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There is no coming to consciousness without any pain'

- CarI Jung -
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Abstract

Human pathogens including Listeria monocytogenes and Escherichia coli O157:H7 can

survive the harsh conditions created during the manufacture of dry-cured ham and

sausage. Dry-cured ham products (zr = 50) available to the Winnipeg market place were

screened for the presence of L. monocytogenes and other listerial species. None of the

samples tested were positive for L. monocytogenes although two pre-sliced, vacuum

packaged Westphalian ham samples manufactured by the same producer were found to

contain L. welshimeri. Longripening times (> 60 d) required for dry-cured Westphalian

ham can be shortened by needle-tend enzingraw hams in order to increase the rate of

cure-salt diffusion. However, needle-tenderization of hams that were surface inoculated

with about I log cfu/g E. coti OI57.H7 resulted in the internalization of nearly 5 log

cfu/g of this organism to the inside of previously sterile tissues. Following 1i2 d of

ripening, nearly S log cfu/g surface E. cotiOISl:Hl was destroyed whereas nearly 3log

cfu/g intern alized E. coti Ol57:H1 cells were recovered. Needle tenderizing dry-cured,

ready-to-eat meats is potentially hazardous. Increased rates of E. coli O157:H7

destruction on ham surfaces can be achieved through the application of mustard powder

and its essential oil derivatives which are potently bactericidal towards this pathogen.

Inoculated hams were surface treated with 200, 300 and 400 ppm microencapsulated

allyl isothiocyanate (AIT) and 6Vo (w/w) non-deheated (hot) yellow mustard powder'

Within 45 d, E. coti 0757:H7 numbers were reduced > 5 and 7 log cfu/g using 400 ppm

AIT or 67o mustard powder, respectivel), whereas 80 d were required in the untreated

control. Beneficial indigenous flora including lactic acid bacteria and staphylococci
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were eliminated with mustard powder but not AIT. The highly volatile nature of AIT

may however limit commercial application. The antimicrobial activity of mustard

powder towards E. coli OI57:H7 in dry-cured sausage was evaluated' Dry sausage

batter inoculated with about 7 log cfulg E. coli OI57:H7 was treated with 2, 4, and 67o

(wiw) non-deheated yellow mustard powder, while 6Vo (wlw) deheated (cold) mustard

powder served as a treatment contlol. within the typical 30 d dry sausage ripening

procedure, mustard powder caused small but significant (P < 0.05) differences in starler

cuiture numbers (Pediococcus pentosaceus and Staphylococcus carnosøs) and pH but

not in water activity compared io an untreated control. E. coli Ol51:H'7 was reduced by

> 5 log cfu/g in 42,36,24, and 18 d using 2, 4, and 6Vo (wlw) non-deheated mustard

powder and 6Vo cold mustard treatments, respectively. All non-deheated mustard

powder concentrations significantly (P < 0.05) reduced sausage texture (shear) during

the ripening period while 6Vo (w/w) deheated mustard powder was the least detrimental

(p < 0.05). The potent antimicrobial activity and minimai sausage shear differences of

deheated mustard powder treatments were caused by an unknown mechanism(s)'



Chapter 1

Introduction

Incidents of food poisoning were not historically associated with fermented dry-

cured meats due to a number of intrinsic and extrinsic factors created during the dry-

curing process. These various hurdles including low pH (< 5.3), low water activity (<

0.92), the application of curing agents (salt, nitrite/nitrate, spices), high fermentation

temperatures (> 30oC), smoking and the addition or indigenous development of Gram-

positive microflora function together to prevent the growth and/or destroy various

human pathogenic bacteria. This multifaceted preservation technique may have allowed

the safety of these products subject to newly emerging human pathogenic bacteria

including Escherichia coli O75l:H7 to be overlooked.

The acid resistance of E. coli Ol51:H7 was originally demonstrated by Glass er

al. (L992), who showed the organism could tolerate the conditions used in a salami

fermentation and the various hurdles created during dry sausage manufacture. As dry

fermented meats are usually non-therrnally processed and often consumed raw, the

foodborne illness potential of these products was not recognized until several years later.

In 1994,17 people were sickened with E. coli OI57:H7 epidemiologically linked to the

consumption of contaminated dry fermented sausage (Tilden et aL 1994). Following this

outbreak, strict federal guidelines were adopted in the United States governing the

destruction of E. coli OI51:H7 during dry sausage manufacture (Reed 1995). It was not

until two Canadian outbreaks occurring in 1998 and 1999 that sickened 39 (Williams et
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at. 2000) and, 143 (MacDonal d et aI. 2004) individuals that these regulations were

adopted in Canada (CFIA 2006).

These federal guidelines require fermented meat producers to adopt one of

several processing options. Firstly, producers can thennally treat sausage products using

step-wise temperatufe/time combinations ranging from 120 min at 54oC to 4 min at

63.C. Although rhis method is highly effective in destroying E' coli oL57::H7, thermal

treatments alter sausage texture, colour and may accelerate fat oxidation' Secondly' a

manufacturing process which can ¡educe E. coli Ol57'H7 by 5 log cfu/g can be used' As

a typical sausage fermentation and drying procedure will reduce E' coli O157:H7 by

about 2log cfu/g @rkkllà et at. 2000), compliance with this option requires some

measure of antimicrobial intervention(s) oI thermal treatments' Thirdly, microbiological

resring of ev'ery lot for E. coli oI57:H] and salmonella while holding product pending

receipt of råsults may be conducted. Although this process preserves the unique sausage

identity, demand for product makes individual lot testing undesirable' In addition'

microbiological testing does not ensure the complete absence of E' coli O157:H7 and

therefore product safety since low numbers of cells (2 to 2000) are highly infectious

(Buchanan and Doyle IggT). Fourthly, HACCP certified producers that verify at least a

2log cfulgreduction of E. coli oL57:H7 during processing including raw batter testing

are also acceptable. This option provides the most lenient reguiations since dry sausage

production can reduce E. coli o751:H7 by 2 log cfulg. Lastly, an altemative

manufacturing procedure that is scientifically validated to reduce E. coli O157:H7 by 5

log cfu/g is also acceptable. Surprisingly, similar regulations for E coli OIS]:HI

reductions in dry-cured fermented pork products are absent as producers must only
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screen for presence of both E. coli 0157:Hl and Salmonella.Theseregulations for pork-

only products may be based on previous and possibly incorrect notions that the main E.

coli OI57:H7 reservoirs are associated with beef and dairy cattle (Hancock et a\.2001).

Recent work by Doane et at. (2007) demonstrated otherwise as significant E. coli

Ol57:H7 isolation rates were found in both cattle and swine at 3'4 and 8.9Vo,

respectively. Since dry-cured ham is not subject to the same regulatory principles as

other dry-cured meats containing beef ingredients, E. coli Ol57:H7 numbers inoculated

onto raw ham pieces were monitored during simulated Westphalian ham production'

Preliminary work screened commercial dry-cured ham products for the presence

of listerial organisms available to the Winnipeg market place. Experimental research

which evaluated the survival of E .coli Ol57:H7 on fermented dry-cured Westphalian

ham and sausage was then conducted'

External economic factors have led to the implementation of production methods

including needle tenderization which can accelerate dry ham curing procedures (Marriot

et at. L992). Needle tenderizing raw hams can increase the rate of cure diffusion which

significantly decreases ham ripening times (> 60 d). Since needle tenderization was

previously demonstrated to internalize surface bacteria (G111 et a\.2005), the possibility

of transferring pathogenic surface bacteria including E. coli C-157'H7 to the inside of

Westphalian ham tissues was tested.

Research work then attempted to decrease the dry-curing times needed and to

ensure an adequate reduction (> 5 log cfu/g) in the numbers of E. coli OI57'H7 cells on

the surfaces of ripening Westphalian ham. Based on work previously conducted in this

lab, non-deheated (hot) yellow mustard powder (Nadarajah et aI.2O05) and the essential
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oil of brown mustard, allyl isothiocyanate in microencapsulated form (Chacon et aI.

2006) were both applied to Westphalian ham as an antimicrobial to destroy E. coli

O157:H7.

Non-deheated yellow mustard powder was then added as a cure adjunct to E

coti Ol57:H7 contaminated dry sausage batter to reduce this pathogen by à 5 log cfu/g

in order to meet federal requirements (CFIA 2006). This powerful, non-volatile

antimicrobial was selected because it is both cost-efficient and frequently used in the

sâusage industry as a binder and protein extender'



Chapter 2

Literature review

2.1 Dry-cured fermented sausage and ham: product identity

Dry fermented sausage and ham represent a class of artisanal ready-to-eat

(RTE), deli-style mears. These products are often premium-priced because they are

composed of fresh, high quality ingredients and subject to difficult manufacturing

procedures which include substantial inventory and labour associated costs' Dry

fermented meats were traditionally produced using time-honoured practices as a means

of preservation long before refrigeration was available. Instead of thermal processing,

these products are preserved through a combination of procedures including the

application of cure adjuncts (salt, spices, sugars and nitrite/nitrate), acidification

(through acid production by Gram-positive microflora), controlled drying procedures

and in the case of northern European style meats, heavy smoking.

2.2 Role of microorganisms in dry-cured fermented meat products

2.2.L Starter cultures used in dry sausage manufacture

The manufacture and stabilization of fermented dry sausage occurs through the

synergistic activity of the Lactic acid bacteria (LAB) and Staphylococcus spp. The

development of these usually dominant Gram-positive, facultative anaerobes in sausages

can occur naturally through the microbial contamination of raw meats. These organisms

proliferate under the favourable conditions created by the cure ingredients (nitrite and

salt) low pH and the rapid desiccation of the fermentation and drying processes
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@rosinos et aI. 2005). More commonly, both LAB and Staphylococcus spp' are now

added to raw sausage batter in the form of starter cultures to ensure product safety and

standardization. The LAB are non-motile, rod or cocci shaped organisms which function

to acidify meat products through their homo-fermentative metabolism of cure

carbohydrates to produce mainly lactic and to a lesser extent, acetic acids' Acid

production in these products is desired as it leads to a number of functional

characteristics. Firstly, a rapid pH decrease within monitored time and temperature

conditions is required to inhibit the growth of both S. aureus (and its subsequent toxin

production) and Salmonella (CFIA 2006). Secondly, the rapid pH decrease during the

fermentation process can inhibit undesirable, mainly Gram-negative microorganisms

(Duffy et al. 1999). Thirdly, the low pH aids in the formation of sausage texture by

denaturing'the salt extracted meat proteins. Fourlhly, a pH decrease causes rapid

moisture loss which aids in the drying process as meat proteins near their iso-electric

points. And lastly, the production of acid in dry sausage is desired in order to create a

sour-tasting product. These LAB however produce hydrogen peroxide as a metabolic

by-product which can lead to meat greening and accelerate the oxidation of fats' In order

to prevent hydrogen peroxide accumulation, catalase-positive Staphylococc,ls spp. are

usually added in combination with LAB starters. Staphylococci also aid in the formation

of the typical red colour associated with these products. Since they possess nitrate

reductase which functions to reduce nitrate into nitrous oxide which binds with

myoglobin to form the red coloured nitric oxide myoglobin. Although starter culture

bacteria are routinely used in theproduction of dry sausage, dry fermented ham is often
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produced without these starters, instead of relying on the natural development of both

LAB and Staphylococczs organisms.

2,Z.Zlnðigenous microflora of dry-cured ham

Relativeiy long maturation times (60 to 80 d) of fermented, dry-cured

Westphalian ham promotes the surface development of a mostly Gram-positive

microflora (mainly Staphylococcus and LAB), in addition to yeast and mould.

Furthermore, both Staphylococcus and LAB can, after long maturation times, be

recovered from the ham interior (Lücke 1986). The more common Mediterranean style

dried hams (Parma and lberian) differ from Westphalian style hams with significantly

longer ripening times (< 2 years), the absence of smoking procedures and in addition to

the indigenous development of Staphytococcus and LAB organisms, the growth of

yeasts and moulds which are highly desired and promoted. The later microorganisms

contribute to product texture and an 'aged' taste through proteolytic and lipolytic

enzyme activity which results in end product organic flavour derivatives including

aldehydes, alcohols, esters, various hydrocarbons, carboxylic acids and sulfur

compounds (Hinrichsen and Pedersen 1995; Martin et aL.2006)'

Although staphylococci are commonly reported as the most predominant

bacterial species on ham surfaces (Lücke 1986), the LAB are present but not as

numerous (Molina et aI. 1989). As previously stated, these bacteria provide several

functional characteristics essential for the dry-curing process but unlike fermented

sausage, a rapid drop in the pH of dry-cured ham (at least internally) does not occur

(Molina eT aI. 1989; Graumann and Holley 2001). Although unsubstantiated, it is

reasonable to assume that when hams are exposed to high fermentation temperatures (>
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30oC), sudace LAB ferment cure carbohydrates which may acidify ham surface tissues

to prevent the growth of various pathogens including S. aureus and Salmonella.

The harsh conditions created by the dry-cured sausage and ham ripening

processes function to inhibit numerous pathogenic organisms including S. aureus and

Salmonella as well as Listeria monocytogenes, toxigenic moulds, Clostridium

botulinum, Trichinella and most importantly, to the scope of this thesis, E coli

OI57:H7.

2.3 Pathogen survival. in dry-cured fermented sausage and ham

2.3.1 Stap hylo c o c c us aure u s

S. aureus growth and enterotoxin production are prevented in dry sausage when

the Degree"hour: regulations of both Canada (CFIA 2006) and the United States (Reed

1995) are practiced. Degree"hoúrs refers to the time/temperature combinations that

sausage can be above the critical 15.6oC (required for S. aureus growth and associated

enterotoxin production) prior to reaching a pH < 5.3. The use of Good Manufacturing

Practices (GVIP) and the addition of starter cultures with glucose (or its derivates)

usually ensures that a rapid acidification occurs within time/temperature restrictions.

The effectiveness of the Degree.hour concept in preventing the production of

staphylococcal enierotoxins was demonstrated by Levine et aL (2001)' These

researchers found this toxin was absent from 1668 dry and semi-dry sausage products

produced by registered meat facilities'

Staphylococcas spp. represent the most abundant organisms on dry-cured ham

surfaces. However, low numbers of S. altreus cells (< 1 log cfu/g) are usually recovered
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on dry-cured ham surfaces as found in two European market surveys. The authors Little

et at. (1998) and Lori et aI. (2005) found ÍhatI.3Vo (1/553) of raw country cured ham

and, 2.6Vo (3/116) Parma ham samples were positive for S. aureLts, respectively.

Simulated experimental production of Iberian and Westphalian hams also strengthens

previous findings as no coagulase-positive staphylococci were recovered (Rodrígvez et

al. 1996; Graumann and Holley 2007), respectively. Two studies conducted on

American style country-cured hams artificially contaminated with S. aureus were

conducted. Portocarrero et aL (2002a) recorded a 5log cfu/g decrease in the numbers of

S. aureus following 122 d ripening while Ng et al. (1997), demonstrated that

commercial dry-cured ham slices inoculated with about 5 log cfu/g S. aureus were

incapable of producing enterotoxins after 28 d, regardless of storage temperatures (2 and

ZsoC). Since high numbers of S. aureus (> 4 log cfr:/g) are usually associated with

enreroroxin production (CFIA 2006), the use of GMP including the proper cold storage

of meat prior to curing combined with pressing, equalization and drying temperatures

not exceeding 15oC would minimize the growth of this organism.

2.3.2 Salmonella

Most Gram-negative bacteria including Salmonella are quickly inhibited when

subjected to the multiple hurdles created during the dry-curing process. Although

salmonellosis from fermented meat products is rare, isolated incidences have been

reported, A severe S. enterica serotype Typhimurium outbreak occurred in Italy where

83 peoplè were sickened after consuming dry salami (Pontello et aI. 1998) whereas in

Spain, Serrano ham contaminated with S. entericawas involved in a minor number of

foodborne illnesses (Gonzáúez-Hevia et aL 1996). In both cases, it was hypothesized that
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manufacturing deticiencies and general neglect led to the establishment of Salmonella

spp. on these products. The incidence of fermented meat products contaminated with

Salmonella spp. within the marketplace is also very low. Market surveys which isolated

salmoneilae from dry meats found that > l7o (2/23Ii) and L4Vo (101698) of sausage

samples were positíve for this organism (Little et al. 1998; Levine et al. 200I,

respectively), while no Salmonetla (0 of 553) were detected on hams (Little et aL 1998)'

The survival of Salmonella spp. inoculated on dry fermented sausage and ham products

is poor. Nissen and Hoick (1998) reported that a salami fermentation and partial drying

process (21 d) reduced Salmonellaby about 2logcfu/gwhich increased to > 5 log cfu/g

after an extension of the drying period (> 5 months). Other work conducted by Reynolds

et al. (2001) and Portocarero et al. (2002b) found > 5 log cfu/g reductions of

Salmonella on dry ham after 6i and 66 d, respectively. Although Salmonella spp. may

survive the ripening process, a downward trend in the isolation rates of this organism

from commercial dry sausage products was found over a multiple-year analysis (Levine

et al. 200I} These findings may indicate improvements in GMP or an increased use of

the Degree.hour concept which is effective for the control of this pathogen in dry-cured

meats (CFIA 2006).

2.3,3 Líste ria mono cyt o g ene s

As listerial organisms are nearly ubiquitous in the environment and have been

recovered from several mammalian, fowl and aquatic species, the presence of small

numbers of Ltsteria including L. monocytogenes on raw meat is almost ensured (Farber

and Peterkin 1991). Due to the uncooked RTE nature of dry-fermented meat products,

several studies examining L. monocytogenes survival rates on these types of meat
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products have been conducted. Farber et aI. (1.993) reported that raw sausage batter

contaminated with L. monocytogenes and subjected to a starter-culture induced

fermentation and subsequent drying processes resulted in about a 4log cfr.r/g reduction

after 36 d. Simila¡ 4 log cfulg L. monocytogenes reductions were observed in dry

sausages by Théven ot et aI. (2005) but were shown to be strain dependent. The ham dry-

curing process has also been demonstrated to be highly effective in reducing this

organism. Work conducted by Reynolds et aI. (2001) found that the ham curing process

reduced L monocytogenesby 5 log cfu/g after 120 dof ripening. These results were later

confirmed by PortocaÍÍeto et aL (2007b) using a similar series of experiments in which

7 .5 log cfu/g decreases of L. monocytogenes occurred after 206 d. The later researchers

were however able to recover L. monocytogenes with enrichment procedures after 234 d

of ripening which may indicate that the dry-curing procedure is unable to.eliminate this

organism. The isolation rates of L. monocytogenes from commercial dry meat products

ranged from 3 to l57o (Uyttendaele et al. 1999; Levine et al. 200I; Bohaychuk et al.

2006) for dry sausage and 2 and L2%o for dry-cured ham (Mena et aI. 2004; Uttendaele

et aI. 1999). The above data indicates that L. monocytogenes can survive in dry

fermented meat products but due to the inhibitory nature of the multiple hurdles created

by rhe dry-curing process, significant numbers should be inhibited (Ingham et aL.2004).

Since listeriosis is usually associated with > 4 log cfu/serving of L. monocytogenes (ET

2000), dry-cured meat GMP are sufficient in preventing the establishment and growth of

this organism.
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2.3,4 Toxigenic moulds

Moulds recovered from fermented meat products consist mainly of Penicillium

and Aspergitlus spp. (Lücke 1986). Moulds are typically not desired on German-style

smoked dry sausage and ham products since their growth is normally inhibited by the

smoking process (Holley and Patel 2005). There appears to be no reported incidence of

foodborne related illness caused by moulds or their mycotoxins on dry fermented meat

products. Núñez et aL (2000) isolated Penícillium polonicum from long ripened Spanish

hams, These researchers demonstrated that the bio-synthesis of the potent neurotoxin

vemrcosidin was inhibited on the dry-cured ham surface, providing the water activity

was below 0.95. Again, the series of competitive hurdles particularly decreases ín a*

caused by salt, low pH and drying likely prevent opportunistic moulds from producing

mycotoxins.

2.3.5 CIo strídíum b otulinum

Isolated incidents exist where dry-fermented meats served as a vector for

botulism. These outbreaks are usually associated with improperly manufactured

products as was reported in Germany where homemade dry hams were implicated in

borulinum poisoning (Puolanne et al. Lg82). The outgrowth of CI' botulinum and

subsequent botulism toxin formation can easily be prevented in dry-cured meat products

produced using GMP. Providing the raw meat is properly tempered and 100 ppm

nitrite/nitrate and 2.57o (wlw) salt are added during fermented meat production, the

ourgrowth of CI. botulinumspores and toxin formation is prohibited (CFIA 2006)'
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2.3.6 Trichinella

T. spiralis infection associated with a dry-cured meat vector does not appear

problematic if one of the several federal regulations outlining the destruction of this

parasite are followed (CFIA 2006). T. spiralis can be destroyed instantly with thermal

treatment if internal pork temperatures reach 2 63oC. This procedure however denatures

meat proteins which would negatively affect the traditional dry sausage texture so

various fueezing methods are more commonly practiced. The T. spiralis parasite is

eliminated in pork products providing they are frozen at - 25oC for an unintem:pted

period of 10 or 2O d for meats with < 25 and > 50 cm thickness, respectively. These

freezing periods may be shortened or lengthened, depending on freezing temperatures'

Alternatively, T. spiralls can be destroyed during the dry-curing process using a number

of external factors including salt concentrations or fermentation, smoking and drying

time/temperature combin ati ons.

2.4 Foodborne disease significance of Escherichia coli OL57tH7

Escherichia coli are members of the Enterobactenaceae and are described as

Gram-negative, oxidase negative, catalase positive rods which usually display motility.

