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GENERAL ABSTRACT 

The aim of this study was to investigate the effect of incorporating honeybush (Cyclopia subternata) 

extract as a natural antioxidant in dry-cured and fermented salami. This is the first study attempting 

the addition of honeybush extract to a processed red meat product and is therefore regarded as 

baseline data for future research. The data forms part of a relevant research focus, being botanical 

extracts in meat exhibiting antimicrobial and/or antioxidant activity and could expand the knowledge 

surrounding the potential of a native South African extract intended for the food industry. 

The first research trial was regarded as a pilot study to familiarise with the skill of salami 

making and to better comprehend the technical challenges when incorporating honeybush extract to 

salami. For this purpose, a typical pork Italian salami was chosen as the model. A total of 68 pork 

salami were produced, which were subdivided into three treatments: Control= no added honeybush 

or nitrate; Nitrate= with added sodium nitrate (100 mg/kg) and ascorbic acid; and Honeybush= with 

0.5% (w/w) added honeybush extract. After 35 days of controlled ripening, the honeybush treated 

salami had a higher water activity (aw= 0.928, p ≤ 0.01) compared with the control (aw= 0.923) and 

nitrate salami (aw= 0.924). This was also reflected in the higher moisture content of the honeybush 

treated salami (35.3%), compared to the control (33.5%; p ≤ 0.01). Final product salami pH (5.35-

5.24) was not affected by treatment, however, salami with honeybush extract had less spontaneous 

outer surface mould growth or coverage at the end of ripening. 

The subsequent research trial entailed the use of warthog meat and pork fat to create salami 

with reduced added nitrate and increasing amounts of honeybush, where: Control= 0%; Treatment 

1= 0.125%; Treatment 2= 0.25%; Treatment 3= 0.375%; and Treatment 4= 0.5% (w/w) of added 

honeybush extract. A total of 75 mg/kg of sodium nitrate (in the absence of nitrite) was added to all 

salami treatments. This addition of nitrate equalled a 70% reduction compared to the maximum 

permitted amount of added nitrate by the European Union (250 mg/kg) for non heat treated cured 

meat products (in the absence of added nitrite). After a 40-day ripening period, all salami sufficiently 

decreased in moisture (30.1%) and were well within the recommended aw for microbial safety (aw= 

0.8333- 0.873), with T4 resulting in a significantly higher aw (0.873, p < 0.001). Although the highest 

honeybush addition (T4= 0.5% w/w of added honeybush) significantly lowered the salami pH (p= 

0.004), the salami pH overall failed to decrease sufficiently after stuffing (with the typical low acidity 

salami pH reduction being between 5.0-5.3), resulting in a strangely high final product salami pH 

(6.71-7.46). It was hypothesised that this strangely high pH was ascribable to surface mould 

(Penicillium nalgiovense) growth on the small diameter (~ 33 mm) salami with the ability of utilising 

lactic acid, counteracting the acidifying effect of the added starter culture. Furthermore, the possible 

outgrowth of the starter culture lactic acid bacteria strains by background competing microflora 

(including Enterococcus faecium) presumably hindered a successful pH reduction. Positively, the 

retention of the red salami colour was best in salami with the highest honeybush inclusion levels 
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(T3, CIE a*= 10.07 and T4, CIE a*= 10.18) after five and a half months of frozen storage (-20°C). 

The addition of honeybush (in a maximum concentration of 0.5%) did not significantly affect the 

proximate composition (moisture, protein and total lipid content) and texture attributes (hardness, 

chewiness and cohesiveness) of final product salami. 

Final product salami microbial analyses were conducted to gain insight regarding the food 

safety when incorporating such an extract to dry-cured and fermented game salami with reduced 

added sodium nitrate. All salami treatments (C, T1-T4) were free from major pathogens: Escherichia 

coli; Listeria monocytogenes; Salmonella spp.; and Staphylococcus aureus. Lactic acid bacteria 

were lowest in the control salami (6.57 log CFU/g) and increased with increasing honeybush 

concentration, with T3 and T4 resulting in the highest counts (> 7.0 log CFU/g). This finding 

corresponded with the lower pH of T4 salami. This study proved the feasibility of producing game 

salami with a high pH (6.71-7.46) free from major pathogens with a 70% reduction in added sodium 

nitrate (75 mg/kg) with the addition of a natural extract, honeybush. The honeybush addition 

presumably promoted the growth of wanted acidifying bacteria, with no effect with regard to 

bacterial proliferation inhibition. 

The aim of the final research chapter was to determine the effect of the honeybush extract 

on the fatty acid methyl ester (FAME) composition and volatile organic compound (VOC) profile of 

the warthog salami. Honeybush significantly affected the fatty acid composition (C12:0, C14:1, 

C20:1, C18:3n6, C18:3n3, C20:3n3, C20:4n6, C20:5n3 and subsequently also total n-3 

polyunsaturated fatty acids (PUFA) and the n-6/n-3 PUFA ratio). Nonetheless, the overall FAME 

composition of the final product salami were comparable with European and American dry-cured 

and fermented sausages. The VOC results indicated that a honeybush addition of 0.5% to warthog 

salami may contribute to floral, sweet and spicy aromas due to the presence of (R/S)-linalool, 

terpinene-4-ol and α-terpineol in the final product salami. Positively, honeybush treated salami 

resulted in lower amounts of compounds related to rancidity compared to the control after a 40-day 

ripening period, including: hexanal; nonanal; 1-pentanol; 1-octen-3-ol; 2-pentylfyran; and undecane. 

Of these, hexanal and 1-octen-3-ol reduced the most significantly in T2, T3 and T4 salami (0.25%, 

0.375% and 0.5% honeybush addition, respectively) compared to the control salami (p < 0.01). 

These results were indicative of the suppression of rancid volatile compounds originating from oleic 

(C18:1n9c) and linoleic (C18:2n6c) fatty acid oxidation suggesting that honeybush suppressed the 

formation of the above-mentioned VOCs linked to unwanted aromas in meat products. 
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ALGEMENE UITTREKSEL 

Die doel van hierdie studie was om die effek van ŉ natuurlike anti-oksidant, naamlik 

heuningbosekstrak (Cyclopia subternata), te toets in gedroogde, gekuurde en gefermenteerde wors 

(wat bekend staan as salami). Dit is die eerste studie wat poog om heuningbosekstrak in ŉ 

verwerkte rooisvleisproduk te inkorporeer en word daarom beskou as ŉ basis datastel vir 

toekomstige navorsers. Die data wat gegenereer is in die tesis vorm deel van ŉ relevante 

navorsingsonderwerp wat die gebruik van botaniese ekstrakte met antimikrobiese en/of anti-

oksidant eienskappe in vleis behels. Hierdie data sal die begrip rondom die toepassingspotensiaal 

van so ŉ inheemse ekstrak vir die voedselbedryf verbreed.  

Die eerste navorsingsproef was beskou as ŉ loodstudie om vertroud te raak met die vaardighede 

wat benodig word vir salami produksie en om die tegniese uitdagings wat gepaard gaan met die 

byvoeging van heuningbosekstrak tot salami beter te verstaan. Vir hierdie doel was ŉ tipiese 

Italiaanse vark salami gekies as die studiemodel. ŉ Totaal van 68 salami’s was vervaardig wat 

bestaan het uit behandelinge: Kontrole= geen bygevoegde heuningbos of nitrate; Nitraat= met 

bygevoegde natriumnitraat (100 mg/kg) en askorbiensuur; en Heuningbos= met 0.5% (w/w) 

bygevoegde heuningbosekstrak. Na 35 gekontroleerde rypwordingsdae, het die heuningbos salami 

ŉ hoër wateraktiwiteit gehad (aw= 0.928, p ≤ 0.01) in vergelyking met die kontrole (aw= 0.923) en 

nitraat salami (aw= 0.924). Hierdie bevinding was ook gereflekteer in die hoër voginhoud van die 

heuningbos salami (35.3%) in vergelyking met die kontrole (33.5%, p ≤ 0.01). Die pH van die finale 

salami produk (pH= 5.24-5.35) was nie beïnvloed deur die heuningbosbehandeling nie. Die 

heuningbosbehandelde salami het wel minder suksesvolle spontane groei van muf op die buite-

oppervlak gehad na die rypwordingstydperk. 

Die daaropvolgende navorsingsproef het die gebruik van vlakvarkvleis en varkvet ingesluit om 

salami te vervaardig met verminderde bygevoegde nitraat en toenemende hoeveelheid 

heuningbosekstrak, waar: Kontrole= 0%, Behandeling 1= 0.125%; Behandeling 2= 0.25%; 

Behandeling 3= 0.375%; en Behandeling 4= 0.5% (w/w) bygevoegde heuningbosekstrak behels 

het. Al die behandelinge het 0.75 mg/kg bygevoegde natriumnitraat bevat, sonder die byvoeging 

van nitriet. Hierdie byvoeging van nitraatsout was gelykstaande aan ŉ 70% vermindering in 

vergelyking met die maksimum toelaatbare hoeveelheid soos deur die Europese Unie gestipuleer 

(250 mg/kg) word vir gedroogde, bereide en gefermenteerde vleis wat nie onderhewig gemaak is 

aan ŉ hittebehandeling nie (in die afwesigheid van nitriet). Na ŉ 40-dag rypwordingsperiode het die 

voginhoud (30.1%) in al die salami genoegsaam afgeneem en was alle behandelinge binne die 

aanbevole minimum wateraktiwiteit (aw) vir mikrobiese veiligheid (aw= 0.8333-0.873). Behandeling 4 

het ŉ betekenisvolle hoër aw-waarde gehad (0.873, p < 0.001). Alhoewel die hoogste heuningbos 

byvoeging (behandeling 4= 0.5% bygevoegde heuningbosekstrak) die salami pH aansienlik verlaag 

het (p = 0.004), het die salami pH in totaal nie voldoende gedaal tydens die fermentasietydperk nie. 
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Dit het gelei tot ŉ eindproduk salami met ŉ onverwagte hoë pH (6.71-7.46). Die laasgenoemde 

verskynsel was toegeskryf aan die groei en metabolisme van die buite-oppervlak muf (Penisillium 

nalgiovense) op hierdie relatiewe klein deursnee salami (~ 33 mm) wat die bekende vermoë het om 

melksuur te metaboliseer en sodoende die versuring van die melksuurbakterieë teen te werk. Dit, te 

same met die kompeterende groei van bakterieë in die vleis (insluitend Enterococcos faecium), kon 

die bygevoegde melksuurbakterieë onderdruk het. ŉ Belowende resultaat was die behoud van 

salami rooiheid (CIE a*) gepaardgaande met die byvoeging van heuningbosekstrak. Na vyf-en-‘n-

half-maande se vriestydperk (-20ºC), het salami met die hoogste heuningbos toevoeging (T3, CIE 

a*= 10.07 en T4, CIE a*= 10.18) hul rooiheid die beste behou in vergelyking met die ander 

behandelinge met laer heuningbosekstrak inhoud. Die byvoeging van heuningbos (tot ŉ maksimum 

konsentrasie van 0.5% w/w) het nie die onmiddellike samestelling (vog, proteïen en lipied-inhoud) 

en tekstuureienskappe (hardheid, koubaarheid en sameklewing) van die finale vlakvark salami 

verander nie. 

Mikrobiese analise op die finale vlakvark salami was uitgevoer om die voedselveiligheidsaspek in 

ag te neem wanneer so ŉ tipe ekstrak in wildsalami gevoeg word met ŉ 70% vermindering in 

bygevoegde nitraat. Alle salami Behandeling C, T1-T4 was vry van patogene: Escherichia coli; 

Listeria monocytogenes; Salmonella spp.; en Staphylococcus aureus. Melksuurbakterieë was die 

laagste in die kontrole salami (6.57 log CFU/g) en het toegeneem met toenemende 

heuningbosekstrak met Behandeling T3 en T4-salami wat gevolglik die hoogste hoeveelheid gehad 

het (> 7.0 log CFU/g). Laasgenoemde bevinding stem ooreen met die laer pH van Behandeling-T4-

salami. Hierdie studie het die moontlikheid bewys om wildsvleis salami (spesifiek vlakvarkvleis) met 

ŉ hoë pH (6.71-7.46), 70% verminderde bygevoegde nitraat (75 mg/kg) en met toenemende 

heuningbosekstrak konsentrasies te produseer wat vry is van getoetsde patogene. Die 

heuningbosekstrak byvoeging het ook die groei van verlangde melksuurbakterieë bevorder, met 

geen effek ten opsigte van bakteriese groei inhibisie nie.  

Die finale navorsingshoofstuk se doel was om die effek van heuningbosekstrak op die 

vetsuurmetielester samestelling en vlugtige organiese verbindings van die vlakvark salami te 

bepaal. Heuningbosekstrak het geselekteerde vetsure betekenisvol beïnvloed (C12:0, C14:1, 

C20:1, C18:3n6, C18:3n3, C20:3n3, C20:4n6, C20:5n3 en gevolglik ook die totale n-3 en  n-6/n-3 

verhouding). Die algemene vetsuursamestelling van al die finale produk vlakvark salami was egter 

steeds vergelykbaar met Europese en Amerikaanse gedroogde en gefermenteerde worse. Die 

resultate rakende die vlugtige komponente het aangedui dat heuningbos kan bydra tot ŉ soet, 

blomme en kruie aroma as gevolg van die teenwoordigheid van (R/S)-linalool, terpien-4-ol en α-

terpineol in die finale salami produk. Verder het die heuningbosekstrak ŉ afname in ongewensde, 

galsterige aromas getoon in vergelyking met die kontrole salami na 40 rypwordingsdae, insluitend: 

heksanaal; nonanaal; 1-pentanol; 1-okten-3-ol; 2-pentielfuran; en undekaan. Van die laasgenoemde 
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komponente, het al die heuningbosekstrak behandelde salami (T1-T4) betekenisvol minder 

heksanaal en 1-okten-3-ol inhoud gehad in vergelyking met die kontrole (p < 0.01). Hierdie resultate 

was ŉ aanduiding van die onderdrukking van galsterige komponente met ŉ oorsprong van 

oleïensuur (C18:1n9c) en linoleïensuur (C18:2n6c) oksidasie wat gevolglik daarop dui dat 

heuningbos die potensiaal toon om die rakleeftyd van salami met verminderde bygevoegde nitraat 

kan verleng. 
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CHAPTER 1 

General Introduction 

Salami, classified as dry-cured and fermented sausages, are part of a rich culinary history and the 

production thereof evolved along with technology and science (Leroy et al., 2013; Franciosa et al., 

2018). Salami are worth appreciating considering the intricate, non-mutual biochemical reactions 

occurring during the fermentation and ripening periods to create the final product. Its popularity and 

importance is reflected in the many designation of origin certified salami in Europe and the 

economical contribution per year due to the trade thereof (Van der Lans & Van Ittersum, 2001; 

Marcoz et al., 2016). These certifications reflect the sense of pride and cultural heritage connected 

to dry-cured and fermented sausages. The action of curing is defined as the mutual action of salting 

with the addition of nitrate and/or nitrite salt (Honikel, 2007; Hammes, 2012). Salting, drying, 

fermenting, curing and smoking meat in modern-day are not acknowledged as necessities to ensure 

meat supply, as the benefit of the cold chain can ensure meat supply all year round. These meat 

preserving techniques to produce salami are rather still applied today due to consumer preference 

for a fermented and cured taste, together with sense of culinary heritage (Bianchi et al., 2007; 

Guerrero et al., 2009). 

Despite the popularity of salami, these sausages have been scrutinised over time for a 

number of health-related reasons (Bolger et al., 2017; Holck et al., 2017). Salami are classified as 

high in salt (~ 4-6%) and fat (~ 20-50%) (Meynier et al., 1999; Zanardi et al., 2004; Di Cagno et al., 

2008; Dos Santos et al., 2015). A diet high in sodium and saturated fat diet is linked with increase 

risks of coronary heart diseases (Ha, 2014; Zong et al., 2016). Many studies have attempted at 

reducing or substituting the amount of sodium in salami or altering the fatty acid profile to be more 

favourable for human consumption (e.g. increase the unsaturated fatty acids and lower the 

saturated fatty acids) (Muguerza et al., 2003; Del Nobile et al., 2009; Chen et al., 2019; da Silva et 

al., 2020).  

Salami commonly contain preservatives known as nitrate (NO3) and/or nitrite (NO2) either as 

sodium or potassium salts. The revolutionary discovery of nitrite dates back centuries and although 

not documented, it is hypothesised that the use of nitrite as we know it, originated from the 

accidental contamination of sodium chloride with saltpetre (Sindelar & Milkowski, 2011; Taormina, 

2014). Little did the scientists foresee then how complex the nitrate/nitrite chemistry in cured meat 

actually is, or which challenges the meat industry would face in the future due to the application of 

these preservatives. In order for any of the activities of nitrate to manifest in meat, it must first be 

reduced to its active counterpart, nitrite (Hammes, 2012; Bedale et al., 2016). These activities 

include a highly effective antioxidant, antimicrobial and colour fixating ability (Skibsted, 2011; Majou 

& Christieans, 2018). A unique and desired cured flavour free from excessive rancidity (i.e. warmed-
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over flavours) and an attractive pink-red colour are achieved through nitrite addition in small 

amounts (Møller & Skibsted, 2002; Sebranek & Bacus, 2007; Sindelar & Milkowski, 2011). The 

European Union allows a maximum permitted limit of 150 mg/kg nitrate and nitrite, respectively, or 

250 mg/kg nitrate when nitrite is omitted to dry-cured and fermented, non heat treated sausages 

(Directive 2008/1333/EC). Nitrite is said to be an irreplaceable compound ascribable to its 

multifunctionality, high effectiveness in small dosages and rather mysterious contribution to create 

cured meats with superior sensory characteristics (Sindelar & Milkowski, 2011). Unfortunately, the 

addition of nitrate/nitrite in meat has proven to lead to the formation of carcinogenic N-nitrosamines 

when exposed to high temperatures (e.g. such as frying, > 130 ºC) and an acidic environment 

(IARC, 1978; Hammes, 2012; Sindelar & Milkowski, 2012; Butler, 2015; Bedale et al., 2016). The 

lowering of Denmark’s maximum permitted limit of nitrite in cured meats to 60 mg/kg (as opposed to 

the maximum EU limit of 150 mg/kg), together with the vast amount of research dedicated at 

attempting to reduce or partially replace nitrate/nitrite in cured meats portray the importance of the 

current research topic (Christiansen et al., 1974; Cenci-Goga et al., 2012; Herrmann et al., 2015; 

Hospital et al., 2015; Mainar et al., 2016). The meat industry is faced with a great challenge as the 

consumer demand to lower the amount of nitrate/nitrite contradicts the fear of food pathogens which 

are successfully inhibited by these preservatives (Bedale et al., 2016).  

With regards to exploring nitrate/nitrite substitutes, botanical extracts exhibiting antimicrobial 

and/or antioxidant effects in processed meats have received much attention (Shah et al., 2014; Aziz 

& Karboune, 2018; Jin et al., 2018; Alirezalu et al., 2019). Honeybush (Cyclopia subternata Vogel, 

Family: Fabaceae; Tribe: Podalyrieae) is a native South African shrub enjoyed as hot brewed tea 

after fermentation of the stems and leaves (De Beer et al., 2012). This tea has proven to contain a 

vast number of polyphenolic compounds and exhibits antioxidant capacity in both the fermented and 

unfermented (green) state (Joubert et al., 2008). The latter has received attention as a potential 

food extract due to its higher polyphenolic content compared to the former (Joubert et al., 2008, 

2019). Honeybush is rich in hesperidin and mangiferin, although an abundant number of 

polyphenolics contribute to the overall antioxidant capacity (Kamara et al., 2004; De Beer et al., 

2009). Recently, Joubert et al (2019) published an article summarising a 20-year research 

milestone in the South African tea industry. This ongoing research partially portrays the potential of 

honeybush as a pharmaceutical and food extract. In fact, the growing demand in health promoting, 

antioxidant rich foods gained honeybush its international recognition and economic importance for 

Southern Africa (Kokotkiewicz et al., 2012). Previous researchers have patented the extraction 

process of green honeybush extract (De Beer & Joubert, 2002), developed a rapid method for the 

quantification of polyphenolic content (De Beer & Joubert, 2010), developed a sensory wheel for 

different Cyclopia species (Theron et al., 2014; Alexander et al., 2019) and detected a vast amount 

of volatiles in honeybush (Le Roux et al., 2012; Ntlhokwe et al., 2018). Apart from the antioxidant 
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capacity, honeybush, mangiferin and hesperidin have shown antimicrobial, -fungal and -viral 

properties, although to a variable extend (Coetzee et al., 2008; Singh et al., 2009, 2012; Iranshahi 

et al., 2015; Dube et al., 2017). 

Warthog meat is comparable to other South African game meat and have been proven to be 

low in total fat (< 2.2%) and high in protein (> 20%) with a percentage carcass yield resembling that 

of domestic pig carcasses if the head, skin and trotters are taken into consideration (Hoffman & 

Sales, 2007; Swanepoel et al., 2014, 2016b,a). These free-roaming creatures are considered as 

agricultural pests in some regions in South Africa, causing crop, fence and endemic field plant 

destruction (Swanepoel et al., 2016b). The culling of warthogs to mitigate damages may lead to 

surplus game meat fit for human consumption. In contrast, warthog meat is considered 

underrepresented in the South African game meat market (Swanepoel et al., 2016c). The 

production of game salami poses a unique solution to utilise surplus game meat, including less 

valuable cuts (e.g. the warthog forequarter muscles, Infraspinatus, IS, and Supraspinatus, SS) to 

create a value added meat product with an extended shelf life (Swanepoel et al., 2016c). Salami 

also creates the possibility of all year availability of game meat, as restricted seasonal availability 

was identified as one market gap in the South African game meat industry (Hoffman & Wiklund, 

2006). Furthermore, salting, drying, fermenting and curing can mask potential negatively perceived 

gamey flavours of fresh warthog meat. The production of salami with warthog meat with a free 

roaming (i.e. organic) status can be further developed to suit the increasing demand for cleaner 

labelled foodstuffs, by lowering the amount of nitrate and/or nitrite (Di Vita et al., 2019).  

