition, DNA from raw 

milk enriched with methods M1 and M2 gave Ct values > 36 with both the TPassay and PMassay. 

However, using M3, 75 % of the identified isolates were Paenibacillus and Ct values of 26 and 28 

on TPassay and PMassay were obtained respectively. Furthermore, a pure culture of 20 CFU/ml P. 

macerans inoculated in sterile milk yielded 3,500 CFU/ml on the PMassay after enrichment with 

the M3 approach. A distinct undesirable “barny” odour was detected during their anaerobic growth 

in milk from using the M3 approach, indicating potential impacts on sensory quality of stored 

products.  

6.6.4 Detection of Paenibacillus in raw milk samples 

Out of 16 raw milk samples tested, 10 gave positive results with at least one of the assays in this 

study (Table 6.6). Total Paenibacillus was detected (Ct < 35) up to approximately 5.8 log CFU/ml 

(based on extrapolation from pure culture) in the 10 samples collected across all seasons. 

Approximately 0 - 83.63 % of the total Paenibacillus detected in the raw milk samples were P. 
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macerans. P. macerans was detected in nine of the samples (representative of all seasons) up to 

approximately 4.6 log CFU/ml using the PMassay. Five of the nine samples were always positive 

for P. macerans while in one out of two times, two samples were positive. One replicate of two 

samples was strongly positive for P. macerans while the second replicates of each were weakly 

positive. A strong unpleasant “barny” odour was observed in both samples pooled from one batch 

of raw milk after enrichment while the other raw milk samples gave off an unpleasant fermented, 

malty and fruity odour. 

Table 6.6: Average Ct value and corresponding approximate population of Paenibacillus in raw 

milk samples 

Season Raw milk 

samples 

Replicates Total Paenibacillus assay P. macerans assay Approximate % P. 

macerans of total 

Paenibacillus 

population 

Mean Ct* ± std Approximate 

population 

(log CFU/ml) 

Mean Ct* ± std Approximate 

population 

(log CFU/ml) 

Summer 2ME 2MEA 27.68 ± 0.12 3 >36 n. d   0   
2MEB 24.44 ± 0.14 3.9 >36 n. d   0  

11ME 11MEA 20.90 ± 0.94 4.9 23.46 ± 0.16 3.9 79.6   
11MEB 21.41 ± 0.02 4.9 23.78 ± 0.05 3.9 79.6 

Fall  4ME 4MEA 19.58 ± 0.27 5.5 21.39 ± 0.06 4.6 83.6   
4MEB 31.47 ± 0.13** 1.8 33.24 ± 0.60** 0.7 37.1  

5ME 5MEA 25.44 ± 0.13 3.7 28.28 ± 0.14 2.3 62.2   
5MEB 24.23 ± 0.12 3.9 26.34 ± 0.08 3 76.9 

Winter  6ME 6MEA 31.28 ± 0.35** 1.8 34.05 ± 0.08** 0.3 17.1   
6MEB 22.21 ± 0.14 4.6 24.44 ± 0.08 3.7 80.4  

7ME 7MEA 23.35 ± 0.21 4.3 28.43 ± 0.25 2.3 54.1   
7MEB 20.43 ± 0.27 5.2 23.63 ± 0.16 3.9 75  

13ME 13MEA 18.27 ± 0.11 5.8 21.37 ± 0.32 4.6 79.3   
13MEB 23.72 ± 0.43 4.3 26.31 ± 0.09 3 70.6 

Spring 14ME 14MEA 26.29 ± 0.10 3.3 28.52 ± 0.09 2.3 70.8   
14MEB 21.33 ± 0.10 4.9 n. d n. d   0  

15ME 15MEA 25.64 ± 0.74 3.7 27.71 ± 0.27 2.3 62.2   
15MEB 35.66 ± 2.49** 0.5 n. d n. d   0  

S6 S6A 18.43 ± 0.58 5.8 21.31 ± 0.06 4.6 79.3   
S6B 18.14 ± 0.07 5.8 21.70 ± 0.25 4.6 79.3 

 

*Ct reported is an average of triplicate from one experiment 

A and B denotes first and 2nd biological replicate of each sample 

** weakly positive 

n. d - not detected 

No-template control was detected at > 36 (36.58 ± 1.54) 

Targets not detected in 1ME, 3ME, 8ME, 9ME, 10ME, 12ME (Ct > 36) 
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6.7 Discussion 

Assays capable of quantifying spoilage spore former groups have been identified as important 

tools for the dairy industry (Ranieri and Boor, 2010). The SYBR green qPCR assay presented here 

detects only P. macerans, which is a psychrotolerant spore former occurring in raw milk at low 

levels before processing or storage. Furthermore, as the groEL gene encodes a protein that is very 

crucial to the survival of bacteria and the horizontal transmission of this gene may rarely occur as 

that of rRNA genes; it is suitable for detecting a single species (Chang et al., 2003). This qPCR 

approach is fast, cheap and sensitive with its specificity depending on the primer specificity and the 

melting temperature (Tm) of the amplicon (Libert et al., 2015). Also, the use of quick detection 

methods before processing a food can lower the risk of producing large quantities of contaminated 

finished products (Hein et al., 2006) or trouble-shooting problematic processes. P. macerans has 

some unique attributes which make it a potential problem in the cheese industry such as its ability 

to produce acetic acid and gas (H2 or CO2) by using up available glucose (Weimer, 1984, Bergey et 

al., 2009).  

To design this P. macerans assay, the 16S rRNA gene was not targeted because of the cross-

reactivity reported when a commercial TaqMan assay based on this gene was tested; the assay 

detected Paenibacillus with Bacillus primers and vice versa (Postollec et al., 2010). This could be 

because many Bacillus are over 99 % identical with Paenibacillus spp. based on partial (632 bp) 

16S rRNA gene sequence analysis, which also prevented the earlier recognition of Paenibacillus as 

a genus distinct from Bacillus (Ivy et al., 2012). On the contrary, the qPCR assay designed by 

Ranieri et al. (2012) based on the 16S rRNA gene for detecting total Paenibacillus in raw milk was 

specific for Paenibacillus as Bacillus species gave Ct > 40 and so could not be detected. Therefore, 

this study investigated raw milk samples of Canadian origin with this assay and designed another 
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specifically for P. macerans. A previous study (Chapter 3) recognized P. macerans as the most 

frequently occurring Paenibacillus species from cheese curds in a Canadian cheesemaking facility, 

but none of the methods tested were suitable for counting them. As they occur in low numbers, there 

is a need to be enriched above the limit of detection while excluding competition. 

All the new Paenibacillus species tested by the genus specific assay (TPassay) designed by Ranieri 

et al. (2012) could be detected (Ct < 16) implying that the assay was indeed appropriate to capture 

ten more species of the genus, although they were not the direct targets during the design. The 

specificity of the assay on six other Paenibacillus species was tested previously (Ranieri et al., 

2012).  

The high Ct values of DNA from non-P. macerans on the PMassay indicate that these species 

would be outside of the quantification limit of the method developed in this study. An assumption 

was made that high levels of P. glucanolyticus in raw milk will not be detected early with the 

PMassay as a high concentration of DNA from its pure culture could not be detected early (i.e. low 

Ct). Even though Rückert et al. (2006) raised concerns about SYBR Green assays leading to false 

positives from non-specific amplification of any double-stranded DNA and primer-dimers, all our 

PCR products from the PMassay showed single peak melting curves with uncompromised 

specificity. Taqman probe-based assays which do not require analysing melting curves could be 

considered in the future to improve specificity for the target. There was no log reduction in the 

sensitivity of the PMassay and TPassay in sterile milk compared to the pure culture as reported by 

Fernandez-No et al. (2011) when they compared their assay in pure culture to inoculated food. This 

indicates that the introduction of a complex matrix such as milk did not alter the sensitivity of the 

PMassay. 
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The standard curves had good linearity (R2 > 0.98) for quantifying DNA from pure cultures and 

milk matrix. The qPCR % efficiency (E) for P. macerans specific assay (103-107 %) was higher 

than total Paenibacillus assay (95 %), although both were close to 100% (94 < % E < 108). 

However, the presence of inhibitors in the extracted DNA could have reduced the PCR efficiency 

of the TPassay (Abriouel et al., 2006, Cankar et al., 2006).  

The Ct at the detection limit of 1 log CFU/ml was slightly lower for the PMassay (33) than the 

TPassay (34). Overall, 2 log CFU/ml was chosen as the detection limit for both assays to reduce the 

possibility of false positives as a 95 % probability is required when designating the least 

concentration of an analyte as its limit of detection (LOD) (Barbau-Piednoir et al., 2013). This was 

chosen since it was the least concentration of target that could be detected with a small standard 

deviation giving a high confidence. The detection ability of the PMassay in the presence of 5 % P. 

macerans implies that the assay would perform well in samples with similar levels. Furthermore, 

this level of  P. macerans DNA more accurately reflects what is present in raw milk, as 

Paenibacillus generally occurs in low proportions (Ivy et al., 2012). However, this was still be 

detectable as our detection limit was set to 2 log CFU/ml in milk only to lower the risk of false 

positives. 

PCR detection methods are only as good as the presence of detectable levels of target cells 

(Feng, 1997). Knowing that Paenibacillus, as for some other microorganisms, may be present at 

low levels in raw milk, an enrichment step was done to increase them to a more easily detectable 

level as done in the case of some pathogens (Kandhai et al., 2010, Ranieri et al., 2012, Yu et al., 

2017). Usually, traditional plating approaches that require a pre-enrichment step need about 2 - 7 

days to detect microorganisms while as low as 12 h may be enough for qPCR (Martín et al., 2010, 

Postollec et al., 2011, Bermúdez et al., 2016). However, the validity of a shorter enrichment step 
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was not tested in our assay as the aim was to permit maximum enrichment to detect the targets but 

not to specifically optimize the enrichment time. For the future, the enrichment step should be 

studied to determine the least possible time required to enrich P. macerans above the detection limit 

and still allow reliable detection.  