Several strains of E. colitypically colonize the mammalian gastro-intestinal tract and are

considered innocuous and at times even symbiotic, such as E. coli Kl2 which produces

Vitamin K. However, various E. coli pathovars including enterohemorrhagic (EmC) E

coti OI57:HJ can be highly virulent towards humans. E. coli O157:H7 produces the

shiga toxins (Stx I and/or Stx 2) after successful attaching and causing effacing

histopathology of the intestinal tract (Kaper et aI. 2004). These Stx toxins cause a
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multitude of clinical symptoms including diarrhea which may be accompanied by blood

(hemorrhagic colitis), urinary tract infections, sepsis/meningitis or even hemolytic

uremic syndrome which has a mortality rate of 3 to 5Vo, especially in the very young and

old (Buchanan and Doyle 1997;Kaper et aL 2004). The low infectious dose (estimated

at2-2000 cells) may be attributed to this organism's acid resistance which enhances its

ability to survive stomach acid shock and subsequent exposure to fermentative end-

product organic acids of the intestinal tract (IFT 2000; Merrell and Camilli 20OZ).

The acid resistance and/or adaptation attributes of E. coli Ol57:H7 are expressed

through the production of multiple proteins regulated by the o38 (rpoS gene). Production

of o38 proteins enabled this bacterium to survive to pH values of 3.3 (Waterman and

Small 1996). The rpoS mediated response also functions to mitigate other chemical and

physical stress factors including exposure to hydrogen peroxide, high salt

concentrations, desiccation, extreme temperatures and starvation (Hengge-Aronis et al.

1993; IFT 2000). Stress induced adaptability to low pH and continuous desiccation

enhanced the survival of E. coli OI57:H7 in dry fermented sausage (Chevrlle et al.

1996). Furthermore, acid adaptability may be attributed to this organism's increased

survìvability in shredded dry salami (pH 5.0) and other acid foods including ketchup

(pH 3.6) as observed by Leyer et aI. (1995) and Tsai and Ingham (1997), respectively.

2.4.L E. colí Ol57tH7 reservoirs

Although dairy and beef cattle have traditionally been regarded as the primary

reservoir of E. coli OI57'-H7 (Hancock et al.200L, Doane et al.2007), an accumulating

body of epidemiological (Table 2.I) and experimental (Cornick and Helgerson 2004)

findings clearly demonstrate that swine can both harbour and shed this pathogen. Since
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pork meat may become contaminated with E. coli O757:H7 and other pathogenic

bacteria during the slaughtering, evisceration and fabrication processes (Arthur et aL

2007, Namvar and Warriner 2006, Rivas Palá and Sevilla 2004, G111 et al. 2000),

various studies which measured the survival rate of E. coli Oi57:H7 in non-thermally

processed, RTE dry-fermented meat products have been conducted.

2.4,2 E. colí OL57zH7 survival in fermented dry-cured sausage

Following 3 different E. coli OL51:H7 outbreaks linked to the consumption of

contaminated dry fermented sausage (Table 2.2), federal requirements were established

in both Canada (CFIA 2006) and the United States (Reed 1995) mandating a 5 log cfu/g

reduction of this pathogen during product manufacture. Alternatively, dry sausage may

be thermally treated using step-wise temperâture and time protocols ranging from 54 to

63oC over I20 to 4 min, respectively. It is also acceptable for HACCP certified dry-

sausage plants to verify a 2 log cfu/g reduction of E. coli O157:H7 during product

manufacture if combined with raw batter testing to assure the absence of this organism.

Since the implementation of these regulations in both Canada and the United States, no

dry fermented salami products have been implicated tn E. coli OI57:H1 associated

illnesses. Furthermore, E. coli Ol57.H7 has not been recovered from commercial

products from the North American marketplace (Levine et aI. 200L Bohaychuk et aL

2006). More recently, a multi-state E. coli Ol51:H7 outbreak associated wrth pizza

pepperoni prompted a recall of frozen pizzas (> 1.5 million kg) in the United States

(FSIS 2007). Improper thermal treatment of the pepperoni was blamed but the

investigation is still ongoing. Although controlled thermal treatment to 63oC ensures a 5

log cfu/g reduction of E. coli OI57:H1 in dry fermented sausage and other similar
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products, the texture and other sensory attributes associated with these traditional

products are compromised. It is well established that the typical dry sausage

fermentation and ripening procedures are able to reduce E. coli Ol57:H7 by about 2 log

cfr-r/g (Erkkilà et a\.2000; Muthukumarasamy and Holley 2007). Although these E. coli

OI57'H7 reductions meet federal requirements (in addition to raw batter testing),

utilizing various treatment interventions may ensure greater reductions of this pathogen

while maintaining the product identity.

2.4.3 E. colí Of57:H7 survival in fermented dry-cured ham

Unlike dry fermented sausages, various dry ham products have never been

implicated in E. coli 0157:Hl associated foodborne illness. Previous work

demonstrated that Amencan country-cured (Reynolds ¿r al. 2001, Portocarrero et al.

2002b) and Westphalian style (Graumann and Holley 2008) dry-curing procedures can

reduce surface inoculated E. coli OI51'H1 by > 5 log.cfu/g after 61, 66 and 64 d,

respectively. These ripening procedures are however insufficient to eliminate E. coli

0151:H1 inoculum levels > 7 log cfu/g, as injured cells were recovered with enrichment

procedures after 112,120 and 150 d (Graumann and Holley 2008, Reynolds et a\.200I,

Portocarrer o et aI. 2002b) respectively. When the dry curing process was accelerated

through needle tenderization (used to increase the rate of cure salt diffusion throughout

the whole ham piece), this practice functioned o internalize surface E. coli 0151:H7

cells. Following 11.2 d of ripening, the dry-curing process used was inadequate to

destroy internaìized E. coli 0157:H7 celìs (Graumann and Holley 2007). The lengthy

survival of this pathogen may therefore possibly be due to the localization of E. coli
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0157:H7 cells in tissue folds, crevices or cut lines which may function to protect these

organisms from the harsh surface environment.

2.5 Dry sausage antimicrobial treatments

Several antimicrobial treatment measures which can reduce or eliminate E. coli

Ol51:H7 in dry fermented sausage have been attempted. Methods include

biopreservation techniques through the generation of bacteriocins by probiotic bacteria

(Erkkilä et aL 2002; Työppönen et aL 2003; Muthukumarasamy and Holley 2007), and

through the additions of microencapsulated bovine lactoferrin (Al-Nabulsi and Holley

2007), microencapsulated allyl isothiocyanate (AIT) and non-deheated (hot) yellow

mustard powder (Graumann and Holley 2008). The most significant reductions of E.

coli OI57:H7 were caused by AIT and mustard powder added to raw sausage batter as a

cure adjunct. In view of the fact that mustard condiments are commonly used as

flavouring agents with these products, adding mustard or its essential oil derivatives to

dry sausage does not introduce unusual flavour and provides a means to destroy E. coli

OI57:H7.

2.6 Antimicrobial activity of mustard and its derivatives

2.6.1 Mustard condiments

The antimicrobial activity offered by prepared mustard condiments towa¡ds E

coliOI5T:H7 (Mayerhauser 2001; Rhee ¿¡ a\.2002) is due mainly to the essential oil

constituents including the isothiocyanates, which are responsible for the 'hot spiciness'

of these products.
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2.6.2 Mlustard essential oils

The isothiocyanates and other derivatives are formed upon mechanical

disruption of mustard tissues from their glucosinolate precursors. These glucosinolates,

mainly sinigrin and sinalbin (present in brown and yellow mustard varieties,

respectively) are enzymatically hydrolyzedin the presence of moisture by endogenous

myrosinase (thioglucoside glucohydrolase EC 3.2.3.1) to form isothiocyanates, D-

glucose and sulfate (Cui and Eskin 1998). The inhibitory nature of pure vaporous AIT

rowards E. coli OI57:H'7 was previously demonstrated on agff @elaquis and Sholberg

1997), lettuce (Lin et aI. 2000) and ground beef (Muthukumarasamy et aL 2003)

surfaces, Further innovation of this and other work led to the microencapsulation of both

AIT and p-hydroxybenzyl isothiocyanate (pFßff) within starch matrices for

experimental purposes within food systems (Chacon et al. 2006b; Ekanayake et aI.

2006, respectively). These mustard oils were microencapsulated for several reasons.

Firstly, the isothiocyanates are highly volatile and microencapsulation mitigates their

pungency. Secondly, the stability of these essential oil compounds is increased and

finally, microencapsulating these oils allows for a practical means of application.

When microencapsulated AIT were added at concentrations of 750 and 500 ppm

to dry sausage batter contaminated with E. coliOl5'7'}J7, > 5log cfu/g reductions of

this pathogen were found after 16 and?I d ripening, respectively (Chacon er aI. 2006b).

Furthermore, the AIT concentrations used caused only minimal inhibition towards LAB

and S. carnosus starter cultures without affecting their functionality. Compared with

earlier work by the previous authors (Chacon et a\.2006a), E. colt OI57:H7 reductions

were improved. Microencapsulated AIT concentrations of nearly 5000 ppm were
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previously needed to reduce E. coli Ol51:Hl > 5 log cfu/g in nitrogen flushed, vacuum

packaged, refrigerated ground beef after 18 d of storage. The extended storage 
^t 

4oC

may have contributed to the organisms AIT tolerance compared with temperatures of >

14oC used for the dry salami experiments. This increased AIT resistance by E. coli

Ol57:H7 at cold (5"C) as opposed to warmer storage temperatures (>25oC) was also

observed by Delaquis and Sholberg (1997) and may reflect production of rpoS stress

induced proteins.

2.6.3 Yellow mustard powder

In a similar set of inoculated ground beef experiments conducted by Nadarajah

et aI. (2005), non-deheated (hot) yeilow mustard powder was mixed into meat at 5 or

l07o (wlw) and resulted in an irreversible 3 log cfu/g reduction of E. colí O157:H7 after

18 and 12 d, respectively. In these tests, the antimicrobial activity was generatedin-situ

upon the hydration of the yellow mustard powder which functioned to catalyze the

hydrolysis of sinalbin into pFIBIT. The antimicrobial activity of pIIBIT was further

demonsrrated by Ekanayake et al. (2006) who found that this essential oil was

bactericidal towards a wide spectrum of Gram-negative bacteria, including E- coli.

When 350 ppm pF{BIT was added to an E coli broth culture, > 6 log cfu/g reductions

were found after 6 d. These researchers also found that pFIBIT was more stable at low

(pH 3.5) opposed to neutral pH conditions, so yellow mustard powder (which can

generate pIIBIT) was then mixed into dry fermented sausage batter to destroy

inoculated E. coli OI51:H7 (Graumann and Holley 2008). These researchers added non-

deheated (hot) yellow mustard powder to sausage batter while a treatment containing

deheated (cold) yellow mustard was utilized as a negative control. Deheated mustard
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powder is routinely added to cooked-cured sausage products because it lacks the typical

pungency associated with mustard products and functions as both a binder and/or

protein extender. In order to remove this pungency from mustard powder, mustard seeds

are ground and then subjected to a thermal treatment which denatures the endogenous

myrosinase which prevents the hydrolysis of glucosinolates to isothiocyanates' The non-

thermally treated or non-deheated mustard powder was therefore chosen for its

antimicrobial activity and added to raw salami batter at 2, 4 and 67o (w/w)' The non-

deheaied mustard powder resulted in a dose-related reduction of the numbers of E- coli

Ol57:H7. After 36 and24 d of ripening, ) 5log cfu/g reductions of E. coliOI5T:H7

were found in the 4 and 67o (w/w) mustard powder treatments, respectively, while an

extension of the drying period to 48 d reduced this pathogen by > 5 log cfulgusing2Vo

(w/w) mustard powder. Surprisingly, the 6Vo (wlw) deheated mustard powder provided

the most porent antimicrobial activity by reducingE. coli OI57:H7 > 5 log cfu/g after

only 18 d. Although several hypotheses were suggested for an unknown mechanism of

sinalbin hydrolysis, the potent antimicrobial activity of mustard powder by its essential

oils and its fractions towards the E. coli Ot57'H7 pathogen was clearly demonstrated.

Typical dry-curing processes used for fermented dry-cured sausage and ham are

unable to reliably reduce numbers of E coti Ol5l:H7 by > 2 or 5log cfulg,

respectively. In order to improve both product safety and quality, dry-cured meats

inoculated with E coti OI57:H7 were treated with both mustard powder and its

essential oil AIT as an antimicrobial measufe towards this pathogen.
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Table2.1.IsolationofE.coIiol5.7:H1fromswineanimaIsindiffere@
Reference

Coionic feces United States

Rectal swabs United States

Colonic feces South Korea

Colonic feces United States

Colonic feces Canada

Colonic feces Norway

Colonic feces Netherlands

Rectal swabs Japan

Colonic feces United Kingdom

Coionic feces Chile

2140

5U5'70

U345

6t305

20t660

2tr976

21145

3t22r

4/1000

82n20

5.)Vo

8.9Vo

0.87o

2.07o

3.07o

0.lVo

l.4Vo

l.4Vo

0.47o

68.3Vo

Jay et al. (2007)

Doane et al. (2007)

Io et al, (2004)

Feder er al. (2003)

Gyles et aI. (2002)

Johnson er al. (2001)

Heuvelink et aL (1999)

Nakazawa et al. (1999)

Chapman et al. (1997)

Borie er aI. (1997)



Table 2.2.Incidence of Escherichia coli Ol57:H7 illness associated with consumption of dry-cured fermented sausage.

Salami product

Pre-sliced Calabrese

Genoa 1998

Hungarian & Cervelat 1999

HUS - Hemolytic u¡emic syndrome

tNR - Not reported

Year Illnesses

39

143

HUS Deaths Location

0

0

Washington & California, USA

Ontario, Canada

British Columbia, Canada

22

Reference

Titden et al. (1994)

Williams et al. (2000)

MacDonald et al. (2004)
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ChaPter 3

Isolation of Lísteria spp. from ready-to-eat, dry-cured ham products:

A Winnipeg market survey

3.1 Abstract

Ready-to-eat, dry-cured fermented ham is a raw meat product that is preserved

through a combination of salt, nitrite, low water activity and though the development of

an indigenous microflora. As dry-cured ham is typically manufactured without a lethal

heat treatment, any presence of human pathogenic bacteria including L. monocytoSenes

can be hazardous and result in a number of potentially fatal disease conditions' Since

raw pork meat is commonly contaminated with Lísteria spp. including L'

monocytogenes, dry-cured ham products (iz = 50) available in the Winnipeg marketplace

were screened for the presence of these organisms by enrichment. Positive isolates (n =

2) were identified as L. welshimeri. Both contaminated samples came from pre-sliced,

vacuum packaged Westphalian ham produced by the same manufacturer.
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3.2Introduction

Dry-cured, ready-to-eat (RTE) ham products are typically manufactured in the

absence of thermal processing, therefore raw ingredients must be of good microbial

quality while Good Manufacturing Practices (GMP) are used to yield safe products of

premium quality. If ingredients or practices are compromised, the raw ham may be

subjected to colonization and/or growth of human pathogenic bacteria including Listeria

monocytogenes. The consumption of foodstuffs containing L. monocytogenes can lead

to an invasive life-threatening infection known as listeriosis. This disease condition has

an estimated fatality rate of 20-307o and is chatactenzed by the onset of sepsis,

meningitis or even spontaneous abortion (Mead et aL 1999).

Listerial species are ubiquitous in the environment and found in food animals

including swine. Autio et aL (2000) found that approximately L}Vo of freshly

slaughtered swine carcasses and swine pìuck sets (tongues, tonsils, kidneys and livers)

were contaminated with Listeria spp. including L. monocytogenes. Further work by

Kanuganti et aI. (2002) confirmed the presence of this pathogen in the digestive tract of

these animals with L. monocytogenes isolation rates of 9.3Vo. It is then likely that the

slaughtering process may disseminate Listeria spp. throughout processing and

fabrication environments. Autio et al. (2000) recovered Listeria spp. from 80Vo of

slaughterhouses at various locations inciuding drains, knives, tables and saws. Further

research in hog processing facilities identified stains of L. monocytogenes using

molecular fingerprinting techniques from incoming live and freshly slaughtered animals

(Giovannacci et aL.1999). These L. monocytogenes isolates were recovered after several
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weeks from various locations throughout the processing environment, even after

cleaning and sanitation procedures.

Several studies examining the prevalence of Listeria spp. from processing plants

and meat products from the commercial marketplace have been conducted. Levine et aI'

(2001) examined dry fermented sausage produced by federally registered facilities in the

United States and found that over a 3-year testing period, 3.25Vo (27/830) of dry

sausages contained L. monocytogenes. Other work conducted by Bohaychuk et al.

(2006) reported that 4Vo (4/100) of fermented sausages purchased in the Edmonton, AB

marketplace were contaminated with this organism. Higher rates of L. monocytogenes

contamination were found in Italian chub dry salami by Gianfranceschi et al' (2006).

These researchers found 221Vo (23211020) of samples were positive for L.

monocytogenes butwere present at levels of < 10 cfulg. Other studies which examined

the prevalence of L. monocytogenes in dry-cured ham products conducted by Mena el

at. (2004) and Uuend aele et aL (1999) found that 2.3Vo (1144) and I L837o (20/169) of

samples, respectively, were contaminated with this organism. Due to the high

prevalence of L. monocytogenes in RTE dry-cured sausage and ham products, a

Winnipeg market survey was conducted which screened various imported and locally

produced dry-cured hams for L. monocytogenes and other listerial species.

3.3 Materials and Methods

3.3.1 Enrichment and analysis of Lístería spp. on dry-cured ham samples

Dry-cured ham samples (n = 50) were obtained from various retail vendors

throughout the city of Winnipeg. These samples consisted of whole un-sliced deli cuts
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or whole and./or pre-sliced vacuum packaged ham products. Samples were subjected to

enrichment procedures for I..isteria spp. as outlined by Warburton et aI. (2003). In brief,

duplicate 25 g samples were aseptically removed from the lean surface shavings (depth

< 2 mm) of whole ham pieces or random slices were taken from pre-sliced, vacuum-

packaged ham products. Samples were placed into a stomacher bag ffiltra-bag; WVR,

Edmonton, AB, canada) and mixed wjth 225 mL PALCAM broth (pAL, EMD

chemicals Inc., Merck, Gibbstown, NJ, usA), enriched with pALCAM selective

supplement (oxoid Ltd., Hampshire, England) and homo genized for 2 min by

stomacher treatment (BagMixer 400, Intersciences Inc., Markham, ON, Canada). The

sample bags were then statically incubated for 24h at 35oC. A 1 mL aliquot was then

transfer¡ed into a test tube containing 9 mL of UVM II broth (Oxoid), enriched with

IJVM fI selective supplement (Oxoid) and incubated for 48 h at 30oC. Following

incubation, samples were streaked onto Modified Oxford Agar (MOX, Oxoid) enriched

with Mox antimicrobic supplemenr (Difco, sparks, MD, usA) and pALCAM Agar

(PALA) supplemented with PALCAM selective supplemenr and incubated for 48 h at

35oC' Both a positive (a 50 pL aliquot of an overnight L. innocua broth sample

inoculated into 225 mL PAL), and negative control (PAL broth with no meat sample

added) were used. Presumptive-positive Listeriacolonies which grew on both MOX and

PALA agar and found to be Gram positive, catalase positive rods with tumbling motility

were identified using both Microgen Listeria Bacterial ID (Microgen Ltd., Camberley,

Surrey, LrK) and API Listeria test strips (bioMérieux, st. Laurent, ec, canada).
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3.3.2 Westphalian ham physico-chemical analysis

Dry-cured ham pH was measured in duplicate from the interior tissues of whole

ham pieces using aLancefetprobe connected to a Sentron Titan meter (RL Instruments,

Manchaug, MA, USA). Water activity (a*) was measured from duplicate finely chopped

samples using a Novasina Aw-Sprint machine (Axion AG, Pfäffikon, Switzerland)'

3.4 Results and Discussion

Of the 50 dry-cured ham samples examined for Listeria spp., two were found

positive after enrichment procedures (Table 3.1). Both Listerl¿ isolates were identified

as L. welshimeri and came from pre-sliced vacuum packaged Westphalian ham

produced in the same federally registered facility. Both samples were marked with

different lot numbers and may have been contaminated during the mechanical slicing

process. Previous research by Vorst et at. (2006) demonstrated that a delicatessen slicer

can effectively transfer L. monocytogenes onto dry salami. Other work by Uttendaele ¿r

at. (1999) found that significantly higher L. monocytogenes contamination rates were

found on sliced as opposed to whole cooked meat products produced by the same

manufacturer. It is possible that the isolated L. welshimeri may have migrated withín the

processing facility to become established in the slicing/packaging area. Since Listeria

spp. are psychrotrophic and have been demonstrated to attach and form biofilms on

surfaces (Gamble and Murian a,2007), mechanical meat slicers or any other contact with

contaminated surfaces may have cross-contaminated this RTE ham product.