The potential of honeybush extract as a natural antioxidant in processed meat products, 

together with the potential of warthog meat as primary meat source for salami production remain 

unexplored. The aim of the present study was to determine the effects of honeybush (Cyclopia 

subternata) extract in warthog salami with reduced added nitrate.  
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CHAPTER 2 

Literature review: Salami production, essential ingredients and the potential of warthog 
(Phacochoerus africanus) as primary meat source 

Abstract 
Dry-cured and fermented sausages (in particular, salami) are part of a fascinating gustatory history. 

Early production techniques used to prepare traditional salami lead to standardised processing 

techniques and ingredients and a better comprehension of the intricate processes involved during 

fermentation and drying. The basic food and meat science, microbiology and biochemistry theory 

involved in salami production needs to be comprehended before recipe or processing formulations 

can commence. This literature review focusses on the history of salami production and subsequent 

modern-day processing, of which the use of functional starter cultures comprises a big part of the 

latter. The raw ingredients used directly influences salami end product safety and quality. In this 

regard, the essential ingredients required for salami production are discussed and the potential of 

warthog meat for game salami is considered based on the literature surrounding the characteristics 

of the meat derived from this game species.  

Keywords: salami; warthog; functional starter culture 

2.1 The origin of salami to modern-day delicacies 
The evolution of salami production is part of a rich cultural history truly worth appreciating. The word 

“salami” (salame: singular, salami: plural) is postulated to originate from the Medieval Latin word, 

“salumen”, meaning salted stuffs (Leroy et al., 2013), which is closely related to the Italian word, 

“sale”, meaning salt. Arguably, the word originated from the ancient town, Salamis, were these 

sausages were created from early times (Pederson, 1979; Leroy et al., 2013). Similar to the Italian 

la cucina povera philosophy, meaning cooking of the poor or poor kitchen, fermented sausages 

created the possibility for optimal use of leftover meat and entrails. Fresh meat with a high water 

activity (aw), protein and mineral content, fermentable glycogen, and a favourable pH is an optimum 

growth medium for many microorganisms (Garriga & Aymerich, 2007; Woraprayote et al., 2016; 

Holck et al., 2017). Ancient, though highly effective preserving techniques, including: salting; drying; 

fermenting; and smoking (Zeuthen, 2007), originated from the need to simply preserve highly 

perishable meat, to modern-day delicacies (Holck et al., 2017). Proud and nostalgic European 

settlers practiced the techniques to produce their traditional foods and familiar tastes, spreading 

fermented meats to America, Australia and South Africa (Campbell-platt, 1994; Leroy et al., 2013). 

Modern-day processing techniques with the maintenance of the meat product cold chain is sufficient 

to supply meat with acceptable microbiological safety and shelf life, essentially eliminating the 

necessity to ferment raw meat (Ordóñez & De la Hoz, 2007). The current demand for cured, 

fermented meats is probably largely due to emotional nostalgia associated with ancient family 
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recipes and techniques, as well as a sense of identity and preference for this acquired taste forming 

part of a gustatory experience (Bianchi et al., 2007; Leroy et al., 2013; Todorov et al., 2017). 

The extremely large variety of fermented sausages makes product classification challenging. 

Salami can be classified as dry (long ripened), semi-dry (sliceable), or moist (spreadable), 

(Ockerman & Basu, 2007; Talon & Leroy, 2014). While this classification seems simple, when solely 

considering semi-dry sausages in Europe one can distinguish between many types within this 

category, not to mention the vast majority found in other countries classified under the same product 

category (Incze, 2007). When comparing northern to southern Europe, an extremely large variety of 

fermented sausages exist as a result of ingredients used and processing steps applied according to 

region and climatic conditions (Flores, 1997; Demeyer et al., 2000; Polka et al., 2015; Romano et 

al., 2018). In northern European countries such as Hungary and Germany, a typical fermented 

sausage is produced with a short ripening time (~3 weeks) and subsequent rapid acidification to 

reach a final pH < 5 (Demeyer et al., 2000; Lebert et al., 2007a; Holck et al., 2017). These products 

may contain both pork and beef meat and are microbiologically safe due to a rapid pH decrease, the 

addition of nitrite (NO2) salt to the meat batter and the occasional smoking of the outer surface 

(Demeyer et al., 2000; Leroy et al., 2013; Talon & Leroy, 2014; Holck et al., 2017). The smoking 

procedure alone can create variety in sausage flavour and colour, depending on the type of wood 

and smoking parameters used (Flores, 1997). In contrast, southern Mediterranean fermented 

sausages, including: Italian salami; Spanish chorizo; and French saucisson are produced with 

mainly pork meat and undergo a long ripening period (~40 days, or up to several months) (Demeyer 

et al., 2000; Talon & Leroy, 2014; Holck et al., 2017). Furthermore, the acidification occurs 

gradually, creating a mild acidic product with a final pH > 5 and these products are generally not 

smoked (Blaiotta et al., 2004; Lebert et al., 2007b; Holck et al., 2017). Shelf life and safety of 

Mediterranean salami are established mainly by lowering of the aw (~0.85-0.90) over a longer drying 

period, as compared to the northern European salami with a higher aw (~0.92-0.94) (Talon & Leroy, 

2014). The extended ripening period in Mediterranean salami is associated with a range of 

biochemical reactions contributing greatly to the typical appreciated flavour of these salami (Flores, 

1997). The outer surfaces are typically coated with desired moulds (i.e. Penicillium nalgiovense) 

and yeasts (i.e. Debaryomyces hansenii) rather than smoking, which aids in microbiological 

protection and creating a unique sensory profile (Leroy et al., 2006; Holck et al., 2017). The much 

appreciated Mediterranean dry-cured flavour is in fact said to be dependent on the surface inoculum 

(Flores, 1997). Moreover, the use of nitrate (NO3) as opposed to its reduced form, nitrite, is 

preferred in Mediterranean cured products with longer ageing periods (Flores, 1997; Blaiotta et al., 

2004). Other than the processing and curing techniques, the difference in pig breeds and rearing 

conditions across Europe may also influence final product quality traits (Dirinck et al., 1997).  

Stellenbosch University https://scholar.sun.ac.za



11 
 

Today, these ancient family recipes and techniques are acknowledged as part of a valuable 

gastronomic heritage (Guerrero et al., 2009). The European Union (EU) promotes product 

differentiation on regional level to distinguish, what they refer to as typical products (Marcoz et al., 

2016). Regulation EEC No. 2081 from 1992, (No. 1151/2012 currently in force) focusses on the 

protection of geographical indications and designations of origin for agricultural products and 

foodstuffs and Regulation EEC No. 2082/92 focusses on product certification (Marcoz et al., 2016). 

Subsequently, the Directorate-General for Agriculture and Rural Development (DG AGRI) 

established official product trademarks which are linked with the above-mentioned regulations 

(Marcoz et al., 2016). Protective Title ǁ in the regulation represents the Protected Designation of 

Origin (PDO) and Protected Geographical Indication (PGI) or simply, Geographical Indication. Title 

ǀǀǀ represents Traditional Specialty Guaranteed (TSG) and Title ǀV, miscellaneous product 

descriptions i.e. Mountain Product. Protected Designation of Origin certified products are the most 

common (Marcoz et al., 2016) and is associated with specific quality characteristics due to human 

and environmental interventions linked within a given geographical area. To receive this 

certification, the entire product must be processed and produced within a defined region. Protected 

Geographical Indication in contrast, assures a geographical connotation with at least one of the 

production, processing or preparation steps and differing from PDO and PGI. Although TSG does 

not link the food product to a specific geographical area, it however, guarantees the application of 

traditionally used raw ingredients and processing methods to create a specialty product unique to 

those in the same category (EU, Regulation No. 1151/2012 of the European Parliament and of the 

Council of 21 November 2012 on quality schemes for agricultural products and foodstuffs). The 

large amount of certified products in Europe, especially in Italy (Montanari et al., 2016; Roccato et 

al., 2017) and the positive correlation between quality association and purchase intent by 

consumers (Fandos & Flavián, 2006), emphasize the significance of regional products. Many cured, 

fermented meats in European countries are certified according to one of the above-mentioned 

trademarks (Blaiotta et al., 2004; Casaburi et al., 2007), as illustrated in Fig. 2.1. 

Figure 2.1 From left to right: Protected Designation of Origin; Protected Geographical Indication; and 

Traditional Speciality Guaranteed trademarks commonly certified to fermented meats in Europe 

(Adapted from the European Quality Schemes URL: https://ec-europa-eu.ez.sun.ac.za/info/food-farming-

fisheries/food-safety-and-quality/certification/qualitylabels/quality-schemes-explained#latest). 
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2.2 Salami production 
Salami production simply entails the comminution of meat and fat (in a ratio of ~7:3/6:4 meat:fat) 

with added salt and/or other ingredients (including: sugars; nitrate and/or nitrite salt; starter cultures; 

herbs; and spices) which are stuffed into natural or artificial casings, fermented and dried (Lücke, 

1994; Talon & Leroy, 2014; Holck et al., 2017; Franciosa et al., 2018). The combination of a high 

sodium chloride concentration, the lowering of the pH during fermentation, the preserving action of 

nitrate and nitrite salts, the anaerobic environment created through stuffing, and the drying step all 

contribute to a multiple microbial hurdle effect creating a shelf stable salami (Leroy et al., 2013; 

Holck et al., 2017). The ingredients used and processing steps applied greatly influence the final 

product quality (Lücke, 1994). Natural or artificial casings varying in diameter can be used 

(Djordjevic et al., 2015), which influences the drying rate and final appearance of the product. 

Natural casings are often preferred, especially in Mediterranean countries, contributing to artisanal 

sausage aesthetics. In contrast, artificial casings either derived from plant cellulose or animal 

collagen were developed to better suit industrial stuffing machines and for improved salami 

uniformity (Djordjevic et al., 2015). Impermeable synthetic polymers cannot be used for the purpose 

of salami making as it will not allow water migration (Djordjevic et al., 2015). Whether animal 

intestines or artificial casings are used, the material should have tensile strength and be water, gas 

and smoke permeable (Djordjevic et al., 2015).  

The end product salami is cylindrical in shape, varying based on processing methodology 

used in weight, length and diameter. Typical Italian salami weighs between 200-2500 g, with a 

length of 10-50 cm and diameter of 2-10 cm (Demeyer et al., 2000; Romano et al., 2018). When 

sliced, salami have a characteristic reddish or pinkish colour (Sebranek & Bacus, 2007) with visible 

fat particles uniformly distributed throughout the product (Romano et al., 2018). Traditional salami 

based on family recipes and processing techniques have been produced for centuries without 

following a scientific approach and paved the way for industrial, standardised processing methods 

(Fernández et al., 2000). An overview of the major differences in traditional and commercially 

produced fermented sausages are summarized in Table 2.1. 
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Table 2.1 Major differences between traditional and modern salami production1 

1Adapted from Leroy et al. (2013) and Franciosa et al. (2018). 

The introduction of modern-day processing aided tremendously in product safety and quality 

control, like the use of selected starter cultures to ensure sufficient acidification and ripening 

chambers to decrease the aw of salami, as demonstrated in Greek fermented sausages (Blaiotta et 

al., 2004). Traditional processing and spontaneous fermentation are still used, however, the 

application of modern-day processing increased parallel with the need for product standardization 

and a shorter production time (Lücke, 1994; Franciosa et al., 2018).  

2.2.1 Fermentation and ripening  
Based on Adams’s simple classification of fermented foods, salami is a true fermented product 

wherein the growth of microorganisms and the subsequent metabolic products are vital (Adams, 

1986). In biochemical terminology, fermentation is defined as an anaerobic microbial process 

involving oxidation-reduction reactions to yield adenine triphosphate (ATP) as energy source, 

mainly through substrate level phosphorylation, as opposed to the electron transport chain (Müller, 

2001). Fermentation and ripening (the latter is also referred to as maturing, ageing or drying) are 

often mentioned together as they are closely associated, however, they can be separated according 

to desired biochemical and microbial changes occurring in each period, respectively (Demeyer et 

Traditional salami Modern-day salami 

Spontaneous fermentation by means of a 
variety of naturally occurring bacteria in 

variable, unknown quantities 

The deliberate addition of selected, 
predetermined amounts of bacterial strains as 

functional starter cultures 

Nitrate addition in the form of saltpetre or 
contaminated sodium chloride in unknown 

quantities 

Nitrate or nitrite salts are directly added as 
preservatives in regulated amounts 

Intestinal animal casings used Synthetic casings used 

Open-air drying Drying in controlled atmosphere chambers 

A non-homogenous, artisanal product 
appearance and dimensions 

A more homogenous, standardised 
appearance and dimensions 

Small scale production linked to regional areas Large scale, commercial productions, not 
limited to regional areas 

At greater risk for microbial contamination Reduced risk for microbial contamination 

More complex or unique sensory profile A more easily defined and almost uniform 
sensory profile 
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al., 2000). In summary, the fermentation period can be mainly defined by a pH decline and nitrate 

reduction to nitrite, as opposed to the ripening period which entails salami texture and flavour 

development to a great extend (Ordóñez et al., 1999; Fernández et al., 2000). After an initial 

decrease in the pH of salami during fermentation (which commences just after stuffing), a slight 

increase in pH is expected during the ripening period, which can last weeks to months (Comi et al., 

2005; Petäjä-Kanninen & Puolanne, 2007; Tabanelli et al., 2012). In some countries, the duration of 

the ripening period determines whether nitrate or nitrite salt is preferred and is often used as point of 

difference between Mediterranean and northern European fermented sausages, where an extended 

ripening period and the use of nitrate salt at lower temperatures are associated with the former 

(Flores, 1997; Blaiotta et al., 2004). Ripening is often tedious, contributing to high costs of 

fermented foodstuffs, however, accelerating this process with the use of higher environmental 

temperatures may result in sub-optimal quality or microbiological safety issues (Fernández et al., 

2000). 

The first days after salami are stuffed into casings are crucial from a food safety point of view 

(Hospital et al., 2015). The aw is still fairly high, the pH is suitable for pathogen growth, the salt 

concentration has not yet increased and the favourable starter culture bacteria may not yet be 

dominant. After stuffing, salami visually loose water through drip loss, thereafter water must 

effectively move from the salami centre to the surface to evaporate. This evaporation process 

should occur gradually to prevent the unwanted phenomenon known as case hardening (Olivares et 

al., 2010). The latter results in an outer crust formation which ultimately delays water diffusion from 

the salami centre to the surface, with a possible pathogen risk as the inner aw remains high (Andrés 

et al., 2007). This diffusion process is driven by appropriate air conditioning (temperature, relative 

humidity (RH) and airspeed) within ripening chambers (Rizzi, 2003). For instance, high speed dry air 

(low RH) will accelerate salami water loss (Rizzi, 2003). Higher drying temperatures may prevent 

case hardening by promoting diffusion of tightly bound water molecules from the salami centre, but 

in turn could also promote unwanted microbial growth (Andrés et al., 2007). The extent of drying 

(and lowering of the aw) not only plays a pivotal food safety role, but also influences the textural 

properties of the final product salami such as hardness, chewiness and cutting resistance (Tabanelli 

et al., 2012). The environmental conditions during fermentation and ripening may vary greatly 

depending on the product type (Rantsiou et al., 2005). Numerous factors influence the choice of 

environmental parameters during fermentation and ripening, including (but not limited to): the quality 

of the raw meat; the type of salami (slow, medium or fast ripening); the dimensions of the product; 

the type of casings used; the meat:fat ratio; particle size of the meat and fat; and the salt 

concentration (E Novelli 2018, personal communication, 18 June). As it is difficult to completely 

control all of the above-mentioned factors, the salami producer should ideally be involved during the 

ripening process to inspect the salami visually and by touch for an indication of the product’s 
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internal environment. Physical-chemical changes during ripening can alternatively be measured to 

guide in decision making regarding adjustment of the environmental parameters, including the pH, 

aw, weight loss (%) and firmness (Lücke, 1994).  

Salami fermentation is a rather complex phenomenon dependent on intrinsic product and 

extrinsic environmental parameters during which a range of interlinked biochemical and physical 

changes occur (Leroy et al., 2013). To elaborate on the previously mentioned summary of salami 

fermentation, the process entails the following: lactic acid bacteria becomes the dominating 

microflora causing the matrix pH to decline due to organic acid (mainly lactic acid) production; 

subsequently, dehydration is promoted as the pH decreases and lowering of the matrix pH 

promotes solubilization of actin-myosin and sarcoplasmic proteins that contribute to the typical 

salami texture. Simultaneously, nitrate is enzymatically reduced to nitrite and nitric oxide is formed 

in the aforementioned acidic environment. Subsequently, nitric oxide causes the formation of the 

nitrosomyoglobin colour pigment responsible for the typical salami colour (Fernández et al., 2000; 

Casaburi et al., 2007). Although lowering of the pH is probably the most commonly associated result 

of salami fermentation, it involves far more than just that. 

Irrespective of their fundamental acidification role in salami production, lactic acid bacteria 

merely outcompete other microorganisms in the meat environment. When acknowledging this, one 

cannot solely focus on lactic acid production as a result of meat fermentation, but should rather 

evaluate the process holistically to understand how the proliferation of lactic acid bacteria and their 

metabolic reactions greatly influences the sensory and texture characteristics of salami. The 

antagonistic effects of lactic acid bacteria, including lactate and bacteriocin production to 

outcompete acid sensitive and closely related competitors, are not only to their advantage, but also 

to the advantage of the salami producer, as pathogenic growth is inhibited while the aw of salami is 

still high (Petäjä-Kanninen & Puolanne, 2007). The pH reduction additionally promotes water loss in 

salami in two ways: firstly, the denaturation of protein leads to water secretion; and secondly, actin-

myosin proteins reach their iso-electric point (pH of ~5.3-5.5) resulting in an overall zero net charge 

decreasing their ability to bind water (Miralles et al., 1996; Flores, 1997; Warriss, 2010; Stajić et al., 

2014). Protein coagulation subsequently contributes to a characteristic salami texture (Flores, 1997; 

Ravyts et al., 2012). Furthermore, the secretion of extracellular lactic acid bacteria enzymes as an 

additional energy source promotes protein and lipid breakdown (Petäjä-Kanninen & Puolanne, 

2007), creating a vast number of volatile compounds contributing to the sensory quality of the final 

product, salami.  

The fermentation process is crucial to decrease the initial pH of raw meat of ~5.5-5.7, 

depending on the meat species used (Warriss, 2010), down to ~4.2-5.5, depending on the type of 

salami (Petäjä-Kanninen & Puolanne, 2007), but generally close to the iso-electric point of the 

myofibril meat proteins (Hierro et al., 1997). During fermentation a higher RH (90-95%) is 
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maintained followed by a decrease during ripening (70-80%), to create a aw gradient between the 

wet salami and the environment to promote drying as seen in the methodology followed by 

numerous researchers (Flores, 1997; Samelis et al., 1998; Meynier et al., 1999; Andrés et al., 2007; 

Ravyts et al., 2012; Coloretti et al., 2014; Hospital et al., 2015). Relative humidity of 75% can be 

used as a benchmark to distinguish dry from wet air, where anything above is considered a wet 

environment which will slow down salami water loss (E Novelli 2018, personal communication, 18 

June). Salami fermentation can last for up to one week at lower temperatures (10-11°C) or can be 

accelerated (1-2 days) at higher temperatures (18-22°C, Lebert et al., 2007a), indicating that the 

acidifying rate is dependent on the environmental temperature. Although higher temperatures may 

reduce the fermentation time, it may also favour the growth of unwanted pathogens (Lücke, 1994).  

The fermentation temperature is often controlled to balance the growth of wanted bacteria, with the 

inhibition of unwanted bacteria. In contrast, the amount of acid production (as opposed to the rate of 

acidification) primarily depends on the initial quantity of available fermentable nutrients 

(predominantly sugars) in the meat batter (Lücke, 1994; Holck et al., 2017). The rate of drying (and 

thus reduction in aw) and surface colonisation of moulds are also important factors which influence 

the extent of acidification. A low aw may eventually also inhibit acid production by lactic acid bacteria 

and moulds are able to utilise lactic acid, counteracting the acidification process (Lücke, 1994). 

When the aw decreases to ≤ 0.92 during ripening, the acid production may become insignificant. By 

this point (aw ≤ 0.92) in the ripening period, the internal salami pH should have decreased to ≤ 5.3 to 

ensure microbial safety (Lücke, 1994). Apart from the environmental conditions inside the drying 

chamber, even the salami dimensions (especially the diameter) also influence drying and 

subsequently, acidification. Salami with a greater diameter naturally loses water more gradually 

than a smaller diameter salami under the same environmental conditions. Finely ground meat and 

fat particles stuffed in larger diameter casings may reach a lower final pH than coarsely ground 

salami with a smaller casing diameter, ascribed to the rate of water loss and oxygen availability 

influencing the growth of lactic acid bacteria (Lücke, 1994).  

During ripening, intricate lipolysis and proteolysis reactions from endogenous meat enzymes 

and arguably to a lesser extent, from microbial exoenzymes, also known as extracellular enzymes 

(such as lipase, proteinase, peptidase, aminopeptidase and esterase), contribute greatly to salami 

texture and flavour (Montel et al., 1996, 1998; Hierro et al., 1997; Casaburi et al., 2007; Pasini et al., 

2018). The fermentation of carbohydrates and hydrolysation of proteins and lipids (yielding free 

amino acids and free fatty acids, respectively) are both prerequisites for salami flavour development 

in the form of volatile (i.e. alcohols, ketones and aldehydes) and non-volatile (i.e. amino acids, 

nucleotides and sugars) compounds (Montel et al., 1998; Champomier-Vergès et al., 2001; 

Rantsiou & Cocolin, 2006; López et al., 2015). It is generally believed that endogenous meat 

proteases (i.e. calpains and cathepsins) and lipase are predominantly responsible for the 
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hydrolysation of sarcoplasmic proteins, actin-myosin (myofibril) proteins and lipids during ripening 

(Montel et al., 1996; Hierro et al., 1997; Toldrá, 1998; Sanz et al., 1999; Vestergaard et al., 2000a; 

Zanardi et al., 2004). In contrast, previous researchers reported a weak endogenous meat protease 

activity during salami ripening (Casaburi et al., 2007). More recent research prompted the re-

evaluation of the importance of microbial contribution to proteolysis and lipolysis in fermented meats 

and highlighted not to neglect the effect of starter cultures on fermented meat flavour (Chen et al., 

2017; Gallego et al., 2018), nonetheless, there are still discrepancies surrounding this argument in 

literature (López et al., 2015; Xu et al., 2019). Manipulating fermentation and drying according to the 

desired final salami product is an extremely challenging task, often only mastered through 

experience. Apart from the raw materials, the producer has a great role in controlling the 

environmental conditions over time, ultimately determining the safety and quality of the final salami 

product. 