Additionally, it is important to note that there is a reduced possibility of quantifying microbial 

populations after a pre-enrichment step is applied. This is because PCR only detects the enriched 

target cells yielding an expected prevalence and diversity (Martınez et al., 2011). According to 

Postollec et al. (2010), the enrichment phase represents a key step in the method described here, as 

it under-represents the presence of other species and aids the detection of low level Paenibacillus 

contaminants which are un-detectable with direct methods.  

The reduced ability of M1 and M2 in enriching Paenibacillus was probably because of the 

temperature and time conditions used. This was overcome in M3 by using 37 °C, a temperature 

from which 90 % of the Paenibacillus isolates collected in our previous study after spore 

pasteurization was obtained (Chapter 3). In this study, 37 °C was adapted since it is close to 43 °C, 

the temperature at which Weimer et al. (1984) grew Bacillus macerans ATCC 7068. Consequently, 

the predominance of Bacillus in M1 and M2 could be because many of them are psychrotolerant 

and grow fast. To overcome this, the RCM broth, a non-selective enrichment media suitable for 

spore forming anaerobes was supplemented with D-cycloserine known to suppress the growth of 

Bacillus (Jonsson, 1990). Supplementing the enrichment broth with D-cycloserine (200 µg/µl) 

made the medium selective as in the absence of D-cycloserine, all raw milk samples gave a Ct ~35 

on the PMassay. In order to permit a suitable enrichment period, the enumeration was carried out 

for 7 days. In addition, anaerobic conditions were used for incubation, as both methods tested earlier 

required aerobic conditions, although Paenibacillus are generally facultative anaerobes. A 
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combination of 37 °C for 7 days in RCM with D-cycloserine under anaerobic conditions gave an 

optimum environment for enrichment of Paenibacillus species in milk.  

Unless enrichment following an MPN approach is done, it is difficult to quantify bacteria 

populations in the original sample after growth is deliberately favoured by enrichment. For 

reliability, a range of 32 ≤ Ct ≤ 35 was set on the TPassay as weakly positive samples for total 

Paenibacillus. Paenibacillus was undetected in 6 samples by the assay probably because it occurred 

at levels lower than the detection limit or the DNA extraction was sub-optimal. This is because 

Paenibacillus isolates were previously obtained from two of these milk samples and cheese curds 

made from the milk.  

We conclude that as Paenibacillus glucanolyticus 8CO40 could be detected at Ct as low as 30, raw 

milk samples with 30 ≤ Ct ≤ 33 are weakly positive for P. macerans. This range of Ct was obtained 

by P. glucanolyticus 8CO40 using the PMassay, but for them to be detected, they must be present 

in very high levels which the enrichment step may favour.   

Furthermore, the total Paenibacillus detected by the TPassay was higher than the levels of P. 

macerans detected by the PMassay in all cases. This was expected as several Paenibacillus species 

occur in raw milk from various regions such as United States, Brazil, Belgium, India and Sweden 

(Ternström et al., 1993, Scheldeman et al., 2004, Chaudhry et al., 2013, Masiello et al., 2014, 

Trmčić et al., 2015, Ribeiro Júnior et al., 2018). A contrary result would be indicative of a problem 

with the assay developed. As the raw milk samples were collected from a processing plant, which 

receives a mix of milk from a range of farms, they cannot be traced back to any one farm. Although 

P. macerans occurs at low levels in raw milk, during concentration of milk to form cheese curds, 

their level may increase. Spore forming bacteria have been shown to be retained in the curds, some 

persisting till 20 months of ripening, thus increasing their possibility for spoilage in cheese (Chapter 
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3). It is not certain what levels of P. macerans can instigate problems in cheese and more research 

is required for this. The “barny” odour observed in this sample is characteristic of the odour 

observed when P. macerans was grown in sterile milk under anaerobiosis and it may have potential 

impacts on sensory quality of stored products.  

6.8 Conclusions 

The first step in reducing or controlling the spoilage of dairy products susceptible to 

psychrotolerant spore forming bacteria is to be able to adequately distinguish these groups and 

quantify them. The Paenibacillus macerans assay based on the groEL gene paired with the 

enrichment procedure described here was effective in detecting the target in raw milk. Also, the 

previously published total Paenibacillus assay (TPassay) in conjunction with the enrichment 

described here overcomes the problems associated with traditional enumeration of Paenibacillus in 

milk. Although enrichment reduces the pertinence of quantification in the original sample, 

approximate values which can help future studies on the shelf life and spoilage of dairy products 

could be determined. This is beneficial to the dairy industry, especially those manufacturing fluid 

milk, as they can already determine the level or presence of these psychrotolerant spore forming 

bacteria in raw milk in order to improve processing. In the future, optimization of the enrichment 

duration is required to reduce the turn-around time of the assay in ensuring a quicker detection of 

these microorganisms in raw milk and other food products where they may be a concern.  
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CHAPTER 7 

7. General discussion, conclusions and perspectives 

7.1 General discussion 

Due to their prevalence and heat resistance, spore forming bacteria remain a hurdle to cross in 

ensuring the shelf stability of dairy products. However, the presence of Bacillus and relatives in the 

Cheddar cheese processing system is sometimes overlooked compared to milk powder and fluid 

milk processing. For spores to cause problems, they must germinate and the conditions which aid 

germination are common in dairy processing (Huck et al., 2007b, Swick et al., 2016). We 

hypothesized that molecular tools could improve our understanding of the occurrence and diversity 

of spore forming bacteria with spoilage potential in Cheddar cheese processing. The spore forming 

bacteria in a cheese system was investigated by obtaining samples (raw and thermized milk, whey, 

cheese curds, aged cheese and environmental swabs) from a Cheddar cheese processing plant in 

Ontario. The research was divided into two major sections with the first part addressing the bacterial 

community profile in milk before and after heat treatment in readiness for cheese making. The 

second part focused on developing tools which would be useful to the dairy industry for subtyping, 

detecting and distinguishing closely related species of the most predominant spore forming genus 

found in the cheese processing system examined. 

The farm environment is an important source of contamination of raw milk. Specifically, spores 

enter raw milk from the soil, silage and bedding depending on the contamination level of each 

source. Te Giffel et al. (2002), Buehner et al. (2014) and Driehuis et al. (2016) observed higher 

levels of spores in silage and soil compared to raw milk samples. Once cows ingest spore-

contaminated feed, they excrete them into their feces which is applied as manure to forage crops, 
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leading to a continuous cycle of spores on the farm (Pahlow et al., 2003, Huck et al., 2008). 

Therefore, if the contamination from these sources are minimized, raw milk quality will probably 

fall within limits defined by the Dairy Farmers of Ontario (DFO) or Dairy Farmers of Canada 

(DFC). In this study, the quality of raw milk samples was within acceptable limits (< 50, 000 

CFU/ml) which was maintained from the time of arrival through storage at the plant before cheese 

making. Furthermore, it may be useful to express the quality of milk in terms of spore count, since 

their presence is undesirable. 

The level of thermoduric bacteria observed in raw milk was not significantly different from the 

recommended level of < 300 (2.5 log) CFU/ml in the United States (Piston et al., 1991). Higher 

LPC in curds produced in the spring and winter could be due to increased number of unclean cows 

during cold seasons, as suggested by Zucali et al. (2011) who observed this during winter in Italy, 

compared to other times of the year. The increased thermoduric bacteria, aerobic and anaerobic 

spore former count in cheese curds compared to raw milk was likely due to the moisture loss during 

concentration of milk. During cheese making, raw milk coagulates and is concentrated (10 x) into 

the cheese matrix after whey drainage (Lucey and Fox, 1993, Guinee et al., 2007). Thus, along with 

the milk, spores were also concentrated in cheese. Similarly, preliminary studies showed that whey 

harboured little or no spore forming bacteria but according to Walsh et al. (2012), aerobic spore 

forming bacteria could be concentrated in whey protein concentrate (WPC) increasing the count 

above the detection limit.  

In this study, Bacillus was the most frequently occurring spore former across all seasons 

probably because they grow fast or due to their facultative anaerobic nature increasing their chances 

of contaminating the samples under varying oxygen conditions (Bergey et al., 2009, Xiao et al., 

2011). The plant thermization effectively reduced the relative abundance of certain groups (such as 
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Streptococcaceae and Pseudomonadaceae) in the milk, although Bacillaceae sometimes dominated 

in thermized milk. The dominance of Bacillus after heat treatment could be attributed to heat 

activation of spores, thus revealing them. Heat treatment is a key step in enumerating spores and 

spore forming bacteria in the laboratory. Plate counting without a preliminary heat treatment step 

yields only vegetative cells while spores, spore forming, and thermoduric bacteria are obtained as a 

direct effect of heat treatment. As spores are dormant, they require a high temperature, about 80 °C 

to germinate but spore counts do not represent only spores and could include heat resistant bacteria. 

A sub-lethal treatment at 63 °C, for enumerating thermoduric bacteria is equally able to germinate 

some spores. Some spores may exist in their vegetative state in raw milk and can be counted during 

total count enumeration that requires no heating. Similarly, heat treated milk which is plant 

thermized milk may yield some spore forming bacteria when enumerated without further heat 

treatment in the laboratory since the plant treatment may have activated some spores to germinate 

already. Lastly, the enrichment carried out under anaerobiosis during the enumeration of anaerobic 

spore count also favoured the growth of facultative anaerobes.  

In this study, the use of propidium monoazide (PMA) to bind DNA from dead or permeable 

cells to prevent amplification was not pursued. This was appropriate as Kennang Ouamba et al. 