Although Listeria was recovered, it is highly unlikely that L. welshimeri or any

other Listeria spp. would have been present in significant numbers. Previous findings by
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Reynolds et al. (2001) and Portocarrero et aI. (2002b) demonstrated that L.

monocytogenes was reduced by 4 and 5 log cfu/g after 69 and 66 d, respectively during

country-cured dry ham manufacture. Other research conducted by Ng et al. (1997) on

multiple country-cured ham products found that the greatest reductions of inoculated L,

monocytogenes occurred on hams with low moisture and high salt and nitrite

concentrations. The cumulative hurdle effect offered by the physico-chemical attributes

of dry-cured ham including low a*, pH, in addition to salt and nitrite, function to inhibit

this pathogen (McCIure et al. 1997). Of the 48 dry-cured ham samples tested (excluding

two cooked-cured Prosciutto cotto samples), the mean aw was 0.876 (Table 3.1). This a,,

would therefore inhibit the growth of L. monocytogenes, regardless of ham pH (FIPB

2004). These findings agree with work by Drosinos et al. (2005) who found that

naturally fermented dry sausages (without starter cultures) initially contaminated with

low levels of Listeria spp., were Listeria negative after 14 d. These authors

hypothesized that the elimination of Listeria spp. was caused multiple dry-curing

hurdles but failed to consider the production of bacteriocins or competitive inhibition

offered by the Lactic acid bacteria (LAB). The development of an indigenous LAB

microflora on dry-cured German (Graumann and Holley, 2001), Spanish (Silla et al.

1939) andltalian (Lon et a\.2005) style hams may function to inhibitListeriaspp. on

these types of products. Farber et at. (1993) found that 5 log cfu/g of L. monocytogenes

could be eliminated after 3 d of dry sausage manufactured with the addition of a

bacteriocin-producing LAB starter culture. Furthermore, Amézquíta and Brashears

(2002) reported that LAB strains isolated from RTE cooked-cured meats can

significantly inhibit, and in some cases have a bactericidal effect on L. monocytogenes
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Although L. monocytogenes has been documented to survive in an injured state after

234 dof dry-cured ham ripening (Portocarrero et a\.2002b), inoculating these products

with starter cultures may function to increase both product safety and quality.

3.5 Conclusions

To date, no fermented d.ry-cured meat products have been implicated as a food

vector in human listeriosis cases, Due to the ubiquitous nature of L. monocytogenes and

other Listeria spp. in the environment and in meat products, low numbers of these

organisms are most probably consumed on a regular basis. Although the infectious dose

of L. monocytogenes which leads to listeriosis has not been determined, it is estimated

rhat more than 4 log cfu/serving must be consumed (IFT 2000). It is unlikely that RTE

dry-cured ham and other fermented meat products could support such high numbers of

L. monocytogenes, providing the meat was of good microbial quality and GMP were

followed. Current Canadian regulation recognizes that the total elimination of L.

monocytogenes from dry-cured RTE meat products may be highly impractical or

impossible (Iil)B 2004). Since the multiple hurdles afforded by the dry-curing process

function to inhibit growth of this organism, < 100 cfu/g of L. monocytogenes in RTE

dry-cured meat products is permitted (IIPB 2004). However, since the USDA has a zero

tolerance for L. monocytogenes on RTE foods and the United States is a major Canadian

trading partner, it is worthwhile to ensure these products do not contain this organism

through vigilance in microbial testing, good sanitation and innovative Íeatments'
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Table 3.1. Chancterization of dry-cured ham samples subiected to Listeria en¡ichment.
Product identity Ham Vacuum Registered Place of origin pH Water

activitydescription packaged facility number

Prosciutto cotto (cooked) Whole

Prosciutto parma

Prosciutto

Prosciutto parma

Prosciutto boneiess

Prosciutto boneless

Prosciutto

Prosciutto

Prosciutto

Local rohen schinken

Local schinken speck

Local Black forest ham

Schinken

Italian prosciutto

Serrano ham

San daniel prosciutto

Prosciutto parma

Prosciutto bono ele

Capicolio stagionat

Prosciutto

Westphalian haml

Westphalian ham t

Westphalian ham

Westphalian ham

Westphalian ham

Westphalian ham

Whole

Whole

Whole

Whole

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

No

Yes

Yes

Yes

Yes

Yes

Yes

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

229

229

229

229

229

229

Laval, QC

Laval, QC

Unknown

Unknown

Brampton, ON

Unknown

Unknown

Unknown

Unknown

Winnipeg, MB

Winnipeg, MB

Winnipeg, MB

Winnipeg, MB

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Unknown

Waterloo, ON

Waterloo, ON

Waterloo, ON

Waterloo, ON

Waterloo, ON

Waterloo, ON

ND 0.850

5.98 0.900

5.11 0.838

6.00 0.899

5.75 0.962

6.t7 0.893

6.32 0.873

6.27 0.868

6.19 0.851

5.88 0.897

5.14 0.880

5.84 0.935

5.16 0.943

5.16 0.890

6.01 0.863

5.18 0.860

5.98 0.889

5.91 0.8s7

6.13 0.829

6.05 0.885

ND 0.889

ND 0.872

ND 0.870

ND 0.817

ND 0.884

ND 0.886

Whole

Whole

Whole

Whole

Whole

Whole

Whole

Whole

Whole

Whole

Whole

Whole

Whole

Whole

Whole

Sliced

Sliced

Sliced

SIiced

Sliced

Sliced

Table 3.1. continued next pase



31

Product identity Ham Vacuum
description packaged

Registered Place of origin
facility number

awpH

Westphalian ham

Prosciutto parma

Prosciutto parma

Prosciutto parma

Prosciutto parma

Prosciutto parma

Prosciuttini

Prosciuttini (hot)

Capocollo

Capicollo perugino

Capicollo perugino

Salami with prosciutto

Salami with prosciutto

Westphalian ham

Smoked
bauernschinken

Black forest
schinkenspeck

Schinkenspeck ham

Sopressata

Capicollo

Prosciutto

Coppa (hot)

Prosciuttino

Prosciutto cotto (cooked)

Sliced

Whole

Sliced

Sliced

Sliced

Sliced

Whole

Whole

Whole

Whole

Whole

Sliced

Sliced

V/hole

Whole

Whole

Whole

Whole

Whole

Sliced

Whole

Whole

Sliced

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

229

2718

27TB

27LB

21tB

2118

336

336

336

336

336

340

340

361

36t

361

361

464

464

473

510

510

665

Waterloo, ON

Laval, QC

Laval, QC

Laval, QC

Laval, QC

Laval, QC

Toronto, ON

Toronto, ON

Toronto, ON

Toronto, ON

Toronto, ON

Toronto, ON

Toronto, ON

Langley, BC

Langley, BC

Langley, BC

Langley, BC

Toronto, ON

Toronto, ON

Toronto, ON

Guelph, ON

Guelph, ON

Brampton, ON

ND 0.873

6.24 0.873

ND 0.8s0

ND 0.875

ND 0.897

ND 0.874

6.19 0.8 15

6.25 0.880

6.1 i 0.819

6.08 0.142

5.88 0.841

ND 0.897

ND 0.905

s.68 0.893

5.55 0.904

5.68 0.893

5.63 0.9t1

6.00 0.843

6.40 0.199

ND 0.905

5.89 0.816

6.13 0.887

ND 0.966

ND - Not determined

1- Positive for L. weshimeri
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Chapter 4

Survival of Escherichía coli ol57zlJ7 in needle-tenderized dry cured

Westphalian ham

4.1 Abstract

Westphalian ham is a dry cured, ready-to-eat product that is manufactured without a

lethal heat treatment. Hams are preserved by a process that involves curing, fermenting,

smoking and drying, which may take 3 months or more to complete. The process can be

accelerated by tenderizing the meat with solid needles, to increase the rate of cure-salt

diffusion throughout muscle tissues. In this study, intact hams were immersed in a

soìution containing a five strain cocktail of Escherichia coli Ol57:H7 at 8 log cfu/ml,

to determine whether needle treatment before cure application would internalize surface

organisms. In two trials, the survival of E coti Ol57:H7 on external surfaces and within

deep tissues after needle treatment was followed during the ripening of hams. The

injured E. coli O757:H7 cells were recovered by plating samples on pre-poured Tryptic

Soy Agar plates which were incubated for 3 to 4 h at 35oC, overlaid with Sorbitol

MacConkey Agar containing cefixime and tellurite and re-incubated at 35oC for 48 to 72

h. Inoculated-injected hams initially carried E. coli OL51:H7 ar numbers of 7.3 and,4.6

log cfu/g E. coli OI51:H7 on the surface and inside, respectively. After LIZ d of

ripening, which included 79 d of drying, no E. coli O757:H7 were detected at the

surface of hams following enrichment, whereas in deep tissue the organism was

recovered at 3.1 log cfu/g. The Westphalian ham ripening procedure evidently was not

adequate to eliminate E. coli 0157:H7 internalized by needle tenderization.
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4.2Introduction

Westphalian ham is a premium-priced artisanal meat product originally from the

Westphalia region of Germany. These uncooked ready-to-eat (RTE) hams are dry cured

with salt plus nitrate/nitrite, have low water activity (a*) and an indigenous microflora

consisting mainly of Gram positive microorganisms (Lücke 1986). Commercial

manufacture of Westphalian ham is based on traditional practices where the raw hams

are cured, fermented, heavily smoked, and subsequently dried. The outcome is a very

lean, dense, da¡k fleshed, preserved ham product of unique identity. Since the lengthy

production times of < 3 months involve substantial inventory and labour investment,

there is interest in accelerating the traditional dry curing process. Some reduction in

processing time is possible by raising the fermentation temperature from 20oC to 32oC

(Silla er aL 7989), blade tenderization and/or vacuum tumbling (Marriott et aL 1992).

These procedures both tenderize and decrease the time required for even cure

distribution through whole muscle tissues. Blade tenderization creates multiple cure

penetration points, and when combined with the impact energy and osmotic stress of

vacuum tumbling cure rapidly diffuses through the ham, which considerably decreases

ripening times when compared with traditional practice.

The presence of human pathogens in these RTE products has been demonstrated

with the detection of Salmonella enterica serotype Typhimurium in Spanish Serrano

ham (Gonzâ\ez-Hevia et al. 1996), two undocumented Staphylococcus outbreaks

involving German style dry cured ham (Untennânn and Müller 1992), and in an

European market suwey where 7 of 553 dry cured ham products tested were found to

contain > 2.0log cfu/g of S. aureus with one having > 4.0 log cfu/g (Little et aI. 1998).
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In a study to charactenze the survival of pathogenic bacteria during dry (country) curing

of hams, Portocarrero et aI. (2002a) found there was an 8 log reduction of inoculated ,S.

aureus after 4 months of ripening. In another study of inoculated dry cured hams,

Portocarrero et al. (2002b) found that Listeria monocytogenes and Salmonella were able

to survive 206 and 94 d ripening, respectively, although their numbers were reduced by

> 6.0 log cfu/g. In further work by Reynolds et al. (2001) and Portocarrero et aI.

(2002b), E. coli Ol57:H1 inoculated àt>7.0log cfu/g were reduced by 5.5 to 6.0 log

cfu/g, but we¡e recovered from dry cured hams after 1,20 and I78 d ripening,

respectively. Thus, the lethality of dry cured ham processes toward surface-inoculated

pathogens has been shown to be substantial and most commercial products are

considered safe for consumption (Little et aL 1998). Previous work however has not

examined the survival of pathogens internalized in meat tissues.

There is concern that blade tenderization may transfer surface organisms into

previously sterile, deep tissues. Surfaces of meat cuts harbour microorganisms deposited

during slaughter Q'{amvar and Warriner 2006; Gill et aI. 2000) and fabrication (Rivas

Palá and Sevilla 2004). Glll et al. (2005) and Gill and McGinnis (2004) examined the

effects of needle tenderization on the interior microbiological quality of beef and found

that whether tenderized at a packing plant or at retail stores, numbers of aerobic bacteria

in deep tissues were 1 to 2logcfu/g after needle treatment. Since Westphalian ham is

produced without a thermaì kill step, surface or internalized pathogens may survive

commercial production. The presence of E. coli O757:H7 in RTE meat products would

be particularly troublesome because they are highly infectious (Buchanan and Doyle

1997) and the infectious dose is < 100 cells (Kaper et a\.2004). Although not normally
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associated with hogs, E. coli O157.H7 has caused foodborne illness outbreaks

associated with dry cured fermented sausage (MacDonatd, et aI. 2004; Tilden et aI.

1996). Therefore, a study to examine survival of E. coli O157:H7 during simulated

commercial Westphalian ham manufacture with needle tenderization was conducted.

4.3 Materials and methods

4.3.1 Westphalian ham manufacture

Freshly fabricated hams were obtained from a local federally registered meat

processing facility. Hams were composed of the leg outside muscle (biceps femoris), the

leg eye muscle (semitendinosus), and a partial leg tip comprised of four muscle groups

íncluding the vastus lateralis, the anterior rectus femoris and portions of the vastus

intermedius and vastus medialis muscles.

Hams were initially trimmed to weights between 3 and 3.5 kg, and then passed

through a manually operated tenderizer unit with solid needles (McRae Food processing

Equipment Ltd., Winnipeg, MB, Canada). The needle bank consisted of 8 horizontal

rows of 3 mm diameter needles spaced 20 mm apart. Each vertical row contained 6

needles spaced 32 mm. Each successive row was arranged slightly offset to create a

diamond pattern with a spacing of 24 mm behind and in front of each needle.

A proprietary Westphalian ham curing blend consisting of 4.1%o (w/w) coarse

pickling salt,0.6Vo (wiw) nitrite and nitrate, 0.47o (w/w) carbohydrate, and 0.3Vo (wlw)

spices was vigorously hand-rubbed over the entire ham surface and hams were then

placed in a vacuum tumbler (Promarks TM-300, cla¡emont, cA, usA). Hams were

initially tumbled for 20 min at 2 rpm under a vacuum of 95.0 kpa, to facilitate even cure
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distribution. Tumbling.speed was then slowed to 2.5 rph, with the vacuum being

released every 10 min and re-established after I min rest intervals. Tumbling under

these conditions was continued for 62 h at 4oC.

Each ham was removed from the vacuum tumbler and shaped by folding the leg

eye and tip muscles over the medial leg outside before it was forced through a 12 cm

diameter net applicator (Canada Compound Corp., Winnipeg, MB, Canada) to enclose

the ham in elastic netting (I{P 180/3/18, Naturin Canada, St. Laurent, QC, Canada),

After netting, the ham was pressed with the leg outside muscle facing up at 4oC for 14 d

with 367 g/" 'force for tne mst 7 d which was increased to 500 glcmz for the

remaining 7d.

Hams were pierced through the superior muscle region and threaded using

butcher'stwine,thenhung ü4oC and65 to75Vo relativehumidity(RH)forTd.Hams

were then placed rn a single rack smokehouse (ASR I4g5 EL"TWA Allrouna-Syst"*

Rondette, Maurer AG, Reichenau, Germany) for 8.5 d where temperature and RH

settings were increased and decreased, respectively, in step-wise fashions exposing

hams to < 30oC at > 60 RH over a 10 h period. During fermentation, hams were

subjected to 10 h (total) of intermittent cold smoking and gradually reached final

temperature and RH settings of 15oC and85Vo, respectively.

Following fermentation, hams were transferred to a chamber in which a temperature of

14oC and an RH of 747o were maintained until tests were ended. Commercial hams

would usually be dried for 14 to 21 d after fermentation and would be considered ready

for sale with an internal biceps femoris aw of < 0.92 (R. Meissner personal

communication)
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4.3.2 Inoculation of hams

Five human isolates of non-pathogenic E. coli Ol57:H1 (00:3581, 02:0304,

02:0627,02:0628 and non-motile 02:1840) were obtained from Rafig Ahmed, National

Microbiology Laboratory, Public Health Agency of Canada (Winnipeg, MB, Canada).

E. coli or57:H7 strains were maintained on Tryptic Soy Agar (TSA, Difco, Becton

Dickinson, Sparks, MD, USA) with bi-monthly transfers. Before ham inoculation,

cultures were transferred twice in Tryptic Soy Broth (TSB, Difco) and incubated at 35oC

for 18 h. A 50 ¡rL aliquot of each strain was then inoculated into 800 mL of TSB broth

and grown to the stationary phase by ovemight incubation at 35oC. Broth cultures were

then centrifuged at4oC for 10 min at 13000 x g. Pellets were suspended in 0.lVo (wlv)

peptone (Fisher, Fair Lawn, NJ, USA) and the suspensions centrifuged as before. Each

pellet was then resuspended in 800 mL of O.I%ô pepr.one water.

Suspensions of the E. coli O151'H1 strains were combined in a stenle 10 L

bucket and mixed to yield 4 L of E. coli O751:H7 inoculum containing about 8 log

cfu/ml-. Hams were immersed in the inoculum for one min, removed and allowed to

drip for 45 to 60 s.

4.3.3 Sampling procedures

Westphalian hams were sampled before any treatment and after inoculation and

tenderizing. Hams were then sampled at days 3, 10, 17,24,33,40,47,64, and l12 of

ripening to ensure samples were taken during or upon completion of each processing

step. Each ham was sampled only once for microflora, pH and a*. Two independent

trials were conducted, and each was repeated 4 times.
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Employing aseptic techniques , 25 g of shavings (Í! 2 mm depth) were removed

from the surface of each ham in all areas of little or no visible fat. The shavings were

placed ín a sterile Mason jar and diluted with 225 mL of 0.lVo peptone water. Samples

were homo genized. by blending (osterizer, Sunbeam Corp. Ltd., Mississauga, oN,

Canada) for one min and serial decimal dilutions were prepared.

Two core samples were removed from the centre of the biceps femons muscle of

each ham using a sharpened stainless steel pipe with a 47 mm diameter. The sampling

procedure used ensuted that a minimum of 4 to 8 needle injection sites were included in

the 25 g sample. A 1 cm long portion was removed from each end of the core and

discarded. The surface of the core was seared using a hand-held propane torch, and then

it was dipped In 95% ethanol and burned. Surface-singed areas of the core were

aseptically cut, discarded and the remaining sample was then diced, placed in a Mason

jar, and blended with 225 mL 0. IVo peptone water. Serial dilutions of the homogenate in

O.IVo peptone water were prepared.

4.3.4 Enumeration of bacteria

All plating and bacterial enumeration was carried out using an Autoplate 4000

Spiral Plater (Spiral Biotech, Bethesda, MD, USA). Isolates were identified based on

catalase, oxidase, Gram reaction, colony pigmentation and cell morphology.

Total aerobes were recovered on TSA while Enterobacteriaceae from

uninoculated hams were recovered using Violet Red Bile Glucose Agar, (VRBG)

composed of VRB Agar, (Difco) supplemented with O.IVo (w/v) D-glucose (Sigma-

Aldrich Co., St. Louis, MO, USA). E. coliOl5l:H7 were recovered on both So¡bitol

MacConkey a5ar @ifco) containing cefixime and tellurite (ctSMAC, Oxoid Ltd.,
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Basingstoke, Hampshire, England) according to Zadik et al. (1993), and VRBG. Plates

were incubated aerobically at 35oC and were counted at 24 and48 h. Gram negative,

sorbitol negative, catalase positive, oxidase negative rods recovered on ctSMAC, and

organisms with similar reactions from colonies having a bile precipitate on VRBG were

regarded as E. coli Ol51:Hl (since control hams did not contain detectable

Enterobacteriaceae after 33 d ripening).

Lactic acid bacteria (LAB) were recovered on de Man, Rogosa, Sharpe Agar

(MRS;Difco) and on MRS supplemented with 1.0 7o (w/v) sorbic acid (Sigma) (MRSS)

added as a yeast inhibitor. MRS and MRSS plates were incubated anaerobically at 35oC

for 48 h under an atmosphere generated using the BBL Gas-pak system (Becton,

Dickinson & Co., Sparks, MD, USA). LAB were identified as Gram positive, catalase

negative, oxidase negative rods with colonies appearing white and/or translucent on

both types of MRS plates.

StaphylococcLts spp. were recovered on Mannitol Salt Agar (MSA;BBL, Becton

Dickinson) and presumptive coagulase positive staphylococci were recovered using

Baird-Parker Agar Base (Difco) with Egg Yolk Tellurite Enrichment (BBL). Plates were

aerobically incubated at 35oC for 48 h. Staphylococci were identified as Gram positive,

catalase positive, oxidase negative cocci. Black colonies with an opaque halo on BP

Agar were considered presumptive coagulase positive while staphylococci colonies on

MSA were yellow to white surrounded by yellow zones.

Yeast and mould were grown on Potato Dextrose Agar (PDA, Difco) acidified

with L-tartaric acid (Fisher). Plates were aerobicalÌy incubated at22oC for 12 h. Yeasts

were identified as white colonies on PDA and microscopically confirmed as spherical
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budding cells with the absence of pseudohyphae. Moulds appeared in shades of white

which turned green to blue-green. Conidiophore structures were microscopically

confirmed after staining with methylene blue.

Injured E. coli O757:H7 cells were resuscitated by plating 250 ¡tL of inoculated

ham sample homogenate diluted with O.lVo peptone water on TSA. After the

homogenate was absorbed in the agar, plates were aerobically incubated at 35oC for 3 to

4 h and overlaid with 50oC ctSMAC agar. Plates were again incubated at 35oC and

examined at48 and72h.

4.3.5 pH and water activity

The pH of lean internal biceps femoris muscle tissue was measured using a

stainless steel flat surface pH probe (PH56-SS, IQ Scientific Instruments Inc., Carlsbad,

CA, USA) connected to a bench top meter (Model IQ240 meter, IQ Scientific

Instruments).

Surface and interior samples for the determination of a* values were taken from

lean tissues and measured using a Novasina Aw-Sprint machine (Axion AG, Pfäffikon,

Switzerland). Surface shavings were taken from the outside 2 to 3 mm while interior a*

samples were taken from the biceps femoris. Tissues were finely chopped prior to

analysis. Sampling times for pH and a* measurements were as previously described.