2.3 Functional starter cultures 
2.3.1 Spontaneous fermentation  
Early traditional salami were spontaneously fermented with the producer dependent on wild-type 

acidifying bacteria originating from the raw meat, processing environment and equipment (Leroy & 

De Vuyst, 2004; Talon et al., 2007; Baka et al., 2011). This process was gradually refined by 

inoculating fresh salami batter with previously successfully fermented meat resulting in proliferation 

of well adapted lactic acid bacteria strains, a technique referred to as backslopping (Holley et al., 

1998; Leroy & De Vuyst, 2004; Petäjä-Kanninen & Puolanne, 2007). Spontaneous fermentation with 

naturally selected, highly competitive microflora can create a market advantage for the artisanal 

salami producer, as it is able to create salami with unique flavours not easily reproduced with 

commercial starter cultures often lacking in genetic diversity (Samelis et al., 1994; Comi et al., 2005; 

Leroy et al., 2006; Ravyts et al., 2012; Franciosa et al., 2018). The quality contribution of these so 

called, “wild-type” strains substantiates the importance of geographical indication to distinguish 

niche, small scale produced salami directly related to the salami microflora (Leroy & De Vuyst, 

2004).  

Unfortunately, spontaneous fermentation is less controlled, posing the risk of inconsistent 

salami safety and quality (Ockerman & Basu, 2007; Wang et al., 2015), making this method less 

practical for large-scale, commercial salami production. Subsequently, salami starter cultures were 

developed to aid in product standardisation, homogeneity, safety and quality (Rantsiou et al., 2005; 

Wang et al., 2015). The use of salami starter cultures furthermore reduce production costs, shortens 

the fermentation time and ensures that an adequate amount of added nitrate is reduced to nitrite 

though nitrate reducing bacteria (Lücke, 2000; Cocolin et al., 2001; Hammes, 2012). When applying 

salami starter cultures, a predetermined sufficient concentration of colony forming units (CFU) per 
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kg of meat can be introduced as opposed to relying on fluctuating concentrations of inherit meat 

and/or environmental lactic acid producing and nitrate reducing bacteria (Ockerman & Basu, 2007). 

The microflora of spontaneously fermented sausages (also referred to as autochthonous 

starters) are often studied to better understand the characteristics of naturally high competitive 

bacterial strains to apply them commercially (Lücke, 1994; Samelis et al., 1998; Casaburi et al., 

2007; Baka et al., 2011; Casquete et al., 2011; Franciosa et al., 2018). In this regard, traditional 

(culture dependent) or molecular (culture independent) methodologies are used, where the latter 

provides a more in depth understanding of the genetic makeup of the naturally occurring microbial 

ecosystem in less time (i.e. DNA amplification of the RNA 16S gene with the polymerase chain 

reaction and denaturing gradient gel electrophoreses, PCR-DGGE) (Cocolin et al., 2001; Rantsiou 

& Cocolin, 2006; Talon & Leroy, 2014; Polka et al., 2015; Stavropoulou et al., 2018). 

Different strains from the same bacterial species may portray different metabolic activities, as 

seen from two Staphylococcus xylosus strains isolated from spontaneously fermented salami 

(Casaburi et al., 2007). This clarifies why artisanal sausages, rich in a variety of bacterial strains, 

are often of superior quality (Blaiotta et al., 2004). On the contrary, strain dependent genetic variety 

of autochthonous starters may also cause unsatisfactory fermentation results, including the 

presence of harmful biogenic amines (ascribed to decarboxylase activity) or hydrogen peroxide 

(H2O2) production (Tabanelli et al., 2012; Talon & Leroy, 2014). Literature emphasises to 

predetermine the robustness (or competitiveness) and absence of unwanted genetic traits (i.e. 

decarboxylase activity, toxin production or antibiotic resistance) of autochthonous bacteria strains 

before applying as a starter culture strain. The adaptability and proliferation of these strains are not 

guaranteed, especially when applied in various meat sources or extrinsic environmental conditions 

(e.g. change in temperature) (De Vuyst, 2000; Leroy et al., 2006; Talon & Leroy, 2014; Todorov et 

al., 2017).  

Lactic acid bacteria have repeatedly been reported as the dominant group during fermentation 

and ripening of both spontaneously fermented and starter culture added salami, with Lactobacillus 

sakei (previously known as L. sake), L. curvatus and L. plantarum as the dominant species ascribed 

to a natural high competitiveness, exceptional adaptability and robustness (Samelis et al., 1994, 

1998; Coppola et al., 2000; Papamanoli et al., 2003; Comi et al., 2005; Rantsiou et al., 2005; Talon 

& Leroy, 2014; Aquilanti et al., 2016; Castellano et al., 2017; Cardinali et al., 2018). Other lactic acid 

bacteria (although to a lesser extent) are also isolated from salami, including Pediococcus spp. and 

Enterococcus spp. (Samelis et al., 1998; Papamanoli et al., 2003; Aquilanti et al., 2016). Pediococci 

are not as commonly isolated from naturally fermented European sausages, insinuating that these 

strains may be poor adapted competitors (Samelis et al., 1998). They are more often associated 

with commercial starter cultures applied for accelerated acidification at higher fermentation 

temperatures (up to ~40°C), especially in American type fermented sausages (Leory et al., 2006; 

Stellenbosch University https://scholar.sun.ac.za



19 
 

Talon & Leroy, 2014). Forming part of the lactic acid bacteria group, Enterococci are occasionally 

detected in fermented sausages (more often in Mediterranean products; Leroy et al., 2006) and 

have been reported throughout the fermentation and ripening period of spontaneously fermented 

sausages, reaching counts of >105 CFU/g (Samelis et al., 1998).  

Following the lactic acid bacteria group, the Gram-positive catalase-positive cocci (GCC+), 

specifically coagulase negative staphylococci (CNS), are the second most abundant bacterial group 

isolated from a variety of salami, followed by yeasts and moulds (Aymerich et al., 2003; Comi et al., 

2005; Talon & Leroy, 2014).  

2.3.2 Lactic acid bacteria  
Functional starter cultures refer to selected microbial strains with inherent properties contributing to 

food safety and quality, including: organoleptic; nutritional; technical; health promoting traits; without 

secreting harmful substances; or promoting unwanted biochemical processes (Lücke, 2000; Leroy & 

De Vuyst, 2004; Leroy et al., 2006). Regulating bodies only allow the addition of microorganisms as 

part of starter cultures if they are generally recognised as safe (GRAS) or in other terms, certified as 

qualified presumption of safety (QPS) (Franciosa et al., 2018). Lactic acid bacteria have been 

granted a GRAS status ascribed to their natural presence in fermented foods and application in 

foodstuffs over centuries (Castellano et al., 2017). The first functional starter cultures were applied 

in the early 1920-1940s in the United States (Zeuthen, 2007). The need to industrially standardise 

fermented sausage characteristics and shorten fermentation to achieve desired sensory traits in 

less time, promoted the application of these microorganisms in salami (Lücke, 2000; Zeuthen, 

2007). Functional salami starter cultures should effectively limit the growth of unwanted bacteria (i.e. 

Enterobacteriaceae), which are inevitably present to some extent in the raw materials and should 

out compete potentially dangerous moulds (Casaburi et al., 2007; Talon & Leroy, 2014). Reflecting 

the microflora of spontaneously fermented sausages, the two most important bacterial groups in 

modern-day functional salami starter cultures are a variety of lactic acid bacteria and coagulase 

negative Staphylococci, where the former predominantly consists of Lactobacillus spp. (i.e. L. sakei, 

L. curvatus and L. plantarum) due to their naturally high competitiveness (Ammor & Mayo, 2007; 

Bedia et al., 2011; Talon & Leroy, 2014; Aquilanti et al., 2016; Castellano et al., 2017; Franciosa et 

al., 2018). This competitive trait is pivotal, as possible ill adapted (low acidifying) naturally occurring 

lactic acid bacteria strains may not always be superior to ensure a sufficient pH reduction and 

should be outcompeted together with other unwanted bacteria (Casaburi et al., 2007). Lactic acid 

bacteria are naturally present in fresh meat in the range of 102-104 CFU/g under good hygienic 

practices and will multiply under favourable conditions typically associated with intrinsic salami 

parameters (anaerobic, high salt, nitrate/nitrite added environment) (Rantsiou & Cocolin, 2006; 

Ravyts et al., 2012). Lactic acid bacteria are commonly added in the order of 106 CFU/g to increase 
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up to 108 CFU/g if not injured during harvesting or freeze drying (Lücke, 1994; Champomier-Vergès 

et al., 2001; Talon & Leroy, 2014).  

Lactic acid bacteria are grouped according to their sugar metabolism as strict 

homofermentative, strict heterofermentative, or facultative heterofermentative (Ravyts et al., 2012). 

The first mentioned involves the metabolization of simple six carbon sugars (hexoses) through the 

glycolytic or Embden-Meyerhof-Parnas (EMP) pathway, yielding predominantly lactic acid. Strict 

heterofermentation involves the phosphoketolase pathway by metabolising both hexoses and five 

carbon sugars (pentoses), yielding lactate, ethanol and/or acetate. Facultative heterofermentation is 

a combination of hexoses and pentoses metabolism through the glycolysis and phosphoketolase 

pathway respectively, yielding lactic acid, carbon dioxide (CO2), ethanol, acetic acid and 

acetaldehyde (Ravyts et al., 2012). In this regard, sugar metabolism is an important factor to 

consider before applying lactic acid bacteria strains as salami starter cultures, as certain metabolic 

products (i.e. acetic acid associated with a sharp acidity or CO2 disrupting gelling of the salami 

matrix) may not be desired (De Vuyst, 2000). In the case of applying a homofermentative lactic acid 

bacteria starter culture, pyruvate may still lead to the formation of many other compounds, including: 

acetate; ethanol; diacetyl; and acetaldehyde, all contributing to characteristic flavours (Leroy & De 

Vuyst, 2004).  

Organic acid production and subsequent lowering of the matrix pH is the main, but not the 

only preserving technique achieved by utilising lactic acid bacteria (Ammor & Mayo, 2007; 

Castellano et al., 2017). These bacteria also have the ability to produce a variety of antimicrobial 

metabolites, including: a number of bacteriocins; H2O2; reuterin; reutericyclin; diacetyl; 3-hydroxy 

fatty acids; propionate; phenyl-lactate; hydroxyphenyl-lactate; and 3-hydroxy fatty acids (Castellano 

et al., 2017). Bacteriocins are proteins (or smaller peptides) synthesised in the ribosomes of 

bacteria, which kill or inhibit the growth of other closely related bacterial strains (Woraprayote et al., 

2016). The functionality and solubility of secreted bacteriocins are pH dependent, therefore, the 

acidity of the salami matrix will influence the activity of these compounds (Leroy & De Vuyst, 2000). 

Binding of bacteriocins to meat and fat particles and protease could furthermore demolish their 

activity (Talon & Leroy, 2014). Nonetheless, literature reports the inhibitory action of lactic acid 

bacteria bacteriocins against L. monocytogenes (Lücke, 2000), including those secreted by L. sakei 

CTC 494 (Ravyts et al., 2008), P. pentosaceus BCC 3772 (Kingcha et al., 2012) and E. faecium S-

32-81 (Ananou et al., 2005). The potential of lactic acid bacteria bacteriocins to inhibit Listeria 

monocytogenes is especially advantageous, as this ubiquitous pathogen can proliferate at 

refrigerated temperatures and survive in acidic (pH < 5.0) and high salt (10%) environments 

(Papamanoli et al., 2003), typically associated with salami. However, the reproducibility of the anti-

listerial bacteriocins are questionable when salami formulation, processing steps and endogenous 

microflora are adapted (Hugas et al., 2003). Although H2O2 has a strong antimicrobial activity, 
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excessive production may lead to sensory defects, including: high amounts of aldehydes linked to 

rancidity due to accelerated lipid and protein oxidation; or discolouration due to H2O2 reaction with 

nitrosomyoglobin (Ammor & Mayo, 2007; Talon & Leroy, 2014). Deteriorative effects of H2O2 can be 

counteracted by introducing catalase positive strains able to facilitate the breakdown of H2O2, or by 

avoiding the use of lactic acid bacteria strains known for excessive H2O2 production (Ammor & 

Mayo, 2007). 

As reviewed by other researchers, lactic acid bacteria seem to exhibit a weaker proteolytic 

activity towards myofibril proteins as compared to sarcoplasmic proteins (Rantsiou & Cocolin, 2006; 

Ammor & Mayo, 2007). This bacterial group most likely contribute to salami flavour mainly through 

carbohydrate fermentation and subsequent acid production, although some strains (such as L. 

sakei, L. curvatus and L. plantarum) have shown proteolytic and lipolytic activity (Papamanoli et al., 

2003; Leroy et al., 2006; Todorov et al., 2017). 

2.3.3 Enterococci 
Enterococci are related to lactic acid bacteria and classified as Gram-positive, catalase-negative 

diplococci (grouped in pairs) (Foulquié Moreno et al., 2006; Lorenzo et al., 2010; Jahan et al., 

2015). Although ubiquitous, they are primarily associated with the human and animal 

gastrointestinal tract (GIT), (Giraffa, 2002). They are quite robust, with the majority of strains 

growing over a wide temperature range (10-45°C), in a high bile (40%), high salt (6.5% NaCl) and 

high pH (~9.6) environment with the ability to survive heat exposure (60°C for 30 min), (Sherman, 

1937; Franz et al., 2003; Foulquié Moreno et al., 2006). Their competitiveness and robustness lead 

to the application of enterococci as part of probiotic strains and starter cultures, able to survive and 

compete in the human GIT and fermented products known for harsh intrinsic environments (high in 

salt, but low in aw and pH), (Franz et al., 1999; Lund et al., 2002; Foulquié Moreno et al., 2006). 

Their food application seems primarily oriented towards the dairy industry, playing a role in flavour 

and aroma development of ripened cheeses most likely through lipolysis, proteolysis and citrate 

breakdown (Sarantinopoulos et al., 2001; Giraffa, 2003; Foulquié Moreno et al., 2006). High 

numbers of enterococci (predominantly E. faecium and E. faecalis) have been isolated from ripened 

cheese, reaching counts up to 107 CFU/g (Franz et al., 1999; Foulquié Moreno et al., 2006).  

Bacteriocins produced by enterococci, known as enterocins, have proven to be inhibitory 

against Listeria spp. and Clostridium spp., luring attention towards the application of these strains, 

especially in fermented meat products (Tarelli et al., 1994; Giraffa, 1995; Franz et al., 1999; 

Aymerich et al., 2000a,b; Callewaert et al., 2000; Poeta et al., 2007). The effects of different stress 

exposures on E. faecium (RZS C5) growth and bacteriocin production were investigated and 

furthermore promoted the robustness of this microorganism exhibiting continuous growth and 

bacteriocin production in adverse environmental conditions, such as a high pH (6.0-7.5) (Giraffa, 

1995; Aymerich et al., 2000a; Callewaert et al., 2000; Leroy & De Vuyst, 2002; Leroy et al., 2003).  
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On the contrary, the presence of enterococci in processed meats, especially when heat 

treated, is acknowledged as a spoilage problem (Hugas et al., 2003; Foulquié Moreno et al., 2006; 

Franz et al., 2011) and their ability to form biofilms in food processing areas are worrisome 

(Fernandes et al., 2015). The deliberate use of enterococci as part of food starter cultures became a 

controversial topic due to their arising importance in clinical microbiology, potential antibiotic 

resistance and inheritance of virulence genes (Franz et al., 1999; Giraffa, 2002; Jahan & Holley, 

2014). Although some strains are safer than others (Franz et al., 2011), many studies have 

demonstrated the multidrug resistance of the enterococci of husbandry and food related origin, in 

particular of E. faecium and E. faecalis strains (Jahan et al., 2013; Pesavento et al., 2014; Soares-

Santos et al., 2015; Guerrero-Ramos et al., 2016). Furthermore, the ability to transfer these 

resistant genes to clinical strains have been proven (Jahan et al., 2015). Of these previous studies, 

the evidence of vancomycin-resistant E. faecium from husbandry, meat and clinical origin (Klare et 

al., 1995; López et al., 2009) were the greatest warning signs, as this antibiotic is used as a last 

reserve in treating infections in some cases (Wegener et al., 1999). The cumbersome ability of 

enterococci to exchange genes could impose higher antibiotic resistance in the future, including 

manifestation in the human intestinal pathogens when exposed to antibiotic resistant genes via 

enterococci from the food chain (Giraffa, 2002). Another risk factor to consider when applying 

enterococci strains as part of a starter culture mixture, is the presence of decarboxylase activity, as 

certain strains could lead to biogenic amine accumulation in salami (Bover-Cid et al., 2001; 

Sarantinopoulos et al., 2001; Lebert et al., 2007a; Komprda et al., 2010).  

The application of robust enterococci in starter cultures and probiotics appeared useful in 

previous studies, however, their usefulness is now questionable (Franz et al., 1999, 2003, 2011). 

Enterococci can easily be introduced in salami through the food processing environment or raw 

materials, especially animal carcasses (Franz et al., 1999; Talon et al., 2007). Their ability to 

multiply during fermentation and to survive the adverse environment created in dry-cured and 

fermented sausages explain the frequent isolation of enterococci in final product hams and salami 

(Samelis et al., 1998; Giraffa, 2002, 2003; Hugas et al., 2003; Martin et al., 2005; Lebert et al., 

2007a; Lorenzo et al., 2010; Jahan et al., 2013). Although they are highly competitive and most 

likely capable of outcompeting other pathogenic strains, they are not necessarily wanted in salami 

due to reasons elaborated above. Due to their association with animal and human intestines and 

resistance to adverse environmental conditions such as a high temperature exposure, these 

microorganisms are often used as sanitary indicators (Franz et al., 1999; Giraffa, 2002). On the 

other hand, if carefully selected enterococci strains free from unwanted genetic traits are applied in 

fermented sausages, they could contribute uniquely to the product quality (Martin et al., 2005) and 

food safety, especially through antilisterial bacteriocin production as demonstrated in a Spanish-

style dry fermented sausage (Callewaert et al., 2000). 
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2.3.4 Coagulase negative staphylococci (CNS) and micrococci 
Starter cultures can consist purely out of lactic acid bacteria, however, the final product salami might 

be predominantly acidic with little flavour depth not favoured by many consumers and have a limited 

shelf life due to rancidity (Lücke, 1994). Non-pathogenic CNS, recently classified as part of the 

Staphylococcacea family, (Gherardi & Di Bonaventura, 2018) and micrococci spp. (part of the 

Micrococcaceae family) are acknowledged for their contribution to salami flavour via protein and 

lipid breakdown. These bacteria also supress the onset of rancidity through enzymatic reduction of 

nitrate to nitrite, a process elaborated on later in this literature review study (Ordóñez et al., 1999; 

Casaburi et al., 2005; Ravyts et al., 2012; Montanari et al., 2018). Perhaps their most important 

function is their ability to impart the stable, pink-red nitrosylmyoglobin/nitrosomyoglobin (MbFe2+NO) 

colour complex in processed meats containing nitrate as opposed to nitrite (Blaiotta et al., 2004; 

Mauriello et al., 2004; Gøtterup et al., 2008). However, the nitrate reduction ability is strain 

dependant and should be predetermined before applying strains as part of cultures (Mainar & Leroy, 

2015).  

The staphylococcus genus is categorised according to strains which have the ability to 

coagulate rabbit plasma (coagulase-positive) and those which are unable to do so (coagulase-

negative) (Rupp & Fey, 2015). In this regard, coagulase positive Staphylococcus aureus is 

associated with food poisoning as a result of enterotoxin formation (Talon & Leroy, 2011). To 

identify both species and strain in the CNS group is challenging, but worth studying, as genetic 

differences amongst strains may reveal the key to distinguishable, highly favoured salami sensory 

profiles linked to PDO and PGI certification (Blaiotta et al., 2004). This is evidently seen in different 

salami volatile profiles associated with different staphylococcal strains, for instance S. xylosus 

produced more 2-butanone, acetoin and diacetyl, as a result of amino acid degradation, compared 

to S. carnosus (Søndergaard & Stahnke, 2002). Different strains may also impart a different 

reddening effect due to their inherit ability to reduce nitrate (Gøtterup et al., 2008). Furthermore, the 

absence of staphylococcal enterotoxin gene variants need to be confirmed before applying these 

strains in salami starter cultures (Talon & Leroy, 2011). 