(2020) showed that in milk samples that were not stored with preservatives, the live population will 

no longer represent the actual community due to cell death during frozen storage. However, our 

objectives focused on the total bacterial community of the milk samples and not just the live 

population as the study of Kennang Ouamba et al. (2020) did. Furthermore, the community 

description of raw milk in literature is more prominently based on total DNA of samples as this 

information describes the sample history.  
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Although we obtained samples seasonally, changes were not observed in the LPC, aerobic and 

anaerobic spore count of raw milk due to season. The effect of season was probably masked by 

other factors compounded with season which could not be accounted for, especially since the raw 

milk samples were obtained at the plant level. Milk collected from one transport route servicing 

several farms was usually supplied to the plant. In essence, differences in farm management 

practices and individual cow microbiome, transportation conditions and storage can equally mask 

the seasonal effect (Oliver et al., 2005, Huck et al., 2007a, Skeie et al., 2019).  

Lactococcus, Pseudomonas, Lactobacillaceae, Streptococcaceae and Leuconostocaeae which 

originated from raw milk were probably already forming biofilms in the drains and floors of the 

plant as Selover and Waite-Cusic (2020) reported that 18 hours was ample time for NSLAB biofilms 

to form on surfaces in a cheese making plant. Sampling of a processing facility while undergoing 

its daily commercial activities can be a challenging, therefore, no ideal conditions exist for a study 

of this magnitude. The uniformity of sampling was ensured to the best of our abilities; however, 

unforeseen circumstances sometimes arose which could not be controlled. For instance, there was 

no sampling of the plant in fall 2018 due to limited accessibility during on-going plant repair work. 

The time of day of sampling was unified as much as possible to reduce bias as the microbiome on 

the surfaces could rely heavily on how distant the sampling was done from the last cleaning. 

Cleaning of processing plants impact the microbial distribution on processing surfaces (Parkar et 

al., 2004, Simões et al., 2010). To standardize the environmental sampling in order to best represent 

the surface, sampling was always done closer to the end of the production day.  

Apart from the material a swab is made of, their performance also relies on other factors such 

as the manner of swabbing, the size of the surface swabbed and the level of contamination of the 

surface; hence, it is not logical to compare across studies. The wide range of swab materials on the 
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market implies that swabs should be selected according to specific needs. Each plant needs to adapt 

the best sampling material and approach that is most suitable to it. Given the circumstances, the 

plant had developed and optimized a working process around their sampling technique using sponge 

swabs and this best represents the data that are being generated by the normal procedures. Likewise, 

the ease attached to using sponge swab, the length of the shaft and the wide surface area it provides 

were some reasons for which it was adopted in this study. In food processing, surface sampling by 

swabbing, the approach commonly used for sampling of biofilms may not necessarily represent 

actual biofilm communities. Accumulation of organic debris on food plant surfaces is common but 

this does not always mean a biofilm is formed. Although it is said to be a destructive method, a 

more vigorous approach such as surface scraping may be more accurate in food plant biofilm 

investigation. Surface scraping yields a more in-depth extraction of cells than swabbing and is 

applicable to all surface types while swabbing requires a smooth surface (Ismaïl et al., 2013). 

Two new markers to rapidly distinguish B. licheniformis, the most frequently occurring Bacillus 

species in both cheese curds and milk, from a close relative were developed to avoid over estimation 

of B. licheniformis. Four B. paralicheniformis isolates isolated from three samples (HT-milk, whey 

and curd) in spring and winter during the first year of the study were identical with ANI of 100 %. 

Additional analysis such as Single-Nucleotide Polymorphism (SNP) is needed to determine how 

the genomes differ (or are identical). Using MLVA coupled with capillary electrophoresis via a 

genetic analyzer, 139 B. licheniformis isolates were subtyped and observed to be diverse (36 

subtypes). Nine of the subtypes found in the curds were traceable to the milk indicating that they 

likely originated from there. Two environmental isolates were unique and not traceable to any of 

the other samples, neither were they closely related to any other isolate in the present collection. 

This was indicative of the fact that some B. licheniformis isolates resident in the plant could have 
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originated from previous contamination events. However, the subtyping of B. licheniformis isolates 

could have benefitted more from a much more extensive environmental sampling from additional 

seasons. This would provide more B. licheniformis isolates originating from the plant environment 

that could improve our understanding of the role of the plant in the diversity of the isolates. 

Furthermore, tandem repeat regions are highly variable regions which makes them good tools for 

subtyping of isolates but might hamper the assay reproducibility given the same isolates after 

billions of generations (if mutation occurred). 

To adequately detect Paenibacillus (the second most frequently occurring spore forming genus) 

in milk, an effective enrichment procedure is essential. The reduced ability of previous approaches 

by Ranieri et al. (2012) and Doll et al. (2017) (M1 and M2) in enriching Paenibacillus was probably 

because of the temperature, time and oxygen conditions used. This was overcome here (M3) by 

using 37 °C, a temperature from which 90 % of the Paenibacillus isolates collected in Chapter 3 

after spore pasteurization were obtained. Additionally, the shortfalls of M1 and M2 were due to the 

predominance of Bacillus which was overcome in M3 using D-cycloserine that represses their 

growth (Jonsson, 1990). In the absence of D-cycloserine, Paenibacillus was undetectable in the 

milk samples. Moreover, a 7-day enrichment under anaerobic conditions allowed for a maximum 

enumeration since Paenibacillus are generally facultative anaerobes. RCM with D-cycloserine 

seemed to provide the best medium for Paenibacillus growth coupled with anaerobiosis at 

mesophilic temperatures. However, more strains of P. macerans should be tested on this assay to 

ensure that the assay is reproducible irrespective of the strain present. Once enriched, Paenibacillus 

was quickly detected in raw milk samples down to 100 CFU per ml on the total Paenibacillus assay 

(TPassay) by Ranieri et al. (2012). However, except enrichment of microorganisms follows the 

MPN approach their exact quantification is prevented since their growth was deliberately favoured.   
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P. macerans that can produce acid, gas and undesirable odour under anaerobiosis was one of 

the spore forming bacteria retained in cheese curds from milk. In order to study their spoilage 

effects, it is important to first have methods which can be used to effectively detect their presence, 

hence the development of a P. macerans specific assay. The P. macerans assay (PMassay) 

developed based on the groEL gene was specific (Ct of non-P. macerans >30) and sensitive (as low 

as 5 % P. macerans detectable in the presence of 95 % background DNA). P. macerans was detected 

in nine of the 16 naturally-contaminated raw milk samples tested using the PMassay developed in 

this research. In dairy processing, the detection assay can be used to determine raw milk samples 

which can potentially become problematic in dairy products. This includes products where 

Paenibacillus occurs and the cooling of raw milk is paramount owing to their psychrotolerant nature 

such as pasteurized fluid milk. The undesirable “barny” odour that characterises the growth of P. 

macerans in raw milk could be produced in these products leading to economic losses. The 

outcomes of this research validate the hypothesis that improved molecular tools can be used to track 

spore forming bacteria with spoilage potential in Cheddar cheese processing.  

7.2 Conclusions  

The outcomes of this research advance the knowledge of the bacterial profile and levels of spore 

forming bacteria (including heat resistant and cold-loving groups) of a sampling of Ontario raw 

milk and one Cheddar cheese plant over time. Furthermore, it advances our knowledge of the 

diversity of B. licheniformis in cheese making and how similar strains can occur in different sample 

types. This was achieved using an inexpensive and simple tool which was reproducible in our 

laboratory. Additionally, similar strains were disseminated in the plant along the processing chain 

while one cluster made up of only plant resident microbiota were not found in any other sample 

types. 
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This knowledge presents a first step towards improving raw milk production and through the 

establishment of guidelines for dairy producers to minimize or control spore level. For instance, a 

penalty system could be introduced for farmers producing milk destined for certain products such 

as pasteurised fluid milk where these spore formers have a higher impact. In addition, stricter 

management practices during forage crop harvesting and ensiling should be imposed. Forage crops 

should be harvested farther away from the soil according to the guidelines of Lafreniere et al. (2008) 

to reduce the contact with the soil, thus lowering the contamination of spores. During ensiling for 

instance, inoculants with faster acid producing abilities should be used while reducing the entry of 

oxygen. Although problematic cheeses were not obtained during the sampling in this research, there 

are indications that these spore forming groups could cause problems. More work should be carried 

out in this regard. From a microbiological viewpoint, good quality milk in Ontario is determined 

based on total and coliform counts. Cheese companies should aim to establish the acceptable spore 

level in raw milk as part of the requirements of good quality milk since we have shown that although 

initially low, they can cause spoilage during long shelf life storage of milk, and their levels increase 

upon production of cheese. The research also provides new markers for easy detection of B. 

paralicheniformis and P. macerans, two dairy contaminants in raw milk with potential to interfere 

with cheese making. These markers can be applied to adequately characterize raw milk samples 

prior to milk processing. Finally, focusing on a single plant in this research was a deliberate decision 

to investigate the effect of season with multiple sampling of a plant and to align with the overall 

goals of the GAPP project which were to optimize starter culture and ripening process in the plant. 

This should be expanded in the future to accommodate more plants in order to investigate plant to 

plant variation of spoilage spore forming bacteria. 
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7.3 Perspectives  

Future work should confirm the outright exclusion of Bacillus to favour Paenibacillus growth 

during ripening of Cheddar cheese, by investigating the aerobic spore forming population in aging 

Cheddar cheeses as well. In addition, a DNA extraction protocol for bacterial spores should be 

further developed as this will facilitate the community profiling of spores in raw milk. Some 

companies are working on this and it should be tested once commercialized. 

The effect of the quality of silage fed to dairy animals should also be investigated as this may 

influence the groups and levels of microorganisms in silage which in turn affect milk quality. As 

this study focused on the quality of milk after it reached the plant, future studies could investigate 

raw milk collected directly from Canadian farms and how their management practices may 

influence the spore level of Cheddar cheese in order to have an overall view of the farm to fork 

continuum. The stability of the loci used for MLVA should be monitored over a longer period (>15 

days) to determine the time scale of these genetic changes and further corroborate the usefulness of 

the assay.  