4.4 Results and discussion

4.4.1 Westphalian ham physico-chemical changes during ripening

A recent study has shown that texture and colour problems during dry cured ham

manufacture are minimized when the pH values of the fresh hams are at or slightly
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above 5.55 (García-Rey, García-Garrido, Quiles-Zafra, Tapiador and Luque de Castro,

2004). Fresh ham pH values were measured (Table4.I) and those ranging from 5.6 <

5.8 were deemed suitable for dry cured ham manufacture. Ham pH remained fairly

constant throughout the ripening procedure.

Surface and interior a* values (Table 4.1) rapidly decreased following the

application of curing blend and vacuum tumbìing (1 to 3 d), with values remaining

constant through pressing and equalization (3 to 24 d ripening). Following fermentation

and smoking (24 to 33 d ripening), surface a* decreased from 0.94 to < 0.90 while only

a minimal reduction of interior a* (0.01) was observed. Surface and interior a* values

continued to decline over the drying period (33 to 1I2 d ripening) to a final a* of < 0.85

and 0. 87, respectively.

4.4.2Effects of ham processing

The levels of microorganisms present on fresh hams before needle tenderization

was low (Table 4.2) and indicated that the microbial quality of the hams used in the

study was good (Silla et aL 1989). Only LAB numbers on MRSS are reporred here since

results from MRS were the same. No bacteria were recovered from the deep tissues of

these hams.

The surface microflora of uninoculated hams before and after needle treatment

were similar (Table 4.2), indicating that the needles were not a source of contamination.

Needle tenderization did, however, internalize at least some surface bacteria in

uninoculated hams (Table 4.3). Inocuiated hams were initially found to contain 7.3 log

cfu/g and 8.0 log cfu/g surface E. coli O157:H7 on ctSMAC and VRBG respectively

Fig. a.1). Immediately followingtendenzation,4.6 ìog cfu/g and 4.8 log cfu/g E. coli
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o751:H7 were recovered from deep rissue Fig. 4.2) on cTSMAC and vRBG,

respectively' Thus needle tenderization translocated sùrface E. coli OI5:-:Hj cells into

deep biceps femoris tissues.

Over the next 23.5 d of vacuum tumbling, pressing and salt equalization, surface

and interiot E. coli OI57:H7 reductions were < 2.3 and < l.2log cfulg, respectively

Gigs' 4'1 and 4.2). The small decline of E. coli Ol57:H7 can be artribured ro rhis

organism's ability to survive well at low temperatures (Rochelle et aI. 1996). In both

control and inoculated trials, microorganisms frequently associated with dry cured ham

production (Lücke 1986) including Staphylococcus, LAB, and yeast, significantly

increased in numbers. Lower levels of these organisms were recovered from inoculated

hams which could possibly be explained by competition from E. coli Ol57:If7.

Salt-equilibrated hams were fermented and smoked over 8,5 d which created

harsh surface conditions and reduced E. coli OI57:H7 numbers from 5.1 to 3.0 and 6.2

to 3.6 ìog cfu/g on crsMAC and VRBG, respectivery (Fig. 4.1). Numbers of E. coli

O15l:Hl in deep tissues were not substantially reduced from levels present during the

previous processing step (Fig. 4.2). Considering the high fermentation temperatures to

which E coli oI57:H7 was exposed, greater reductions in these organisms was

expected. It is possible that under these conditions stress-induced rpoS-regulated genes

were expressed, increasing E coli O157:H7 tolerance as has been documented in

fermented meat systems (Cheville et at. 1996).

Other bacterial numbers remained static during this period with the exceptions of

increased LAB and the elimination of mould (Tables 4.2 and 4.4), which are not
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desirable on Westphalian ham compared with other European, mostly Mediterranean,

style dry-cured ham Q-ücke 1986).

Over the 79 d of drying, substantial decreases in surface numbers of E. coli

OI57:H7 occurred. After 64 d of ripening, 5.1 and 5.0 log cfr:/g reductions were

observed in surface numbers of E. coli C 157:H7 on ctSMAC and VRBG, respectívely

(Fig. a.1), Similar results were obrained by Reynolds et aL (200I) and portocarÍero et

aI. (2002b) where > 5 log E. coli O15l:H] reductions between 66 to 69 d were found on

sutface-inoculated, country-cured dry and smoked hams, respectively, In the present

study following 112 d ripening, numbers of ,E coli Ol57:H7 in surface samples were

below the detection limit of the method used (< 0.4 log cfu/g) with the exceprion thar

one E coli OI57:H7 colony was recovered on VRBG, even though injury-recovery tests

for E coli O!57:H7 were negative. Internalized cells were, however, still viable after

II2 d @ig. 4.2), and considering the low infectious dose of E. coli O157:H7, this

reduction was less than satisfactory.

4.4.3 Development of naturally occurring internal microfÏora during drying

During dry cured ham manufacture, bacteria are eventually able to penetrate and

colonize sub-surface muscle tissue. Lücke (1986) reported that deep tissue

microorganisms in raw hams were exclusively LAB and Micrococcaceae and numbers

of each group characteristically did not exceed 6 log cfu/g. In the present work, at tIZ d

of ripening, intemal LAB and Staphylococczs numbers in control hams were 2.5 and.4.2

log cfu/g, respectively (Table 4.3), whereas inoculated hams contained 3.9 and 2.5 log

cfu/g of these organisms, respectively (Table 4.5). Hinrichsen and Pederson (1995)

found 3 log cfu/g total bacteria in deep tissue of Itaìian ham from 50 to 500 d of
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ripening. Low numbers of yeast (1.6 log cfu/g) were also recovered from the deep

tissues of the inoculated hams (Table 4.3). Although the presence of yeast in deep tissue

is uncommon, low numbers of yeast (< 67o of total organisms) were reported by

Hinrichsen and Pederson (1995) in deep tissue of dry cured Parma hams following 365

d of ripening.

4,4.4 Changes in staphylococci numbers

At the surfaces of Westphalian ham, microorganisms grew throughout the drying

process (Tables 4.2 and 4.4). Staphylococci grew slowly and became the dominant

organisms after 14 d. Both Baird-Parker and MSA media were utilized to recover

Staphylococcus populations and in all cases, growth on Baird-Parker agar was

consistently

staphylococci numbers reached > 9.0 log cfu/g by the end of the trials, no presumptive

coagulase positive colonies were recovered on Baird-Parker Agar, which is desirable.

Little et al. (1988) found S. aureus at < i log cfu/g on 546 of 553 dry cured hams rested.

It is notable that meat pH did not reach 5.3 during ham manufacture and remained fairly

constant between 5.8 to 5.9 after 30 d ripening. Nonetheless, S. aureus were absent from

tested products. Time-temperature @egree'hour) restrictions by Agriculture and Agri-

food Canada (AAFC 1992) limit intervals at which fermenred sausage may be held

above 15oC before the meat reaches a pH value of 5.3. These guidelines have reduced

the potential for growth by both Salmonella and.S. aureus during sausage manufacture,

but their contribution to improved safety of dry cured ham is unclear. Surface pH values

were not measured during Westphalian ham fermentation, but would be expected to be
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slightly lower than the pH values reported in Table 4.1 because of the high number of

LAB and concentrations of sugars in the cure at the surface.

4.5 Conclusions

The accelerated commercial Westphalian ham manufacturing procedure used which

involved needle tenderization was not adequate to eliminate surface-inoculated, E. coli

OI57:H7 from deep tissues during Il2 d of ripening. Typically, 'Westphalian 
hams can

be ready for retail sale after only 60 d of maturation. By 64 d,, E. coli 0757:H7 were still

recoverable from ham surfaces but were reduced 5.1 and 5.0 log cfu/g on ctSMAC and

VRBG, respectively. Currently the Canadian Food Inspection Agency (CFIA 2006)

requires that fermented sausage manufacturers adopt procedures to reduce the threat of

E. coli 0157:H7 or validate a 5 log cfu/g reduction of E. coli O757:H7 in their products.

Thus, the manufacturing procedure followed in the present work would satisfy current

requirements for a 5 log cfu/g reduction of this pathogen if only surface samples were

tested, and would be in compliance with regulations if the muscle were intact and not

tenderized. However in establishments that handle only pork, manufacturers are not

required to adopt E. coli O157:H7 reduction procedures, but must verify that E. coli

OI57:Hl and Salmonella are not present in finished RTE producr (CFIA 2006).In the

present experiments, inoculated E coli Ol57:H7 were not found on the surfaces of

finished product but were present in the deep tissues after being reduced by < 2 log

cfu/g durin g I12 d of ripening. If a 5 log reduction of internalized E. coti Ol57:H7 were

made a legal requirement in pork only premises, this needle-tendenzed product/process

would fail. Without a lethal heat treatment, the hazardous nature of needle tenderizing
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these RTE products is evident. In the present work, needle tenderization served as a

vehicle for the internalization of organisms from the surface which promoted survival of

E. coli Ol57:H7.



47

Table 4.1. changes in pH plus su¡face and interior warer activities (aw) of

needle-tenderized Wesþhalian hams during dry curing (n = 4).

Day Surface a* Interior a*pH

I

3

IO

I7

24

JJ

40

+t

64

l12

5.71+ 0.06

5.98 + 0.22

5.19 + 0.02

5.69 t 0.16

5.88 t 0.06

5.88 t 0.08

5.89 t 0.03

5.80 t 0.15

5.82-r 0.08

5.79-r 0.10

0.98 + 0.01

0.94 t 0.01

0.94 t 0.01

0.94-r 0.00

0.94 t 0.00

0.89 t 0.01

0.88 t 0.03

0.86 t 0.02

0.87 t 0.03

0.85 t 0.01

0.99 -r 0.02

0.95 t 0.01

0.94-r 0.00

0.95-r 0.0i

0.94 t 0.01

0.93 + 0.01

0.93 + 0.01

0.89 t 0.04

0.91 -r 0.01

0.87 t 0.01



Table 4.2. Changes in surface microflora' (log cfu/g) of uninoculated needle-tenderized Westphalian ham during ripening (n = 4).

Ripening day

r0

Total aerobes

t7

2.51 + 0.38

2.62 + 0.24

3.31 t 0.18

3.20-r 0.26

5.48 t 0.13

8.17 + 0.22

7.74 + Q.35

7.20 x.0.87

8.60 t 1.39

8.13 t 0.27

9.86 t 0.37

1/1

JJ

40

47

64

r12

Staphylococcus

1.11 + 0.74

0.98 + L l6

1.68 t 0.15

2.38 x.0.28

5.41 x.0.13

8.13-r 0.24

7.14 x.0.42

7.26-* 0.88

8.68 t 1.32

8.13 x.0.32

9.73 x.0.34

otalaerobes(TSA);StaphyIococcøs(MSA);Enterobacteriaceae(VRBG);I-actica"iauactéii

acid) to eliminate interference from yeast; Yeast and mould were enumerated on PDA, E. cotiOl5T:H7 was absent from all samples.

b Surface microflora of ham before needle tenderization.

Enterobacteriaceae

1.21 + l.3l

1.67 + 1.1,9

1.07 x.1.24

1.00-r 1.15

< 0.40

0.48 t 0.95

< 0.40

< 0.40

< 0.40

< 0.40

< 0.40

LAB

0.54 t 0.99

0.95 + l.l0

0.58 t 1.15

0.48 t 0.95

1,.46 + 1.69

4.28 + 1.05

2.42 x2.19

4.72 +.0.82

5.06 t 0.43

2.98 t3.44

4.20 x.2.83

48

Yeast

< 0.40

< 0.40

0.92 t L08

< 0.40

2.26 *0.60

4.01 + 1.06

4.59 x.0,43

4.45 + 1.24

6.58 t 1.69

7 .13 x.0.67

8.18 t 0.13

Mould

0.20 ¡ 0.57

< 0.40

1.00 t 1.15

0.80 t 0.92

1.20 t 0.80

2.71 x. |.19

< 0.40

0.40 t 0.80

2.64 x.1.96

1.69 t 1.95

1.59 t 1.83
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Table 4.3. Changes in deep tissue microflorau (log cfi:/g) of uninoculated, needle-tenderized

Westphalian ham during ripening (n = 4).

Ripening day Total aerobes Staphylococcus LAB

3

l0

T7

24

53

40

41

64

L12

1.69 + L22

< 0.40

0.40 t 0.80

0.40 + 0.80

2.19 ¡ 1.13

< 0.40

0.48 -p 0.95

1.12 + 1.25

0.40 t 0.80

4.55 + 0.75

< 0.40

< 0.40

< 0.40

0.40 t 0.80

1.80 t 2.08

< 0.40

0.88 t 1.02

1.19 + 1.32

< 0.40

4.19-r 0.11

< 0.40

< 0.40

0.40 t 0.80

< 0.40

< 0.40

< 0.40

< 0.40

0.95 + 1.13

< 0.40

2.53 x.2.92

u Agars used for bacterial enumeration, yeast and mould are noted in Table 4.1.

No Enterobacteriaceae, yeast or mould were detected in samples.



50

Table 4,4. Changes during ripening in the surface microflora" (log cñr/g) of needle-tenderized

westphalian ham inoculated with a five srrain E. coli ol57:H7 cocktail (n = 4).

Ripening day Total aerobes Staphylococcus LAB Yeast Mould

J

i0

l1

.A

JJ

40

47

64

tt2

7.93-r O.I2

7.11 +- 0.12

6.84 t 0.06

6.65 t 0.01

7.11 + 0.60

5.83'r L24

6.42-r 0.96

7.75 x.2.OB

7.22 + l.lI

9.26 + 0.35

0.80 t 0.92

1.32 + Q.Ç1

1.45 + 1.01

3.63 x.0.25

6.73 t 1.02

5.89 t 1.31

6.34 t 1.06

1.79 + L93

1 .30 x.0.99

9.13 t 0.25

< 0.40

0.40 r 0.80

< 0.40

< 0.40

< 0.40

< 0.40

< 0.40

0.52 x 1.04

1.32 x.0.91 2.27 + 2.62

L63 + 1.89 2.40 x.2.77

2.65 + 0.06 4.67 t 2.74

2.40 x.2.71 4.10 * 4.20

2.76x.3.19 5.89 t 0.82

7.61 -r 1.85 8.60 * 0.43

< 0.40

< 0.40

0.80 + 1.13

< 0.40

1.38 + 1.60

< 0.40

0.40 t 0.80

< 0.40

1.35 t 1.55

3.51 -+ L ,20

u Agars used for bacterial enumerat
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Table 4.5. Changes during ripening in the deep tissue microflora (log cfu/g) of needle-tenderized

Wesçhalian ham inoculated with a five strain E. col.i Ol51:H1 cocktail (n = 4).

Ripening day Total aerobes Staphylococcus Yeast

J

l0

T1

aÀ

33

40

47

64

112

4.90 + 0.74

4.98 + 0.04

4.99 ¡0.48

4.65 t 0.90

3.66'r 0.21

3.75 x.0.66

4.12 + 0.19

3.46 t 0.05

2.42-r 0.26

5.05 t 0.86

< 0.40

< 0.40

0.40-r 0.80

< 0.40

1.00 + I.15

< 0.40

< 0.40

< 0.40

< 0,40

2.54 ¡ 0.14

< 0.40

< 0.40

< 0.40

< 0.40

< 0.40

< 0.40

< 0.40

< 0.40

< 0.40

3.86 + 0.38

< 0.40

< 0.40

< 0.40

< 0.40

< 0.40

< 0.40

< 0.40

< 0.40

< 0.40

1.63 t 1.88

o Agars used for bacterial and yeast enumeration are noted in T"dble 4J-

No mould were detected in samples.
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Fig. 4.1. Changes during ham ripening in the numbers (log cñr/g) of E. coli OI5'1.'H7 recovered on

ctSMAC (A) and VRBG (e) on the external surfaces of needle-tenderized Wesçhalian ham (n = 4)

following immersion-inoculation with a 5 strain E coli OI5l:H7 cocklail.
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Fig.4.2. Changes during ham ripening in the numbers (log cfu/g) of E. coli Ol57:H1 recovered on

ctSMAC ( À) and VRBG (ø) present in deep tissues of needle treated Wesçhalian ham (n = 4) previously

immersion-inoculated with a 5 strain E. coli Ol5'l:H7 cocktail.
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Chapter 5

Survival of E. coli O1r57zIJ7 during manufacture of dry-cured Westphalian ham

surface-treated with allyl isothiocyanate or hot mustard powder

5.1 Abstract

5.1.1 Background: Escherichia coli 0151:H1 can survive commercial

manufacture of some uncooked fermented meats. External application of

microencapsulated allyl isothiocyanate (AIT) or hot (non-deheated) yellow mustard

powder was used to reduce survival of the pathogen during dry-cured'Westphalian ham

manufacture.

5.1.2 Results: Within 45 to 80 d, E. coli 0157:H7 numbers were reduced 5 log

CFU g 1 by 400 pg kg-l AIT or 60 g kg t mustard powder, but 80 d were required in the

untreated control. Mustard powder but not AIT reduced Lactic acid bacteria and

staphylococci. Mustard powder or > 300 pg kg-t AIT inhibited yeast and mould but did

not affect ham pH or water activity.

5.1.3 Conclusion: The commercial Westphalian ham process without AIT or

mustard powder treatment was validated capable of reducing E. coli C 757:H7 5 log

cFU g-t. Surface treatments with > 300 pg kg-l microencapsulated AIT or 60 g kg-l

yellow mustard powder reduced the time required for this reduction by 40 to 50 7o. AIT

volatility from microcapsules or hot mustard powder during application of these

compounds may restrict their use in production facilities.
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5.2Introduction

Westphalian ham is a non-thermally processed ready-to-eat (RTE) product that

is preserved through the application of cure adjuncts (salt, nitrite/nitrate and spices),

lengthy controlled drying periods and by the development of an indigenous microflora

(Lücke 1986). The initial microbial quality of the raw ham is essential ro produce a

microbiologically safe product of premium quality. If ingredients or production

practices are compromised, human pathogenic bacteria including Escherichia coli

OI57:H7 may contaminate meat ingredients and survive the dry-curing process. Since

RTE fermented sausage has been implicated in E. coli OI57:H7 associated human

illness (MacDonald et a\.2004; Tilden et aL 1996; Williams et al.2000), strict federal

guidelines concerning fermented meat production were implemented in Canada (CFIA

2006) and the United States (Reed 1995). These regulations require fermented mear

producers using beef ingredients to follow procedures that reduce E. coli 0157:H7 by 5

log CFU g-' during production. Establishments that use only pork are not required to

achieve the 5 log CFU g-' reduction, but must ensure that no E. coli Ol57:H7 and

Salmonella are present in finished product (CFIA 2006). These regulations are

supported by a body of available literature which implicates cattle as the primary

reservoir of E. coli O157:H7 (Hancock et at. 200!). However, recent evidence now

implicates swine as potential vehicles for carriage of E. coli Ol57:H7. Cornick and

Helgerson (2004) demonstrated that E. coli OI57:H7 infected hogs can horizonrally

transfer this organism within the herd. It is of interest that swine herds have been found

infected with E coli O75l:H7 in the Netherlands (Heuvelink et aI. 1999), Canada
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(Gyles et a\.2002) and more recently in the United States @oane et a\.2007) where 8.9

Vo of aümals tested were positive for this organism.

Since pork meat may become cross-contaminated with enteric organisms during

processing (Namvar and Warriner 2006; Rivas Palá and Sevilla 2004), some types of

dry-cured ham procedures have been examined by Reynolds et al. (2007), Portocarrero

et aI. (2002b) and Graumann and Holley (2007) and were found capable of reducing E.

coli OI57:H7 by > 7 log CFU g-r after 90,66 and,II2 d, respecrively.

Among agents normally used in cured meats which could shorten periods

required to reduce E. coli Ol57:Hl viability during dry-cured ham processing, mustard

(or its fractions) shows potential. Mustard is highly inhibirory towards E. coli OI5i:H7

(Mayerhauser 2001;Rhee et a\.2002) mainly because of its essential oil constituents

including allyl isothiocyanate (AIT) in brown or oriental mustard and p-hydroxybenzyl

isothiocyanate (plIBIT) in yellow or white mustard. These antimicrobial compounds are

generated upon physical damage to mustard tissues where endogenous myrosinase

(thioglucoside glucohydrolase EC 3.2.3.L) hydrolyzes glucosinolates (sinigrin or

sinalbin present in brown or yellow mustards, respectively) to form isothiocyanates, D-

glucose and sulfate (Cui and Eskin 1998). In order to reduce volatility and srability

issues associated with AIT and plIBIT, the latter have been microencapsulated. Chacon

et al. (2006b) added microencapsulated AIT to dry fermented sausage batter

contaminated with E. coli OIST:HI and found AIT at 750 and 500 pg kg-r reduced E

coli Ol57:H7 by 6.5 and 4.8 log CFU g-i after 28 d, respectively. In other work it was

found that pIIBIT at concentrations of 350 pg kg-ireduced E. coli in broth > 6 log CFU

ml--t after 5 d @kanayake et aL 2006). The antimicrobial activity of 50 and 100 g kg-1
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non-thermally treated or hot musta¡d powder (with active myrosinase) in packaged

ground beef was demonstrated by eliminating 3 log CFU g-' E. coli O757:Hl after I8

and 72 d, respectiveiy (Nadarajah et aI. 2005). The objectives of the present study were

to use microencapsulated AIT or hot mustard powder as surface treatments for

Westphalian ham to accelerate E. coli OI57:H1 viability during ham manufacture and

examine their effect on the ham microflora.

5.3 Materials and methods

5.3.L E. colí Ol57:H7 preparation

Five non-pathogenic variants of E. coli O157:H7 (00:3581, 02:0304,02:0627,

02:0628 and non-motile 02:i840) were provided by Rafiq Ahmed, Narional

Microbiology Laboratory, Public Health Agency of Canada (Winnipeg, MB, Canada).