The most prevalent CNS species in spontaneously fermented sausages are S. xylosus, S. 

equorum, S. saprophyticus and S. carnosus (Papamanoli et al., 2002; Mauriello et al., 2004; 

Pisacane et al., 2015). Although, a number of other species (i.e. S. epidermidis, S. haemolyticus 

and S. warneri) have been isolated depending on the environmental conditions (temperature and 

pH fluctuation) during fermentation and ripening (Stavropoulou et al., 2018). Of the most prevalent 

species, the first mentioned (S. xylosus) is commonly associated with mildly acidic Mediterranean 

salami with a more rounded aroma (Samelis et al., 1998), including: Italian sausages (Coppola et 

al., 1997; Cocolin et al., 2001; Rossi et al., 2001; Blaiotta et al., 2004; Mauriello et al., 2004); 

Spanish chorizos (Garcıá-Varona et al., 2000); and Iberian dry-cured sausages (Martín et al., 2007).  
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In addition to the nitrate reducing activity of micrococcus and staphylococcus strains, their 

catalase (breaks down H2O2) and superoxide dismutase (breaks down peroxide radicals) activities 

inhibit oxidation and prevent the formation of unwanted grey-brown appearances and off flavours in 

salami (Hammes & Knauf, 1994; Miralles et al., 1996; Barrière et al., 2001). Apart from suppressing 

rancid flavours, different CNS strains contribute uniquely to salami volatile profiles according to their 

amino acid metabolism and lipid ß-oxidation properties (Montel et al., 1996; Søndergaard & 

Stahnke, 2002; Marco et al., 2008).  

Rapid and extensive acidification by means of lactic acid bacteria may inhibit Micrococcaceae 

and/or Staphylococcacea proliferation, compromising on the successful reduction of nitrate to its 

active counterpart, nitrite (Samelis et al., 1998; Ordóñez et al., 1999; Marco et al., 2008). An 

environmental pH of 5.4-6.0 is favourable for nitrate reductase activity (Flores, 1997). 

2.3.5 Moulds and yeasts 
Salami surface inoculations (reflecting spontaneously fermented salami) predominantly consist of 

Penicillium nalgiovense mould and Debaryomyces hansenii yeast, although numerous other 

species have been isolated and the dominant yeast strains may vary during the ripening period 

(Lücke, 2000; Cocolin et al., 2006; Flores et al., 2015; Delgado et al., 2019; Vila et al., 2019). 

Moulds and yeasts can be applied by spraying or the product can be submerged into a suspension 

thereof (Flores, 1997).  

Mould ripened sausages are particularly popular in Mediterranean countries (Leroy et al., 

2006). Mould growth on salami is encouraged to impart wanted characteristics, including: sensory 

traits (taste, smell and appearance); protection against oxygen and light (Lücke, 2000; Moore, 2004; 

Leroy et al., 2006); the prevention of harmful mycotoxins produced by unwanted moulds (Delgado 

et al., 2019); to aid in gradual water release during ripening creating a final product salami with an 

easy-peel casing (Grazia et al., 1986; Leroy et al., 2006); and to retard lipid oxidation (Bruna et al., 

2001a,b).  

As with starter culture bacteria, caution should be taken before applying moulds and yeasts. 

White-grey to yellow moulds free from mycotoxin and antibiotic production are desirable (Lücke, 

2000; López-Díaz et al., 2001; Canel et al., 2013). In contrast, black mould growth (i.e. 

Cladosporium oxysporum) is unwanted (Lozano-Ojalvo et al., 2015) and can be inhibited by the 

smoking of salami (Asefa et al., 2009). 

The proteolytic and lipolytic action of moulds and yeasts greatly contribute to the final product 

salami flavour (Bruna et al., 2001b,a; Sunesen & Stahnke, 2003; Flores et al., 2015). The proteolytic 

action is especially what often gives ripening chambers a strong ammoniac smell as a result of 

oxidative deamination of amino acids to ammonia (Flores, 1997). In this regard, mould growth may 

bring about a rise in the pH of salami towards the end of ripening (sometimes leading to a final pH 
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higher compared to the initial raw meat pH) due to ammonia production and lactic acid 

metabolization (Grazia et al., 1986; Sunesen & Stahnke, 2003). Furthermore, yeasts may exhibit an 

acid neutralising effect through enzymatic expression (glutaminase) responsible for ammonia 

generation (Durá et al., 2002). These metabolic reactions should be considered when applying 

moulds and yeast in salami starter cultures, as a drastic rise in pH can create pathogen and 

spoilage problems.  

2.4 Meat and fat 
Salami are predominantly produced with pork meat and fat in Mediterranean countries (Demeyer et 

al., 2000), however, innovative researches have studied the use of alternative, exotic meat species 

such as: ostrich (Cullere et al., 2013); seal; whale (Koep, 2005); and various South African 

ungulates (Todorov et al., 2007; Van Schalkwyk et al., 2010; Chakanya et al., 2018a). The meat 

source, varying in glycogen and intramuscular fat content, may greatly influence fermentation and 

drying and thus final organoleptic properties of salami (Feiner, 2006). Raw meat that is utilised for 

salami production should ideally have a pH of 5.3-5.8 (Chakanya et al., 2018b). Meat with an initial 

high pH (> 5.8) is not ideal for salami production, posing a risk for an insufficient pH decrease 

(Petäjä-Kanninen & Puolanne, 2007; Lücke 1994). Chakanya et al. (2018b) reviewed the challenges 

when attempting to utilise suboptimal PSE (Pale, Soft and Exudative, pHu < 5.2-5.4) and DFD 

(Dark, Firm and Dry, pHu > 6.2) meat for salami production, including binding properties, water 

holding capacity and susceptibility to unwanted bacterial growth.  

Salami is classified as a high fat (~30-40%) product with firm (highly saturated) fat tissue 

preferable for the production of high quality salami (Lücke, 1994; Herranz et al., 2008). Reducing 

the fat content of salami may create quality and sensory defects as the fat contributes to mouth feel, 

texture and flavour (Olivares et al., 2010; Holck et al., 2017). Furthermore, many aroma compounds 

are fat soluble and the lipid oxidation process creates a vast amount of volatiles contributing to the 

typical salami flavour (e.g. 2-heptanone, 2-butanone) or rancidity (e.g. hexanal) (Montel et al., 1996; 

Gilles, 2009; Olivares et al., 2011; Tabanelli et al., 2012). The fat particle size and distribution also 

affects the overall appearance of salami and may influence consumer purchase choice (Romano et 

al., 2018). Furthermore, a high fat content aids in moisture retention to prevent salami from 

becoming extensively dry and hard, especially when ripened for longer periods (Olivares et al., 

2010). Altering the fatty acid profile of comminuted meat from predominately saturated to less 

saturated by replacing animal fat with fish or plant oils poses many challenges (Bolger et al., 2017). 

Nonetheless, previous studies showed promising results after partially replacing pork backfat in 

fermented sausages with soya oil (Muguerza et al., 2003), olive oil (Muguerza et al., 2001; Del 

Nobile et al., 2009) and grapeseed oil (Stajić et al., 2014). A more saturated fat source, however, is 

less susceptible to oxidation and may prolong the shelf life of salami delaying the onset of rancidity 

due to lipid oxidation (Yildiz-Turp & Serdaroglu, 2012; Fuentes et al., 2014). 
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During salami processing, meat and fat can either be minced or reduced in particle size by 

means of a bowl cutter, in turn influencing the texture and rate of water diffusion. During mixing of 

meat and fat particles, two variables are important to consider: the extent of mixing; and the meat to 

fat ratio. Over-mixing of the meat batter may cause smearing of the fat particles, creating a dense 

structure hindering water diffusion from the centre of the product and consequently causing crust 

formation (Andrés et al., 2007). In contrast, under-mixing may result in a crumbly salami texture due 

to a lack of salt soluble protein extraction and emulsion formation. Salt soluble actin and myosin 

myofibril proteins allow for the formation of a gel-like structure or emulsion of meat and fat upon 

salting and mixing (Munasinghe & Sakai, 2004; Sun & Holley, 2011).  

2.4.1 The potential of warthog (Phacochoerus africanus) meat for salami production 

The common warthog (Phacochoerus africanus) is hunted in South Africa for meat production 

purposes, as recreational activity, as trophies and for damage control (Swanepoel et al., 2016a). 

The physical-chemical traits of warthog meat has been studied to optimise meat quality for the 

purpose of commercialisation as consumer criteria used to judge the quality of domestic meat 

products is also applicable to game meat products (Hoffman & Wiklund, 2006; Swanepoel et al., 

2014). Warthog meat, similarly to other South African game meat species, has an attractive 

nutritional composition being low in total lipid content (< 2.2%) and high in protein (> 20%) 

(Swanepoel et al., 2016c). The carcass yield competes well with domestic pigs ready for slaughter if 

the head, skin and trotters (which are commonly removed during warthog dressing procedures) are 

taken into account (Hoffman & Sales, 2007; Swanepoel et al., 2014, 2016b). Furthermore, 

comparing warthog to domestic South African pork meat, the former showed more favourable fatty 

acid profiles (PUFA:SFA= 1.33) than the latter (PUFA:SFA= 0.46-0.64) with the physical-chemical 

traits (i.e. pH, drip loss %, cooking loss % and CIEL*a*b* surface colour) comparing well between 

the two species (Hoffman & Sales, 2007).  

The redness of different warthog muscles vary (CIE a*= 7.87-14.84) depending on the 

physiological location (Swanepoel et al., 2016c). The forequarter muscles (Infraspinatus, (IS) and 

Supraspinatus, (SS)) of adult warthogs were more intense red with higher CIE a* (14.80-13.70) and 

CIE Chroma (16.32-17.39) values, respectively (Swanepoel et al., 2016c). This phenomenon was 

ascribed due to possible higher oxidative myofibers, resulting in a higher ultimate pH (pHu) and 

subsequently darker and redder meat (Swanepoel et al., 2016c). Higher physical activity has shown 

to greatly impact the colour of fresh red meat, due to a shift in muscle fibre type towards a higher 

quantity of slow contracting, oxidative fibres with a greater myoglobin content for oxygen carrying 

capacity, resulting in darker meat (Vestergaard et al., 2000b; Díaz et al., 2002; Hoffman et al., 

2005). The high level of physical activity together with a low intramuscular fat content contribute to 

the naturally darker appearance of warthog meat (Swanepoel et al., 2016c; Neethling et al., 2017).  
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Warthogs have a high fertility rate, with an average of four to five piglets per litter after a 167-

175 day gestation period (Hoffman & Sales, 2007) and average annual population growth of 75% 

(Furstenburg, 2009). The ideal population density is 7 ha per individual warthog or 15 ha for a sow 

and piglets in optimum habitat conditions (Furstenburg, 2009). If these populations are not 

managed, the proliferation and natural activities of warthogs could pose a threat to both crop and 

game farmers (Swanepoel et al., 2016a). Different from other angulates, these creatures are 

considered to be completely free-roaming not easily kept within fenced properties (Swanepoel et al., 

2016a). Negative impacts due to warthog activities were identified as damaging towards: boundary 

fences; field plants and trees; the soil system; crops; and small livestock (Swanepoel et al., 2016a).  

Processing of surplus warthog meat (from trophy hunting or culling for the prevention of 

overpopulation and/or crop devastation) has been suggested for commercial consumption 

(Swanepoel et al., 2016a,b) to promote sustainable wildlife utilisation and contribute to food security 

(Swanepoel et al., 2014, 2016c). Nonetheless, warthog meat is still said to be underrepresented in 

the game meat market (Swanepoel et al., 2016c). Whole warthog cuts can be sold at a premium 

price based on physical-chemical and nutritional properties discussed earlier. The majority of the 

commercially viable cuts will originate from the Longissimus lumborum (LL) muscle and hind quarter 

muscles, Biceps femoris (BF) and Semimembranosus (SM). The less valuable forequarter muscles 

(Infraspinatus, IS, and Supraspinatus, SS) can be optimally used in processed game meat products, 

such as salami (Swanepoel et al., 2016c). Salami, requiring no or minimal processing and having an 

extended stable shelf life, can combat the restricted seasonal availability of warthog meat (Hoffman 

et al., 2004; Hoffman & Wiklund, 2006). Furhermore, the typical cured flavour achieved through 

salalmi production can mask potential negatively portrayed flavours related to game meat (Wauters 

et al., 2017; Chakanya et al., 2018b).  

2.5 Salt 
Salt (NaCl) plays a pivotal role in salami production, contributing to the shelf life and microbial 

safety, taste, texture, water binding capacity, emulsion and colour formation (Ruusunen & 

Puolanne, 2005; Desmond, 2006; Skibsted, 2011; Holck et al., 2017). 

Sodium chloride effectively binds free water molecules and subsequently limits the 

engagement in chemical reactions and microbial growth, a process referred to as water activity 

reduction (Forsythe, 2010; Henney et al., 2010; Delgado-Pando et al., 2018). The unwanted natural 

occurring Gram-negative bacteria in raw meat (i.e. Pseudomonas) are especially high salt sensitive, 

in contrast to beneficial lactobacilli, micrococci and staphylococci, emphasising the importance of a 

high salt environment selecting the growth of salt and nitrite tolerant bacteria (Holley et al., 1988; 

Petäjä-Kanninen & Puolanne, 2007). In this sense, adjusting the salt concentration in salami may 

alter the microbial population responsible for volatile compounds formation and flavour development 

(lactobacilli and staphylococci), (Olesen et al., 2004; Corral et al., 2013). Salt is typically added in 
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the range of 2-4% to the raw sausage mince (Ockerman & Basu, 2007; Stahnke & Tjener, 2007) 

and increases in final product salami depending on the extent of product drying.  

Apart from microbial safety reasons, the addition of salt to salami allows for the extraction of 

salt soluble proteins (mainly the actin and myosin proteins), crucial for the formation of a gel-like 

structure or emulsion (Ordóñez et al., 1999; Sun & Holley, 2011; Leroy et al., 2013). A salt 

concentration of 2-3% is adequate to solubilise the myofibril proteins (Sun & Holley, 2011) and in 

this sense, NaCl has superior protein extraction ability compared to potassium chloride (KCl) and 

lithium chloride (LiCl) (Munasinghe & Sakai, 2004). Another interesting functionality of salt is the 

partaking in the typical pink-red salami colour, known as nitrosomyoglobin. Salt (a strong oxidizing 

agent) can react with nitrite to form nitrosyl chloride (NOCl), which is an even stronger nitrosalyting 

agent compared to nitrite, accelerating the formation of the wanted nitrosomyoglobin colour complex 

(Møller & Skibsted, 2002; Skibsted, 2011). This beneficial reaction, however, also entails that salt 

(an oxidizing agent) may promote unwanted oxidation reactions, yielding brown discolouration and 

rancid flavours in salami (Flores, 1997; Min et al., 2010; Mariutti & Bragagnolo, 2017). 

Unfortunately, a high sodium intake is known to contribute to cardiovascular diseases and the 

intake thereof should be restricted (Kotchen & McCarron, 1998; Ha, 2014). In this sense, the South 

African Department of Health (DoH) recently amended salt reduction guidelines for specific food 

groups, including cured meat products (from a maximum permitted amount of 1300 to 1150 mg 

sodium/100 g) (DoH, 2019). Salt reduction in salami is particularly challenging as it may lead to 

impaired sensory qualities (aroma, taste and juiciness) and starter culture growth (Corral et al., 

2013; Aaslyng et al., 2014). Nonetheless, researchers have partially replaced sodium chloride with 

potassium or calcium chloride in fermented sausages (Holck et al., 2017).  

2.6 Sugar 
Fermentable sugars may either be inherently present in the meat matrix from the glycogen stores 

(glucose) or ATP hydrolysis (ribose) or may be added in the salami formulation (Champomier-

Vergès et al., 2001; Ockerman & Basu, 2007). Milk powder may form part of salami recipes as an 

additional fermentable sugar source (Mauriello et al., 2004). The initial pH of the raw meat and the 

available glycogen will determine whether acidification during fermentation is successful (Lücke, 

1994). Raw meat with a pH > 5.9 is said to have insufficient lactate and available sugar to ensure 

adequate fermentation (Lücke, 1994). In this sense, the fibre type and species of meat used will 

influence the acidity of the product when considering that some meat species and muscle fibre 

types have a naturally higher glycogen content than others (Hiscock et al., 2004; Feiner, 2006; 

Choe et al., 2008). 

Although meat contains glycogen, this energy source is not easily metabolised by meat 

bacteria (Petäjä-Kanninen & Puolanne, 2007). Monosaccharides such as glucose (also known as 
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dextrose) are the primary energy source for lactic acid bacteria and are commonly added as part of 

salami ingredients. A concentration of 0.2-2.0% fermentable sugars is said to be sufficient to 

achieve a desired pH decline, taking into consideration that too much added sugar may lead to less 

controlled fermentation (Lücke, 1994; Talon & Leroy, 2014). Fermentable substrates are not limited 

to sugars: amino acids; purines and pyrimidines; organic acids; and polyols can also be metabolised 

by bacteria (Müller, 2001). 

2.7 Nitrate and nitrite 
Cured meats can be distinguished from the vast majority of processed meat products by the 

addition of sodium chloride, nitrite and nitrate, or the combination thereof (Flores, 1997; Honikel, 

2007; Hammes, 2012). The curing process dates back to ancient times and although not 

documented, it is generally accepted that the accidental contamination of sodium chloride with 

potassium nitrate (saltpetre) led to the commercial use thereof today (Honikel, 2008; Sindelar & 

Milkowski, 2011; Taormina, 2014). Although the curing process is ancient, nitrite chemistry was only 

established at the start of the 20th century (Hospital et al., 2012). The ability of the nitrogen atom to 

exist in one of many oxidation-reduction states (Honikel, 2008), together with the complex nature of 

processed meat products make nitrite chemistry in cured meats anything but easy to comprehend. 

Nitrate must be reduced to its reactive counterpart, nitrite, to initiate this complex phenomenon 

known as curing (Sebranek & Bacus, 2007; Hammes, 2012; Bedale et al., 2016). This process can 

be accelerated by adding reducing agents (ascorbate or ascorbic acid and erythorbate) to salami 

containing nitrate (Cassens, 1997; Gøtterup et al., 2008). The multifunctionality of nitrite in cured 

meat is repeatedly emphasised as an antimicrobial, antioxidant and a partaker in the development 

of the characteristic cured meat colour and flavour (Sofos et al., 1979; Sebranek & Bacus, 2007; 

Alahakoon et al., 2015), which are probably brought about as a result of nitric oxide (Møller & 

Skibsted, 2002a; Skibsted, 2011). The effectiveness of nitrite is, however, dependent on numerous 

factors, including: the pH; temperature; added concentration of nitrate and/or nitrite; sodium 

chloride; ascorbate and erythorbate reducing agents; and the initial microbial load (Majou & 

Christieans, 2018). 

Polenske (1891) first observed and proved the microbial action involved in generating nitrite 

from a nitrate source. The role of nitrite (as opposed to nitrate) in the formation of the heat stable, 

pink-red meat colour complex was later confirmed by Lehmann (1899) and Kisskalt (1899). Haldane 

(1901) gave insight surrounding the reaction between nitrite and myoglobin to create 

nitrosomyoglobin, while Hoagland (1910, 1914) demonstrated the acidic environment required for 

this reaction to occur and contributed to the understanding of the importance of nitric oxide and 

nitrous acid in meat curing (Sofos et al., 1979; Honikel, 2008). 

Stellenbosch University https://scholar.sun.ac.za



30 
 

Today, sodium nitrate (E252), potassium nitrate (E251), sodium nitrite (E250) and potassium 

nitrite (E249) are controlled as food additives with maximum and minimum permitted limits as 

determined by regulating bodies including: Food and Drug Administration (FDA); US Department of 

Agriculture (USDA) (Hord et al., 2009); and the European Union (Müller-Herbst et al., 2016). The 

European Union (Directive 2008/1333/EC) allows a maximum of 150 mg/kg (ppm) of nitrate and 

nitrite each (NaNO2/KNO3; E252, E251) to non heat treated cured meat products or 250 mg/kg of 

nitrate when no nitrite is added to long ripened (minimum of 30 days) cured products such as 

chorizo (Perea-sanz et al., 2018). The South African Department of Health (DoH) allows a maximum 

ingoing amount of 160 mg/kg of sodium nitrite and 200 mg/kg of sodium nitrate (DoH, Act of 54 of 

1972). 

2.5 Conclusion 
While salami production in itself may be a simple technique, the processes involved are intricate 

and not mutually exclusive. Salami are extensively studied throughout literature due to a vast 

amount of relevant research topics, including, but not limited to: functional starter culture strains to 

improve salami quality and safety; inhibition of unwanted microbial growth; utilising exotic meat 

species; reducing salt and fat content; and the curing process. From this literature review it is clear 

that the altering of salami recipe or processing steps may pose a number of challenges as the 

ingredients, microflora balance and extrinsic parameters determine the product quality and safety. 
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CHAPTER 3 

Literature review: Food lipid and protein oxidation, nitrate and nitrite functionality in cured 
meats and the use of alternative natural extracts  

Abstract 
Lipid and protein oxidation in foodstuffs lead to impaired sensory characteristics, the possible 

formation of carcinogens, a reduced shelf life and nutritional value. In contrast, these deteriorative 

reactions are required to an extent to create desired dry-cured and fermented meat aromas and 

flavours. To better control oxidation in salami the oxidative process needs to be understood. In this 

regard, nitrate (NO3) and nitrite (NO2) curing salts play a pivotal role in delaying rancidity in salami. 

Other than combating oxidation, the cured meat colour pigment (nitrosomyoglobin) formation and 

potent antimicrobial effects (especially against toxin producing Clostridia) of NO2 and its derivatives 

are reviewed. The health risks surrounding the use of NO3/NO2 are discussed and subsequently the 

use of curing alternatives in meat models, with the focus on natural extracts exhibiting antioxidant 

and/or antimicrobial properties. To conclude the literature study, honeybush (Cyclopia subternata) 

extract is reviewed as a potential bioactive ingredient in salami due to its attractive polyphenolic 

content and antioxidant capacity. 

Keywords: Lipid oxidation; protein oxidation; nitrate; nitrite; cured meat; honeybush extract; 

Cyclopia subternata  

3.1. Lipid and protein oxidation 
Dry-cured fermented meats are associated with deteriorative lipid and protein oxidation due to the 

nature of the product being comminuted, high in salt, myoglobin/metmyoglobin and haem iron (even 

more so in the case of red meat) (Park & Xiong, 2007; Min et al., 2010; Soladoye et al., 2015). 