The knowledge of the germinants required for P. macerans spores as well as the quantity able 

to instigate germination is needed. This is because in Cheddar cheese, some amino acids such as L-

glutamic acid and L-leucine are produced in high observable levels (McSweeney, 2017). Can these 

levels trigger germination of bacterial spores? Also, cheese making trials to test gas production by 

P. macerans is recommended to understand the conditions under which gas is produced and if it is 

high enough to produce cheeses with gassy defect. The levels of these bacteria required to cause 

problems (gas or flavour defect) in cheese should be determined. Lastly, the Paenibacillus 

enrichment step leading to its detection should be studied to shorten the time required to enrich 

them above the detection limit while still allowing reliable detection.  
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9. Appendices 

Appendix A:  Supplementary Materials 

A1 Supplementary Materials for Chapter 2  

S2.1 Pre-treatment of swabs  

 

1. Add 50 ml of 0.1 % peptone water to the swab sponge in a stomacher bag  

2. Massage briefly by hand  

3. Homogenize at 200 rpm for 5 min  

4. Pour homogenate into a 50 ml falcon tube  

5. Aliquot 5 ml each for enrichment with BHI (10 ml) for culturomics 

6. Centrifuge the remaining 40 ml at 10, 000 x g/10 min/ RT  

7. Re-suspend pellet in 1 ml 0.1 % peptone water  

8. Centrifuge 10, 000 x g/1 min  

9. Repeat step 7 and 8 till pellet is clean.  

10. Obtain cell pellet  

11. DNA extraction: UltraClean® Microbial DNA Isolation Kit by Mobio/Qiagen (S6.1.2) 

 
 

Figure S2.2: Flow chart for pre-treatment of swabs for DNA extraction  
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Table S2.3: Statistical analysis of total bacteria count in samples 

Table S2.3a: ANOVA table of total bacteria count in raw milk and HT-milk  

Tests of Between-Subjects Effects 

Dependent variable:   Total count   

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model   22.163a 7     3.166     12.894 .000 

Intercept 778.173 1 778.173 3168.943 .000 

Season     1.596 3     0.532       2.166 .102 

Process   18.213 1   18.213    74.170 .000 

Season * Process      0.970 3     0.323      1.317 .278 

Error    13.751 56    0.246   

Total 849.279 64    

Corrected Total   35.915 63    

a. R Squared = .617 (Adjusted R Squared = .569) 

 

Table S2.3b: Estimated marginal (EM) means and confidence interval of total bacteria count in 

raw milk and HT-milk  

Season * Process 

Dependent variable:   Total count   

Season Process Mean Std. Error 

95% Confidence Interval 

Lower Bound Upper Bound 

Fall HT-milk 2.768 .202 2.363 3.173 

Raw milk 3.734 .202 3.329 4.139 

Spring HT-milk 3.045 .175 2.694 3.396 

Raw milk 4.352 .175 4.001 4.703 

Summer HT-milk 2.916 .157 2.602 3.230 

Raw milk 4.236 .157 3.922 4.550 

Winter HT-milk 3.280 .175 2.929 3.631 

Raw milk 4.025 .175 3.674 4.376 
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A2  Supplementary Material for Chapter 3  

S3.1: Enumeration of anaerobic spore forming bacteria (such as Clostridium spp.)  

1. Most Probable Number (MPN): Bermudez et al. (2016)  

• RCM broth (in a water bath at 80-100 °C) is warmed before use for about 10-20 mins 

• 1 ml of raw milk, HT-milk, whey and homogenized curd samples were diluted in 9 ml 

of 0.1 % peptone water to obtain the 1st and 2nd dilutions serial dilutions respectively.  

• For all samples apart from curd, three-serial 10-fold dilutions were obtained as 

follows: 1 ml (undiluted- UD), 0.1 ml (10-1) and 0.01 ml (10-2). For curd - 0.1 ml (10-

1), 0.01 ml (10-2), 0.001 ml (10-3) 

• 1 ml aliquots of undiluted and other dilutions were inoculated into 3 tubes containing 9 

ml of RCM broth (to obtain a 3 by 3 scheme of 10-1 to 10-3) and curds - 10-2 to 10-4 

• The tubes were then heated at 80 °C for 10 mins  

• A durham tube was placed into the bigger tubes and over-laid with 2 cm of sterile 5 % 

molten agar  

• The tubes were then incubated (37 °C for 7 d) anaerobically. 

2. Culturing via plate count (after 7 days) 

• 1 ml of culture were taken from only tubes giving positive gas production for each 

sample and streaked unto a plate of RCA + 50 μg of neutral red (for a colour change 

indicating presence of Clostridium) + 200 μg of D-cycloserine per ml RCM (Jonsson, 

1990).   

NB: Neutral red - for a colour change indicating presence of acid producers 

D-cycloserine - to repress the growth of facultative anaerobic Bacillus 

• The plates were incubated anaerobically using anaerobic jars containing Oxoid 

AneroGengas generators for 3 days at 37 °C  
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S3.2: Protocol for bacterial identification 

S3.2a: Assignment of taxonomy to isolates via RDP (Cole et al., 2007) 

The assembled sequence is compared against the RDP (RDP-II, https://rdp.cme.msu.edu/) using the 

“Sequence Match" feature to obtain an identification. Briefly, the parameters were set as: Strain- 

Both (type and non type), Source- isolates, Size- both, Quality- good, Taxonomy- Nomenclature 

and NCBI and Matches- top 5 to obtain a similarity score (S_ab). Isolates were assigned to the 

taxonomy with S_ab > 0.99. 

Note: S_ab is a complex similarity score. Two identical sequences will have a score of 1.0.  

The closer the score is to 1.0, the more similar the sequences are.  

 

S3.2b: Bacterial identification by MALDI-TOF  

Each isolate to be identified was struck on a plate (Brain Heart Infusion agar at 30 °C for 1 d) to 

obtain single and distinct colonies. After incubation, the isolates were maintained at room 

temperature until they are transported to the MALDI-TOF analysis facility. A bacterial colony was 

directly transferred to a 96-spot stainless steel target plate. 1 µl of HCCA matrix (α-Cyano-4-

hydroxycinnamic acid) is applied to each spot and left to dry (at room temperature). One (1) µl 70 

% formic acid was applied to the spot and allowed to dry followed by the addition of another 1 µl 

HCCA matrix after which it was left to dry. Identification was completed using a Bruker MALDI 

Biotyper and the software “Compass version 4.1.80 (PYTH) 102 2017-08-226_04-55-52”. 

Calibration of each run was completed by applying a Bacterial Test Standard (BTS) to each target. 

The BTS was an E. coli extract spiked with two high molecular weight proteins and had been 

developed for the quality control process of the MALDI Biotyper System. Its specific composition 

covered the entire mass range of proteins used for precise identification of microorganisms. This 

control was run at every MALDI identification procedure and the calibration must pass in flex 

control with a score greater that 2.0. A MALDI-TOF spectrum was automatically generated by the 

software and instantly matched against the reference library to give an identification. 

Taxonomy allocation 

If an organism comes up with a score (x): 

x < 1.7 – it was reported as 'not reliable identification' 

1.7 ≤ x ≤ 1.99 – it was reported to genus level only 

x ≥ 2.0 – it was reliably reported to species level 

https://rdp.cme.msu.edu/
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Table S3.3: Statistical analysis of thermoduric bacterial count in samples  

Table S3.3a: ANOVA table of thermoduric bacterial count (63 °C for 30 mins) in raw milk and 

cheese curds  

Tests of Between-Subjects Effects 

Dependent Variable:   LPC   

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected model     84.989a     7     12.141     18.844 .000 

Intercept 1293.380     1 1293.380 2007.362 .000 

Season        .541     3         .180         .280 .840 

Process    60.358     1     60.358     93.677 .000 

Season * Process       9.177     3       3.059      4.748 .003 

Error   132.730 206         .644   

Total 3459.199 214    

Corrected total   217.718 213    

 

a. R Squared = .390 (Adjusted R Squared = .370) 

 

Table S3.3b: EM means and confidence interval of thermoduric bacterial count (63 °C for 30 

mins) in raw milk and cheese curds 

Season * Process 

Dependent Variable:   LPC   

Season Process Mean Std. Error 

95% Confidence Interval 

Lower Bound Upper Bound 

Fall Curds 3.682 .116 3.454 3.910 

Raw milk 2.997 .284 2.438 3.557 

Spring Curds 4.418 .116 4.190 4.647 

Raw milk 2.336 .284 1.776 2.896 

Summer Curds 3.878 .134 3.614 4.142 

Raw milk 2.743 .254 2.243 3.244 

Winter Curds 4.462 .116 4.234 4.690 

Raw milk 2.523 .284 1.963 3.082 
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Table S3.4: Statistical analysis of aerobic spore former count (ASC) in samples 

Table S3.4a: ANOVA table of aerobic spore former count (ASC) (80 °C for 12 min) in raw milk, 

thermized milk and cheese curds  

Tests of Between-Subjects Effects 

Dependent Variable:   ASC  

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected model     47.673a   11     4.334       6.021 .000 

Intercept   803.476     1 803.476 1116.317 .000 

Season         .612     3     0.204       0 .284 .837 

Process     35.359     2   17.679     24.563 .000 

Season * Process       6.778     6    1.130       1.569 .157 

Error   169.862 236    0.720   

Total 2069.411 248    

Corrected total   217.536 247    

 

a. R Squared = .219 (Adjusted R Squared = .183) 

 

Table S3.4b: EM means with confidence interval of aerobic spore former count (ASC) (80 °C for 