Prior to experimental use, E. coli OI57:H7 strains were transferred twice in Tryptic Soy

Broth (TSB, Becton, Dickinson and Co., sparks, MD) and incubated at 35oc for l8 h.

Overnight cultures were then prepared and centrifuged (Sorvall Instruments RC-5C,

DuPont, Newton, CT, USA) for 8 min at 13000 x g (4oC), washed in 1 g L-r peptone

water (Fisher, Fair Lawn, NJ, USA) and centrifuged as before. Cultures were re-

suspended in 1 g L-r peptone water and standardized (optical density of 466¡nn') with a

spectrophotometer (Ultrospec 2000, Pharmacia Biotech, Cambridge, England) to equal

numbers and combined to yield 4L of a 5 strain E. coli 0757:Hl cocktail.

5.3.2 Westphalian ham manufacture

Boneless hams with skin remaining were obtained from a local federally

registered slaughtering facility. Hams were composed of the leg outside (Biceps
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femoris), eye (Semitendinosus), partial tip (Vøstus lateralis, Rectus femoris and Vastus

medialís) and inner shank muscles. Six ham batches wer.e manufactured which consisted

of an E. coli Ol57:H7 inoculated and un-inoculated control plus four treatments in

which 200, 300 and 400 pg kg-r microencapsulated AIT and 60 g kg-t mustard powder

were used separately. Hams previously trimmed to weigh 4 fo 4.5 kg were immersion

inoculated in the E. coli OI57:H7 cocktail. A proprietary Westphalian ham curing blend

(Piller's Sausages and Delicatessens Ltd., Waterloo, ON, Canada) was rubbed over the

entire ham surfac e at 54 g kg-t which consisted of 4I g kg-l pickling salt, 6 g kg t nitrite

and nitrate, 4 g kg-t carbohydrate and 3 g kg t spice mixture. Inhibitory treatments

described below were then applied. Hams were initially pressed with 500 g/" -t for 2I d

al 4oC then hung in order to allow salr equalization to occur for 14 d af. 4oC and 15 Vo

relative humidity (RH). Hams were then transferred into a single rack smokehouse

(ASR 1495 EL"IWA, with programmable temperature and RH controller, Titan, Maurer

AG, Reichenau, Germany) where they were fermented for 9.2 d (Fig. 5.1) and

intermittently cold smoked (10 h total). Following fermentation, hams were placed into

a climate-controlled drying chamber where constant 14oC and 74 Vo RH conditions were

maintained until tests were ended at 80 d.

5.3.3 AIT microencapsulation and mustard powder

Aqueous AIT (Acros Organics, Fair Lawn, NJ, USA) was microencapsulated in

gum acacia (Tic Gums Inc., Belcamp, MD, USA) and analyzed for AIT content by gas

chromatography according to Chacon et al. (2006). The AIT quantification method was

modified to include a standard curve produced from 5 solutions containing I,2, 4,6 and

8 mL L-l AIT in hexane. Commercially available non-deheated yellow mustard powder
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(Sinapsis albaL), product # 2232, obtained from Newly Weds Foods @dmonton, AB,

Canada) was applied to ham surfaces at 60 g kg-t. In paraltel treatments, 200, 300 and

400 pg kg-i microencapsulated AIT were similarly used.

5.3.4 Westphalian ham physico-chemical and microbial analysis

Westphalian ham surfaces were sampled immediately after inoculation and then

at 2I, 45, 62 and 80 d to correspond with the completion of pressing or fermentation

steps and twice during the drying period, respectively. For all analyses, different hams

were used for sequential testing of pH, a* and microbial numbers. Ham pH was

measured in interior biceps femoris tissues using a stainless steel flat surface pH probe

(PH56-SS, IQ Scientific Instruments Inc., Carlsbad, CA, USA) connected to a bench top

meter (Model IQ240 meter, IQ Scientific Instruments Inc.). Ham a* values were

measured using a Novasina Aw-Sprint machine (Axion AG, Pfäffikon, Switzerland)

from lean surface shavings (< 2 mm thick) and internal biceps femoris tissues (2 2 cm

deep). Both sets of tissues were finely chopped prior to analysis.

For microbial analyses,25 g lean surface tissues were aseptically removed and

placed into a stomacher bag (Filtra-bag; VWR, Edmonton, AB, Canada). Samples were

diluted with 225 mL of 1 g L-t peptone water and homogenized for 5 min by stomacher

treatment (BagMixer 400, Intersciences Inc., Markham, oN, Canada). Sample aliquots

were serially diluted and plated with an Autoplate 4000 Spiral Plater (Spiral Biotech,

Bethesda, MD, USA). E. coli Ol57:H7 were recovered on both Sorbitol MacConkey

Agar (ctSMAC, Difco, Sparks, MD, USA containing cefixime and tellurite supplement,

Oxoid Ltd., Hampshire, England) and Violet Red Bile Glucose Agar (VRBG, Difco,

with t0 g L-r D-glucose, Sigma Chemical Co., Sr. Louis, MO, USA). Both ctSMAC and
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VRBG plates were incubated at 35oC for 48 h. Lactic acid bacteria (LAB) were

recovered on deMan Rogosa Sharpe Agar with sorbic acid, MRSS O4RS, Difco,

supplemented with 10 g L"r sorbic acid, Sigma, which was added as a yeast inhibitor).

MRSS plates were incubated anaerobically using the AnaeroPack system (lr4itsubishi

Gas Chemical America Co., lnc. New York, NY, USA) at22oC for 5 d. Staphylococcus

spp. were recovered on Mannitol Salt Agar (MSA, Becton, Dickinson and Co., Sparks,

MD, USA) while total aerobic organisms were grown on Tryptic Soy Agar (TSA,

Difco). Both MSA and TSA plates were incubated at 35oC for 48 h. Yeast and mould

were assessed using Potato Dextrose Agar (PDA, Difco, acidified with L-tartaric acid,

Fisher) incubated at 22oC for 72 h. Representative bacterial colonies recovered on all

selective agar media were periodically analyzed for catalase, oxidase, Gram reaction and

cell morphology. Presumptive E. coli Ol57:H7 colonies taken from ctSMAC and

VRBG agars were confirmed using API 20E test strips (bioMérieux, St. Laurent, QC,

Canada) while Staphylococcus and yeast identities were confirmed witn ept Staph and

API 20 C AUX, respectively. When E. coli OI51:H7 neared the detection limit (0.8 log

CFU g-1¡, a25 g surface sample was enriched in TSB and incubated at 35oC for 24h.

Immunomagnetic separation (nvIS, Dynabeads Dynal Biotech, Oslo, Norway) was then

performed according to the manufacturer's instructions.

5.3.5 Statistical analysis

All data were analyzed using Statistical Analysis System (9.1) (SAS Institute,

Cary, NC, USA) software with the general linear models procedure. Significant

differences (P < 0.05) among treatments on each day during manufacturing were found

using Duncan tests.
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5.4 Results and Discussion

5.4.1 Westphalian ham physico-chemical changes

The initial ham pH values ranged from 5.8 to 5.9 (Table 5.1) and were suitable

for dry-cured ham manufacture (Guerrero et aI. 7999; Ruiz-Ramírez et al. 2006).

Folìowing the fermentation period (at 45 d), decreases in pH observed in all treatments

were likely due to acidification caused by LAB. Although significant (p < 0.05) pH

differences between the controls and treatments existed, some variation arose because

individual hams were tested only once. This was necessitated by the destructive nature

of the sampling protocol. Once sampled, hams were susceptible to mould growth at

sample sites and were excluded from the study.

Changes in ham surface and interior a* values are shown in Table 5.2. Following

27 d of pressing, the decreases in both surface and interior a* values were attributed to

cure-salt equilibration and moisture expulsion during pressing. At this time the a* values

of hams treated with mustard powder were significantly (P < 0.05) lower than those of

the controls and AIT treatments. During pressing of the mustard powder treated hams,

drainage holes in pressing containers became blocked with excess mustard powder

which prevented liquid from escaping. The hams became fully immersed in the salt-

meat mixture and were essentially brine-treated which may have altered osmotic effects

on.tissues. After hanging and fermentation at 45 d, the surface aw was substantíally

lower in both controls and treatments. These decreases in surface aw were caused. by a

combination of the higher fermentation temperatures, Iow RH and smoking done during

this period. Surface a* decreased fuither to < 0.90 for controls and treatments after 17 d

drying (at d 62). The interior a* values of the musta¡d powder treatment were also
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significantly (P < 0.05) lower at this point than those of the controls and other

treatments which may have been related to brine-immersion of the mustard powder-

treated ham during meat pressing.

5.4.2 Westphalian ham microbiological changes

Both ctSMAC and VRBG agars were used for the recovery of E. coli Ol57:H7

cells from Westphalian ham surfaces, and generally recoveries were slightly higher on

VRBG medium (Table 5.3). Since no Enterobacteriaceae were found on the un-

inoculated control surfaces (data not shown), all colonies recovered on VRBG were

considered E- coli OI57:H7. Decreases in E. coli Ol57:H7 numbers were consistently

observed during westphalian ham production. Following 21 d, a 1 log cFU g-ì

reduction of E. coli 0157:H7 was found on the inoculated control using either ctSMAC

or VRBG' The pressing temperature (4oC) may have promoted the survival of E. coti

O157:H7' These findings agree with work by Ng er aL (1997) who demonsrrared

enhanced survival of E. coli OI57'H7 on dry-cured ham slices stored at Zocrather than

25oC. All treatments significantly (P < 0.05) decreased E. coli OI57:H7 numbers

compared with the inoculated control. The 60 g kg-' mustard powder provided the

greatest E. coli O157:H7 antimicrobial activity after 2I d with 4 and,3.g log CFU g-t

reductions (ctSMAC or VRBG, respectively). The more complete hydration of mustard

powder during pressing of this treatment may have enhanced its antimicrobial activity

and in addition, transfer of E. coli 0157:H7 cells from the meat surface to the artificial

brine may have lowered cell numbers to some extent. Nonetheless, the lethality of this

exposure against E. coli O157:H1 was evident. Numbers of E coli OI57:H7 were

reduced most rapidly in the mustard powder treatment and by d 45 (and thereafter) were
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only recovered following enrichment. Although the rates of E. coli Ol57:H7 reductions

in microencapsulated AIT treatments were slower than in the mustard powder

treatments, reductions in AIT treatments occurred faster than in the control and were

faster at the higher AIT concentrations. It is notable that in control, AIT and mustard

powder treatments, reductions in E. coli Ol57:H7 viability were > 5 log CFU g-1 at d 80

and these processes would each satisfy federal regulations goveming control of this

pathogen.

Although E. coli Ol57:Hi was below the detection limit at several of the testing

periods at and beyond 45 d, injured cells were confirmed with enrichment and IMS.

These findings demonstrate that the 80 d Westphalian ham dry-curing procedure used

did not irreversibly eliminate E. coli OI57:H7 cells. Previous research demonstrated that

II2 d (Graumann and Holley 2007) and < 206 d (Portocarrero et al. 2002b) were

required to eliminate large numbers of E. coli OI57:Hl from dry-cured ham surfaces

after enrichment. It is likely that an extension of the drying phase of the process used in

the present study could be used in conjunction with a slightly higher storage temperature

to destroy injured or stresded E. coli OI57'Hl cells (Ng et aI. 1997).

The total numbers of aerobic organisms initially recovered from the un-

inoculated control were 2.4log CFU g-1 lTable 5.4) and indicated that the raw ham was

of good microbial quality and suitable for dry-cured ham manufacture (Graumann and

Holley 2001). The higher numbers of organisms found in the inoculated control and

other treatments on d 1 were due to the inoculation of E. coli Ol5l:H7 . Following 45 d,

higher numbers of aerobic organisms on the un-inoculated control (6.7 log CFU gt)

reflect the development of the naturally occurring microflora. These organisms were
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identified as LAB and Staphylococcus spp. and to a lesser extent, yeast. By the end of

the testing period (80 d), the total numbers of aerobes on the controls were significantly

(P < 0.05) higher than in all treatments. These differences may be attributed to the

antimicrobial effects of treatments. The total numbers of aerobic organisms on the 60 g

kg-r mustard powder treated meat were significantly lower (P < 0.05) than either

controls or AIT treatments. Differences may have been due to direct inhibitory effects of

the mustard powder or unplanned brine exposure during ham pressing. Some recovery

of these organisms was evident at 80 d.

The LAB became established on Westphalian ham surfaces (controls and most

treatments) during fermentation (45 d) as shown in Table 5.5. The development of

indigenous LAB was expected and has been previously demonstrated on Westphalian

ham surfaces (Graumann and Holley 2007) and in traditional dry fermented sausages

manufactured without starter cultures (Drosinos et al. 2005). The presence of LAB is

desired on these types of products where they aid in preservation and flavour

development (Lücke 1986). By d 80, the numbers of LAB on the un-inoculated control

and AIT treatments were not significantly (P > 0.05) different. These results are in

agreement with other work that found microencapsulated AIT only slightly inhibited

LAB starter cultures in dry fermented sausage (Chacon et aL 2006b) and that volatized

AIT did not ínhibit the growth of indigenous LAB in nitrogen packaged ground beef

(Muthukumarasamy et aL 2003). In contrast, it is evident from the results that mustard

powder prevented LAB recovery on MRSS agar.

Staphylococcas spp. increased on Westphalian ham surfaces by d 45 (Table 5.6).

The presence of these bacteria is also desired on dry-cured ham due to their nitrate
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reductase and catalase activities (Lticke 1986). During ham maturation, staphylococci

became the most abundant group of organisms recovered from Westphalian ham.

Staphylococci are generally the most dominant genus found on the dry-cured German

(Graumann and Holley z\O7),Italian G,on et aI. 2005) and Spanish (Rodríguez et aI.

1996) style hams. About 5 log CFU g-1 Staphylococctts spp. developed on AIT

treatments, but values were still significantly (P < 0.05) lower than their respective

controls. Numbers of staphylococci recovered on MSA from the mustard powder

treatment were < I log CFU g-r throughout the trial.

Yeast growth occurred by d 45 on the un-inoculated and inoculated ham controls

and reached levels of 4.8 and 2.8 log CFU g-t, respectively (Table 5.7), while their

numbers were below the detection limit in all treatmeùts. Upon the conclusion of the

trial at 80 d, yeast were detected on the surfaces of all treatments (except for the hams

treated with 300 pg kgl microencapsulated AIT) but numbers present on treatments

were significantly (P < 0.05) lower than on controls. Moulds were not detected until the

final testing period (data not shown) with levels of 3.7, 4.9 and,1.6 log CFU g-1 on rhe

un-inoculated control, inoculated control and 200 pg kg-t AIT treatment, respectively.

The inhibitory nature of low AIT concentrations towa¡d yeast (Shofran et al. 1998) and

mould (Suhr et aL 2005) was both expected and desired.

5.5 Conclusions

The Westphalian ham dry-curing procedure used was adequate to reduce E. coli

O15l:H1 by > 5 log CFU g-t during the 80 d maturation without any additional

treatment. Applying microencapsulated AIT (300 and 400 pg kg-r) or 60 g kg-I non-
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deheated mustard powder reduced E. coli Ol57-H7 > 5 log CFU g-1 within 45 d. The

indigenous LAB and staphylococci which are considered beneficial during curing of

ham were only moderately affected by AIT while undesirable yeast and mould were

significantly (P < 0.05) inhibited by the treatments. Mustard powder at 60 g kg-r was

most effective in reducing E. coli (-l-151:H7 viability during dry-cured ham manufacture

and while it also significantly inhibited yeast and mould growth, inhibitory effects

against LAB and staphyiococci were noted.

, Since mustard condiments are routinely used for flavouring these types of

products, the use of mustard powder or its constituents on dry-cured ham as an

antimicrobial intervention could still meet consumer flavour expectations. Both mustard

powder and microencapsulated AIT were highly inhibitory to target organisms, however

the volatility of AIT still remains a problem when applied to a moist ham surface and

may limit their use. 
'With greater consumer demand for natural rather than synthetic

antimicrobials, the use of spices or their extracts on meat products is an area worthy of

further research and development.



Table 5.1. Changes in pH valueso of ripening dry-cured Westphalian ham for an un-inoculated and Escherichia coti Ol5l:H7 inoculated control and inoculated

treatments with three concentrations of microencapsulated allyl isothiocyanate (AIT) or hot mustard powder.

Days

I

2l

Un-inoculated control

45 5.44 + 0.02ba

62 5.73 -¡ 0.01 a

80 5.33 t 0.05 d

5.79 -¡ 0.01 c

5.66 t 0.06 d

ValuesrepreSentthemeanofltrialrepIicated3timestst¿ndarddeviations.Numbersinthesamerowwithdifferenttet@

Inoculated cont¡ol

(P < 0.05).

5.93 + 0.03 a

5.98 r- 0.02 a

5.45 t 0.00 ba

5.55 t 0.04 c

5.38 t 0.02 d

200 pgkg-' AIT 300 pg kg-' AIT

5.88 t 0.01 b

5.75 + 0.03 c

5.58 + 0.04 a

5.57 t 0.06 c

5.51 + 0.04 c

5.93 -'- 0.04 a

6.02 ¡ 0.10 a

5.24 x.0.05 b

5.56 + 0.01 c

5.35 t 0.01 d

67

400 pg kg

5.90 t 0.01 ba 5.91 t 0.03 ba

5.88 + 0.04 b 5.66 t 0.02 d

5.40 + 0.05 ba 5.34 t 0.03 b

5.69 + 0.01 ba 5.64 t 0.55 b

5.84 t 0.02 a 5.76 t 0.03 b

AIT 60 g kg'' Musta¡d powder



Table 5.2. Changes in surface (S) and interior (I) water activity values" of ripening dry-cured Westphalian ham for an un-inoculated and Escherichia coti OL57:H7

inoculated control and inoculated treatments with three concentrations of microencapsulated allyl isothiocyanate (AIT) or hot musta¡d powder.

Un-inoculated control

Days S I

I

11

0.974b

0.960 ba

0.906 a45

62

80

0.914 a

0.962ba

0.959 a

0.865 a 0.949 a

0.856 bc 0.917 c

Inoculated control

Values represent the mean of I trial replicated 2 times + standard deviations. Numbers in the same row with different letters (a-e) are significantly ¿ifferent Cp < O"OS),

0.980 a

0.960 ba

0.886 b

0.865 a

0.855 bc

0.982 a

0.960 b

0.953 ba

0.940 b

0.914 d

200 ¡tg kg-' AIT

0.977 ba

0.966 a 0.966 a

0.878 cb 0.959 a

0.854 a 0.938 cb

0.873 a 0.919 b

0.982 a

300 pg kg'' AIT 400 pg kg-' AIT

0.918 a

0.961 ba

0.879 cb

0.853 a

0.845 c

0.983 a 0.917 ba

0.962ba 0.957 b

0.954 ba 0.887 b

0.937 cd 0.865 a

0.917 c 0.861 ba

ÓE

0.982 a

0.962ba

0.941b

0.935 d

0.923 a

60 g kg-' Mustard powder

SI

0.977 ba

0.935 c

0.866 c

0.834 b

0.828 d

0.982 a

0.954 c

0.923 c

0.897 e

0.904 e



Table 5.3. Numbers of Escherichia coti 0157:H7 (log CFU g-ro recovered with ctSMACü or VRBG'Agars) on dry-cured Westphalian ham surfaces during ripening for

an E. coLi OI57:H7 inoculated control and inoculated treatments with three concentrations of microencapsulated allyl isothiocyanate (AlT) or hot mustard powder.

Days ctSMAC

Inoculated control

21 5.95t0.00a 6.52+-0.014 4.33-+0.07b 5.16-r0.02C 5.79-+0.04a 6.22+-0.018 3.52-r0.03c 4.33+0.04D

45 4.32x.0.03a 5.39+0.024 3.75+0.04a 3.66t0.028 0.95-r 1.35cb 1.99+0.55C 1.99+-0.12b 1.90t0.00C

62 2.68+0.05a 3.17t0.074 0.80+ 1.l3ba 1.60t0.008 0.80+ l.13ba 0.95t 1.358 <0.80db <0.80*dB

80 < 0.80da 1.75 x.0.2l| 0.80 t 1.13a 1.75 + 0.21A 0.80 + 1.13a 0.95 * 1.354 < 0.80da 0.80-r 1.134

6.95 t 0.13a 7.69 =0.04A

VRBG

"ValuesrepreSentthemeanofonet¡ialreplicatedtwotimesaStandaIddeviations.Numbersinthesamerowwithdifferentletters(a-dfo.ctsW

200 ¡rg kg-' AiT

are significantly different (P < 0.05).

à ctSMAC - Sorbitol MacConkey Agar containing cefixime and tellurite. Plates were incubated at 35oC for 48 h.

'VRBG - Violet Red Bile Agar supplemented with l0 g Lr D-glucose. Plates were incubated at 35oC for 48 h.

dPositive for E. coli O157:H7 following broth enrichment and immunomagnetic separation.

CTSMAC

6.93 + 0.06a 7.69 t 0.014 6.63 x.0.2ba 1.40 x.0.L2C 6.81 + 0.2ba 7.62 t 0.1084

VRBG

300 pg kg'

CTSMAC

AIT

VRBG

400 pg kg.

CTSMAC

69

AIT 60 g kg-' Mustard powder

VRBG CTSMAC VRBG

6.49 x.0.04b 7.46 
= 

0.018C

2.51 + 0.19d 3.71+ 0.048

< 0.80dc < 0.80dD

< 0.g0db < 0.g0dB

< 0.80da < 0.80'/A



Table 5'4' Total numbers of indigenous aerobic organisms (log CFU g-' o recovered using TSA 1 on dry-cured wesþhalian ham su¡faces during ripening of an

un-inoculated and inoculated Escherichia coti ol57:H7 control and inoculated treatments with three concentrations of microencapsulated allyl isothiocyanate

(AIT) or hot musrard powder.