Interestingly, past research studies predominantly focused on lipid, rather than protein oxidation in 

food models. The delay in research on the latter is presumably because of the complexity of this 

phenomenon, a lack of understanding of the nature of the by-products formed, the subsequent 

methodologies required to test for protein oxidation products and perhaps a general conviction that 

lipid oxidation and microbial spoilage summarises the majority of the food deteriorative challenges 

(Estévez, 2011; Lund et al., 2011). 

Oxidation of unsaturated fatty acids occurs in the presence of oxygen, either enzymatically or 

non-enzymatically (Mariutti & Bragagnolo, 2017). The former entails the action of lipoxygenase and 

is not primarily responsible for lipid oxidation in meat and meat products. Non-enzymatic oxidation 

occurs via one of two mechanism: autoxidation; or photo-oxidation (Mariutti & Bragagnolo, 2017). 

Two existing types of oxygen can participate in non-enzymatic lipid oxidation, namely naturally 

occurring atmospheric triplet oxygen (3O2) or singlet oxygen (1O2) (Min & Boff, 2002; Choe & Min, 
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2009). Triplet oxygen has a radical nature and reacts with radicals in the proses known as, 

autoxidation (Choe & Min, 2009; Mariutti & Bragagnolo, 2017). Food lipids, like the majority of 

biological compounds, are generally in the singlet, non-radical state which do not readily react with 
3O2, however, light, heat and metal catalysts accelerate radical formation for autoxidation to occur 

(Min & Boff, 2002; Choe & Min, 2009). 

Autoxidation is described as a radical cascade reaction and can be summarised in three 

steps: initiation; propagation; and termination (Frankel, 1984; Gardner, 1989; Erickson, 2002; 

Mariutti & Bragagnolo, 2017). During initiation, reactive oxygen species (ROS, i.e. superoxide anion, 

O2
-; hydroxy (OH); peroxy (PO); alkoxy (RO); and hydroperoxyl (HOO) radicals) removes a 

hydrogen atom between double bonds in unsaturated hydrocarbon fatty acid chains, creating lipid 

free radicals (R°) (Frankel, 1984; Erickson, 2002; Choe & Min, 2005). The dissociation energy 

(energy required to break the chemical bond) between adjacent double bonds in polyunsaturated 

fatty acids (PUFAs) are much lower compared to saturated fatty acids, making them the ideal 

targets for ROS attack (Frankel, 1985; Gardner, 1989; Min & Boff, 2002). Lipid free radicals can in 

return rapidly react with naturally occurring 3O2, yielding lipid peroxyl radicals (ROO°), (Frankel, 

1984; Erickson, 2002). During propagation, highly unstable peroxyl radicals can further react with 

other unsaturated fatty acids, creating lipid hydroperoxides (ROOH) and an additional lipid free 

radical (R°), (Frankel, 1984; Erickson, 2002). Hydroperoxides, although harmless in their nature to 

food quality, are considered as primary oxidation products responsible for the off flavours and 

aromas when decomposed into secondary volatile and non-volatile compounds, including: 

aldehydes; ketones; alcohols; esters; epoxy compounds; and organic acids (Frankel et al., 1981; 

Frankel, 1982; Erickson, 2002). Carbonyls (aldehydes and ketones) are particularly important 

because of their low odour thresholds contributing either to unpleasant meat aromas or desired 

aromas (Ramaswamy & Richards, 1982; Dirinck et al., 1997; Min & Boff, 2002b). Aldehydes which 

contribute to undesired aromas include: nonanal; 2-pentyl-furan; trans-2-heptenal; and 2,4-

decadienal, imparting fatty, oily and/or rancid aromas (Gilles, 2009). In contrast, other oxidation 

products may contribute positively, like 1-octen-3-ol, contributing to meat aroma imparting a 

mushroom flavour (Dirinck et al., 1997). Finally, during termination, radicals are neutralized or 

stabilized by reacting with each other (Erickson, 2002).  

Primary and secondary by-products of lipid oxidation may in turn initiate amino acid oxidation, 

in this regard cysteine and methionine are highly susceptible due to their sulphur containing centres 

(Estévez, 2011). As with lipid oxidation, proteins oxidise via a free radical cascade reaction, 

however, the latter process may be much more complex yielding a vast amount of by-products. The 

main protein oxidation products are aldehydes and ketones as a result of carbonylation (Estévez, 

2011; Soladoye et al., 2015). Amino acid structures are affected by H2O2, myoglobin, metmyoglobin 

and salt (Estévez, 2011), since salami contain all of the above-mentioned, protein oxidation is 
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expected to occur. Other precursors for protein oxidation include, free radicals: hydroxyl groups 

(OH); superoxide (O2
-); peroxyl (PO); nitric oxide (NO); and non-radicals: hydrogen peroxide (H2O2); 

1O2; peroxynitrite (ONOO-); hypochlorous acid (HOCl); and ozone (O3), (Shacter, 2000; Soladoye et 

al., 2015). Nitrate/nitrite chemistry leads to the formation of ONOO- which is a strong oxidizing agent 

(Majou & Christieans, 2018) and will be discussed in more detail later in the review. This implies that 

the meat curing process may initiate or contribute partially to oxidative reactions.  

Dry-cured and fermented sausages are susceptible to oxidation due to processing (i.e. 

mincing, mixing) (Nassu et al., 2003; Olivares et al., 2009a). Sun et al. (2011) demonstrated the 

increase of sarcoplasmic protein oxidation during fermentation and oven-drying of Cantonese 

sausages. Excessive actin-myosin oxidation could lead to impaired water holding and emulsification 

capacity (Estévez, 2011), in turn altering salami texture. Apart from affecting sensory 

characteristics, the oxidation of amino acids leads to a loss thereof and hence, negatively effects 

the nutritional value of meat, especially when essential amino acids (i.e. lysine, arginine and 

threonine) are irreversibly altered (Park & Xiong, 2007; Estévez, 2011).  

Although lipid and protein oxidation are generally perceived as an unwanted deteriorative 

phenomenon, these reactions are partially required to achieve the wanted aroma characteristics of 

dry-cured fermented meat (Shahidi et al., 1986; Buscailhon et al., 1994; Ordóñez et al., 1999; 

Olivares et al., 2009b; Chen et al., 2017). An extensive amount of research has been dedicated to 

volatile compounds generated in salami (Berger et al., 1990; Meynier et al., 1999; Sunesen et al., 

2001; Bianchi et al., 2007; Di Cagno et al., 2008; Olivares et al., 2009b; Corral et al., 2014; Flores et 

al., 2015). Salami volatile profiles are commonly analysed when the raw ingredients or processing 

methodology are adapted, for instance: with salt, nitrate and nitrite reductions; different starter 

culture strains are used; and with a change in salami dimensions or fermentation/ripening conditions 

(Montel et al., 1996; Bruna et al., 2001; Olesen et al., 2004; Marco et al., 2008; Tabanelli et al., 

2012; Corral et al., 2013; Coloretti et al., 2014; Hospital et al., 2015; Montanari et al., 2016, 2018; 

Perea-Sanz et al., 2019). 

Irrespective of the positive flavours created through mild lipid and protein oxidation in salami, 

these reactions should foremostly be controlled to prevent quality deterioration. In this regard, 

selected salami processing variables may influence the extent of lipid and protein oxidation, such as 

the amount and composition of added fat (saturated versus mono-/polyunsaturated). Fuentes et al. 

(2014) demonstrated the increase in lipid oxidation as the total lipid content increased in sausage 

models. The source of added fat directly influenced the fatty acid composition and in turn 

determined the oxidative stability of the final product. Furthermore, a significant positive relationship 

was found between PUFA content and hexanal values (linked to rancidity), (Fuentes et al., 2014). It 

is noteworthy to mention the effect of using a meat source from monogastric animals (i.e. pork, or 

turkey) with improved fatty acid profiles with a higher PUFA content for processed meat products. 
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Although such meats are expected to be more susceptible to lipid oxidation due to a higher amount 

of unsaturated double bonds, the additional antioxidants obtained through for instance a grass or 

acorn diet (i.e. tocopherols) may counteract this deteriorative effect in the final meat product 

(Mercier et al., 2001, 2004; Estévez & Cava, 2006).  

The extent of lipid oxidation can be studied by measuring primary (i.e. hydroperoxides and 

conjugated dienes) or secondary (i.e. pentanal, hexanal and malondialdehyde, MDA) oxidation 

products (Gray & Monahan, 1992; Dobarganes & Velasco, 2002; Mariutti & Bragagnolo, 2017). 

Although many analytical methods exists for analysing lipid oxidation (Halliwell & Chirico, 1993; 

Ross & Smith, 2006), the peroxide value (PV, quantifying the mEq peroxides/g of sample) and the 

thiobarbituric reactive substances test (TBARS, quantifying the mg MDA/kg of sample) are 

commonly reported for meat products (Wang et al., 1995; Sebranek et al., 2005; Marco et al., 2008; 

Marangoni & Moura, 2011; Lu & Yanjun, 2016; Zhang et al., 2016; Liu et al., 2018). As for protein 

oxidation, protein carbonyls are commonly measured using the 2,4-dinitrophenylhydrazine (DNPH) 

method expressed as nmol carbonyl/mg of protein (Cichoski et al., 2011; Estévez, 2011; Fuentes et 

al., 2014; Soladoye et al., 2015). These analytical methods should ideally be coupled with sensory 

analysis, as the latter remains the closest approximation of consumer perception (Wąsowicz et al., 

2004). 

Due to the known limitations of TBARS and primary oxidation product measurements, the 

analysis of organic volatile compounds (VOCs) linked with oxidation have received much attention 

(Ross & Smith, 2006). In this sense, the solid-phase micro-extraction (SPME) method has been 

developed for head space VOC analysis (Roberts et al., 2000; Lorenzo, 2014). Certain VOCs are 

highlighted in literature for their association with rancidity, such as hexanal (Muguerza et al., 2001; 

Gøtterup et al., 2008; Fuentes et al., 2014). These biomarkers can be semi-quantified between 

samples using an internal standard of known concentration, given that the analytical method 

remains unchanged between samples and the standard (Roberts et al., 2000). 

3.2. The multifunctionality of nitrate and nitrite  
3.2.1. Antioxidant effect 
Nitrite, nitrate and the combination thereof are applied in cured meats to ensure food safety and 

quality, foremostly seen by a stable, desirable pink-red colour over a long shelf life period with the 

absence of rancidity (Sebranek & Bacus, 2007; Sindelar & Milkowski, 2011). Due to the well-known 

antioxidant effect of nitrite, many commercially available synthetic antioxidants (i.e. butylated 

hydroxyanisole, BHA and butylated hydroxytoluene, BHT) are not commonly used in cured meats 

(Sindelar & Milkowski, 2011, 2012). These synthetic food additives in turn have shown to impart 

cytotoxic effects (Safer & Al-nughamish, 1999; Sarafian et al., 2002). The antioxidant mechanism of 

nitrite is not fully clear, nonetheless proposed mechanisms include: the sequestering of oxygen 

Stellenbosch University https://scholar.sun.ac.za



52 
 

making it unavailable for participation in deteriorative reactions; formation of a stable complex 

between nitrite derivatives and haem iron (Fe2+) inhibiting release of this metal catalyst; and 

stabilising unsaturated fatty acids by forming nitro-nitroso derivatives (Igene et al., 1985; Freybler et 

al., 1993; Honikel, 2008; Andrée et al., 2010). 

A much-appreciated cured meat flavour is probably achieved by the balance of naturally 

occurring meat sulphur volatile compounds, in combination with the suppression of oxidation 

products, like hexanal (Sindelar & Milkowski, 2012; Thomas et al., 2013). Indeed, no single volatile 

compound is linked to the action of nitrate and/or nitrite to create the typical cured meat flavour 

(Flores, 2018), however, reducing the amount of nitrate/nitrite increased the amount of VOCs in 

chorizo (Hospital et al., 2015). This phenomenon was explained by higher counts of gram-positive 

catalase positive cocci (GCC+) as a consequence of nitrate/nitrite reduction, rather than a direct 

effect of nitrate/nitrite on the formation of volatile compounds. Supporting this study, Perea-sanz et 

al. (2018) observed an increase in amino acid oxidation when nitrate was reduced in dry-cured 

fermented sausages, evident by the increased amount of volatile compounds originating from 

branched chain amino acids. Since many microbial strains in dry-cured fermented sausages can 

partake in amino acid degradation (proteolysis), the consequence of reducing nitrate most likely 

influenced the microbial flora in the sausage and indirectly, the volatile profile. A few other authors 

have found a correlation between nitrite addition and the increase of specific volatile compounds in 

dry-cured fermented sausages, such as, methyl ketones: 2-pentanone; 2-heptanone; 2-octanone; 2-

nonanone and secondary alcohols: 2-pentanol; 2-heptanol; and 1-octen-3-ol (Marco et al., 2006; 

Olivares et al., 2009a). These ß-oxidation products originate from microbial metabolism (Gilles, 

2009; Mainar et al., 2017). Additionally, Marco et al. (2006) reported a drastic increase in lactic acid 

bacteria metabolic by-products (i.e. 2,3-butanediol and acetoin) in nitrite containing dry-cured 

sausages. 

A few studies demonstrated the potent antioxidant effect of nitrite even when minute amounts 

were added. The typical, desirable cured meat aroma was more prominent in hams treated with 50 

mg/kg (ppm) nitrite, in comparison with 0.02% BHT or 1000 mg/kg citric acid (Mac Donald et al., 

1980). The increase in the cured meat aroma intensity was directly correlated to the decrease in 

rancid, off flavours. Morrissey and Tichivangana (1985) reported a significant reduction in TBARS in 

a cooked meat models in the presence of 20 mg/kg nitrite and a highly significant reduction at a 50 

mg/kg concentration. Other authors have also demonstrated the antioxidant effect of nitrite at 40 

mg/kg in mortadella (Al-Shuibi & Al-Abdullah, 2002).  

The same nitrite chemistry involved in creating the nitrosomyoglobin colour pigment 

(subsequently reviewed) is suggested to be involved in the antioxidant activity (Sebranek & Bacus, 

2007), especially with regard to reaction with myoglobin. 
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3.2.2. Colour formation 
Since consumers tend to directly associate meat quality with appearance (Verbeke et al., 2005; 

Font-i-Furnols & Guerrero, 2014), the stable colour formation effect of nitrite is valuable for the meat 

industry. As with other curing effects (antibacterial and antioxidant) the reduction of nitrate to nitrite 

is a prerequisite for the colour formation to occur (Hammes, 2012). The reduction of nitrate is 

predominantly described in literature as a microbial enzymatic reaction, however, the possibility of 

chemical nitrate reduction independent of microbial metabolism is also proposed (Hammes, 2012). 

Meat colour stability is rather complex (Mancini & Hunt, 2005) and the addition of nitrite to 

cured meat makes it even more so (Gøtterup et al., 2008). The hue and chroma of fresh red meat 

depends on the quantity and chemical state of the haem protein, myoglobin (Mancini & Hunt, 2005; 

Yin et al., 2011; Neethling et al., 2017; Purslow et al., 2020). In turn, the physical structure (i.e. the 

myofibril diameter and sarcomere length) and pH of the muscle influence light shattering and in turn 

the lightness or darkness (CIE L*) of meat (Hughes et al., 2019; Purslow et al., 2020). However, this 

review will focus on the influence of the myoglobin chemistry on meat colour as a result of 

nitrate/nitrite addition.  

The sixth reversable bonding site and the redox state (ferrous, Fe2+ or ferric, Fe3+) of the 

central iron atom in the haem ring creates the possibility of four different myoglobin chemical states 

in fresh meat (Mancini & Hunt, 2005). Additionally, a fifth chemical state is found in cured meats, as 

summarised in Table 3.1. 

Table 3.1 Different myoglobin chemical states affecting meat colour1 

Myoglobin 
chemical state Reaction 

Ligand in the 
6th binding 

site 

Haem iron redox 
state Colour 

Oxymyoglobin Oxygenation O2 Fe+2 Bright, cherry-red 

Metmyoglobin Oxidation O2 Fe+3 Brown 

Deoxymyoglobin Oxidation and 
reduction No ligand Fe+2 Purple-red 

Carboxymyoglobin Carboxymyoglobin 
formation CO/O2 Fe+2 Bright red 

Nitrosomyoglobin Nitrosolyted NO Fe+2 Red to pinkish 
1Compiled from Mancini and Hunt (2005). 

The typical colour of cured meat is accomplished through binding of nitric oxide (NO) in the 

sixth reversable binding site of the myoglobin haem iron to create the pink-red, heat stable 

nitrosomyoglobin (NOMb) pigment as illustrated in Table 3.1 (Skibsted, 2011; Hammes, 2012; 

Taormina, 2014). Upon heat exposure the protein moiety denatures, however, the porphyrin ring 
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remains stable, which is now known as nitrosohemochromogen and this is more pinkish in colour as 

compared to NOMb (Honikel, 2008; Hammes, 2012; Taormina, 2014). After nitrate reduction to 

nitrite, nitrous acid is formed by an acid catalysed reaction, which decomposes into nitric oxide 

which is capable of binding to myoglobin, creating NOMb (Fig. 3.1), (Taormina, 2014). The 

formation of NOMb in salami is much quicker when nitrite is used as opposed to nitrate, reaching a 

maximum NOMb concentration within two days of fermentation (Gøtterup et al., 2008).  

Microorganisms play a pivotal role in the cured colour formation due their nitrate reductase 

capabilities, especially when nitrate as opposed to nitrite is added (Gøtterup et al., 2008; Hammes, 

2012). Coagulase negative staphylococci and members of the Kocuria (Micrococcacea) family are 

commonly added to salami for their nitrate reductase activity (Casaburi et al., 2005; Sebranek & 

Bacus, 2007), however, some lactic acid bacteria strains have also exhibited nitrate reductase 

activity, including: L. sakei; L. plantarum; and L. farciminis (Hammes, 2012; Landeta et al., 2013). 

In the case of exclusive nitrate addition, the amount and formation rate of NOMb depends on 

the concentration of and nitrate reducing ability of the microbial strains in the meat (Gøtterup et al., 

2008; Mainar & Leroy, 2015). These bacteria may be sensitive towards processing conditions, 

emphasizing the importance of process optimisation to achieve successful nitrate reduction, 

especially in the case of limited added nitrate and/or microbial strains with nitrate reductase activity 

(Mainar & Leroy, 2015; Stavropoulou et al., 2018). Processing factors to consider include: oxygen 

availability (Talon & Leroy, 2014); pH (Mainar & Leroy, 2015); and temperature (Casaburi et al., 

2005). When the meat environment becomes oxygen limited, the low O2 partial pressure leads to 

the dissociation of O2 in the sixth bonding site of the myoglobin haem iron, allowing NO to bind in 

this position. Furthermore, the limited oxygen supply forces bacteria with nitrate reductase activity to 

utilise nitrate as terminal acceptor as opposed to oxygen, ultimately generating nitrite (Hammes, 

2012; Majou & Christieans, 2018). An acidic environment (pH = 5.0-6.0) seems to be sufficient to 

dissociate nitrous acid to yield NO (Sobko et al., 2005; Talon & Leroy, 2014; Majou & Christieans, 

2018) again highlighting the role of lactic acid bacteria in the curing process (Gøtterup et al., 2008). 

Temperatures above 30°C have shown to promote the growth of certain CNS strains (Casaburi et 

al., 2005), however, the nitrate reduction process can also successfully occur at lower temperatures 

(15-20°C), (Mainar & Leroy, 2015). Other factors may accelerate or aid in nitrosomyoglobin 

formation, such as a high salt (NaCl) or ascorbate (vitamin C) content, commonly associated with 

salami (Skibsted, 2011). Sodium chloride can react with nitrite, subsequently forming the strong 

nitrosalyting agent known as nitrosohypochloride (NOCl), which accelerates NOMb formation 

(Møller & Skibsted, 2002; Skibsted, 2011).  

Very little nitrite is required to form this stable colour in cooked cured meat (2-14 mg/kg), but 

much higher concentrations are needed for homogenous curing and a long-lasting effect (Sofos et 

al., 1979; Sebranek & Bacus, 2007). Likewise, as with the cured meat flavour formation (the 
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antioxidant effect), an added amount of nitrite between 25-50 mg/kg is likely sufficient to create a 

satisfactory cured meat colour (Sebranek & Bacus, 2007; Sindelar & Milkowski, 2011). 

Figure 3.1 Summary of the nitrite chemistry involved in the colour formation of cured meats. 
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3.2.3. Antimicrobial effect  
As with the chemistry behind the cured meat colour formation, the potent antimicrobial action of 

nitrite is probably not fully understood, although many different modes of action are proposed in 

literature. Sofos et al. (1979) extensively reviewed proposed antimicrobial mechanisms, however, 

many of these hypotheses were equivocal in literature at that time, like the inhibitory effect of nitrite 

on Clostridium spore germination and increased effect on spore heat susceptibility. Also, 

researchers differed over the significance of the ingoing amount of nitrite, versus the residual 

amount (Sofos et al., 1979). Benedict (1980) subsequently reviewed a variety of proposed 

antimicrobial mechanisms of nitrite and nitrous acid. These included: interference with carbohydrate 

metabolism; destructive action towards cell membranes altering transport in and out of the cell; 

essential enzymatic inhibition; the deamination of nucleic acid bases; the interference of iron-

sulphur proteins, metal chelating and subsequent hindering of essential co-factor uptake, to name a 

few. Other researchers discussed the destruction of iron-sulphur proteins (Cammack et al., 1999) 

and DNA base removal by nitrous acid causing faulty DNA replication (Paik & Lee, 2014). The 

intricate, multitargeted antimicrobial action of nitrite and its derivatives are evident from these past 

reviews. Today, the role of nitric oxide and its derivatives in the curing process are perhaps better 

understood.  

Peroxynitrite (ONOO-) is a potent oxidant and antimicrobial agent capable of disrupting 

proteins, DNA and lipid structures, ultimately causing bacterial cell destruction (Denicola et al., 

1998; Lindemann et al., 2013; Majou & Christieans, 2018). Nitric oxide can react to yield ONOO- by 

two distinct pathways which could co-exist in vivo (Majou & Christieans, 2018). The first entails the 

reaction of nitric oxide with neutrophil-derived superoxide anion (O2
-) yielding ONOO- (Fig. 3.2). 