12 min) in raw milk, thermized milk and cheese curds  
Season * Process 

Dependent Variable:   ASC  

Season Process Mean Std. Error 

95% Confidence Interval 

Lower Bound Upper Bound 

Fall Curds 2.721 .122 2.480 2.963 

HT-milk 2.131 .300 1.540 2.722 

Raw milk 2.219 .300 1.628 2.810 

Spring Curds 2.950 .122 2.709 3.192 

HT-milk 2.284 .300 1.693 2.875 

Raw milk 2.285 .300 1.694 2.876 

Summer Curds 2.938 .141 2.659 3.216 

HT-milk 1.476 .268 .947 2.004 

Raw milk 2.607 .268 2.079 3.136 

Winter Curds 3.228 .122 2.987 3.469 

HT-milk 1.936 .300 1.345 2.526 

Raw milk 2.136 .300 1.545 2.727 
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Table S3.5: Statistical analysis of anaerobic spore former count (AnSC) in samples 

Table S3.5a: ANOVA of anaerobic spore former count in raw milk, thermized milk and cheese 

curds 

Tests of Between-Subjects Effects 

Dependent Variable:   MPN   

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected model   118.748a   11     10.795     9.915 .000 

Intercept 1037.615     1 1037.615 952.990 .000 

Season     13.988     3      4.663     4.282 .007 

Process     95.414     2    47.707   43.816 .000 

Season * Process       9.798     6      1.633     1.500 .185 

Error   121.945 112      1.089   

Total 2913.989 124    

Corrected total   240.693 123    

 

a. R Squared = .493 (Adjusted R Squared = .444) 
 

Table S3.5b: EM means with confidence interval of anaerobic spore former count (AnSC) in raw 

milk, thermized milk and cheese curds  

Season * Process 

Dependent Variable:   MPN   

Season Process Mean Std. Error 

95% Confidence Interval 

Lower Bound Upper Bound 

Fall Curd 5.589 .213 5.167 6.011 

HT-MILK 3.606 .522 2.573 4.640 

Raw milk 4.427 .522 3.394 5.461 

Spring Curd 4.735 .213 4.313 5.157 

HT-MILK 3.380 .522 2.347 4.414 

Raw milk 3.033 .522 2.000 4.067 

Summer Curd 5.215 .246 4.728 5.702 

HT-MILK 3.333 .467 2.408 4.257 

Raw milk 3.331 .467 2.407 4.256 

Winter Curd 5.187 .213 4.765 5.609 

HT-MILK 1.785 .522 0.751 2.819 

Raw milk 2.840 .522 1.806 3.874 
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Table S3.6: The 17 newly identified B. licheniformis using markers by de Alhmeda (2014) 

S/N Isolate Isolation source Pre-treatment Plate count 

1 1ME1 raw milk SP ASC 

2 1CO12 cheese curds LPC TDB 

3 1WJ1B whey SP ASC 

4 2ME63A raw milk SP ASC 

5 2ME63B raw milk SP ASC 

6 3MF20 HT-milk - TBC 

7 3MF30 HT-milk SP ASC 

8 3ME97A raw milk SP ASC 

9 6CO77A cheese curds LPC TDB 

10 6CO77B cheese curds LPC TDB 

11 7CQ27 cheese curds LPC TDB 

12 7WM1 whey LPC TDB 

13 7CS12 cheese curds SP ASC 

14 8ME49 raw milk LPC TDB 

15 8ME45 raw milk LPC TDB 

16 10CT22B cheese curds SP ASC 

17 11CQ17 cheese curds SP ASC 

 

LPC - Laboratory pasteurization count 

TBC - Total bacteria count (from Chapter 2) 

SP - Spore pasteurization 

TDB - Thermoduric bacteria 

ASC - Aerobic Spore count 
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Figure S3.7 Schematic chart of isolate collection. Isolates were obtained from 34 milk (raw and HT-

milk), 56 curd, 38 whey, 14 environmental swab and 18 aged cheese samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aerobic 

Spore count 

Thermoduric 

bacteria count 

Anaerobic count Total bacteria 

count 

Samples 

isolated from Raw milk 

HT-milk 

Raw milk 

HT-milk 

Curds 

Swab 

Whey 

Raw milk 

Curds 

Swab 

Whey 

Raw milk 

Curds 

Whey 

Aged cheese 

     Chapter 1  

(1678 isolates) 

     Chapter 2  

(5272 isolates) 

No of isolates 

identified 
 276 isolates  1353 isolates  

No of spore formers 

identified 
 59 isolates   598 isolates  

6950 isolates 

collected 

Total of 1629 

isolates  

Total of 657 

isolates  
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Table S3.8: Microorganisms isolated from aged cheddar cheese after spore pasteurization, 

enrichment and anaerobic incubation  

 

Age Isolate code Presumptive ID  Age Isolate code Presumptive ID  

1 month 1CR47 Paenibacillus spp. 1 month 1CR66 Paenibacillus spp. 

 1CR57 Paenibacillus spp.  1CP47 Bacillus licheniformis 

4 months 1IVCO26 L. paracasei 3 months 2IIICO7 C. cochlearium 

 1IVCO15 L. paracasei  2IIICO17 C. cochlearium 

 1IVCQ2 P. macerans  2IIICP8 P. macerans 

 1IVCQ7 P. macerans    

 1IVCR2 P. macerans    

 1IVCR19 C. butyricum    
6 months 1VICO1 L. paracasei 6 months 2VICR9 P. phoenicis 

 1VICO5 L. paracasei  2VICR6 P. phoenicis 

 1VICQ2 P. macerans 14 months 2XIVCO12 C. sporogenes 

 1VICQ7 P. macerans  2XIVCO7 C. sporogenes 

 1VICR8 Clostridium spp.  2XIVCP13 C. sporogenes 

 1VICR5 P. macerans  2XIVCP19 Clostridium spp. 

 1VICR12 P. macerans  2XIVCP21 Clostridium spp. 

15 months 1XVCO9 L. paracasei  2XIVCR11 C. butyricum 

20 months 1XXCO1 L. paracasei 19 months 2XIXCQ12 P. barengoltzii 

 1XXCO12 L. paracasei  2XIXCQ20 C. sporogenes 

 1XXCP3 P. macerans  2XIXCR20 C. sporogenes 

 1XXCR5 P. macerans    

 1XXCR14 P. macerans    

 
Presumptive ID via MALDI-TOF 

 

Table S3.9: Heat resistant bacteria (80 °C/ 12 min and 63 °C/ 30 min) isolated from cheese plant 

environment (total of 57 isolates) 

STARTER AREA RAW MILK AREA CHEESE MAKING AREA 

A2 - STARTER ROOM TANKS DRAIN B2 - RAW MILK SILO FLOOR C1 - CHEESE CUTTING ROOM 

13ES2C8 B. cereus 14ES9C7 S. warneri 17ES14C1 Lys. boronitolerans 

14ES2C3 En. faecium 14ES9C9 Enterococcus spp. 17ES14C6 Lys. xylanilyticus 

14ES2C5 En. faecium 14ES9C10 En. faecium C2 - CHEESE VAT DOOR  

17ES2C1 En. faecium 17ES9C3 En. faecium 14ES15C1 Lys. sphaericus 

17ES2C6 B. cereus 17ES9C7 K. gibsonii 14ES15C7 Lys. sphaericus 

17ES2C9 En. faecium 17ES9C9 E. coli 14ES15C10 Lys. sphaericus 

A3- MEDIA PREP ROOM FLOOR B3 - RAW MILK SILO DRAIN 17ES15C4 A. baumannii 

14ES3C3 B. cereus 14ES11C6 En. faecium 17ES15C3 B. licheniformis 

14ES3C5 En. faecium 14ES11C7 E. coli 17ES15C7 A. baumannii 

14ES3C7 En. faecium   17ES15C1 B. licheniformis 

14ES3C9 Bacillus spp.   C3 - DRAIN UNDER CHEESE VAT 

15ES3C1 B. cereus   17ES16C5 K. gibsonii 

15ES3C4 B. megaterium   17ES16C10 K. gibsonii 

15ES3C7 B. megaterium   C4 - PRODUCTION LINE WALL 

15ES3C8 B. amyloliquefaciens   17ES17C9 En. faecium 

15ES3C11 B. cereus   17ES17C1 B. subtilis 

15ES3C13 B. amyloliquefaciens   17ES17C3 B. subtilis 

17ES3C4 B. licheniformis   17ES17C6 K. gibsonii 

17ES3C10 B. cereus   

C8 - SURFACE OF FINE STRAINER/SIEVE UNDER 

BLOWER 

A4 - STARTER ROOM TANK FLOOR   14ES22C1 B. cereus 

14ES4C3 L. lactis   14ES22C3 B. cereus 

14ES4C5 S. saprophyticus  14ES22C7 B. cereus 

14ES4C6 S. saprophyticus  14ES22C10 B. cereus 

A5 - OUTSIDE OF STARTER ROOM   17ES22C2 B. cereus 

17ES5C2 En. faecium   17ES22C6 B. cereus 

17ES5C3 B. cereus   17ES22C10 B. cereus 

17ES5C6 Lys. sphaericus   C10 – CHEDDARING AREA BELT DOOR 

17ES5C8 B. subtilis   17ES19C1 Bacillus spp. 