Days

I 2.38 t 0.00 d

21 2.61 + 0.23 e

45 6.74 t 0.01 d

Un-inoculated control

62 7.48 t 0.01 a t.3Z + 0.09 a

80 7.08 t 0.03 a 6.88 t 0.03 ba

o Values represent the mean of I üial .é¡rcatea Z ti."

Inoculated control

(P < 0.05).

7.84 + 0.15 bac

7.02 + 0.00 a

7.00-¡ 0.02 b

'TSA - Tryptic Soy Agar. Plates were incubated at 35oC for 4g h.

200 pg kg'

7.95 +- 0.03 ba

6.45 t 0.01 b 6.56 +- 0.06 ba

7.89 + 0.01 a 4.73 + 0.10 e

6.66-r 0.01 ba 5.12 + 0.05 b

6.14 -r 0.03 b 5.63 t 0.05 d

AIT 300 pg kg'

7.75 -r 0.01 bc

AIT

l0

400 pg kg

8.01 -r 0.15 a

4.61 + 0.01 c

6.89'r 0.02 c

5.33 t 0.17 b

5.97 + 0.01 c

AIT 60gkg Mustard powder

7 .71 x 0,02 c

4.02-r 0.09 d

2.53-+ 0.04 f

0.95 r- 1.35 c

2.35 + 0.21 e



Table 5.5. Numbers of indigenous Lactic acid bacteria (log CFU g-'o recovered using MRSS u Ag*) on dry-cured Westphalian ham surfaces during ripening of

an un-inoculated and inoculated Escherichin coli Ol57:H7 control and inoculated treatments with three concenûations of microencapsulated allyl isothiocyanate

(AIT) or hot musta¡d powder.

Days Un-inoculated control

I <0.80a <0.80a <0.80a <0.80a <0.80a <0.80a

2l <O.SOa <0.80a <0.80a <0.80a <0.80a <0.80a

45 6.55t0.05a 6.70+0.06a 6.20+0.04a 4.51+0.09b 6.64+O.02a 0.95-rl.35c

62 6.06t0.03b 5.91+-0.03c 6.61+0.00a 5.06-r-0.04e 5.27+.0.01d <0.80f

80 5.52t0.08c 6.05t0.02a 5.70t0.04b 5.60t0.03cb 5.15r0.08d <0.80e

o Values represent the mean of I t¡ial replicated 2 times a standard deviations. Numbers in the same row with different letters (a-f) are significantly different

(P < 0.05).

Inoculated control

'lvß.SS - deMan, Rogosa, Sharpe Agar supplemented with sorbic acid (10 g L-r) added as a yeast inhibitor. Plates were incubated anaerobically at22oC for 5 d.

200 pg kg- 300 pg kg- AIT

IT

400 ¡rg kg' 60 g kg-' Musta¡d powder



Table 5.6. Numbers of indigenous Staphylococc¡rs spp. (log CFU g-ro recovered using MSA'Ó) on dry-cured Westphalian ham surfaces during ripening of an un-

inoculated and inoculate d Escherichia coti Ol51:H7 control and inoculated treatments with three concentrations of microencapsulated allyl isothiocyanate (AIT)

or hot mustard powder.

Days Un-inoculated control

I 0.80t1.13a <0.80a

21 0.80 t 1.13 a < 0'80 a

45 5.41 t 0.01 b 6.93-r 0.06 a

62 7.43 t O.20 a 7.21 * O.02 a

80 6.97 +- O.I4 a 6.87 + 0'03 a

eSr.StandaIddeviations.Numbersinthesamerowwithdifferentletters(a-e)aresignificantlydifferent

Inoculated control

(P < 0.05).

'MSA - Mannitol Salt Agar. Plates were incubated at 35oC for 48 h'

200 pg kg-

< 0.80 a

< 0.80 a

5.30 t 0.11 b

3.49 + 0.05 c

6.60 t 0.02 b

AIT joo 
lrg kg-r ArT 400 pg kg-' Am 60 g kg-' Musta¡d powder

0.80 t 1. 13 a < 0.80 a

< 0.80 a < 0.80 a 0.80 * Ll3 a

2.41 + 0.12 d 3.96 +- 0.08 c 0.80-r 1.13 e

5.65 -r 0.03 b 3.15 + 0.06 d < 0.80 e

4.87 -r- 0.09 d 5 .26 + 0.03 c < 0.80 e

< 0.80 a



Table 5.7. Numbers of indigenous yeast (log CFU g-r' recovered using PDA') on dry cured Westphalian ham surfaces during ripening of an un-inoculated and

inoculated Escherichía coli OL5l:Hj control and inoculated treatments with three concentrations of microencapsulated allyl isothiocyanate (AIT) or hot musta¡d

powder.

Days

I <0.80a

2l < 0.80 a

Un-inoculated conüol

45

62

80

4.16 ¡ 0.03 a

4.80 t 0.03 a

5.49 + 0.05 a

bersinthesamerowwithdifferentletters(a-e)aresignificantIydifferent

Inoculated control

(P < 0.05).

'PDA-PotatoDextroseAgaracidifiedwithL-tartaricacid.Plateswereincubated al22oCfor72h.

< 0.80 a

< 0.80 a

2.82x.0.06b

4.45 t 0.00 a

4.85 -r 0.09 b

ffig-r AIT 400 pg kg-' AIT 60 g kg-'Musta¡d powder

< 0.80 a

< 0.80 a

< 0.80 c

< 0.80 b

2.66 x.0.03 c

< 0.80 a

< 0.80 a

< 0.80 c

< 0.80 b

< 0.80 e

< 0.80 a

< 0.80 a

< 0.80 c

< 0.80 b

2.33 + 0.17 d

< 0.80 a

< 0.80 a

< 0.80 c

< 0.80 b

2.29 x.0.12 d
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Fig. 5.1. Changes in automated smokehouse temperature and relative humidity (RH) conditions during

fermentation from 35 ro 44 d of ham manufacture
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Chapter 6

Inhibition of Escherichia coli o157zkl7 in ripening dry fermented sausage by

ground yellow mustard

6.l Abstract

Compounds generated by the enzymalic hydrolysis of glucosinolates naturally present in

mustard powder are potently bactericidal against Escherichia coli OI57:H7. Since E

coli OI57:H7 can survive the dly fermented sausage manufacturing process, non-

deheated (hot) mustard powder af- 2, 4 and 6Vo (w/w) or 6Vo (wiw) deheated (cold)

mustard powder were added to dry sausage batter inoculated with about 7 log CFtJlg E.

coliOl5l:H7 to evaluate the antimicrobial effectiveness of the powders. Reductions of

E. coli O157:H7, changes in pH, water activity (a*), and effects on starter culture

(Pediococcus pentosaceus and Staphylococcus c(trnoszs) numbers as well as the effects

of mustard powder on sausage texture (shear) were monitored during ripening. Non-

deheated mustard powder at 2, 4 and 6vo (wiw) in dry sausage (0.90 a,) resulted in

significant (P < 0.05) reductions of 3.4, 4.4 and 6.9 log CFU/g E. coli or57:H7,

respectively, within 30 days of drying. Over the course of fermentation and drying,

mustard powder did not affect P. pentosaceus and S. carnosus activity in any of the

treatments. Extension of drying to 36 and 48 days reduced E. coli Ol57:H1 > 5 log

CFU/g in the 4 and ZVo (wlw) musta¡d powder treatments, respectively. The 6To (w/w)

deheated mustard powder treatment provided the most rapid reductions of E. coli

o157:H1 (yielding residual numbers < 0.20 log CFU/g in 24 days) by an unknown

mechanism, and was the least detrimental (P < 0.05) to sausage texture.
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6.2Introduction

Dry fermented sausages are a class of traditional ready-to-"u, produ.ts that are

manufactured without thermal processing and are preserved by a combination of

acidification by Lactic acid bacteria (LAB), controlled drying (low water activity, aw)

and the addition of curing agents including salt, nitrite and spices (Lücke 1986). Dry

sausage was traditionally regarded as safe until 1994 when 17 people were sickened by

Escherichia coli OI57:H7 epidemiologicaìly linked to the consumption of pre-sliced dry

salami (Tilden et aI. 1996). The infectious dose of E. coli Ol57'H7 from this outbreak

was estimated to be 2 to 45 cells. Another outbreak occurred in 1998 involving 39 cases

of E. coli OI57:H7 illness linked to Genoa salami (Williams et al. 2000), and a third in

1999, where 143 people were infected with E. coli OI57:H7 following consumption of

dry Hungarian and Cervelat salami (MacDonald et aL 2004). Meat ingredients typically

used in dry sausage manufacture consist mainly of pork and to a lesser extent beef.

While beef has been believed to be the source of E. coli OL57:H7 in these products

since cattle are considered a primary reservoir of this organism (Buchanan and Doyle

1997), it was significant that E. coli O157:H7 was recently isolated from 8.9Vo of swine

samples tested @oane et al.2007). These outbreaks and examinations of processes used

for dry sausage manufacture which showed current practice could not reduce

verotoxigenic E. coli led to the adoption of more strict guidelines in the United States

and Canada for fermented meat manufacture (CFIA 2006; Reed 1995). As an altemative

to cooking to reach JIoC, producers must test each lot to achieve a 5log reduction of E

coli OI57:H7.
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In wake of these requirements and consumer interest, natural alternatives to

conventional antimicrobials have been examined for their ability to reduce the viability

of E. coli O157:H7 during production. In particular allyl isothiocyanate (AIT), a

component in the essential oil of mustard which contributes to its hot spiciness is highly

bacrericidal towards E. coli Ol51:H7 in both its vapor and liquid forms. Volatized AIT

at 1500 pglliter was demonstrated by Delaquis and Sholberg (1997) to inhibit 7.0 log

CFU/cm2 E. coli OI51:H1 on agar surfaces while AIT vapor at initial levels of 1300

pglmlreduced E. coli O157:Hi by about 4.0 log CFU/g in ground beef packaged under

nitrogen after 20 days at 4oC (Muthukumarasamy et a\.2003). In similar work, aqueous

AIT was microencapsulated by Chacon et al. (2006a) and mixed into finely chopped

beef inoculated with E. coli 0751:H7.It was found that 5000 ppm AIT was sufficient to

destroy 8.1 log CFU/g of E. coli Ol57:Hi after 18 days. In further tests AIT was used as

a cure adjunct in dry fermented sausage batter inoculated with 6.5 log CFU/g E. coli

Ol57:H7. Microencapsulated AIT was added at 1000, 750 and 500 ppm which

irreversibly eliminated this pathogen after 16, 2l and 40 manufacturing days,

respectively. More importantly, AIT had only a minimal effect on starter culture

numbers and did not affect acidulation rate (Chacon et aI. 2006b). Related compounds

including allyl thiocyanate were shown to have antimicrobial activity against E. coli

during tests in laboratory media, but were significantly less potent (Shofran et aL 1998).

Another mustard essential oil constituent p-hydroxybenzyl isothiocyanate þIIBIT) was

microencapsulated to improve its stability and was found bactericidal towards E. coli,

reducing its viability > 6 log CFU/g at a concentration of 350 ppm after 5 days storage

at 6.5oC @kanayake et aI. 2006). It is evident that mustard essential oil fractions are
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highly inhibitory toward verotoxigenic and other types of E. coli. These essential oil

compounds are generated from glucosinolates naturally present in mustard seeds. Upon

physical disruption of tissues, endogenous myrosinase (thioglucoside glucohydrolase

EC 3.2.3.1) hydrolyzes glucosinolates to form va¡ious isothiocyanates, D-glucose, and

sulfate, depending upon mustard species and pH of the reaction mixture (Whitmore and

Naidu 2000; Wilkinson et al. 1984).

As a prepared condiment, mustard has been shown to be lethal towa¡d E. coli

OI51:H7 (Tsai and Ingham 1997), and acetic acid which can be used in its formulation

was found to contribute toward its overall lethality (Rhee et aI. 2002). Whole or de-

hulled ground mustard with little further treatment is a flavoring agent used by the food

industry and is described as hot or non-deheated. Ground mustard can be thermally

treated to inactivate myrosinase (to prevent isothiocyanate formation, leaving

glucosinolates intact) which yields a bland de-heated (cold) powder which can be used

as a binder or filler in cooked processed meats or other foods. In previous work

(Nadarjah et aL 2005), 5, 10 or 207o (w/w) non-deheated (hot) mustard powder was

used as an ingredient in fresh ground beef inoculated with 3 log CFU/g E. coli OI5l:H7.

During storage at4oC, E. coliOL5T:Hl became undetectable after I8, L2, and 3 days,

respectively. Five or 10Vo (w/w) mustard did not affect the organoleptic properties of the

cooked ground beef patties, but an effect of mustard upon patty brittleness was

suspected. As a follow-up to this and other work where microencapsulated AIT was

used against E. coli Ol51:Hi in dry sausages (Chacon et al. 2006b), the present study

was undertaken to determine whether ground mustard in either of its forms (hot or cold)



19

could achieve the mandatory 5 log CFU/g reduction of E. coli OI57:H7 at

concentrations that did not affect sausage texture.

6.3 Materials and methods

6.3.L Bacterial strain preparation

The Pediococcus pentosaceus (I-IM 116P) and Staphylococcus carnosus (IM

109 M) cultures used were isolated from lyophilized commercial dry sausage starter

preparations (Trumark LTII M and LTII, respectively; Rector Foods Ltd., Mississauga,

ON, Canada). Five human isolates of non-pathogenic E. coli Ol57:H'7 variants

(00:3581, 02:0304,02:0627,02:0628 and non-motile strain 02:1840) were provided by

Rafiq Ahmed, National Microbiology Laboratory, Public Health Agency of Canada

(Winnipeg, MB, Canada). P. pentosaceus was maintained in deMan, Rogasa, Sharpe

(MBS; Difco, Sparks, MD, USA) broth while S. carnosus and E. coli OI57:H7 strains

were cultured in Tryptic Soy Broth (Becton, Dickinson and Co., Sparks, MD). Prior to

experimental use, cultures were transferred twice in broth incubated at 35oC for 18 h and

then overnight cultures (35"C) were prepared. Cultures *"r" ."nirifuged (Sorvall

Instruments RC-5C, DuPont, Newton, CT, USA) for 10 min at 13000 x g (4"C) and

washed in 0.|Vo (w/v) peptone water (Fisher, Fair Lawn, NJ, USA) and centrifuged as

before. Cultures were then re-suspended and standardized to appropriate inoculum

levels using 0.L%o peptone water at an optical density of A600orn using a

spectrophotometer (Ultrospec 2000, Pharmacia Biotech, Cambridge, England). Starter

cultures were then combined while a cocktail containing equal numbers of each of the E.
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coli o157:H7 strains was prepared. For each treatment, inoculum volumes of 100 ml for

the starter cultures and 50 ml for the E. coli ol57:H7 cocktail were used.

6.3.2 Dry fermented sausage manufacture

Five sausage batches of 7.5 kg salami batter each were manufactured. pork, pork

back fat and beef fronts were frozen, sawed to form 10 cm3 pieces, tempered to -5oc and

added in decreasing order of fatness to a pre-chilted (1 b 2oc) Titane 40 rotating bowl

chopper (Dadaux, Bersaillin, France). As frozen pork fat 17.55vo (w/w) was being finely

chopped, the starter culture suspension containing p. pentosaceus and s. carnosus and

the 5 strain E' coli 0757:H7 cocktail were added to give levels of g, 6 and 7 log cFU/g,

respectively' Partially thawed beef fronts (85vo lean) followed by pork (90vo lean) were

added to yield rj.55vo and, 60.63vo (w/w), respecrively. Meat was chopped to 3 mm

particles before addition of sart (2.91vo w/w, Hy Grade, sifto canada corp.,

Mississauga, ON) D-glucose (0.60Vo w/w, Sigma Chemical Co., St, Louis, MO, USA),

cervelat spice mixture (0.44vo w/w, Hermann Laue Spice co. Inc., uxbridge, oN,

canada), pickle cure concentrate 0.3rvo (w/w) containing 6.z5vo (w/w) sodium

nitrite/nitrate and 0.057o (w/w) sodium erythorbate (canada compound co.p.,

Winnipeg, Manitoba). Sausage batter was placed into a pre-cooled piston stuffer

(Mainca Model EM-30, Equipamientos camicos, s.L. Barceron, spain) and

mechanically forced into water softened 55 mm diameter fibrous casings (Kalle Gmbh,

wiesbaden, Germany) to obtain sausages weighing approximatery 500 g each. The

sausages were then hung by string on horizontal aluminum sticks and placed into a

singìe rack automateci smokehouse (ASR r4g5 Er-/wA, with a programmabre

temperature and rerative humidity (RH) controiler, Titan, Maurer AG, Reichenau,
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Germany) where they were fermented and intermittently smoked (3 h total). The initial

fermentation temperature of 26oC was decreased step-wise by Z"C"uå.y 24 h untit 20oC

was reached. Thereafter ZoC decreases occurred every 12 h until 14oC was achieved.

The RH was initially 88Vo and was decreased to 80Vo after the first 24 h and subsequent

decreases of ZVo RFVday occurred to yield a final RH of 74Vo. Sausages were then

piaced into another climate controlled chamber and dried over the nexl 44 days at 14oC

andT4VoRH.

6.3.3 Ground mustard seed

Commercially available deheated and non-deheated ground mustard (Sinapsis

alba L. var. A.C. Pennant, described as either white or yellow mustard) was added to

sausage formulations in a specific order to prevent contamination of deheated mustard

with active myrosinase from non-deheated powder. Following preparation of the E. coli

OL57:H7 inoculated control without ground mustard, the 6Vo (w/w) deheated mustard

treatment (negative control) and 2, 4 and 67o (wlw) non-deheated mustard treatments

were formulated. Ground mustard was added to the sausage along with the cure

ingredients.

6.3.4 Microbial and physiochemical analysis of dry sausage

Inoculated salami batter was sampled immediately and sausages were analyzed

on days 6, 12, 18, 24, 30, 36, 42 and 48. For all microbial analysis , a 25 g sample was

aseptically removed from the center of the sausage and placed into a stomacher bag

(Filtra-bag; VVVR, Edmonton, AB, Canada), and then 225 ml of 0.1Vo peptone water

was added and the sample was homogenized by stomaching @agMixer 400,

Intersciences Inc., Markham, ON, Canada) for one min. Aliquots were serially diluted
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from 10-r to 10a and samples were plated using an Autoplate 4000 Spiral Plater (Spiral

Biotech, Bethesda, MD, USA). E. coli Ol57:H7 was recovered on Sorbitol MacConkey

agar @ifco) containing cefixime and tellurite supplement (ctSMAC; Oxoid Ltd.,

Hampshire, England) and violet Red Bile Glucose Agar (vRBG; vRB Agar @ifco)

with 1.0 Vo (w/v) D-glucose). P. pentosaceus was recovered on MRS Agar @ifco)

incubated anaerobically using the AnaeroPack system (Mitsubishi Gas Chemical

America Co., Inc. New York, NY, USA) while S. carnosus and total mesophilic aerobic

bacteria were recovered on Mannitol Salt Agar (Becton, Dickinson and Co.) and Tryptic

Soy Agar (TSA, Difco), respectively. All plates were incubated at 35oC for 48 h.

Colonies ¡ecovered at day 6 were analyzed for catalase, oxidase, Gram reaction and cell

morphology, while presumptive E. coli C-157:H7 colonies taken from ctSMAC and

VRBG were confirmed using API 20E test strips (bioMérieux, St, Laurent, QC,

Canada). As E coli Ol57:H7 neared the detection limit (0.2 log CFU/g), selecrive

enrichment was performed by immunomagnetic separation (Ilvis) using Dynabeads

@ynal Biotech, oslo, Norway) according to the manufacturer's instructions.

Sausage pH was measured using a stainless steel flat surface pH probe (PH56-

SS, IQ Scientific Instruments Inc., Carlsbad, CA, USA) connected to a bench top merer

(Model IQ240 meter, IQ Scientific Instruments Inc.), while sausage aw wâs measured

with an Novasina Aw-sprint machine (Axion AG, Pfäffikon, switzerland).

6.3.5 Texture evaluation of sausage

The shear values of dry fermented sausages from days 0 to 42 were measured

using a ZwicklRoell maierials tester (Kennesaw, GA, USA) outfitted with a 100 newton

load cell and a Warner-Bratzler straight blade attachment. Salami core sampl es (2.2 cm
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diameter x 3 cm length) from the approximate sausage center were used and shear

forces were quantified using testXpert II software (ZwicklRoell). Pre-load approach

settings of 2.5 newtons using a 50 mm/min crosshead speed were achieved prior to test

initiation. Crosshead speed for actual testing was set at200 mm/min and the shear value

was recorded as the maximum force necessary to completely cut through the core

sample.

6.3.6 Statistical analysis

All data were analyzed by one way ANOVA and the general linear modeìs

procedure for significant differences among treatments. Data obtained from treatments

and the control on the same day of ripening at each day sampled were compared using

Tukey tests (P < 0.05) with the Statistical Analysis System (9.1) (SAS Institute, Cary,

NC, USA) software program.