Nitrite can alternatively react with hydrogen peroxide (H2O2) to yield ONOO- (Fig. 3.3), (Denicola et 

al., 1998; Radi, 2013; Majou & Christieans, 2018). 

 

Figure 3.2 The reaction between superoxide anion and nitric oxide yielding peroxynitrite. 

 

Figure 3.3 The reaction between nitrite and hydrogen peroxide yielding peroxynitrite. 

The effectiveness of ONOO- is highly pH dependent, as the protonated form of peroxynitrite, 

known as peroxynitrous acid (ONOOH), can cross bacterial cell membranes more easily via passive 

diffusion (Cammack et al., 1999; Majou & Christieans, 2018). A pH difference of one unit showed a 

large difference in membrane permeability, were ONOOH had significantly higher permeability at a 

pH of 5.0, as compared to a pH of 6.0 (Majou & Christieans, 2018). The oxidative stress brought 

about by ONOO-/ONOOH is thus not exclusively dependent on the NO2, and subsequent NO, O2, 

and H2O2 concentrations, but also the matrix pH (Majou & Christieans, 2018). 
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The effectiveness of nitrite against Clostridium botulinum (Christiansen et al., 1974; Sofos et 

al., 1979; Benedict, 1980) is probably how it gained popularity amongst antimicrobial agents, as C. 

botulinum is a lethal and feared pathogen historically associated with processed meat products, 

especially sausages (Leroy et al., 2013). Emile Pierre van Ermengem, a Belgian Scientist first 

identified C. botulinum after an intoxication outbreak in 1985 caused by salted ham (Leroy et al., 

2013; Grenda et al., 2014).  

Toxin producing clostridia (C. botulinum and C. perfringens) are of major concern in certain 

foodstuffs as toxin ingestion can cause a severe neurological disease in both humans and animals, 

known as botulism (Cammack et al., 1999; Dahlsten et al., 2008). Botulism neurotoxins are in fact 

the most lethal known to man, with the ingestion of as little as 30-100 ng being potentially fatal 

(Peck, 2009). Seven different types of botulinum toxins have been identified, namely A to G 

(Merialdi et al., 2016), however, only four of these are relevant to human disease related strains (A, 

B, E and F) (Dahlsten et al., 2008). The two metabolic groups involved are, proteolytic (with the 

ability to hydrolyse proteins) and non-proteolytic clostridia strains. Proteolytic strains can produce 

toxins A, B and F and non-proteolytic strains B, E or F (Dahlsten et al., 2008; Merialdi et al., 2016). 

The latter, being psychotropic, seems to be of primary concern in chilled foods, able to grow and 

produce toxins at refrigerated temperatures (Lynt et al., 1982; Graham et al., 1997; Peck et al., 

2008). On the other hand, proteolytic toxin production can occur in acidic environments with a pH as 

low as 4.2 (Smelt et al., 1982). A much higher salt concentration is required to inhibit growth and 

toxin production of proteolytic (10%) as compared to non-proteolytic (5%) clostridia strains (Lynt et 

al., 1982).  

Based on these parameters, salami intrinsic parameters may support the growth of proteolytic 

or non-proteolytic toxin producing clostridia strains, having a favourable pH, salt concentration and 

storage temperature (either refrigerated or ambient). Although not fully appreciated by consumers, 

botulism is said to be “completely controlled by nitrite” (Sindelar & Milkowski, 2011). Before the 

industrial application of nitrite, botulism was a feared illness associated with sausages. In fact, the 

word “botulism” originates from the Latin word, butulus, meaning “sausage” (Leroy et al., 2013). 

The Clostridium genus is highly susceptible to oxidative stress (Majou & Christieans, 2018) 

and thus also to the effect of the free radicals originating from nitrate/nitrite. These compounds are 

said to interact with the iron-sulphur proteins of clostridial species causing a rapid decrease in 

internal adenine triphosphate (ATP) and pyruvate (Hospital et al., 2016). Clostridium botulinum can 

successfully be inhibited in salami without the addition of nitrate and/or nitrite, purely as a result of 

the combination of multiple hurdle effects (competitive lactic acid bacteria growth, pH and aw 

reduction and temperature control) (Hospital et al., 2016). However, the pathogenic risk is greater 

when one of these hurdles are not successfully met. The germination process of C. botulinum 
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strains might take many days (Hospital et al., 2016), emphasising the vital role of residual nitrite in 

salami over storage time.  

Although the antimicrobial mechanism is not clarified, nitrite showed an inhibitory effect 

against Staphylococcus aureus (Tompkin et al., 1973), Enterobacteriaceae (Hospital et al., 2015; 

Cardinali et al., 2018), Listeria (Hospital et al., 2012), Salmonella (Hospital et al., 2014) and overall 

bacterial diversity (Cardinali et al., 2018) in processed meats. While nitrate and/or nitrite showed no 

effect against other spoilage microorganisms such as Proteus vulgaris and Serratia liquefaciens 

(Hospital et al., 2017). Lactic acid bacteria proliferation has proven to be unaffected by nitrate 

and/or nitrite (Hospital et al., 2012, 2016; Cardinali et al., 2018). The capability of some lactic acid 

bacteria strains to proliferate better in the presence of nitrate and/or nitrite than others is probably 

due to adaption of their membrane structures, amino acid sequence of their DNA or vital enzymes, 

as highly reactive by-products of nitrite usually cause destruction in these structures (Benedict, 

1980; Paik & Lee, 2014). Alternatively, their resistance can be due to their nitrite reductase activity 

which is described as a detoxifying mechanism in literature (Dodds & Collins-Thompson, 1984; 

Wang et al., 2013; Paik & Lee, 2014). Conversely, lactic acid bacteria strains with nitrite reductase 

activity did not necessarily proliferate the best when exposed to nitrite (Paik & Lee, 2014) and 

strains which proliferated best did not exhibit nitrite reductase activity (Dodds & Collins-Thompson, 

1984). Other mechanisms explaining the resistance of lactic acid bacteria have been proposed 

based on their fermentation pathways, with homofermentative strains being more robust and less 

sensitive to nitrite (Dodds & Collins-Thompson, 1984). The nitrite reducing ability of moulds and 

yeasts probably also explain their proliferation in nitrate/nitrite added cured meats (Morton, 1956; 

Tachiki et al., 2016). The ability of lactic acid bacteria, yeasts and moulds to proliferate in the 

presence of maximum permitted nitrate and/or nitrite in salami is nonetheless, highly beneficial for 

salami production.  

The antimicrobial effect of nitrite is emphasised as part of a multiple hurdle strategy (Paik & 

Lee, 2014) and its role is evident when considering the many foodborne botulism outbreaks from 

cured meats of home-produced origin, free of nitrate and/or nitrite (Sofos et al., 1979). Although 

nitrite and its derivatives play a crucial role in the microbial safety of salami, one cannot neglect 

other intrinsic and extrinsic factors such as pH, aw and temperature to combat the growth of 

unwanted bacteria (Hospital et al., 2017; Majou & Christieans, 2018). If latter hurdles are not met, a 

serious food safety risk might develop, especially at the onset of fermentation when temperature, 

pH and aw favour the growth of pathogens (Hospital et al., 2015, 2016). In fact, previous studies 

have reported the inhibitory effect of nitrite to be dependent on pH, NaCl concentration, temperature 

and oxygen availability, of which a sufficient pH reduction seems to be the determining factor for 

success (Castellani & Niven Jr, 1955; Buchanan & Solberg, 1972; Tompkin et al., 1973; Sofos et al., 

1979; McClure et al., 1991). 
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3.3. Nitrite and nitrate as a public concern 
Ingestion of a high concentration of nitrite is known to be poisonous. Accidental ingestion of nitrite 

contaminated drinking water (Bradberry et al., 1994) and sausages (Kennedy et al., 1997) have 

resulted in adverse health effects. The ability of haemoglobin to bind and transport oxygen through 

the blood is dependent on the presence of a bound haem-group (Berg et al., 2015). The iron centre 

in the haem group can exist in both the ferrous (Fe2+) or ferric (Fe3+) state, however, the latter is 

incapable of binding oxygen (Berg et al., 2015). Nitrite has the ability to oxidize ferrous iron to the 

ferric state, forming methaemoglobin (MetHb) unable to bind and transport oxygen successfully 

throughout the body (Kohn et al., 2002). This condition is especially fatal in infants and can cause 

what is known as the blue baby syndrome as a result of cyanosis which creates a blue discoloration 

of the skin due to poor oxygen transport through the body (Knobeloch et al., 2000; Savino et al., 

2006). Nitrate on the other hand, occurs in high concentrations in a variety of plant sources 

(especially vegetables) and the consumption thereof is promoted for cardiovascular health benefits 

(Hord et al., 2009; Sindelar & Milkowski, 2012; Butler, 2015; Bedale et al., 2016; Colla et al., 2018).  

With regard to processed meats, nitrite is clearly a highly effective and multifunctional 

compound (as reviewed earlier) and could be irreplaceable (Sebranek & Bacus, 2007; Sindelar & 

Milkowski, 2011). Nonetheless, the use of curing agents have been scrutinised in an ongoing 

debate since the formation of carcinogenic N-nitrosamines (e.g. N-nitrosodimethylamine and N-

nitrosopyrrolidine) as a result of nitrite exposure under certain conditions in the early 1970s in fried 

bacon (Cassens, 1997; Sebranek & Bacus, 2007; De Mey et al., 2014; Herrmann et al., 2015). 

Nitrosamine formation occurs when nitrite is converted to nitric oxide and subsequently reacts with 

secondary amines in an acidic environment under a high temperature exposure (> 130°C), such as 

frying (Honikel, 2008; Sindelar & Milkowski, 2011; Hammes, 2012; Butler, 2015; Herrmann et al., 

2015; Bedale et al., 2016).  

The residual amounts of nitrate in processed meats (< 20 mg/kg; Honikel, 2008; Milkowski et 

al., 2010; De Mey et al., 2014) are generally much lower than the concentration found in plant 

sources (Bahadoran et al., 2016). Indeed, the contribution of cured meats to dietary nitrate and 

nitrite in modern-day is said to be negligible (Leroy et al., 2013) as compared to the vast amounts of 

these products consumed from eating certain plants, drinking water and by means of natural 

production thereof in human saliva (Archer, 2002; Sindelar & Milkowski, 2012). The mistrust in 

nitrates/nitrites is probably contributed to correlations found between the consumption of red and 

processed meats and cancer (Xu et al., 2013) and the World Health Organization’s (WHO) 

recommendation to consume preserved meats in moderation (World Health Organization, 2003). 

Additionally, the World Cancer Research Fund (WCRF) and the American Institute for Cancer 

Research (AICR) announced an increased risk of colorectal cancer with the high consumption of 

processed meat in 2007 (Demeyer et al., 2008). However, publications used to substantiate this 
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statement were subjected to criticism. For instance, the results were based on dietary 

questionnaires which lacked differentiating between the meat products consumed, e.g. whether 

fermented or non-fermented, heat treated or not, or which preservatives they contained (Demeyer et 

al., 2008). The health risks related to consuming dry-cured fermented meats specifically are thus 

still vague. Regardless, the mistrust in the use of curing agents in meat are reflected in the ongoing 

revision of the legally permitted maximum and minimum amounts of nitrate and nitrite in foodstuffs 

(Mortensen et al., 2017b,a). Discrepancies amongst countries complicate this dilemma even further. 

Denmark for instance requested yet another revision of the European Union (EU) maximum 

permitted limits in 2007, convinced that lower amounts are sufficient to achieve food safety (Hospital 

et al., 2014). Denmark allows a maximum permitted amount of 60 mg/kg of nitrite to the majority of 

processed meat products (with exceptions), in comparison to the EU (Directive 2006/52/EC) 

allowing a maximum of 150 mg/kg (Herrmann et al., 2015). This contradictory demand to eliminate 

preservatives whilst wanting safe and nutritious food is not limited to nitrate and nitrite salts. This 

seems to be a general trend amongst modern consumers (Bedale et al., 2016).  

Regardless of the continuous debate surrounding curing agents in meat, consumer demand is 

still the predominant factor influencing new product development. Consumers are becoming 

increasingly aware of food additives and accordingly favour cleaner labelled products, including 

reduced nitrate/nitrite meat products (De Andrade et al., 2017; Di Vita et al., 2019). The food 

industry is faced with a rather contradicting situation, as consumers equally fear food additives, as 

they do foodborne diseases which is foremostly the reason for the use of these additives, including 

nitrite (Bedale et al., 2016). Negative consumer perspective surrounding food additives are 

subscribed to a lack of knowledge or understanding their application and purpose in food products 

(Bedale et al., 2016). Nonetheless, the effect of lowering the amount of ingoing nitrate and/or nitrite 

in dry-cured and fermented sausages have been studied extensively (Cenci-goga et al., 2012; 

Hospital et al., 2015; Mainar et al., 2016; Cardinali et al., 2018; Christieans et al., 2018; Perea-Sanz 

et al., 2019). From a food safety point of view, the benefits of the controlled use of nitrate and nitrite 

as food additives may overshadow the potential dangers (Cassens, 1997; Honikel, 2008). 

3.4. Alternatives for nitrate and nitrite in cured meat 
To eliminate nitrite from processed meats would pose a number of challenges, including: the control 

of unwanted microbial growth; achieving unique cured meat characteristics (colour and flavour); cost 

increase; and consumer dissatisfaction (Sindelar & Milkowski, 2011).  

One approach to eliminating the direct addition of nitrite to meat products would be by adding 

a combination of nitrate reducing bacteria in combination with natural extracts high in nitrate, 

including: celery (Sebranek & Bacus, 2007; Magrinyà et al., 2009; Alahakoon et al., 2015; 

Posthuma et al., 2018); beetroot (Sucu & Turp, 2018); and parsley (Riel et al., 2017). This approach 
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to produce so called “naturally cured meats” is, however, a mere pseudosolution and may create 

additional challenges, such as amendments to labelling regulations and inconsistent amounts of 

added nitrate and subsequently also residual nitrite (Sebranek & Bacus, 2007). 

Another interesting research focus found in literature, is the use of microbial strains with the 

ability to convert myoglobin to nitrosomyoglobin in the absence of added nitrate and/or nitrite.  The 

latter can occur through inherent nitric oxide synthase (NOS) enzyme activity capable of forming 

nitric oxide from the amino acid, L-arginine in the presence of NAPDH (Arihara et al., 1993; Mainar 

et al., 2017; Ras et al., 2018a,b). This revolutionary discovery lead to researchers investigating the 

possibility of these so-called reddening strains to replace nitrate and nitrite as colour fixing agents in 

cured meats (Morita et al., 1998; Møller et al., 2003; Li et al., 2013; Mainar & Leroy, 2015). 

Furthermore, the use of bacteriocin producing staphylococci in nitrate/nitrite free salami may 

achieve a twofold function towards colour development and bioprotection (Mainar et al., 2016).  

However, the research topic receiving the most attention would be the application of plant 

extracts exhibiting antimicrobial and/or antioxidant capacity in meat products (Falowo et al., 2014; 

Shah et al., 2014; Aziz & Karboune, 2018; Jin et al., 2018; Nikmaram et al., 2018; Martínez et al., 

2019). Polyphenols consist of a large group of biological active compounds and are ubiquitously 

found in plants (e.g. fruits, vegetables, herbs and spices, seeds and hulls, tree bark, wine and teas) 

as secondary metabolites aiding in protection against toxins, radiation and pathogens (Moure et al., 

2001; Iranshahi et al., 2015). The chemical structure of flavonoids (the latter forms part of the 

polyphenol group) is what creates their antioxidant activity, having locational double bonds, o-

dihydroxy and hydroxyl groups in their ring structures (Tapas et al., 2008). Polyphenolic compounds 

and ascorbic acid are acknowledged as the most important natural antioxidants in foodstuffs (Choe 

& Min, 2009). The proposed structure related antioxidant mechanisms of polyphenolic compounds 

include: chain breaking through scavenging of lipid peroxyl radicals; hydrogen donation to free 

radicals; singlet oxygen quenching; and pro-oxidant metal chelation (Rice-Evans et al., 1996). The 

interest in natural extracts in meat is evident by the 22 peer-reviewed articles published in Food 

Research International scientific journal dedicated to natural antioxidants to reduce the oxidation 

process of meat and meat products (last updated in 2019 

https://www.sciencedirect.com/journal/food-research-international/special-issue/10L4PKNM5MX). 

Furthermore, the authorization of rosemary extract in meat products with an official E-number (E-

392) granted by the European Union (Directive 95/2/EC), illustrates the commercial feasibility of 

natural extracts in meat (Teruel et al., 2015). Although a vast amount of literature is available on the 

substitution of nitrate/nitrite with natural extracts, this literature review will only highlight a few 

studies.  

Rape (Brassica campestris L.) bee pollen rich in flavonoids (quercetin, rutin and kaempferol) 

decreased the PV and TBARS in salami (Zhang et al., 2016). A combination of plant extracts and 
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reduced sodium nitrite showed a synergistic antibotulinal effect in a meat model (Cui et al., 2010) 

and the addition of tomato peel resulted in acceptable textural and sensory characteristics in dry-

cured fermented sausages (Calvo et al., 2008). Deda et al. (2007) demonstrated the feasibility to 

reduce the ingoing amount of nitrite from 150 mg/kg to 100 mg/kg when combined with 12% tomato 

paste without negatively effecting the characteristics of frankfurters. Doolaege et al. (2012) 

concluded that as little as 80 mg/kg nitrite was sufficient to produce liver pâté with acceptable colour 

and lipid stability with the aid of rosemary extract. Coriandrum Sativum L. essential oil showed 

successful antioxidant activity in Italian salami, even more so compared to the synthetically used 

butylated hydroxytoluene (BHT) (Marangoni & Moura, 2011), whilst Origanum vulgare extract 

showed an equal antioxidant capacity as compared to sodium erythorbate in sheep sausages 

without altering the physicochemical and sensory quality of the product (Fernandes et al., 2018). 

Furthermore, rosemary essential oil in Iberian pork frankfurters reduced TBARS, hexanal and 

carbonyls from protein oxidation, although only effective in high added amounts (300 and 600 

mg/kg) (Estévez & Cava, 2006). Alirezalu et al. (2019) successfully produced nitrite-free frankfurter-

type sausages with a combination of natural antimicrobial and antioxidant compounds and proposed 

polylysine, chitosan and a mixed extract of green tea, stinging nettle, and olive leaves as a potential 

nitrite replacement. Although the application of a variety of natural extracts in meat have been 

studied, consumers have a higher prevalence for familiar tastes associated with meat like thyme or 

rosemary, while green tea for instance is seen as unacceptable or unusually perceived in meat 

products (Hung et al., 2016). 

Stakeholders in a European study by Hung et al. (2016) agreed that the complete elimination 

of nitrite is not practical, especially when the desired pink-red colour is considered, while others 

argued that complete substitution is possible, but will be undoubtfully challenging. Perhaps a more 

realistic approach is the so called, multiple hurdle effect. This would imply the combination of lower 

levels of nitrite/nitrate combined with advanced processing steps and the addition of natural 

compounds exhibiting antimicrobial and/or antioxidant effects (Alahakoon et al., 2015). 

3.5. Honeybush (Cyclopia subternata)  
Cyclopia subternata Vogel (Family: Fabaceae; Tribe: Podalyrieae), locally known as honeybush tea, 

is native to South Africa and commercially produced as a hot beverage after fermentation (Joubert 

et al., 2008a; De Beer et al., 2012). Of the 23 known Cyclopia species, only three have commercial 

importance, of which C. subternata is one (De Beer & Joubert, 2010; Joubert et al., 2011). The 

characteristic sweet taste and brick-brown appearance of the tea are achieved with optimal time-

temperature fermentations (e.g. 90°C, 24h for C. subternata) (Stepanova et al., 2012; Erasmus et 

al., 2017). Green honeybush in contrast, refers to the cut and dried plant material without the 

fermentation step (Joubert et al., 2011). Coarse waste material with a high stem content unsuitable 

for commercial tea can be used for extract purposes (Joubert et al., 2008a). In this sense, a non-
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commercial honeybush by-product rich in antioxidants can be optimally used. Du Preez et al. (2016) 

demonstrated the feasibility to produce hesperidin-enriched C. maculata extract from a by-product 

high in stems for increase profitability of the South African honeybush industry. Recently, Joubert et 

al. (2019) compiled a 20-year milestone review regarding research on Cyclopia species. There the 

authors summarized the standard extraction procedure as 1:10 mass to solvent ratio with 30 min 

extraction time at 93°C (Joubert et al., 2019). The quality of these extracts are regulated by 

determining the total polyphenol content (TP) and the total antioxidant activity (TAA) (Joubert et al., 

2008a, 2011). Although the polyphenolic composition differs between species, xanthones 

(mangiferin and isomangiferin) and a flavone (hesperidin) occur in all species (Joubert et al., 

2008a). 

The growing demand in health promoting, antioxidant rich foods gained honeybush its 

international recognition and the economic importance for Southern Africa (Kokotkiewicz et al., 

2012). Both fermented and unfermented honeybush have proved to exhibit antioxidant capacity by 

means of the 1,1-diphenyl-2-picrylhydrazine (DPPH) radical scavenging, oxygen radical absorbance 

capacity (ORAC), ferric reducing antioxidant power (FRAP), 2,2'-azino-bis(3-ethylbenzothiazoline-6-

sulphonic acid) (ABTS) and lipid peroxidation (LPO) assays (Joubert et al., 2008a; De Beer et al., 

2012; Magcwebeba et al., 2016). Due to the detrimental effect of high temperature fermentation on 

certain polyphenols, the green, unfermented honeybush state is preferred for extract purposes 

(Joubert et al., 2008b).  