    17ES19C9 B. subtilis 

Lysinibacillus – Lys.; Enterococcus – En.; Kurthia – k; Acinetobacter – A. 
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Table S3.10: Summary of spore forming bacteria identified from 122 samples obtained from plant 

    Cheese  Plant 
environmental 

swabs 

 

 Genus Raw milk HT-milk Curds 

Aged 

cheese Whey Total 

Bacillus Bacillus altitudinis       1      1 

 Bacillus amyloliquefaciens        3     3 

 Bacillus badius       1        1 

 Bacillus beringensis       9        9 

 Bacillus cereus  14    27   14   55 

 Bacillus circulans    3   1     4        8 

 Bacillus clausii   4   2     7      13 

 Bacillus coagulans   1      4        5 

 Bacillus halmapalus       2        2 

 Bacillus horneckiae       2    1      3 

 Bacillus koreensis     1     2        3 

 Bacillus licheniformis  44 25   68   1   2   3 143 

 Bacillus megaterium    2   1     1     2     6 

 Bacillus oceanisediminis    2          2 

 Bacillus oleronius       1        1 

 Bacillus paralicheniformis    2     1    1      4 

 Bacillus pumilus   16   6   19      41 

 Bacillus safensis     1          1 

 Bacillus simplex     1   1         2 

 Bacillus siralis       1        1 

 Bacillus spp.   21 10   54  12   2   99 

 Bacillus subtilis     2       5     7 

 Bacillus thermoamylovorans     7          7 

 Bacillus thuringiensis     1          1 

Paenibacillus Paenibacillus amylolyticus     3      2        5 

 Paenibacillus azoreducens       1        1 

 Paenibacillus barcinonensis     1          1 

 Paenibacillus barengoltzii       3   1       4 

 Paenibacillus campinasensis     1      2        3 

 Paenibacillus glucanolyticus     1   4   13      18 

 Paenibacillus lactis     4      4        8 

 Paenibacillus lautus     3   1     3    1      8 

 Paenibacillus macerans     4    30 10     44 

 Paenibacillus pabuli       2        2 

 Paenibacillus phoenicis       2   2       4 

 Paenibacillus polymyxa     3      3        6 

 Paenibacillus sanguinis     1           1 

 Paenibacillus spp.   12   4   20   3     39 

 Paenibacillus timonensis      2          2 

 Paenibacillus turicensis     2          2 

 Paenibacillus validus     1      5        6 

 Paenibacillus woosongensis        1        1 

Clostridium Clostridium beijerinckii    3     2        5 

 Clostridium butyricum       1 1       2 

 Clostridium cochlearium    2       2 

 Clostridium perfringens       6        6 

 Clostridium sporogenes     2   2     2 5     11 

 Clostridium tyrobutyricum     6   9     2      17 

 Clostridium spp.     2    13 4     19 
Others Brevibacillus spp.*     1      1        2 

 Lysinibacillus spp.**     4   1     2     6   13 

 Oceanobacillus sp.#     2      5        7 

 Grand total 174 76 328 29 18 35 657 

 % grand total    26.48 11.11   49.92 4.41   2.73   5.33 100 

 
Identification is based on MALDI-TOF and 16S rRNA gene sequencing. Isolates that could not be identified to species level are named to the 

genus level. Absolute numbers of isolates are presented. Isolates were obtained from 34 milk (raw and HT-milk), 56 curd, 38 whey, 14 

environmental swab and 18 aged cheese samples. 

* Species include Brevibacillus brevis and B. parabrevis 

**Species include Lysinibacillus xylanilyticus, L. sphaericus, L. boronitolerans 
# includes O. oncorhynchi and undetermined species 
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Table S3.11: Abundance and occurrence of spore forming bacteria per season 

Table S3.11a: Abundance and occurrence of Paenibacillus species per season 

 

Paenibacillus species Fall Spring Summer Winter  

Total No of 

isolates 
% Total 

Paenibacillus amylolyticus    1   4      5     3.23 

Paenibacillus azoreducens    1       1     0.65 

Paenibacillus barcinonensis      1     1     0.65 

Paenibacillus barengoltzii    2   2      4     2.58 

Paenibacillus campinasensis 1   1    1     3     1.94 

Paenibacillus glucanolyticus  18     18   11.61 

Paenibacillus lactis 1    5   2     8     5.16 

Paenibacillus lautus    2   4   2     8     5.16 

Paenibacillus macerans 7 17 10 10   44    28.39 

Paenibacillus pabuli    1   1      2      1.29 

Paenibacillus phoenicis     4      4      2.58 

Paenibacillus polymyxa     5   1     6      3.87 

Paenibacillus sanguinis     1      1      0.65 

Paenibacillus spp. 3   4 19 13   39    25.16 

Paenibacillus timonensis      1   1     2      1.29 

Paenibacillus turicensis     2      2      1.29 

Paenibacillus validus 1    4   1     6      3.87 

Paenibacillus woosongensis       1    1      0.65 

Total per season 13 47 62 33 155  100 
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Table S3.11b: Abundance and occurrence of Bacillus species per season 

 

Bacillus species Fall Spring Summer Winter 

 Total no of 

isolates % Total 

Bacillus altitudinis     1       1     0.24 

Bacillus amyloliquefaciens      2   1       3     0.72 

Bacillus badius     1       1     0.24 

Bacillus beringensis      6   3       9     2.15 

Bacillus cereus   3   15   9  28    55   13.16 

Bacillus circulans      3   4    1      8     1.91 

Bacillus clausii      1   8    4    13     3.11 

Bacillus coagulans      5        5     1.19 

Bacillus halmapalus     2       2     0.48 

Bacillus horneckiae     3       3     0.72 

Bacillus koreensis        3        3     0.72 

Bacillus licheniformis 16    36 51   40  143   34.21 

Bacillus megaterium       5   1       6     1.43 

Bacillus oceanisediminis        2      2     0.48 

Bacillus oleronius     1       1     0.24 

Bacillus paralicheniformis      2      2      4     0.96 

Bacillus pumilus   7     9  12   13    41     9.81 

Bacillus safensis   1         1     0.24 

Bacillus simplex      1    1       2     0.48 

Bacillus siralis   1         1     0.24 

Bacillus spp. 12   30  40   17    99   23.68 

Bacillus subtilis   1     2    4       7     1.67 

Bacillus thermoamylovorans      2      5      7     1.67 

Bacillus thuringiensis        1      1     0.24 

Total per season 41 122 142 113  418 100  

 

 

Table S3.11c: Abundance and occurrence of Clostridium species per season 

 

Clostridium species Fall Spring Summer Winter 

No of 

isolates 
% Total 

Clostridium beijerinckii   5      5      8.06 

Clostridium butyricum   1  1    2      3.23 

Clostridium cochlearium   2    2      3.23 

Clostridium perfringens   3 3   6      9.68 

Clostridium sporogenes    6 5  11    17.74 

Clostridium spp.   4 10 5  19    30.65 

Clostridium tyrobutyricum   5   4 8  17    27.42 

Total per season 15 20  3 62  100  
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A3  Supplemental Material for Chapter 5  

S5.1: An illustration of the calculation of number of repeats  

 

Figure S5.1a: Sample locus with tandem repeats  

 

Assuming Figure S5.1a is the sequence of a locus with tandem repeats found in the genome of B. 

licheniformis which has been amplified and sequenced by the appropriate primers, identify the 

repeats within the locus using a knowledge of the repeat sequence and length (Lr) obtained from 

the Tandem repeat finder database (Benson, 1999). The tandem repeat number (TRN) is computed 

as follows:  

Tandem repeat number =
La – (Lfp +  Nbfp +  Lrp +  Nbrp)   

Lr
 

Where: 

La - Length of amplicon  

Lfp - Length of forward primer 

Lrp - Length of reverse primer 

Lr - Length of repeat 

Nbfp - Number of bases after the forward primer and before the first repeat 

Nbrp - Number of bases before the reverse primer and after the last repeat 

After calculation,  

If TRN > 0.7, the number is rounded up 

If TRN < 0.7, the number is rounded down 

If no amplification, it is called NA  

If amplification occurred but a deletion of sequences in the locus is suspected, it is called 0 
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Table S5.2: List of the Bacillus licheniformis isolates subtyped by MLVA and VNTR copy 