6.4 Results and discussion

6.4.1 Dry salami physicochemical changes

The changes in various physicochemical parameters, including pH and aw, were

monitored at regular intervals for 48 days. Decreases in pH during salami fermentation

were consistent with the Degree'hour regulations (CFIA 2006). These regulations were

introduced to limit the growth of S. aureus and Salmonellø. during salami manufacture

and they specify maximum periods sausages may be safely held at > 15oC before pH 5.3

is reached. The initial pH values for all treatments ranged from pH 5.6 to 5.7 and rapidly

decreased during fermentation to < pH 5.0.within 48 h (Table 6.1). It appeared that

musta¡d powder acted as a source of fermentable carbohydrate(s) for P. pentosaceus as
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pH values were significantly lower (P < 0.05) over all testing periods compared with

their respective controls with the exception of values recorded on day 12. After the

initial fermentation, pH values began to increase slightly and these agreed with

previously reported findings @rkkilä et aL 2000). This phenomenon is attributed to the

production of ammonium ions and buffering peptides from bacterial proteolysis which

occurs after the exhaustion of free glucose from the salami matrix.

The initial a* of the salami batter was 0.95 and it decreased to < 0.93 by day 6 in

all treatments (Table 6.2). Sausage â* steadily decreased until day 30 where values of

0.90 were reached with no significant differences (P > 0.05) among all treatments.

Although by some commercial standards sausages would be deemed ready for retail sale

at an aw of 0.90, a further 18 days exposure to 7 47o RH in the drying chamber was used

and as expected did not affect aw, as values for all treatments remained stable.

6.4.2 Reductions of E. coli O157zH7 in dry fermented sausage

Consistently higher (0.2 to 3.18 log CFU/g) E. coli OI57:H7 populations were

recovered on VRBG than ctSMAC, with the single exception of the control at day 6

(Table 6.3). Enterobacteriaceae initially present in the meat might normally contribute to

higher numbers of bacteria on VRBG, but since their numbers were < 2logCFU/g, this

contribution in inoculated samples was negligible. Adventitious Enterobacteriaceae

were absent (< 3 CFU/g) from the non-inoculated control by 18 days (results not

shown). Lower numbers observed on ctSMAC were due perhaps to the increased

selective pressure created by cefixime and tellurite which make the latter medium less

useful for the recovery of stressed or injured E. coli OI57:H1. Reductions of E. coli

O157:Hl in the inoculated control through the first 30 days of sausage manufacture
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were 3'1 and 1.8 log CFU/g on ctSMAC and VRBG, respectively. The reduction of E

coli OI57:H7 viability observed during dry sausage manufacture can be attributed to the

additive effects of curing agents (salt, nitrite and spices), a rapid decrease in pH and

desiccation (low a*). However, these effects in the present and other work did not yield

reductions much greater than 3 log CFU/g @rkkilä et aI. 2000; Glass et aI. I99Z;

Hinkens et al. 1996; Nissen and Holck 1998) and do not satisfy the 5 log reducrion

requirement in either the US (Reed 1995) or Canada (CFIA 2006).

Antimicrobial effects of non-deheated (hot) mustard powder develop during

hydration after the powder contacts moisture in the sausage batter which activates

endogenous myrosinase, yielding antimicrobial isothiocyanates from hydrolyzed

glucosinolates. The addition of non-deheated ground mustard to sausage was highly

inhibitory towards E. coli 0157'H7 in a dose-related fashion from Z to 6Vo (w/w) (Table

6.3)' Use of 2Vo (w/w) mustard powder achieved a 5 log CFU/g reducrion of E. coli

OI57:H7 from < 42 to < 48 days (ctSMAC or VRBG, respectively). These fíndings

exceed regulatory requirements but the time needed beyond 30 days may limit its

adoption by industry. Adding 4Vo (w/w) ground mustard improved E. coti O157:Hj

inhibition, resulting in a 5 log CFU/g reduction in < 24 to < 36 days (ctSMAC or

VRBG, respectively), whereas 6Vo (w/w) non-deheated mustard powder reduced E. coli

OI57:H1 by 7 log CFU/g (to the detection limit) from < 24 to < 36 days (ctSMAC or

VRBG, respectively). These ¡esults are similar to those Nadarajah et at. (2005) where it

was found that 57o (w/w) non-deheated ground mustard formulated in ground beef

patties reduced E. coli o157:Hi viability by 3 log CFU/g after IZ days at 4oC.

Comparison of data from the two studies showed that non-deheated ground mustard was
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more effective against E. coli 0151:H7 in maturing dry sausage than in refrigerated beef

patties. In part this may have been a temperature-related effect for two reasons. Firstly,

at the higher temperatures (14 to 26oC) used for sausage manufacture E. coli OI57:H7

would be more susceptible to stress challenge (Mayerhauser 2001) and secondly,

myrosinase activity would be substantially greater in the sausages at the same mustard

concentrations at the higher temperature (Yen and'Wei 1993). In addition, the effects of

drying and the presence of nitrite/nitrate would enhance stress experienced by the

pathogen in the sausages.

The antimicrobial activity of deheated (cold) ground mustard generated the

largest reduction in E. coli O157:H7 viability. These reductions.of 6.5 and 3.6 log

CFU/g (ctSMAC or VRBG respectively), following 6 days of sausage manufacture were

significant (P < 0.05) (Table 6.3). After 30 days, E. coli OI57:H7 numbers were < 0.2

log CFUig for the remainder of the trial, but as in other mustard treatments viable E. coli

Ol51:H] could be recovered after enrichment and IMS. Nonetheless, the antimicrobial

activity of the deheated mustard was unexpected since earlier work in this laboratory

(Muthukumarasamy et a|.2004) with otherwise un-spiced ground beef showed that at

I07o (w/w), this type of mustard powder had very little activity against E. coli OI5l.H7,

causing < 1 log CFU/g reduction during 18 days storage at 4oC. Since a parallel

treatment containing lOVo (wlw) non-deheated mustard caused a 3 log CFU/g reduction,

it was concluded from this work that endogenous myrosinase in the non-deheated

mustard was responsible for its antimicrobial activity. Explanation for the antimicrobial

activity of the deheated ground mustard observed in sausages but not in ground beef

patties could involve several factors. Although laboratory personnel did not detect the
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characteristic odor of volatile isothiocyanates following the addition of a sample of

deheated mustard from the lot used here to water (sensory analysis was not done), it is

possible that there was residual myrosinase present in the powder which led to the

generation of non-volatile glucosinolate hydrolysis products. One of these may have

been pIIBIT which is the principle isothiocyanate formed by myrosinase from sinalbin.

The latter compound is the most abundant glucosinolate present in yellow or white

mustard (Cui and Eskin 1998) and it has been reported that ptIBIT was more potently

antimicrobial than AIT (Ekanayake et al.2006).

Other factors which may explain the antimicrobial activity of the deheated

mustard include the actions of sodium erythorbate and LAB starter cultures present only

in sausages. It was reported that ascorbate stimulated myrosinase activity and increased

glucosinolate hydrolysis 4 to 100 times (Wilkinson et aI. 1984). Ascorbate activation of

myrosinase was observed to occur by its interaction with the enzyme-substrate complex

(Shikita et aL 1999) possibly involving nucleophilic reactions and conformational

changes in the active site of the enzyme. Since it is structurally similar to ascorbate,

sodium erythorbate may have increased the activity of residual myrosinase not

destroyed during the thermal deheating process. Alternatively, LAB may have been

responsible for hydrolyzing mustard glucosinolates. It has been reported that P.

pentosaceus produced allyl and other isothiocyanates from sauerkraut glucosinolates

following 7 days of fermentation at 20oC (Tolonen et aI. 2004).In fecal samples from

human subjects, similar glucosinolate hydrolysis was found using colonic bacteria

(including 7 log CFU/g Lactobacillus spp.) which were capable of hydrolyzing sinigrin

to form AIT within a dynamic in vitro large-intestinal model (Krú et al. 2002). In
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addition, Lactobacillus agilis strain R16 was demonstrated to be capable of hydrolyzing

glucosinolates from ground mustard seeds to produce AIT @alop et aI. 1995). Perhaps

either or both sodium erythorbate and LAB starter cultures may have contributed to the

formation of antimicrobíal compounds from glucosinolates in deheated mustard.

When E. coli OI57:H7 in fermented sausage reached the detection limit, IMS

was performed and all samples were found to contain viable E. coli O157:H7 after

enrichment. It appeared that the antimicrobial action of mustard powder caused some

sub-lethal injury of E. coli Ol57:H7 in the fermented sausages. This is surpnsing since

IMS had been used earlier and it showed that 5, 10 and 20Vo (w/w) mustard powder was

lethal to 3 log CFU/g of E. coli O151:H7 (Nadarajah et aI. 2005). However, in rhis

previous study, samples were enriched 6 h rather than the 24 h used in the present study.

Other researchers (Delaquis and Sholberg 1997;Patk et at.2000) have reported that

volatized AIT caused sub-lethal injury of E. coli OI5I'H7 cells after their apparent

elimination from agar surfaces.

6.4.3 Effect of mustard powder on starter cultures in sausage formulations

P. pentosaceus popùlations remained virtually static over the 48 days of

manufacture (Table 6.4), with only slight but significant (P < 0.05) differences berween

numbers of P. pentosaceus in the 6Vo dehealed mustard treatment and its respective

control on 4 different manufacturing days. These results were expected because even

though isothiocyanates are strongly inhibitory towards E. coli, they had little effect on

P. pentosaceøs (Shofran et aI. 1998). These findings are supported by other work

(Nadarajah et aL 2005) in which it was found that 70Vo non-deheated mustard powder

did not inhibit the growth of psychrotrophic LAB during 30 days storage ar 4oC. The
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antimicrobials generated from mustard powder slightly, but significantly (P < 0.05)

reduced ,S. carnosus numbers compared to controls without mustard (Table 6.5).

Nonetheìess, results demonstrated that S. carnosus was tolerant to mustard

antimicrobials which reflected the resistance of this starter culture observed earlier

towards microencapsulated AIT in fermented sausage (Chacon et aL 2006b). The total

mesophilic aerobic bacteria present in all treatments did not significantly (P > 0.05)

differ from the control over most testing periods (Table 6.6). Colonies recovered from

TSA were predominantly P. pentosaceus and to a much lesser extent S. carnosus in the

later stages of the tests (> 24 days), which demonstrated the tolerance of Gram positive

bacteria towards the inhibitory effects of mustard powder.

6,4.4Bffect of mustard powder on dry fermented sausage texture

The effects of mustard'powder at various concentrations on dry fermented

sausage texture during ripening are in Table 6.7. The control with no mustard addition

required significantly higher (P < 0.05) shear force to complete cutting than treatments

with non-deheated mustard powder at all sampling times. These findings match previous

work (Dzudie et aI. 2002) where significantly less shear resistance was found in

sausages containing > 57o (w/w) bean flour compared to a non-flour containing control.

Unexpectedly, sausages containing 6To (w/w) deheated mustard powder had

significantly higher shear resistance than their non-deheated mustard-containing

counterparts. Shear differences between the control and the 6Vo (w/w) deheated mustard

treatment were minor with the exception of day 42 where the control had significantly

(P < 0.05) higher shear resistance. This difference was not due to differences in

moisture reabsorption by the mustard-containing sausages. The shear differences
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between the deheated and non-deheated mustard powder treatments may have been due

to the presence of proteolytic enzyme activity in the non-deheated musta¡d. The

deheating process may thermally inactivate proteolytic enzymes naturally present in

mustard powder and could prevent their disruption of the protein gel network normally

formed during sausage manufacture.

6.5 Conclusions

Antimicrobial compounds generaled in sttu by myrosinase action in non-

deheated mustard powder added at 2, 4 and,6vo (w/w) to sausage batter resulted in 3.4,

4'4 and 6'9 log CFU/g reductions of E. coli OlÍl:HT,respectively after 30 days of

ripening. With further drying, > 5 log CFU/g E. coli OI57:H7 reducrions in rhe 2 and.

4Vo (wlw) mustard powder treatments were achieved by 48 and 36 days, respectively. A

6Vo (w/w) deheated mustard powder treatment provided the greatest lethal activity

against E' coli O157:Hl, but the mechanism of this action is unclear. The latter

treatment was the least detrimental to sausage texture compared with the effects of the

non-deheated mustard powder treatments. Mustard powder concentrations used did not

affect P- pentosaceus and S. carnosu,r starter culture numbers or activity. The use of

non-deheated yeilow ground mustard (Sinapsis alba L¡ powder as a secondary

antimicrobial to satisfy regulatory requirements for a 5 log CFU/g reduction of E. coli

0157:H7 during dry fermented sausage production shows promise. Required reductions

in pathogen viability were met at concentrations that did not affect microbial ripening

cha¡acteristics, odor or product texture.
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Table 6.1. Changes in pH during fermentation (fìrst 4 days) and drying (next 44 days) of the dry sausage

conhol (no mustard powder) and treatment goups containing 2,4 and 6Vo (w/w) non-deheated (hot) or

6Vo (wlw) deheated (cold) mustard powder".

Day Conhol 27o Non-deheated 47o Non-deheated 67o Non-deheated íVoDeheated

0 5.64 -r 0.01 b 5.65 t 0.02 b

2 4.99 + 0.01 a 4.84 t 0.03 b

6 4.89 J- 0.02 a 4;76 + 0.02 b

L2 4.89 + 0.02 a 4.82 +- 0.02 a

t8 5.09 t 0.01 a 4.94 + 0.01 b

24 4.91 + 0.03 a 4.76 x.0.02b

30 4.93 t 0.03 a 4.16 t 0.02 b

36 5.04 + 0.06 a 4.94 + 0.03 b

42 5.26 t 0.05 a 5.1 i + 0.03 b

48 5.37-+ 0.01a 5.24 t 0.02 b

5.65 r 0.02 b

4.16 x.0.02 c

4.69 r 0.03 c

4.73 t 0.03 b

4.81 + 0.02 cd

4.69 t 0.05 b

4.69 ¡ 0.02 c

4.88 + 0.00 cb

5.07 t 0.03 cb

5.18 -r 0.02 c

5.63 t 0.01 b

4;12 + 0.01 d

4.62 + 0.01 d

4.73 + 0.05 b

4.82 t0.02 d

4.10 t 0.02b

4.64 -r 0.02 c

4.85 + 0.04 c

5.00 + 0.03 c

5.ll + 0.01 d

5.72 + 0.03 a

4.17 'r 0.01 c

4.16 x0.02b

4.85 + 0.04 a

4.89 + 0.03 cb

4.72 x.0.03 b

4.78 + 0.03 b

4.94 x.0.02b

5.09 t 0.02 b

5.i7 + 0.0i c

n Values are the mean + SD of two trials replicated four times. Within the same row, means with different

letters are significantly different (P < 0.05).
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Table 6.2. Changes in water activity during fermentation and drying of the dry sausage control (no

mustard powder) and treatment goups containing 2, 4 and 67o (wlw) non-deheated (hot) or 6Vo (wlw)

deheated (cold) mustard powder".

Day Control 27o Non-deheated 47o Non-deheated 67o Non-deheated íVoDeheated

0 0.948 a

6 0.924b

t2 0.9r2b

l8 0.907 b

24 0.900 a

30 0.902 a

36 0.901 a

42 0.896 a

48 0.896 a

0949 a

0.925 b

0.9i5 ba

0.909 ba

0.905 a

0.899 a

0.904 a

0.901 a

0.897 a

0.945 a

0.924b

0.913 b

0.908 ba

0.903 a

0.899 a

0.905 a

0.896 a

0.896 a

0.946 a

0.925 b

0.9i8 a

0.907 b

0.904 a

0.900 a

0.905 a

0.898 a

0.893 a

0.947 a

0.929 a

0.918 a

0.912 a

0.903 a

0.900 a

0.904 a

0.894 a

0.895 a

n Values are the mean -r- SD of two trials replicated four times. Within the same row, means with different

letters are significantly different (P < 0.05).



Table 6.3. Recovery of inoculated Escherichia colí Ol57:H7 during fermentation and drying from the dry sausage cont¡ol (no mustard powder) and freatment

groups containing 2,4 and 6Vo (w/w) non-deheated (hot) or 6Vo (wlw)deheated (cold) mustard powder.

Dry

0 6.94+0.10c 7.26t0.08C 7.05t0.04b 7.24x.0.06C 7.22+0.06a 1.44+0.04Ã 7.05t0.03cb 7.33t0.048 7.09t0.13b 7.39t0.0384

6 5.58+0.22a 5.48t0.144 3.75t0.08b 5.26t0.058 3.61t0.17b 5.33t0.098 2.81+0.12c 4.12x.0.08C 0.60t0.83d 3.78r0.12D

12 4.43x.0.29a 5.71-r0.12A 2.98+0.30b 4.93+0.10B 2.82+0.20b 5.00t0.148 1.88+0.8Ic 4.14-r-0.10C <0.2+d 3.57 t0.27D

18 4.59¡0.26a 5.14t0.314 3.17 *0.25b 4.70't'O.L7BA 3.14+O.Mc 4.15r0.418 2.48t0.19d 3.17-r0.l6C <0.2*e t.49x.0.94D

24 4.38t0.57a 5.02*0.12A 3.33t0.24b 4.21 +0.108 1.00-+0.83c 3.33t0.36C <0.2nd 2.31+0.10D <0.2*d <0.2*E

30 3.80+0.57a 5.48t0.444 2.40x.0.37b 3.81t0.318 I.43+0.9Ic 3.09t0.32C <0.2*d 0.40x.0.14D <0.2*d '0.20t0.57D

36 4.12x.0.09a 4.82x.0.23A 2.39 x0.L4b 3.31 t 0.138 ^15 x.0.15c 2.35 x0.24C < 0.2+d < 0.2*D < 0.2*d < 0,2+D

42 3.58+0.36a 4.46x.0.32A 1]2x.0.75b 3.21x0.328 0.20¡0.57c 1.30+ 1.14C <0.2*c 0.20t0.57D <0.2*c <0.2+D

48 2.29+0.58a 4.30-r0.24A <0.2*b 2.22x.0.398 <0.2*b 0.40x.0.74C <0.2*b <o.z*C <0.2+b <0.2*C

ctSMAC

Control

VRBG

27o Non-deheatei

ctSMAC

E. coli O\57 H7 (log CFU/g)"

VRBG

Values a¡e the mean + SD of two trials replicated eight times. Within a row, means with different lowercase letters (for ctSMAC) and means with different small

cap letters (for VRBG) are significantly different (P < 0.05). A plus sign indicates that the sample was positive for E. coli Ol57:H7 after en¡ichment by 1¡4S.

áctSMAC - Sorbitol MacConkey Agar containing cefixime and tellurite. Plates were incubated at 35t for 48 h.

' VRBG - Violet Red Bile Agar supplemented with L.}Vo (w/v) D-glucose. Plates were incubated at 35'C for 48 h.

47o Non-deheated

CTSMAC VRBG

67o Non-deheated

CTSMAC
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VRBG ctSMAC

67o Deheated

VRBG
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Table 6.4. Recovery ol Pediococcus pentosace¡1.ç sta-rter culture during fermentation and dryìng from dry

sausage inoculated with E coti Ol57:H1 for the control (no mustard powder) and treatments groups

containing 2,4 and 6Vo (wlw) non-deheated (hot) or 6Vo (w/w) deheated (cold) mustard powder.

P. pediococczs (log CFU/g)'

Day Control 27o Non-deheated 47o Non-deheated 67o Non-deheated íToDeheated

O 8.24 -r 0.06 a 8.26-r 0.08 a

6 8.14 t 0.06 c 8.17-¡ 0.08 bc

12 8.18-r 0.05 cb 8.12-r 0.16 cb

t 8 1 .89 + 0.I2 bc 7 .89 -+ 0 .0'/ bc

24 7.93 +- 0.02 cb 7.85 + 0.06 cd

30 7 .94 t 0.19 b 7.88 -r 0.05 cb

36 7.78 +- O.01 cb 7.80 + 0.11 cb

42 7.71 + 0.08 c 7.72 +- 0.09 c

48 7.93 + 0.06 c 7.98 t 0.1 I c

8.24 + 0.09 a

8.35 -'- 0.14 ba

8.34 -r 0.18 b

8.i0+ 0.14 ba

8.1it0.09b

8.06 t 0.11 b

7 .99 t 0.20 b

7.96 ¡ 0.07 b

8.24 + 0.03 b

8.27 '+ 0.03 a 8.21+ 0.06 a

8.48 t 0.06 a 8.06 + 0.08 c

8.65 t 0.05 a 8.03-r 0.07 c

8.34 + 0.11 a 7.74 +- 0.17 c

8.39 t 0.07 a 1.70 + 0.i9 d

8.48 t 0.06 a 7.12 + 0.03 c

8.43 t 0.18 a 7.62 + 0.08 c

8.29 x.0.04 a 1 .47 -r- 0.08 d

8.52 x.0.12 a 7 .60 + 0.06 d

" Bacteria were recovered on de Man Rogosa Sharpe Agar plates incubated anaerobically at 35oC for 48 h.

Values are the mean -f SD of two trials replicated four times. Within the same row, means with diffe¡ent

Ietters are significantly different (P < 0.05).
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Table 6.5. Recovery of Staphylococcus carnos¡l.r starter culture during fermentation and drying from dry

sausage inoculated with E coli 0757:'}l'/ for the control (no mustard powder) and t¡eatment groups

containing 2, 4 and 6Vo (wlw) non-deheated (hot) or 6Vo (wlw) deheated (cold) mustard powder.