Cyclopia subternata, as with the other Cyclopia species, has proven to be rich in 

polyphenolics, including the flavonoids: hesperidin (major flavonoid constituent); narirutin; eriocitrin; 

epigallocatechin gallate; the flavones: luteolin; scolymoside; orobol; and the xanthones: mangiferin; 

and isomangiferin (Kamara et al., 2004; De Beer et al., 2009; De Beer & Joubert, 2010). More 

recently, a benzophenone (iriflophenone-3-C-β-glucoside); dihydrochalcone (phloretin-3’,5’-di-C-β-

glucoside); flavone, isorhoifolin (Kokotkiewicz et al., 2012); iriflophenone-di-O,C-hexoside, (R)-, (S)-

eriodictyol-di-C-hexoside; vicenin-2; and 3-hydroxyphloretin-3',5'-di-C-hexoside (De Beer et al., 

2012) were also identified and judging by their chemical structures, these compounds should 

contribute to the protective, antioxidant capacity of C. subternata. Subsequently, rapid methods 

were developed for screening of xanthone content in C. subternata (Joubert et al., 2012). 

Hesperidin (Hsd), first isolated by Lebreton (1827), belongs to the flavonoid polyphenolic 

group and is primarily associated with citrus fruits (Iranshahi et al., 2015). The Hsd molecule 

consists of an aglycone unit called, hesperetin (Hst) and a disaccharide, rutinose, which consists of 

glucose and rhamnose. Hesperidin, Hst and its derivatives exhibit a variety of bioactive functions, 

including antimicrobial and antioxidant ability through radical scavenging, metal chelating and 

malondialdehyde formation inhibition (Lee et al., 2003; Iranshahi et al., 2015). Furthermore, 

mangiferin proofed to be a potent O2- scavenger in vitro (Leiro et al., 2003). These modes of 
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antioxidant effects are in accordance with Frei and Higdon (2003) who reviewed and summarized 

the potential antioxidant mechanisms of tea polyphenolics.  

The three commercial species: C. genistoides; C. longifolia; and C. subternata share common 

sensory traits described as fynbos-floral and fruity-sweet, with the exception of C. subternata lacking 

in a bitter taste which could be detected in its counterparts due to faulty fermentation (Theron et al., 

2014; Erasmus et al., 2017; Alexander et al., 2019). Variation in volatile compounds between 

Cyclopia species (either qualitatively or quantitatively) are responsible for the unique sensory 

profiles of each species (Ntlhokwe et al., 2018). Le Roux et al. (2012) identified a total of 183 VOCs 

in C. subternata of which the majority were terpenoids (56%). Furthermore, typical honeybush 

flavours were detected by the gas chromatography-olfactometry (GC-O) assessors and 37 aroma 

active compounds were present, of which the most important were: (E)-β-damascenone; (R/S)-

linalool; (E)-β-damascone; geraniol; (E)-β-ionone; and (7E)-megastigma-5,7,9-trien-4-one (Le Roux 

et al., 2012). Volatile compounds with an aroma diluent (AFD) factor ≥ 2 are acknowledged as odour 

active (Le Roux et al., 2012). Four of the identified odorants in C. subternata with the highest AFD 

factors were associated with a sweet, apricot aroma, namely: (E)-β-Damascenone; (R/S)-linalool; 

geraniol; and (E)-β-ionone (Le Roux et al., 2012). A more recent study identified a grand total of 283 

volatile compounds in C. subternata using two dimensional gas chromatography coupled to time of 

flight mass spectroscopy (GC x GC combined with TOF-MS), highlighting the complexity of the 

volatile profile of these teas (Ntlhokwe et al., 2018). Although the volatile compound likely 

responsible for the honey aroma (benzeneacetaldehyde) was shown to be present in all three 

species, it was primarily associated with C. genistoides and C. subternata (Ntlhokwe et al., 2018). 

The major flavonoids in C. subternata, Hsd and its aglycone, Hst, have shown to exhibit anti-

microbial, antiviral and antifungal activities (Coetzee et al., 2008; Abuelsaad et al., 2013; Iranshahi 

et al., 2015). Although their inhibitory effect seems to vary between studies (Iranshahi et al., 2015). 

The xanthone, mangiferin, is considered as antiviral agents used in folk medicines (Yoshimi et al., 

2001). Mangiferin and its analogues showed inhibitory effects against bacteria (Bacillus pumilus, B. 

cereus, Salmonella virchow, Staphylococcus aureus and Escherichia coli) and fungal species 

(Thermoascus aurantiacus, Aspergillus flavus and A. niger) in previous studies (Singh et al., 2009, 

2012). Numerous other bioactivities of mangiferin (i.e. anti-inflammatory and anti-tumour) are 

reviewed elsewhere (Kamara et al., 2004).  

Previous researchers have applied rooibos, another indigenous South African tea similarly 

rich in polyphenolic compounds (Magcwebeba et al., 2016) exhibiting radical scavenging and lipid 

peroxidation inhibition (Snijman et al., 2009), to extend the shelf life of processed meat products. 

These included: ostrich salami (Cullere et al., 2013); ostrich droëwors (Hoffman et al., 2014); 

blesbok and springbok droëwors (Jones et al., 2015); and rabbit patties (Cullere et al., 2019). 

Regardless of the extensive amount of research dedicated to the polyphenolic content and 
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antioxidant activity of various Cyclopia species, the application of honeybush in processed meat 

products remains unexplored.  

3.5.1. Challenges to consider  
Cutting and rolling of plant material and high temperature exposure during fermentation for tea 

production will lead to a loss of bioactive compounds, therefore the green, unfermented state of C. 

subternata is a better alternative for bio-active extract purposes than the oxidative fermentative 

counterpart (Frei & Higdon, 2003 Joubert et al., 2008b). Nonetheless, damaged plant cells during 

green C. subternata extract preparation may leach polyphenol oxidase, causing oxidation of 

previously compartmentalized antioxidant compounds (Frei & Higdon, 2003). Furthermore, yield, 

antioxidant capacity and subsequent stability of plant extracts depend on the nature of the 

extraction solvent used and the processing steps the raw material is subjected to (e.g. time, 

temperature and pressure combinations) (Moure et al., 2001; De Beer et al., 2012; Wang et al., 

2013a). Garrido et al. (2011) reported a variety in polyphenolic composition and subsequent lipid 

oxidation inhibition effect of grape pomace extract due to different extraction methods. In 

accordance, Teruel et al. (2015) found a significant variation in rosemary extract parameters (TP 

and TAC) due to choice of solvent (acetone or methanol) and format of the extract (powder or 

liquid). In this regard, many techniques have been developed and improved to increase bioactive 

compound yield from plants (Azmir et al., 2013; Adiamo et al., 2019). Apart from the extraction 

procedure, inherent plant material variation furthermore contributes greatly to quality variation of 

plant extracts. In an attempt to aid in quality standardisation of C. subternata extracts, De Beer et al. 

(2012) demonstrated a variation in TP and TAC of aqueous extracts according to season, 

geographical region, agricultural practices and part of the plant used. Moreover, harvest time 

(summer versus winter) and area (Western seaboard versus Cape Peninsula) significantly affected 

polyphenolic content in wild C. genistoides (Joubert et al., 2014). For extract production, the 

honeybush plant material is generally not sieved to remove the stem fraction. This varying ratio of 

stem to leaf ratio not only influences the TP and TAC, but also the extract yield (De Beer et al., 

2012; Joubert et al., 2019). Knowing this, it is important to consider the effect of drought as a water 

scarcity will lead to the loss of plant leaves, altering the leaf to stem ratio (Joubert et al., 2019). 

Environmental stress exposure in turn, may lead to an increase in polyphenolic production in plants 

and thus an inconsistency in raw material intended for extract purposes (Sharma et al., 2019; 

Toscano et al., 2019).  

The challenge to produce natural extracts with standardised, high polyphenolic content was 

highlighted by Pauck (2016), greatly ascribed due to the high variability in phenolic composition of 

the raw material. Other probable hurdles to overcome when using Cyclopia extracts include: 

degradation and difficulty to work with the extract due to stickiness (Sansone et al., 2011); 

insolubility and impaired wettability (Tomás-Navarro et al., 2014; De Beer et al., 2018); and a 
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potential bitter taste in the final product in the case of adding certain Cyclopia species, especially C. 

genistoides (Theron et al., 2014). The poor insolubility of Cyclopia extracts in aqueous matrixes is 

ascribed to the hesperidin content (Tomás-Navarro et al., 2014), while the association with a bitter 

taste appears to be correlated mainly with the mangiferin content, amongst other flavanones 

(Alexander et al., 2019). In the light of commercial feasibility of Cyclopia food extracts, a few studies 

have addressed potential processing challenges. Minimising the aspalathin variation in green 

rooibos extract production has been explored (Miller et al., 2017) and the extraction yield of 

xanthone and benzophenone from C. genistoides with regard to solvent composition was optimised 

(Bosman et al., 2017). Beelders et al. (2017, 2018) contributed to the understanding of the thermal 

stability and degradation products of xanthones and benzophenones selected from C. genistoides. 

The conflicting pro-oxidant effect of polyphenolic compounds in high concentrations is also 

found in literature. Rooibos extract did not successfully inhibit lipid oxidation in ostrich droëwors, 

possibly due to the fatty acid profile of the meat (higher PUFAs) and long drying period during which 

the rooibos could have acted as a pro-oxidant over time (Hoffman et al., 2014). The provoking of 

antioxidants to become prooxidative is explained by their ability to reduce transition metals (such as 

Fe3+) to a catalytic active state (Fe2+) capable of reacting with oxygen or hydrogen peroxide, in turn 

creating oxidation initiators (Moure et al., 2001). 

It is noteworthy to mention that flavonoids (including: flavanols; flavanones, i.e. hesperidin; 

and flavones, i.e. luteolin; flavonols) are generally insoluble in fat and oil, but may portray 

antioxidant effects in meat and fat emulsions (Choe & Min, 2009). The so called “polar paradox” 

explains the controversial phenomenon of hydrophilic antioxidants being more effective in protecting 

bulk oils at the oil-air interfaces, as compared to oil/fat soluble antioxidants in the oil phase. In 

contrast, lipophilic antioxidants may more effectively inhibit lipid oxidation in oil-in-water emulsions 

at the oil-water interface as compared to hydrophilic compounds clustered in the aqueous phase 

(Moure et al., 2001; Di Mattia et al., 2009). Salami is a high fat emulsion product, the effectiveness 

of honeybush extract as a natural antioxidant may foremostly depend on the lipid affinity of the 

bioactive compounds. The polarity of the polyphenolic compounds in honeybush extract will define 

their affinity to the lipid versus the protein fraction in salami. Their localisation (lipid, water or 

interface) will determine their protective role in the lipid oxidation chain reaction (Di Mattia et al., 

2009).  

Finally, the characteristic chemical structures of polyphenols make these compounds highly 

susceptible to degradation as they are sensitive to high temperatures, light, oxygen, moisture and 

an unfavourable pH (Fang & Bhandari, 2011; De Beer et al., 2018). Storing condition of the extract 

prior to use will be vital to preserve its functionality (De Beer et al., 2018). 
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3.6. Conclusions 
The food industry, in particular the processed meat industry, is challenged with the demand for less 

additives in foodstuffs, whilst ensuring food safety and quality. As a consequence, a lot of research 

has been dedicated to replacing the traditional curing agents nitrate (NO3) and nitrite (NO2) in cured 

meat products, e.g. salami. Based on the evidence supplied in this review, the multipurpose, highly 

effective NO3/NO2 preserving salts are difficult to completely replace in cured meats. Nonetheless, 

the vast majority of plant extracts portraying antioxidant and/or antimicrobial effects show potential 

in the partial replacement of NO3/NO2 in processed meat products. Among the latter, honeybush 

(Cyclopia spp.) as a bio-active ingredient remains unexplored in this regard. 
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CHAPTER 4 

Evaluation of unfermented honeybush (Cyclopia subternata) extract in typical Italian salami: 
A pilot study1 

Abstract 
This was a preliminary (pilot) study for the familiarisation with the skills required for salami making 

under guidance of experienced Italian salami producers. This is the first study investigating the 

effect of unfermented honeybush extract as a bio-active ingredient in a processed red meat product, 

with typical pork Italian salami chosen as the model. A total of 68 pork salami were manufactured 

which were subdivided into three treatments: C= no added nitrate or honeybush; N= added nitrate 

(100 mg/kg) and ascorbic acid; and H= added honeybush (0.5% w/w). After 35 days of controlled 

ripening, H salami had a higher water activity (aw= 0.928, p ≤ 0.01), compared with the C (aw= 

0.923) and N (aw= 0.924), also reflected in the higher moisture content of H salami (35.3%), 

compared to the C (33.5%; p ≤ 0.01). Final pH (5.35-5.24) was not affected by treatment. Salami 

with honeybush extract had less spontaneous outer surface mould growth or coverage at the end of 

ripening. 

Keywords: Honeybush (Cyclopia subternata); extract; Italian salami 

4.1 Introduction 
Typical Italian salami is characterised as a long ripened, dry-cured and fermented sausage, usually 

covered in surface moulds and generally not smoked. These Mediterranean type sausages are 

known and appreciated for their mildly acidic taste, seldom reaching a final pH lower than 5 (Holck 

et al., 2017). Grey-white outer surface mould growth (either as a result of deliberate inoculation or 

spontaneous colonisation from the equipment and/or environment) is a desirable phenomenon in 

these salami, contributing to product aesthetics and importantly, a particular sensory profile 

achieved through complex extracellular protease and lipase actions (Flores, 1997).  

Despite the high value and popular status of salami, modern-day consumer demand for 

cleaner labelled and less processed foodstuffs is the driving force for new product development and 

processing innovation, not limited to, but including traditional meat products (Weiss et al., 2010). 

Regarding dry-cured meats, an abundance of research has been aimed at investigating the possible 

adverse health effects of the curing agent nitrate (and more so nitrite) often used in salami 

 
1 This research was supported by the University of Padova (Italy) funds (ex 60%, 2014-60A08-7144/14), by a 

Senior Researcher Scholarship of Padova University (Prot. N. 1098, 2015) and by the Erasmus+/KA 107 

mobility funds. Thank you kindly for the enriching cultural experience abroad, I greatly appreciate the learning 

opportunity. 
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production. These additives are involved in the synthesis of N-nitrosamines, some of which are 

classified as probable human carcinogens (IARC, 1978; Herrmann et al., 2015a,b; De Mey et al., 

2017).  

Nitrite is known as a multifunctional, highly effective antimicrobial and antioxidant agent, as 

well as for its role in providing a stable pink-red salami colour, a compound for which there is yet to 

be a single replacement (Sebranek & Bacus, 2007; Honikel, 2008). Although the scientific evidence 

associating nitrite with adverse human health effects are equivocal (Hord et al., 2009; Aschebrook-

kilfoy et al., 2013; Butler, 2015; Song et al., 2015; Bedale et al., 2016), researchers are attempting 

to omit or partially replace nitrate and nitrite in processed meat products by using novel, naturally-

derived compounds with inherent antimicrobial and/or antioxidant effects (Gassara et al., 2016; 

Alirezalu et al., 2019).  

Honeybush (Cyclopia subternata Vogel, Family: Fabaceae, Tribe: Podalyrieae) is an 

indigenous South African shrub enjoyed as hot brewed tea after fermenting the stems and leaves 

(Joubert et al., 2008; De Beer et al., 2012). Cyclopia subternata has proven to be rich in 

polyphenolic compounds, especially in the green, unfermented state compared to the high 

temperature exposed fermented state (Kamara et al., 2004; Joubert et al., 2011; Kokotkiewicz et al., 

2012). The potential of green, unfermented honeybush extract received attention as a possible 

bioactive food ingredient evident by the processing patent of a vacuum dried extract in 2002 (De 

Beer & Joubert, 2002). Nowadays, unfermented honeybush is not only recognised as a beverage, 

but also as a potential extract for functional foods, which is also the case for rooibos (Aspalathus 

linearis) (De Beer & Joubert, 2010). The latter has succesfulyl been incorporated in the production 

of droëwors (Jones et al., 2015) and fresh meat patties (Cullere et al., 2019) in attempts to combat 

oxidation. 

There is a lack of research surrounding the potential of using honeybush in processed meats 

as a bio-active food ingredient. The objective of the present experiment was to study the possible 

application of unfermented C. subternata extract in the manufacturing of typical Italian type salami 

compared to a traditional recipe using nitrate. Salami weight loss (%) was measured over 35 

ripening days and physical-chemical (water activity, pH and moisture content) and sensory 

characteristics were analysed on the final ready-to-eat salami product. 

4.2 Materials and Methods 
4.2.1 Honeybush extract  
Unfermented, vacuum dried Cyclopia subternata hot water extract (1:10 m/v) was supplied by the 

Agricultural Research Council (ARC) - Infruitec Nietvoorbij, Stellenbosch University and prepared as 

previously described (Schulze et al., 2016). In short, honeybush plant material was subjected to 

preheated purified water (90°C, 30 min) in a percolator-type extraction vessel. The extract was 
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subsequently drained, centrifuged, concentrated, vacuum dried (40°C, 24 h), (Schulze et al., 2016) 

and frozen (-20°C) in a moisture, light and oxygen impermeable packaging. The final extract (in the 

form of a fine, brick-brown powder) had a pH of ~5.0 and did not exhibit buffering capacity. The 

extract was added as a single salami treatment (H= 0.5% w/w of added honeybush). 

4.2.2 Salami production  
Typical Italian pork salami were manufactured in a meat laboratory (Veneto Agricoltura, Thiene, 

Vicenza, Italy). Fresh pork meat and fat (collected from the shoulder and belly, ~7:3/meat:fat) was 

purchased from a local butcher and kept refrigerated (~4°C) until processing commenced.  

The total meat and fat (33.5 kg) were minced (6 mm grinder Roberto Cavalli Meat Processing 

Machinery Srl, model TCS 32, Italy) and mixed using an electrical kneading machine (Roberto 

Cavalli Meat Processing Machinery, model IMP 50) to create an even distribution of meat and fat. 

The total meat and fat batter was divided into three batches (11.15 kg each) and the common 

ingredients were added to each, including: salt (NaCl, 2.5%, 278.75 g); dextrose (0.5%, 55.8 g); and 

starter culture mixture (0.02%, 1.6 g). The starter culture mixture (in a freeze-dried powder form, 

SA13-100M, BIOAGRO) contained a total amount of ~305 x 109 ± 0.5 log colony forming units 

(CFU)/100 kg of salami batter in approximately equal amounts of lactic acid bacteria: Lactobacillus 

sakei; and Pediococcus pentosaceus; and nitrate reducing bacteria: Staphylococcus xylosus. Each 

batch was subsequently divided into three treatments (3.8 kg each) including: C= without any nitrate 

or honeybush; N= with potassium nitrate (100 mg/kg, 0.379 g) and ascorbic acid (0.05%; 1.895 g); 

and H= with honeybush (0.5% w/w, 18.95 g). The meat and fat from one animal was used to 

eliminate variability at this level, however, simultaneously also defining the limits of this study. 

Before stuffing the meat batter into casings, the pH was measured in four different locations 

by directly inserting a calibrated glass probe with automated thermometer (Knick, Portamess) in a 

dedicated piece of raw salami batter (including all treatments: C; N; and H; and batches 1-3). Salami 

were manually stuffed into bovine intestines (L= 9 m, ID= 60-65 mm) using a vertical bagging 

machine (model ID 25V, Roberto Cavalli Meat Processing Machinery Srl). Care was taken to avoid 

air pocket formation inside the casings; the salami were tied with a butchers knot and labelled 

according to the batch (1-3), treatment (C= Control; N= Nitrate; H= Honeybush) and replication (1-

23). A total of 68 (n= 23 C, n= 23 N and n= 22 H) salami were produced, with an average fresh 

weight of ~530 g each. Salami in the present trial were not inoculated (dipped or sprayed) with a 

mould starter culture, as spontaneous mould growth on the salami surfaces were left to develop.  

The salami were allocated in an atmosphere controlled ripening chamber (Majolo® Plus 100 

Seasoning Controller, Addendum A, Fig. 4.1). The environmental conditions were as follows: 21°C ± 

1°C (day-1); gradually lowered to 16°C ± 1°C (day-6), during which the relative humidity (RH) varied 

between 65 and 80%. The temperature was then maintained at 14°C ± 1°C at a RH of 80% ± 10% 
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for 29 days. The salami were relocated weekly inside the ripening chamber to aid in homogenous 

drying. A final weight loss of ~35% was used as the indicative end-point of ripening. 

4.2.3 Physical-chemical parameters  
Weight loss (%) of all salami (n= 68) were recorded over time on day-5; 14; 21; 32; and 35, whilst 

taking care not to disrupt the spontaneous outer surface mould growth. A centre square portion (1x1 

cm2; ~3 mm in width) of the final product salami (n= 45, including all batches:1-3; treatments: C; N; 

and; H; and 5 replications) were sampled using a knife and tweezers and placed in a Teflon® 

sample cup to prevent moisture uptake prior to measurements. Water activity was measured using 

a calibrated Aqualab 4TE water activity meter (Meter Group, Inc. USA). The final product pH was 

measured (n= 45, including all batches: 1-3; treatments: C; N; and H; and 5 replications) by 

inserting a glass pH electrode with built in thermometer (Knick Portamess 911, Berlin, Germany) 

parallel with the salami length, firstly into the salami centre (pH inner, Addendum A, Fig. 5.4 location 

A) and secondly underneath the casing (pH outer, Addendum A, Fig. 5.4 location B). All analyses 

commenced at room temperature (~21°C). The moisture content (%) of the final product salami was 

determined gravimetrically (AOAC, 1990) by subjecting salami samples (10 g) to heat exposure in a 

drying oven (24 h, 100°C).  