number 

Source Isolate code Season 

VNTR copy number at each locus   

VNTR6 VNTR1 VNTR5 VNTR4 VNTR2 VNTR5 

Combined 

VNTR copy no Subtype 

ATCC 

ATCC 

14580  4.96 2.56 3.75 3.18 3.16 2.88 5-2-4-3-3-3 37 

Curds 10CQBX summer 6.96 2.55 3.73 3.19 3.16 4.44 7-2-4-3-3-4 3 

Curds 10CQ4BY summer 6.96 2.55 3.73 3.19 7.25 2.44 7-2-3-3-7-2 28 

Curds 10CS38 summer 6.75 2.55 2.79 0.00 3.87 2.31 7-2-3-0-4-2 35 

Curds 10CT22AX summer 6.92 2.57 3.74 3.13 7.21 2.51 7-2-4-3-7-2 7 

Curds 10CT22AY summer 6.93 2.46 2.64 3.18 7.25 4.44 7-2-2-3-7-4 23 

Curds 10CT22B summer 6.95 2.56 3.74 3.15 7.25 2.44 7-2-4-3-7-2 7 

Curds 11CO9 summer 6.94 2.58 3.74 3.19 9.75 4.37 7-2-4-3-10-4 22 

Curds 11CP2 summer 6.92 5.16 3.74 3.19 7.20 2.50 7-5-4-3-7-2 19 

Curds 11CQ10 summer 6.94 2.54 3.73 3.17 7.25 2.47 7-2-4-3-7-2 7 

Curds 11CQ17 summer 6.94 2.57 2.78 3.18 7.20 3.44 7-2-3-3-7-3 10 

Curds 11CQ18 summer 6.92 2.53 2.77 3.19 7.25 3.42 7-2-3-3-7-3 10 

Curds 11CR15 summer 6.93 2.57 3.75 3.18 7.25 4.43 7-2-4-3-7-4 4 

Curds 11CS10 summer 6.92 2.55 2.76 3.19 7.26 3.44 7-2-3-3-7-3 10 

Curds 11CS13 summer 7.97 2.57 1.33 3.17 3.16 2.51 8-2-1-3-3-2 2 

Curds 11CT14 summer 6.57 2.54 2.75 3.19 7.20 3.47 6-2-3-3-7-3 32 

Curds 12CO44 winter 6.95 5.19 3.74 3.17 7.20 4.42 7-5-4-3-7-4 9 

Curds 12CP2 winter 6.95 5.20 3.74 3.17 7.20 4.42 7-5-4-3-7-4 9 

Curds 12CP36 winter 6.91 5.19 4.73 3.13 7.20 3.75 7-5-5-3-7-4 18 

Curds 12CP41 winter 6.94 2.56 2.76 3.17 7.20 4.42 7-2-3-3-7-4 16 

Curds 12CQ32 winter 6.95 5.20 3.74 3.17 7.20 4.42 7-5-4-3-7-4 9 

Curds 12CQ47 winter 6.92 5.20 3.74 3.18 7.20 4.43 7-5-4-3-7-4 9 

Curds 12CR2 winter 6.92 2.54 2.73 3.16 3.21 4.42 7-2-3-3-3-4 11 

Curds 12CT2 winter 6.92 5.17 3.72 3.19 7.25 4.34 7-5-4-3-7-4 9 

Curds 12CT25 winter 6.92 2.55 3.73 3.17 3.16 2.93 7-2-4-3-3-3 6 

Curds 12CT9 winter 6.92 2.55 3.73 3.19 6.22 2.50 7-2-4-3-6-2 20 

Curds 13CP32 winter 6.94 2.56 3.74 3.17 3.16 4.43 7-2-4-3-3-4 3 

Curds 13CQ13 winter 6.92 5.20 4.73 3.16 7.20 2.39 7-5-5-3-7-2 8 

Curds 13CS8 winter 7.93 2.57 3.77 -1.85 7.21 2.51 8-2-4-0-7-2 33 

Curds 13CT18 winter 6.92 5.19 3.77 3.18 7.21 4.42 7-5-4-3-7-4 9 

Curds 13CT6 winter 6.94 2.56 3.74 3.18 7.21 2.51 7-2-4-3-7-2 7 

Curds 14CQ2 spring 6.93 2.56 3.74 3.13 7.20 5.40 7-2-4-3-7-5 13 

Curds 14CS8 spring 6.90 2.55 3.77 3.13 7.20 4.41 7-2-4-3-7-4 4 

Curds 1CO12 summer 6.93 2.55 2.74 3.18 3.16 4.43 7-2-3-3-3-4 11 

Curds 1CR29 summer 6.89 2.56 3.73 3.13 3.15 3.45 7-2-4-3-3-3 6 

Curds 2CP5A summer 5.94 5.21 3.75 3.17 7.20 2.51 6-5-4-3-7-2 14 
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Curds 3CS10 fall 6.92 2.56 2.76 3.13 7.20 3.48 7-2-3-3-7-3 10 

Curds 3CT44 fall 6.95 2.57 3.74 3.13 7.20 2.52 7-2-4-3-7-2 7 

Curds 3CT8 fall 6.95 2.57 3.77 3.13 7.20 4.30 7-2-4-3-7-4 4 

Curds 4CS10 fall 6.89 5.21 4.73 3.13 7.20 2.51 7-5-5-3-7-2 8 

Curds 4CT34 fall 7.93 2.57 3.77 0.00 7.20 2.52 8-2-4-0-7-2 33 

Curds 5CO11A fall 6.92 2.56 2.76 3.17 7.25 3.47 7-2-3-3-7-3 10 

Curds 5CO11B fall 6.92 2.56 2.76 3.18 7.25 3.47 7-2-3-3-7-3 10 

Curds 5CR13 fall 6.94 2.57 2.75 3.17 3.16 4.43 7-2-3-3-3-4 11 

Curds 5CT14 fall 6.94 2.57 2.76 3.18 7.25 4.44 7-2-4-3-7-4 4 

Curds 6CO50 winter 6.93 5.20 3.74 3.27 7.20 4.44 7-5-4-3-7-4 9 

Curds 6CO76 winter 6.89 5.21 4.73 3.13 7.20 2.40 7-5-5-3-7-2 8 

Curds 6CO77A winter 6.91 5.20 4.73 3.18 7.20 2.52 7-5-5-3-7-2 8 

Curds 6CO77BX winter 6.93 5.21 4.73 3.17 7.25 2.51 7-5-5-3-7-2 8 

Curds 7CO7 winter 6.94 2.56 3.74 3.17 3.20 3.47 7-2-4-3-3-3 6 

Curds 7CQ27 winter 6.92 5.19 3.74 3.17 7.20 4.31 7-5-4-3-7-4 9 

Curds 7CS12 winter 6.92 5.19 3.74 3.17 7.25 4.44 7-5-4-3-7-4 9 

Curds 7CS29 winter 6.94 2.56 2.76 3.18 7.25 4.43 7-2-4-3-7-4 4 

Curds 7CS31 winter 6.93 2.56 2.77 3.17 7.20 3.43 7-2-3-3-7-3 10 

Curds 7CT9 winter 6.94 2.56 3.74 3.18 3.16 4.43 7-2-4-3-3-4 3 

Curds 8CP2 spring 6.91 5.18 3.74 3.16 7.20 4.41 7-5-4-3-7-4 9 

Curds 8CQ22 spring 6.91 5.21 3.73 3.12 7.20 4.43 7-5-4-3-7-4 9 

Curds 8CS16 spring 12.18 5.19 4.74 3.18 7.25 3.12 12-5-5-3-7-3 24 

Curds 8CS16B spring 6.93 2.56 3.76 0.00 7.20 2.51 7-2-4-0-7-2 34 

Curds 8CT15 spring 6.93 2.56 3.73 3.19 3.20 3.34 7-2-4-3-3-3 6 

Curds 8CT33 spring 7.92 2.56 3.76 0.00 7.25 2.47 8-2-4-0-7-2 33 

Curds 9CQ18 spring 6.93 2.57 2.78 3.18 7.20 3.47 7-2-3-3-7-3 10 

Curds 9CQ39 spring 6.94 2.56 3.74 3.18 3.21 4.42 7-2-4-3-3-4 3 

Curds 9CQ48 spring 6.91 5.19 4.73 3.17 7.25 2.47 7-5-5-3-7-2 8 

Curds 9CQ5 spring 6.90 2.55 2.76 3.18 7.20 3.44 7-2-3-3-7-3 10 

Curds 9CR9 spring 6.54 2.56 3.05 3.18 7.25 2.51 6-2-3-3-7-2 27 

Curds 9CS20 spring 6.94 2.56 2.78 3.17 7.20 3.46 7-2-3-3-7-3 10 

Curds 9CS27 spring 6.93 2.54 2.77 3.17 7.20 2.93 7-2-3-3-7-3 10 

Curds 3CR19 fall 6.92 2.55 3.76 -1.85 7.20 2.51 7-2-4-0-7-2 34 

Swabs 17ES15C1 summer 7.95 5.22 2.70 2.12 9.35 1.61 8-5-3-2-9-1 1 

Environ swabs 17ES15C3 summer 7.95 5.22 2.70 2.12 9.35 1.61 8-5-3-2-9-1 1 

Environ swabs 17ES15C4 summer 6.95 2.58 2.75 3.18 3.22 4.43 7-2-3-3-3-4 11 

Heat treated milk 14MF40 spring 6.91 2.54 3.73 3.17 7.20 2.51 7-2-4-3-7-2 7 

Heat-treated milk 10MF17A summer 7.91 5.21 4.72 3.16 7.25 2.41 8-5-5-3-7-2 12 

Heat-treated milk 10MF1B summer 7.87 5.20 4.73 3.13 7.21 2.51 8-5-5-3-7-2 12 

Heat-treated milk 10MF1BX summer 7.90 5.20 4.73 3.13 7.21 2.51 8-5-5-3-7-2 12 

Heat-treated milk 10MF1BY summer 7.92 2.55 3.76 3.17 7.20 2.51 8-2-4-3-7-2 29 
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Heat-treated milk 11MF13 summer 6.93 2.57 3.73 3.19 3.21 3.47 7-2-4-3-3-3 6 