S. carnosus (log CFU/g)

Day Confol 27o Non-deheated 47o Non-deheated 67o Non-deheated 6VoDeheated

0 6.21 + 0.03 a 6.20 ¡ 0.02 a 6.21+ 0.04 a

6 5.59 + 0.06 a 5.35 t 0.08 b 5.22.r 0.14b

12 5.70 ¡ 0.02 a 5.47 t 0.03 b 5.43 t 0.03 b

18 5.46 + 0.07 a 5.37 t 0.06 ba 5.23 + 0.06 c

24 5.60-'-0.04 a 5.33 +0.02b 5.t1-r0.02cd

6.20 t 0.10 a 6.26 + 0.06 a

5.35 t 0.06 b 5.36 + 0.07 b

5.40 t 0.07 b 5.38 + 0.04 b

5.19 + 0.05 c 5.28 + 0.05 bc

5.03 t 0.09 d 5.22 + 0.10 cb

30 5.65 t 0.03 a 5.40 -r 0.01 b 5.12x.0.04c 5.12+0.13c 5.30t0.07b

36 5.6I+0.07a 5.31t0.05b 5.01t0.02c 5.10-r0,07c 5.24+0.04b

42 5.60-r0.02a 5.25t0.03b 4.92+0.10c 4.90-r-0.07c 5.i4t0.06b

48 5.69t0.06a 5.25t0.06b 4.88+0.09c 4.86+0.09c 5.08t0.07b

" Bacteria were recovered on Mannitol Salt Agar plates incubated at 35oC for 48 h. Values are the mean +

SD of two trials replicated four times. Within the same row, means with different letters are significantly

different (P < 0.05).
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Table 6.6. Recovery of total aerobic mesophilic bacteria during fermentation and drying from dry sausage

inoculated with E coli OI51l.H'Z for the control (no mustard powder) and treatment groups containing 2, 4

and 6Vo (w/w) non-deheated (hot) or 67o (wlw) deheated (cold) mustard powder.

Aerobic mesophilic bacteria (log CFU/g)"

Day 27¿ Non-deheated 47o Non-deheated 67o Non-deheated 6VoDeheated

0 8.35 + 0.03 ba

6 8.17 + 0.07 cb

12 8.21 t 0.05 b

t8 7.93 t 0.05 cb

24 1 .82 + 0.19 b

30 L9L + 0.15 cb

36 L62-r 0.11cd

42 7 .74 + 0.03 c

48 1.75 + 0.05 c

8.34-r 0.04 ba

8.09-r 0.09 c

8.09 t 0.16 b

7 .11 x.0.10 cd

7.83 t 0.13 b

7.81 + 0.02 cd

7.71 + 0.04 cb

7.58 t 0.06 d

1.72 + O.I3 c

8.38 + 0.02 ba

8.31 = 0.05 b

8.25 t 0.16 b

8.09-r 0.13 b

8.13-r- 0.16 a

8.07 -'- 0.05 b

7.91 + 0.15 b

7.86 + 0.06 b

7.98 + 0.06 b

8.33 t 0,03 b 8.39-r 0.01 a

8.55 t 0.05 a 8.07-r 0.08 c

8.64 t 0.05 a 8.00 + 0.11 b

8.41 t 0.05 a 7.15 + 0.05 d

8.41 + 0.06 a 1.58 + 0.10 b

8.52 + 0.05 a 7 .69-1 0.01 d

8.43 + 0.14 a 1.3'l + 0.13 d

8.29 + 0.04 a 7.39 +- 0.06 e

8.36-r0.11 a 1.39 +0.12d

n Bacteria were recovered on Tryptic Soy Agar plates incubated at 35oC for 48 h. Values are the mean +

SD of two trials replicated four times. Within the same row, means with different letters are significantly

different (P < 0.05).
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Table 6.7. Maximum shear force resistance of dry sausage during fermentation and drying for the control

(no mustard powder) and treatment groups containing 2,4 and 6% (w/w) non-deheared (hot) or 6Vo (wlw)

deheated (cold) mustard powder.

Shear force resistance (newtons)a

Day Control 27o Non-deheated 47o Non-deheated 67o Non-deheated íVoDeheated

0 06.53 +2.64a 05.12+ 1.50a 04.52+.1.25a 04.19-r-0.95a 04.64-+0.92a

6 16.90*2.98a 13.73+-2.33bac 12.04x.1.75bc It.Il -+0.5ic 15.53-rZ.85ba

12 i8.17-r-2.00a I2.71+2.64bc 12.14+1.56c 12.05-rt.'t0c 15.i2x.L.73ba

t8 20.73=L75a 16.82¿I.23b 16.58t1.81b 16.58ti.38b 20.95+t.2ta

24 22.55+2.04a 19.20+-I.7lbc 16.98-r1.96dc i5.07t 1.49d 2188-+ t.7tba

30 22.91 +3.55 a 19.10t 1.88b 21.30x.1.73ba 11.67 x.t.03b 20.10+2.I9ba

36 21.94+ 1.1'7 a 15.58+2.41b 13.45 + l.6i b 13.37 t 1.53 b 19.52x.t.11a

42 31.58 6.07 a 2L.65 + 3.39 cb 2L82 + 2.25 cb 18.40-r 1.51 c 24.83 x.2.64b

n Values are the mean + SD of two trials replicated six times. Within the same row, means with different

letters are significantly different (P < 0.05).
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Chapter 7

General discussion

7.1 Physico-chemical properties of dry-cured sausage and ham

Both the pH and a* of dry sausage and ham were monitored over regular

intervals during product manufacture. The sausage pH of the control and mustard

powder treatments quickly decreased (Table 6.1) within specified Degree,Hour

regulations (CFIA 2006). This rapid pH decrease was caused by rhe fermenration of D-

glucose into lactic acid by P. pentosaceus starteÍ cultures. Providing that apH of < 5.3 is

achieved in this regulated time/temperature interval(s), the growth of S. aureøs and

enterotoxin formation will be prevented.

The dry-cured ham pH remained fairly constant (about pH 5.8) over the course

of the manufacturing period (Tables 4.1; 5.1) which is in agreemenr wirh findings of

Molina et al' (1989)' The pH values for dry ham experiments were determined by

measurements from the interior biceps femoris tissues which would likely remain

constant following rigor mortis. In order to cause any internal acidification, a source of

fermentable carbohydrate in addition to the establishment of a Lactic acid bacteria

(LAB) population are required, but as demonstrated in Table 4.3 extended ripening

times of > 112 d would be needed. These observations may explain why pH values

ranging from 5.6 to 6.4 were found during the Listeria analysis in dry-cured ham

products (Table 3.i).

However, it is possible that the surface of the dry-cured ham was acidified by the

establishment of LAB during the fermentation process (Tables 4.2; 5.5). Surface
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acidification to a pH S 5.3 would prevent S. aureus from producing its enterotoxins and

may explain why staphylococcal enterotoxin poisoning from dry-cured ham products is

a rare occurrence and usually associated with improperly produced, homemade dry ham

products (Untermann and Müller 1992).

Controlled drying conditions (14oC and 74Vo relative humidity) combined with

the addition of curing salts and the establishment of a low pH contribute to the

progressive decrease in a* values of these dry-cured products (Tables 4.I;5.2;6.2).The

various treâtments including the use of microencapsulated AIT and yellow mustard

powder on Westphalian ham and dry-sausage did not significantly affect (P > 0.05) the

final a* values of these products compared with their respective controls. The low pH

and a,u values created during fermentation and drying are important to the preservation

and safety of these products as these hurdles prevent the growth of L. monocytogenes

(FIPB 2004) and E. coli O157:H7 (Glass et aI. 1992). The creation of these physico-

chemical attributes.resulting from the dry-curing process combined with establishment

of a mostly Gram-positive mlcroflora provide these products with their unique identity,

general safety and shelf stability.

T.2Development of the indigenous Westphalian ham microflora

Although starler cultures (LAB and/or staphylococcal) are sometimes used in the

manufacture of dry-cured ham, an industrial partner's Westphalian ham recipe that

relied instead on the development of an indigenous microflora was utilized. The general

microflora recovered during Westphalian ham experiments consisted mostly of

Staphylococc¡l.s spp., LAB, yeasts and to a lesser extent moulds.
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The growth of Staphylococcus spp. on Westphalian hams was both expected and

desired. These organisms were previously found to be the most dominant bacterial

species on Spanish @ódriguez et aI. 1996) and Italian Q,on et aI. 2005) style dry-cured

hams and contribute to the dry-curing process with their catalase and nitrate reductase

activities. Recovery of Staphylococcus spp. during the pressing and equalization

processing stages was initially low because the refrigeration temperatures prevented

growth of these organisms (Lücke 1936). Staphylococcas spp. were, however, recovered

in large numbers (ì 7 log cfu/g) following the fermentation periods (Tabies 4.2;5.6).

The LAB had similar patterns of growth compared with Staphylococcus spp.

(Tables a.2; 5.5). The recovery of LAB following fermentation was lower compared to

the Staplrylococcus spp. with numbers ranging from 4.3 to 5.5 log cfu/g. However, like

the Staphylococcus spp., LAB development was expected as these organisms have been

detected on the surfaces of Spanish (Molina et aI. 1989) and Italian (Hinrichsen and

Pedersen i995) style hams. Following an extended ripening period of lI2 d, both

Staphylococc¡r.s spp. and LAB were recovered almost exclusively from the internal

Westphalian ham tissues at 4.2 and 2.5log cfu/g, respectively (Table 4.3). The presence

of these organisms in the deep tissues is in agreement with findings of Lücke (1986) and

is associated with good quality hams.

Other organisms, including yeasts and moulds were recovered from Westphalian

ham surfaces. These organisms are typically not desired on most German and other

northem European dry-cured hams compared to the Mediterranean style ham products.

In both series of 'Westphalian 
ham experiments, the numbers of yeasts increased

according to a rise in temperature (i.e. following fermentation) in a simila¡ fashion to the
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growth patterns of Staphylococcus spp. and LAB (Tables 4.2; 5.7). Moulds were

inhibited following the fermentation period due to exposure to intermittent smoking

periods (Table 4.2). Smoke contains various compounds including phenols, carbonyls

and organic acids which can inhibit or retard mould growth (I{olley and Patel 2005).

Small numbers of moulds were recovered in the later pafis of the drying phase which

may be attributed to moist conditions caused by relative humidity fluctuations in the

drying chamber (Lücke 1986).

The numbers of total aerobes recovered was in most cases consistently higher

than for any one type of organism for both the 60 and 80 d Westphalian ham trials

(Tables 4.2; 5.4). The total aerobes represent all organisms recoverable using a non-

selective medium and may include stressed or injured organisms otherwise unable to

grow on selective agars. Other bacteria that also have been present (but not tested for

here) which have been previously recovered from dry-cured fermented meats include

sulphite-reducing clostridia (Silla et al. 1989), Corynebacterium spp. (Hinrichsen and

Pedersen 1995) and enterococci @rosinos er al.2005).

7.3 The antimicrobial activity of mustard and its derivatives on fermented meat

microorganisms

7.3.1 Effects of mustard compounds on the dry-cured ham microflora

The antimicrobial activity of mustard compounds towards the indigenous

Westphalian ham surface microflora caused by the external applications of 200 to 400

ppm microencapsulated AIT was monitored and compared with an unt¡eated

Westphalian ham control. Microencapsulated AIT significantly inhibited almost all
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organisms by the end of the ripening process (80 d). Undesirable yeasts and moulds

were subject to the greatest reductions in total numbers compared to the Staphylococcus

spp. and LAB. These findings were consistent with these of Isshiki et aL (1992). In the

latter work it was reported that the organisms most inhibited by vapouious AIT were in

order of greatest to least sensitivity: yeasts and moulds > Gram-negative bacteria >

Gram-positive bacteria.

The final numbers of Staphylococcus spp. recovered from AIT treatments ranged

from 5.0 to 6.6 log cfu/g (Table 5.6). When compared ro the 7.0 log cfu/g recovered

from the control, these reductions were significant (P < 0.05), but substantial numbers

oÏ Staphylococcus spp. were still present. Although the Gram-positive Staphylococcus

spp. displayed some measure of AIT resistance, AIT had the least inhibitory affect upon

LAB' The total LAB numbers recovered from the control compared with the AIT

treatments were very similar and differed by about + 0.5 log cfu/g (Table 5.5). pure

LAB cultures (both cocci and rods) were demonstrated to be highly resistant to both

volatized and liquid AIT (Kyung and Fleming 1997; shofran et aL 199s).

7.3.2 Effects of mustard compounds on dry fermented sausage starter

cultures

The antimicrobial activity of microencapsulated AIT towards starter cultures (S.

ca.rnosus and P. pentosaceus) typically used in a dry sausage formulation was monitored

by Chacon et al. (2006b). When compared with an untreated control, S. carnosus was

reduced by < 0.5 log cfu/g by AIT levels of < 1000 ppm. Although a dose-related

reduction in the numbers of P. pentosaceus not exceeding 1.5 log cfu/g was caused by

microencapsulated AIT over the ripening period, the acidulation rate during salami
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fermentation was not affected. Other mustard derivatives, mainly the p-hydroxybenzyl

isothiocyanate þFIBIT) generated from yellow mustard powder caused only minimal

reductions in starter cultures when added to dry fermented sausage batter (Graumann

and Holley 2008). Over an extended ripening period (48 d), the numbers of ,S. carnosus

and P. pentosaceus were reduced < 0.8 and 0.3 log cfu/g, respectively using mustard

powder concentrations of < 6Vo (w/w). Since mustard and its derivatives resulted in only

minor reductions to the beneficial microflora required for the dry-curing processes,

adding these compounds to dry fermented meat products was conducted for E. coli

OI57:H] control.

7.4 Antimicrobial effects of mustard compounds towards ,E'. coli Ol57:H7 in

fermented meat products

The general ripening times allotted for various dry-curing processes can

typically reduce E. coli OI57:H1 by about 5 log cfu/g in < 70 d for intact (non-needle

tenderized) dry-cured hams (Reynolds et al.2001: Portocarrero et aL 2002b; Graumann

and Holle y 2007) and 2 log cfu/g in < 30 d for dry sausage (Erkkilä 2000;

Muthukumarasamy and Holley 2007; Graumann and Holley 2008). Both Canadian

(CFIA 2006) and American (Reed 1995) federal guidelines require a 5 log cfu/g

reduction of E. coli 0157:H7 during production of fermented products that contain beef

ingredients or are produced in the same facility. Therefore, an alterative manufacturing

process which applied yellow mustard powder and its essential oil to dry-cured meats

was scientifically validated for its antimicrobial activity towa¡ds E. coli 0157:H7 during

typical ham and sausage dry-curing procedures.
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Microencapsulated AIT (200, 300 and 400 ppm) and 6Vo (w/w) non-deheated

(hot) yellow mustard powder were rubbed over Westphalian ham surfaces inoculated

with E coli OI57:H7. Following the fermentation period (45 d), > 5 log cfulg E. coli

O15l:H7 reductions were found using the 300 and 400 ppm AIT treatments (Table 5.3).

In previous work (Chacon et aL.2006b), when microencapsulated AIT was added to dry

fermented sausage batter contaminated with E. coli 0157:}{'7, it was found that shorter

periods were required to significantly reduce the viability of this pathogen. Although

slightly higher concentrations of microencapsulated AIT were utilized (500 and 750

ppm AIT), E. coli Ol57:H7 was reduced by 5 log cfu/g after 2I and 28 d, respectively.

This greater level of inhibition may be attributed to longer exposures to higher ripening

temperatures (14"C) as opposed to the cold Westphalian ham pressing and equalization

processing temperatures of 4oC over 35 d. In earlier work by Chacon et at. (2006a),

microencapsulated AIT concentrations exceeding 2500 ppm were needed to reduce E

coli OI57:H7 by > 3 tog cfu/g when mixed into refrigerated ground beef stored at 4oC

over an 18 d period. Factors including the absence of curing salts and nitrite as well as

the higher pH and a* of the ground beef which was stored under a lower temperature

may have contributed to the difference in antimicrobial effectiveness of AIT. These

extended cold storage periods did not, however, affect the antimicrobial activity of the

67o (w/w) mustard powder towards E. coli Ol51:Hl on Westphalian ham.

Non-deheated mustard powder provided the most significant E. coli Ol57:Hl

destruction by reducing numbers of this pathogen by 7.5 log cfu/g following

fermentation. The antimicrobial effects of mustard powder may have been increased due

to a malfunction during the pressing process. Pressing-induced free water became
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trapped in the press following the blockage of the drainage holes with mustard powder

which caused the hams to be completely submersed and essentially brined in their own

juices. Since most of the mustard powder was moistened within the brine solution, its

antimicrobial activity may have been increased. In addition, a significant (P < 0.05)

decrease in the ham surface a* (Table 5.2) when compared with all other treatments and

controls which may have possibly been caused by an osmotic effect by the hydrated

mustard powder, would increase the rates of E. coli Ol57:H1 destruction (CFIA 2006).

The reductions of E. coli OI57:H7 by non-deheated mustard powder was expected but'

clearly more effective than the findings recorded by Nadaraj ah et al. (2005). These

researchers mixed 5 and 10Vo (wlw) mustard powder into refrigerated ground beef

inoculated with E coli 0157:Hl and were able to reduce this pathogen to undetectable

levels after 18 and 12 d, respectively.

The antimicrobial activity of non-deheated yellow mustard is due mainly to its

essential oil pHBIT, an enzyrnatic hydrolysis product from its sinalbin glucosinolate

precursor (Cui and Eskin 1998). In pure form, pI{BIT was demonstrated to be highly

antimicrobial to a number of spoilage organisms and various Gram-negative bacteria,

including E. coli (Ekanayake et aI. 2006). As a continuation to these series of

experiments, Graumann and Holley (2008) added 2, 4 and 6 7o (w/w) non-deheated

yellow mustard powder as a cure adjunct to E'. coli O75l:H7 contaminated dry

fermented sausage batter. It was found that 4 and 6Vo (w/w) mustard powder was

responsible for a 5 log cfu/g E. coli Ol57:H1 reduction which occurred in a timely 36

and. 24 d of ripening, respectively (Table 6.3). However, these mustard powder

concentrations significantly (P < 0.05) affected texture (shear) by reducing the firmness
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of the sausage matrix compared with an untreated control (Table 6.7). Unexpectedly, a

negative treatment control which included 6Vo (wlw) deheated (cold) yellow mustard

provided the most potent antimicrobial activity towards E. coli O15l:H1 through an

unknown mechanism, perhaps by sinalbin hydrolysis (Table 6.3). The 6Vo (w/w)

deheated mustard powder reduced E. coli OI57:H7 by > 5 log cfu/g after 18 d, and then

to below the limits of detection used in this study by day 24 (7.5 log cfu/g reduction).

This negative control was also the least detrimental (P < 0.05) to sausage texture (Table

6.7). The texture differences associated with deheated and non-deheated mustard

powders may be attributed to their prior thermal processing, or lack there of,

respectively. Thermally treating mustard powder may denature myrosinase enzymes

which would prevent the hydrolysis of glucosinolates into the 'hot' isothiocyanate

compounds. Perhaps endogenous protease enzymes otherwise present in non-deheated

mustard may have functioned to weaken the sausage matrix and would explain why the

thermally treated mustard powder had only minimal affects on sausage shear.
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Chapter 8

General conclusions

The Westphalian ham dry-curing processes used effectively reduced E. coli

Ol57:H7 by > 5 log cfu/g. However, injured and./or stressed cells were recovered from

inoculated controls and mustard treated hams using both agar overlay and

immunomagnetic separation techniques. The presence of injured E. coli Ol57:H7 may

be due in part to the unrealistic inoculum levels used (> 7 log cfu/g). Furthermore, it is

possible that physical barriers offered by tissue folds, creases or cuts may have protected

E. coli (-l-757:H7 cells from the harsh surface conditions created during the Westphalian

ham fermentation, smoking and drying procedures. Studies where hams are inoculated

with < 3 log cfu/g E. coli OI57'H1 should be attempted since E. coli counts of <2log

cfu/g are usually recovered on pork meats following the slaughtering and fabrication

processes(Heuvelink etal. 1999,Gi\letal.2000). Theeliminationof <3log cfulgE.

coli 0157:H7 during the Westphalian ham ripening process could then be evaluated by

enrichment analysis using large samples (> 25 g) taken from evident tissue

irregularities.

The economics of an increasingly competitive food industry may motivate

processors to decrease ripening times normally allotted to dry-cured meat products. In

order to ensure that E. coli OL51:H7 numbers are significantly decreased (> 5 log cfu/g)

during fermented meat manufacture, the application of mustard and its fractions as an

aliernative antimicrobial measure has demonstrated excellent potential. Although

volatility issues associated with the application of microencapsulated AIT onto moist
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Westphalian ham surfaces would limit its industrial application, the use of yellow

mustard powder as an antimicrobial measure, specifically its pIIBIT oil fractions, shows

great potential.

Conducting further dry sausage experiments with lower concentrations of

deheated yellow mustard powder while measuring its impacts on sausage shear, colour

and E. coli OI57:H7 destruction rates should be conducted. In order to increase the

value of data generated, applying mathematical modeling including the use of artificial

neural networks could accurately predict the levels of deheated mustard powder required

to reliably achieve a 5 log cfu/g E. coli Ol57:H7 reduction during sausage manufacture

(Palanichamy et a\.2008). Identifying thé unknown mechanism(s) of sinalbin hydrolysis

(suggestions made in Chapter 6) from deheated yellow mustard powder when added to a

dry salami matrix would provide information essential in understanding its observed

antimicrobial effects. And lastly, quantifying the pÉ{BIT concentrations that can be

generated in deheated yellow mustard would provide a more complete data set but

would require a modification to method(s) of Ekanayake et aI. (2006) who determined

pt{BIT concentrations in non-deheated mustard powder.

Since hogs may harbour E. coli OI57:H7 , direct or indirect contamination of raw

pork meat with this organism may occur. It is therefore in the interest of food safety that

federal policies be redefined to mandate that pork-only products including dry-cured

ham be subject to processing methods that would reduce E. coli OI51:H7 during

product manufacture in a simila¡ fashion to sausages and other RTE meats containing

beef ingredients.
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