Heat-treated milk 11MF14 summer 6.94 2.56 3.74 3.18 7.20 2.51 7-2-4-3-7-2 7 

Heat-treated milk 11MF18 summer 6.92 5.19 3.73 3.17 7.25 4.39 7-5-4-3-7-4 9 

Heat-treated milk 11MF2AX summer 6.95 2.57 3.74 3.18 7.20 2.51 7-2-4-3-7-2 7 

Heat-treated milk 11MF2AY summer 6.93 2.57 3.73 3.18 7.20 2.50 7-2-4-3-7-2 7 

Heat-treated milk 11MF2B summer 6.95 2.57 2.78 3.13 7.25 3.47 7-2-3-3-7-3 10 

Heat-treated milk 11MF5 summer 6.86 5.19 4.73 3.17 7.19 2.51 7-5-5-3-7-2 8 

Heat-treated milk 12MF32 winter 6.91 5.19 3.73 3.17 7.20 4.42 7-5-4-3-7-4 9 

Heat-treated milk 12MF34 winter 6.93 2.56 3.73 3.17 3.21 4.41 7-2-4-3-3-4 3 

Heat-treated milk 12MF41 winter 6.92 5.19 3.73 3.19 7.20 4.42 7-5-4-3-7-4 9 

Heat-treated milk 1MF1 summer 6.91 5.19 4.73 3.17 7.20 2.51 7-5-5-3-7-2 8 

Heat-treated milk 1MF5AX summer 6.93 2.55 3.74 3.17 7.20 2.51 7-2-4-3-7-2 7 

Heat-treated milk 1MF5AY summer 6.93 2.55 3.74 3.17 7.20 2.51 7-2-4-3-7-2 7 

Heat-treated milk 1MF5B summer 6.94 2.56 3.74 3.17 7.20 2.51 7-2-4-3-7-2 7 

Heat-treated milk 3MF1 fall 6.92 5.20 3.74 3.16 7.20 4.31 7-5-4-3-7-4 9 

Heat-treated milk 3MF17 fall 5.56 2.54 1.14 3.18 7.25 2.51 5-2-1-3-7-2 25 

Heat-treated milk 3MF30 fall 6.93 5.21 3.74 3.13 7.25 4.43 7-5-4-3-7-4 9 

Heat-treated milk 5MF8 fall 6.94 2.57 3.74 3.18 3.16 3.46 7-2-4-3-3-3 6 

Heat-treated milk 9MF27 spring 6.93 2.55 2.77 3.17 7.21 3.31 7-2-3-3-7-3 10 

Heat-treated milk 9MF40 spring 6.93 2.54 2.77 3.16 7.19 3.42 7-2-3-3-7-3 10 

Raw milk 10ME17A summer 6.92 2.54 2.75 3.17 7.24 3.44 7-2-3-3-7-3 10 

Raw milk 10ME17AN summer 6.93 2.57 2.76 3.18 7.21 3.47 7-2-3-3-7-3 10 

Raw milk 10ME17B summer 6.96 5.17 2.46 3.13 3.16 4.43 7-5-2-3-3-4 15 

Raw milk 10ME17BY summer 6.93 5.17 3.74 2.16 7.26 2.52 7-5-4-2-7-2 31 

Raw milk 10ME58 summer 6.82 2.36 4.72 3.18 7.25 2.51 7-2-5-3-7-2 21 

Raw milk 11ME2 summer 6.89 2.57 3.75 3.13 3.16 2.52 7-2-4-3-3-2 5 

Raw milk 11ME33 summer 6.92 5.21 3.73 0.00 3.21 4.44 7-5-4-0-3-4 36 

Raw milk 12ME36 winter 6.95 5.19 4.73 3.17 7.20 2.39 7-5-5-3-7-2 8 

Raw milk 12ME37 winter 6.95 5.20 3.74 3.17 7.20 4.42 7-5-4-3-7-4 9 

Raw milk 12ME46 winter 6.92 2.56 3.73 3.12 7.20 2.89 7-2-4-3-7-3 17 

Raw milk 12ME48 winter 6.94 2.56 3.73 3.12 7.21 2.51 7-2-4-3-7-2 7 

Raw milk 12ME61 winter 7.93 5.20 4.73 3.12 7.21 2.51 8-5-5-3-7-2 12 

Raw milk 12ME75 winter 6.90 2.56 3.74 3.18 3.16 3.47 7-2-4-3-3-3 6 

Raw milk 12ME75B winter 6.92 2.56 3.74 3.17 7.20 3.45 7-2-4-3-7-3 17 

Raw milk 13ME47 winter 7.93 2.56 3.74 0.00 7.21 2.51 8-2-4-0-7-2 33 

Raw milk 13ME63 winter 6.93 5.20 3.74 3.13 7.20 4.43 7-5-4-3-7-4 9 

Raw milk 14ME27 spring 6.91 5.19 4.73 3.13 7.20 2.52 7-5-5-3-7-2 8 

Raw milk 14MEO1 spring 6.93 5.22 4.73 3.18 7.26 2.52 7-5-5-3-7-2 8 

Raw milk 14MEO2 spring 6.93 2.58 4.73 3.18 9.28 4.45 7-2-5-3-9-4 30 

Raw milk 14MEO3 spring 6.93 2.58 3.74 3.18 7.26 2.52 7-2-4-3-7-2 7 

Raw milk 14MEO7 spring 6.93 2.58 3.74 3.18 3.21 3.47 7-2-4-3-3-3 6 
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Raw milk 14MEP1 spring 6.93 5.22 3.74 3.18 7.26 4.44 7-5-4-3-7-4 9 

Raw milk 15MEP10 spring 6.93 2.58 3.74 3.18 7.26 2.52 7-2-4-3-7-2 7 

Raw milk 15MEP11 spring 6.95 2.58 4.74 3.18 9.28 4.44 7-2-5-3-9-4 30 

Raw milk 15MEP12 spring 6.95 2.58 3.74 3.18 7.25 2.51 7-2-4-3-7-2 7 

Raw milk 15MEP17 spring 6.95 2.58 3.74 3.18 7.25 2.51 7-2-4-3-7-2 7 

Raw milk 15MEP22 spring 6.95 5.22 3.74 3.18 7.25 4.44 7-5-4-3-7-4 9 

Raw milk 15MEP26 spring 6.95 2.58 2.75 3.18 3.22 4.43 7-2-3-3-3-4 11 

Raw milk 15MEP4 spring 6.95 2.58 3.74 3.18 7.25 2.52 7-2-4-3-7-2 7 

Raw milk 1ME1 summer 6.90 5.19 4.73 3.17 7.25 2.51 7-5-5-3-7-2 8 

Raw milk 1ME2 summer 6.91 5.24 4.73 3.17 7.20 2.51 7-5-5-3-7-2 8 

Raw milk 2ME63 summer 6.94 2.56 3.73 3.17 7.25 2.50 7-2-4-3-7-2 7 

Raw milk 2ME63B summer 6.94 2.57 3.74 3.17 7.20 2.39 7-2-4-3-7-2 7 

Raw milk 3ME97A fall 6.94 2.56 3.74 3.17 7.20 2.39 7-2-4-3-7-2 7 

Raw milk 4ME56 fall 6.94 2.57 2.75 3.13 3.16 4.44 7-2-3-3-3-4 11 

Raw milk 7ME155A winter 6.91 2.55 NA 3.17 7.20 2.51 7-2-np-3-7-2 26 

Raw milk 7ME155B winter 6.92 2.56 2.76 3.17 7.20 3.48 7-2-3-3-7-3 10 

Raw milk 8ME45 spring 6.91 5.20 3.73 3.18 7.25 4.43 7-5-4-3-7-4 9 

Raw milk 8ME47 spring 6.90 5.19 4.73 3.12 7.21 2.47 7-5-5-3-7-2 8 

Raw milk 8ME49 spring 6.93 2.55 2.77 3.17 7.20 3.46 7-2-3-3-7-3 10 

Raw milk 9ME29 spring 6.92 2.54 2.77 3.17 7.20 3.46 7-2-3-3-7-3 10 

Raw milk 9ME79 spring 6.94 2.57 3.89 3.17 7.25 4.44 7-2-4-3-7-4 4 

Whey 1WJ1B summer 7.93 2.57 3.76 0.00 7.24 2.50 8-2-4-0-7-2 33 

Whey 7WM1 winter 6.94 2.56 2.78 3.18 7.25 3.48 7-2-3-3-7-3 10 

 

TRN > 0.7 round up 

TRN < 0.7 round down 

TRN – Tandem repeat number 

NA – no amplification 

0 - amplification occurred but a deletion of sequences in the locus is suspected (160 bp product) 
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A4  Supplemental Material for Chapter 6  

S6.1 Raw milk DNA extraction protocol  

S6.1.1 Pre-treatment (Modified from Julien et al., 2008)  

1. Homogenize 25 ml raw milk + 1.5 ml of 25 % warmed sodium citrate (45 °C) at 200 rpm for 5 

min in a stomacher bag  

2. Transfer 26.5 ml homogenate into a tube and rinse out the homogenate left in the bag with 1.5 

ml of 2 % warmed sodium citrate (45 °C)  

3. Centrifuge at 15,000 x g, 15 min  

4. The supernatant and cream are poured-off carefully and the fat is removed (with cotton swabs), 

leaving behind the cell pellet  

5. The cell pellet is re-suspended in 1 ml of 2 % sodium citrate solution (45 °C) for washing and 

transferred to a 1.5 ml Eppendorf tube.  

6. Centrifuge the cell suspension at 10,000 x g for 5 min, and remove all the supernatant (a pipette 

can be used)  

7. Repeat the step 5 & 6 at least once to obtain a fat-free pellet 

S6.1.2 DNA extraction by UltraClean® Microbial DNA Isolation Kit by Mobio/ Qiagen  

1. Re-suspend the cell pellet in 300 µl of PowerBead Solution and gently vortex to mix. This is to 

stabilize and homogeneously disperse the microbial cells prior to lysis. Then transfer resuspended 

cells to PowerBead Tube.  

2. Add 50 µl of Solution SL to the powerBead Tube (if solution SL is precipitated, heat it at 60 °C). 

This is for cell lysis and breakdown of fatty acids and lipids associated to the cell membrane.  
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3. Secure MicroBead Tubes horizontally using the MOBIO Vortex Adapter tube holder and vortex 

at max speed for 10 min. This step creates the combined chemical/ mechanical lysis conditions 

required to release desired nucleic acids from microbial cells.  

4. Centrifuge the tubes at 10,000 x g for 1 min at room temperature.  

5. Transfer the supernatant to a clean 2 ml Collection tube (from 300-350 µl are expected) 

(Transferring beads to the new tube can decrease DNA quality).  

6. Add 100 µl of Solution IRS to the supernatant. vortex for about 5 sec and incubate at 4 °C for 5 

min. This is to precipitate non-DNA organic and inorganic material including cell debris and 

proteins.  

7. Centrifuge tubes at room temperature for 1 min at 10,000 x g.  

8. Avoiding the pellet, transfer the entire volume of supernatant to a clean 2 ml Collection tube.  

9. Shake solution SB and add 900 µl to the supernatant and mix. This is to set up the high salt 

condition necessary to bind DNA to the Spin Filter membrane in the following step.  

10. Load about 700 µl into a Spin Filter and centrifuge at 10,000 x g for 1 min to bind the DNA to 

the silica membrane in the spin filter.  

11. Discard the flow-through and add the remaining supernatant (~440 µl) to the Spin filter, 

centrifuge at 10,000 x g for 1 min at room temperature and discard flow through.  

12. Add 300 ul of Solution CB and centrifuge at room temperature for 1 min at 10,000 x g to clean 

the DNA bound to the silica membrane  

13. Discard the flow through  

14. Centrifuge at 10,000 x g for 1 min.  

15. Place Spin Filter in a new 2 ml collection tube.  
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16. Add 50 µl of Solution EB to the center and let it stand for 1 min to wet the membrane and ensure 

eventual release of the DNA.  

17. Centrifuge at 10,000 x g for 30 sec at room temperature.  

18. Discard the spin Filter and store DNA at -20 °C  
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