4.2.4 Sensory analysis  
The present study is the first attempt at assessing the impact of honeybush extract on salami 

sensory characteristics. Previous research has characterised the sensory profile of C. subternata 

prepared as a hot brewed tea as being “fynbos-floral” and “fruity-sweet” lacking in a bitter taste as 

opposed to other potential bitter counterparts (C. genistoides and C. longifolia) (Erasmus et al., 

2017; Alexander et al., 2019). For this reason, it was concluded that the Cyclopia species could 

successfully be applied in the manufacturing of food products. Salami were submitted to sensory 

analysis of appearance and aroma to detect possible differences among the experimental 

treatments (C, N and H). Due to the lack of final product microbial analyses, assessors were asked 

to evaluate the salami only with visual and olfactive senses. The sensory analysis was performed by 

a six-member trained panel (Istituto per la Qualità e le Tecnologie Agroalimentari, Laboratorio 

Analisi Sensoriale – Veneto Agricoltura, Thiene, Vicenza, Italy) qualified as experts according to 

ISO 8586:2012 with sensory descriptive test experience according to ISO 13299:2016 on various 

food matrices. 

Samples were evaluated using a 9-point continuous scale with increasing intensity (1= low 

intensity and 9= high intensity) for salami odour and external and internal salami colour. With 

regards to the colour and odour, the 1-9 scale represented the typical colour and odour expected for 

ripened salami (9 being the best or highest score for these attributes). The surface mould cover was 

classified according to colour: white; grey; yellow; and green and growth extend, where: class 1= 

0%; class 2= 30%; class 3= 60%; and class 4= 100% mould growth or coverage (Addendum A, Fig. 
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4.2). A total of 15 salami/treatment (C, N and H) were used over 3 days of analysis (5 

salami/treatment/session). 

4.2.5 Statistical analysis  
Data were analysed using the General Linear Model (GLM) procedures of SAS 9.3 statistical 

software package for Windows (Cary, NC, U.S.). Salami weight loss and physical-chemical traits 

were analysed, by day of analysis, through a one-way ANOVA with treatment as fixed effect and 

batch as block effect. A two-way ANOVA was applied to detect any treatment effect on the salami 

sensory scores with treatment, the assessors and their interaction as fixed effects. Least square 

means (LSMs) were obtained and post-hoc pairwise comparisons were performed using the 

Bonferroni correction. Significance was considered at 5% confidence level. Surface mould cover 

percentage was analysed with a one-way non-parametric ANOVA (Kruskal-Wallis test) and the 

mould colour evaluation frequencies were evaluated through a χ2-test using the Maraschino 

procedure.  

4.3 Results  
4.3.1 Physical-chemical parameters  
All salami reached the final desired weight loss within 30-35% after 35 ripening days with no 

significant difference among treatments over time (Table 4.1). Although treatment had no effect on 

weight loss % over time, the final product honeybush-treated salami (H) were significantly higher in 

moisture content and aw (p < 0.01) compared to the other treatments (C and N, Table 4.2). The 

initial average pH of the raw meat batters were: 5.50 (C); 5.46 (N); and 5.51 (H), respectively 

(calculated as the average of four readings for each treatment) and after 35 ripening days the final 

pH (salami centres) was between 5.24-5.35 with no significant differences ascribable between the 

treatments (Table 4.2).  
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Table 4.1 Effect of unfermented honeybush (Cyclopia subternata) extract compared with nitrate 

inclusion in Italian type salami on the initial weight of fresh salami and weight loss after 5, 14, 21, 32 

and 35 days of controlled ripening 

Treatment Control Nitrate Honeybush RSD1 p-value 

n 23 23 22   

Initial weight (g) 521 518 541 67.1 > 0.05 

Weight loss (%):      

Day-5 13.3 13.5 13.4 1.39 > 0.05 

Day-14 23.6 23.7 23.3 1.66 > 0.05 

Day-21 29.0 28.8 28.4 1.77 > 0.05 

Day-32 34.5 34.4 33.8 1.88 > 0.05 

Day-35 35.7 35.5 35.0 1.92 > 0.05 
1Residual standard deviation; Control= salami without the addition of nitrate or honeybush; Nitrate= salami with added 

potassium nitrate (100 mg/kg) and ascorbic acid (0.5% w/w); Honeybush= salami with added honeybush extract (0.5% 

w/w). p > 0.05= not significant. 

Table 4.2 Effect of unfermented honeybush (Cyclopia subternata) compared with nitrate inclusion in 

Italian type salami on the pH (inner and outer), moisture content and aw at the end of a 35-day 

controlled ripening period 

Treatment Control Nitrate Honeybush RSD1 p-value 

n 23 23 22   

pH-final (inner) 5.35 5.28 5.24 0.13 > 0.05 

pH-final (outer) 5.63 5.55 5.54 0.13 > 0.05 

Moisture (%) 33.5a 34.7ab 35.3b 0.37 ≤ 0.01 

aw 0.923a 0.925a 0.928b 0.004 ≤ 0.01 
1Residual standard deviation; a-b Different superscripts in the same row indicate significant differences in attributes 

according to the respective p-values; p > 0.05= not significant; p ≤ 0.01= significant; Control= salami without the addition 

of nitrate or honeybush; Nitrate= salami with added potassium nitrate (100 mg/kg) and ascorbic acid (0.5% w/w); 

Honeybush= salami with added honeybush extract (0.5% w/w). 

4.3.2 Sensory analysis  
Even if the present experiment did not consider salami flavour and taste, results indicated that 

internal colour and odour intensity were similar for all treatments (p > 0.05; Table 4.3). However, 
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when examining internal colour closer there was a visible difference in some replications in the 

honeybush treated salami. Upon slicing the salami (H treatment), localised spots with an orange (in 

the salami centres) and dark-brown appearance (directly beneath the casing) were visible 

(Addendum A, Fig. 4.3). Results regarding mould colour characterisation (Table 4.4) indicated that 

white-grey moulds proliferated better on the honeybush-treated salami (H) compared to the C (p < 

0.05), whereas the nitrate treated salami (N) resulted in intermediate values. On the other hand, the 

H salami had significantly fewer moulds compared with the N salami, with the C showing 

intermediate results (p < 0.05, Fig. 4.1) with the majority of the mould growth on the H salami 

represented in class 2 (30% coverage), compared with N and C salami with intermediate 

representation in this class (p < 0.05). Considering class 4 (100% coverage), the outcome was 

reversed with no honeybush treated salami represented in this class. Overall, the majority of the 

salami were either classified in class 2 (30% coverage) or class 3 (60% coverage), while class 4 

(100% coverage) was poorly represented (Fig. 4.2). 

Table 4.3 Effect of unfermented honeybush (Cyclopia subternata) compared with nitrate inclusion in 

Italian type salami on the sensory traits: external colour; internal colour; and odour intensity 

Treatment Control Nitrate Honeybush RSD1 p-value 

n 15 15 15   

External colour 5.34 5.80 5.42 1.35 ≤ 0.1 

Internal colour 4.93 4.92 4.88 1.05 > 0.05 

Odour intensity 6.09 6.16 6.13 0.59 > 0.05 
1Residual standard deviation; p > 0.05= not significant; p ≤ 0.05= significant; Control= salami without the addition of nitrate 

or honeybush; Nitrate= salami with added potassium nitrate (100 mg/kg) and ascorbic acid (0.05% w/w); Honeybush= 

salami with added honeybush extract (0.5% w/w); For each attribute a nine point scale ranging from 1 (low intensity) to 9 

(high intensity) was used. 
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Table 4.4 Effect of unfermented honeybush (Cyclopia subternata) compared with nitrate inclusion in 

Italian type salami: mould colour evaluation (% of the total number of salami classified in a specific 

class) having at least 1 type of mould  

Treatment Control Nitrate Honeybush χ2 p-value 

n 15 15 15   

Surface mould colour      

White 23.9 13.8 20.6 2.1955 > 0.05 

White-grey 17.9b 23.1ab 39.7a 8.5130 ≤ 0.05 

White-yellow-grey 14.9 15.4 6.35 3.0680 > 0.05 

White-green-grey 8.96 7.69 7.94 0.0788 > 0.05 
χ2 = Chi-square; a,b Different superscripts in the same row indicate a significant difference between attributes according to 

the respective p-values; p > 0.05= not significant; p ≤ 0.05= significant; Control= salami without the addition of nitrate or 

honeybush; Nitrate= salami with added potassium nitrate (100 mg/kg) and ascorbic acid (0.05% w/w); Honeybush= salami 

with added honeybush extract (0.5% w/w). 

Stellenbosch University https://scholar.sun.ac.za



96 
 

 

 

 

 

 

 

 

 

 

 

 

 

a-b Different superscript indicate significant differences in outer mould cover % between salami treatments (p ≤ 0.05); ns= 

not significant (p > 0.05); Class 1= 0%; Class 2= 30%; Class 3= 60%; and Class 4= 100% mould coverage; C= control, 

salami without the addition of nitrate or honeybush; N= nitrate, salami with added potassium nitrate (100 mg/kg) and 

ascorbic acid (0.05% w/w); H= honeybush, salami with added honeybush extract (0.5% w/w). 

Figure 4.2 Effect of unfermented honeybush (Cyclopia subternata) extract compared to nitrate on 

the spontaneous outer surface mould cover percentage of typical Italian salami. 

a-b Different superscripts indicate a significant difference in outer mould cover % between treatments (p < 0.05); C= 

control, salami without the addition of nitrate or honeybush; N= nitrate, salami with added potassium nitrate (100 

mg/kg) and ascorbic acid (0.05% w/w); H= honeybush, salami with added honeybush extract (0.5% w/w). 

Figure 4.1 Effect of unfermented honeybush (Cyclopia subternata) extract compared to nitrate 

inclusion on the spontaneous outer surface mould cover percentage of typical Italian salami. 
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4.4 Discussion  
Salami weight loss in the present trial was satisfactory after 35 ripening days as a range of 30-35% 

weight loss is often used as a quality indicator check for a commercially ready-to-eat Italian type 

salami (Feiner, 2006; Cullere et al., 2012). The salami aw at the end of the ripening was, however, in 

the range between 0.923-0.928, which was slightly higher than the recommended aw of 0.92 as the 

safety threshold to inhibit the growth of Listeria monocytogenes (Roccato et al., 2017). Alternatively, 

a combination of a pH ≤ 5.2 and aw ≤ 0.95 can also ensure microbial safety (Food Standards 

Australia New Zealand, 2017), which is similar to the salami in the present trial. Similarly, a higher 

salami aw was noted when a freeze-dried rooibos extract was used in ostrich salami (Cullere et al., 

2013). This finding was also partially supported by moisture content results of the final product 

salami from the present trial, values observed for the H salami were significantly higher (p < 0.01) 

compared with the C salami, but similar to the N-treated salami (Table 4.2). This could be related to 

the salami pH, where a lower pH could have exerted a water retention effect. The moisture content 

of the present trial salami (Table 4.2) were within the range of 24.3-53% moisture, which is also 

reported for typical commercial Italian salami (Zanardi et al., 2010). Satisfactory salami weight loss 

(%), final aw and moisture content reflected a successful drying-ripening process within the 

controlled ripening chamber.  

In general, the pH of fresh salami batter decreases during fermentation to an extent 

depending on the controlled environmental parameters, but also on the inoculated starter cultures, 

mainly due to the conversion of carbohydrates to lactic acid by lactic acid bacteria (Greco et al., 

2005). The pH range detected in the final product is typical of mildly acidic Mediterranean salami 

(Holck et al., 2017) and coherent with values indicated for commercial Italian salami (5.15 ≤ pH ≤ 

6.83) (Zanardi et al., 2010).  

Although some polyphenolic compounds present in honeybush exhibited antimicrobial 

properties (Singh et al., 2012; Iranshahi et al., 2015) the addition of 0.5% honeybush extract did not 

influence the final salami pH. Therefore, it is hypothesised that the extract had no effect on the lactic 

acid bacteria growth (not analysed) which is primarily responsible for the pH decline in this type of 

meat product. In this experiment the results for all treatments showed that the centre of the salami 

was slightly more acidic than beneath the casing. This was expected due to lactic acid 

metabolization and subsequent ammonia production by the moulds located on the outer salami 

surface (Flores, 1997). The pH gradient becomes smaller and eventually disappears as the ripening 

duration proceeds. The samples of the present study had 35 days of processing and ripening, which 

is considered rather short for fresh salami of ~530 g weight. 

No differences amongst treatments in the internal salami colour indicated that the honeybush 

was neither more effective than the control, nor less effective than nitrate in creating a desirable, 

attractive internal salami colour. The only exception was regarding the external salami colour, for 
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which a tendency was observed towards a higher intensity for the N salami (p ≤ 0.1, resembling the 

typical external colour of ripened salami better). The similar internal colour of salami (Table 4.3) 

might be due to the role of the added coagulase-negative staphylococcus (S. xylosus) as part of the 

starter culture mixture, as extracellular bacterial nitric oxide synthase (NOS) produced by S. xylosus 

have the ability to convert metmyoglobin into the pink-red nitrosomyoglobin in the absence of added 

nitrate or nitrite (Li et al., 2013; Ras et al., 2018). This could explain why even the C and the H 

salami without the addition of nitrate (and subsequently reduced nitrite) were similar in internal 

colour intensity, as determined by the sensory panel (Table 4.3). The localised browning could be 

due to oxidisation of agglomerated honeybush extract upon oxygen exposure leading to 

discolouration underneath the casings (Addendum A, Fig. 4.3). The incorporation of freeze-dried 

and pulverised fermented rooibos extract (a similar product compared to honeybush extract) into 

different processed meat products, including: ostrich (Hoffman et al., 2014); ungulates (Jones et al., 

2015); and rabbit (Cullere et al., 2019), highlighted an effect on the sensory attributes of the 

respective products. Depending on the type of product, the effects were positive (mitigation of the 

game meat flavour), neutral (rabbit meat with 0.5% inclusion level) or negative (rabbit meat with 1% 

and 2% inclusion levels); in all cases a dose-dependent effect was observed. 

Both yeasts and moulds may colonise the surface of salami, yeasts have a key role in the 

fermentation process and moulds are fundamental to provide a desirable appearance, contribute to 

technical functions and sensory characteristics of the final product (Spotti et al., 2008). It was initially 

hypothesised that the lower mould cover percentage of H salami compared to N could be ascribed 

to the demonstrated antimicrobial effect of hesperidin, a flavone present in fairly high amounts in the 

honeybush extract (Iranshahi et al., 2015). In contrast, the fact that C and H salami did not differ in 

the latter sense suggested that other mechanisms, which would require an in-depth investigation, 

may have played a role in salami mould coverage. An extensive variety in salami mould coverage is 

unwanted as it may lead to heterogeneity of physical-chemical characteristics, such as: weight loss 

%; aw; pH; and volatile compounds (and possibly sensory profile), as mould growth and metabolism 

(i.e. lactic acid, amino acid and lipid metabolization) influence all of these parameters (Bruna et al., 

2001; Sunesen & Stahnke, 2003). Furthermore, in the case of spontaneous mould growth, the 

mycobiota may consist of numerous species of which the toxicity and antibiotic production are 

unknown and may contribute to unwanted bitter flavours and discolouration (i.e. yellow or black) 

(Canel et al., 2013; Lozano-Ojalvo et al., 2015). 

4.5 Conclusions  
Based on the results of the present research study, honeybush (Cyclopia subternata) extract seems 

promising as a natural ingredient intended for salami manufacturing, however, a more in-depth 

research study is required to gain information surrounding the salami microbial quality and volatile 

composition when adding such an extract. The use of standardised, synthetic, casings (instead of 
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natural casings) will aid in the production of more homogenise appearing salami. Dissolving the 

honeybush extract prior to use is recommended to avoid localised discolouration due to oxidation. 

Repeating the study with a larger pool of meat and fat to avoid pseudo-replications and 

incorporating honeybush in increments may provide more information with regard to the effect of 

honeybush on the physical-chemical product parameters. Surface mould inoculation by dipping or 

spraying may ensure better mould growth or coverage of the salami surfaces, as the spontaneous 

growth of environmental moulds were not equal within treatments. The use of synthetic casing and 

ensuring a more homogenous mould colonisation will in turn equalise the possible effects on salami 

physical-chemical characteristics (i.e. pH, weight loss % and aw). 
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CHAPTER 5 

The physical-chemical changes of warthog (Phacochoerus africanus) salami with different 
levels of unfermented honeybush (Cyclopia subternata) extract over a 40-day ripening period 

Abstract 
The use of curing agents, nitrate (NO3) and nitrite (NO2), in salami remains controversial, 

simultaneously, the interest in bio-active extracts in processed meats are ever growing. The 

objective of this study was to analyse the effect of different levels of unfermented honeybush extract 

on the physical-chemical characteristics of small diameter (32 mm) warthog salami with reduced 

added sodium nitrate (75 mg/kg), including: pH; water activity (aw); CIE L*a*b* surface colour; 

texture profile analysis properties; proximate composition; titratable free fatty acids; and titratable 

acidity. Ten mature warthogs and pork fat from a pool of domesticated sows were used to create a 

total of six salami batches (29.6 kg each) which were subdivided into five treatments (C, T1-T4, 

where: C= 0%; T1= 0.125%; T2= 0.25%; T3= 0.375%; and T4= 0.5% w/w of added honeybush). 

Salami sufficiently decreased in moisture (30.1%) and were well within the recommended aw for 

microbial safety, with T4 resulting in a significantly higher aw (0.873, p < 0.001). Although the 

highest honeybush addition significantly lowered the salami pH (p= 0.004), the pH overall failed to 

decrease sufficiently after stuffing, resulting in a strangely high final product salami pH (6.71-7.46). 

The control salami had the highest redness after a 40-day ripening period (CIE a*= 11.73), although 

not significant as compared to salami with honeybush: T1 (CIE a*= 10.81); and T3 (CIE a*= 11.45). 

The retention of redness was best in salami with the highest honeybush inclusion levels (T3 and T4) 

after five and a half months of frozen storage (-20°C). Warthog meat which is naturally darker than 

domesticated pork seems suitable for the production of attractive, vivid red salami with less added 

sodium nitrate. The addition of honeybush extract in game salami seems promising for a colour 

retention effect during frozen storage.  

Keywords: salami; warthog meat; sodium nitrate reduction; honeybush (Cyclopia subternata); 

natural extract. 

5.1 Introduction 
Italy is a country which is known for high quality salami production where locals take great pride in 

regional specialties, reflected in their many dry-cured fermented meats with geographical quality 

trademarks (Montanari et al., 2016; Roccato et al., 2017). One example of a regional product is wild 

boar (Sus scrofa; Family: Suiidae) salami produced in the Tuscan region where these animals are 

regarded as an agricultural pest and often culled to prevent vineyard destruction. The common 

warthog (Phacochoerus africanus; Family: Suiidae) is similarly regarded as an agricultural pest in 

certain regions in South Africa (Swanepoel et al., 2016a). The physical-chemical properties of 

warthog meat have been studied to promote commercialisation of meat that is said to be 
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underrepresented in the South African game meat market (Swanepoel et al., 2014, 2016c). 

Although salami is predominantly produced from pork meat and fat, especially in the Mediterranean 

regions (Demeyer et al., 2000), various South African game meat species have been used for this 

purpose (Todorov et al., 2007; Van Schalkwyk et al., 2010; Chakanya et al., 2018). The production 

of processed meat products from less desired whole warthog cuts (e.g. forequarters) was previously 

proposed (Swanepoel et al., 2016c). This could positively contribute to the South African game 

meat industry through high quality products created from lower value cuts and furthermore aid in 

food security. Warthog meat has proven to be suitable for the production of cabanossi (Swanepoel 

et al., 2016b; Hoffman et al., 2019; Mahachi et al., 2019), however, it has not yet been used in the 

production of salami.  

Microbiologically safe salami production is reliant on a variety of microbial hurdles, including 

lowering of the pH and water activity (aw), a high salt content and the use of nitrate (NO3) and/or 

nitrite (NO2) preserving salts (Holck et al., 2017). Outer surface mould growth is an additional 

microbial hurdle and is particularly popular amongst Mediterranean salami, contributing to artisanal 

aesthetics and more importantly, product quality and safety (Flores, 1997; Leroy et al., 2006). These 

preferred surface moulds outcompete potentially harmful moulds, protect the salami against oxygen 

exposure, aid in gradual water loss to prevent case hardening and contribute to an intricate sensory 

profile through lipolytic and proteolytic actions (Flores, 1997; Lücke, 2000; Sunesen & Stahnke, 

2003). 

Nitrate and nitrite salts, commonly added to processed meats, are regulated as food additives 

where the European Union (Directive 2008/1333/EC) permits a maximum of 150 mg/kg (ppm) of 

added sodium/potassium nitrate and 150 mg/kg of sodium/potassium nitrite (NaNO2/KNO3; E252, 

E251). In turn, the South African Department of Health permits a maximum of 200 mg/kg of added 

sodium/potassium nitrate and 160 mg/kg of added sodium/potassium nitrite (DoH, Act of 54 of 

1972). Nitrate, as opposed to nitrite, is more readily associated with slow acidifying, Mediterranean 

type salami to allow for gradual reduction to nitrite through exogenous microbial reductase (Flores, 

1997; Blaiotta et al., 2004). The multifunctionality of nitrite has been emphasised repeatedly as a 

highly effective antimicrobial, antioxidant and partaker in creating the particular cured flavour and 

attractive pink-red colour associated with salami (Møller & Skibsted, 2002; Sindelar & Milkowski, 

2011; Taormina, 2014; Feng et al., 2016). Unfortunately, these highly effective curing agents have 

proven to lead to the formation of carcinogenic N-nitrosamines when exposed to a high temperature 

and an acidic environment (Hammes, 2012; Herrmann et al., 2015). Concerns were raised over the 

regular consumption of nitrate/nitrite containing processed meats given that the necessary 

precursors for this reaction are available in products like salami, being amine containing compounds 

(such as free amino acids and biogenic amines) and available nitrite (Sindelar & Milkowski, 2011; 

De Mey et al., 2017). Despite scientific proof promoting the health benefits of a nitrate rich diet, i.e. 
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consuming vegetables high therein (Hord et al., 2009; Butler, 2015), there have been numerous 

revisions of the safety limit of these additives in cured meat products (Bedale et al., 2016; 

Mortensen et al., 2017a,b). After all, consumer demand ultimately drives new product development, 

recipe formulation and processing alteration (Weiss et al., 2010). This has led to the latest trend of 

including substances for replacing or mimicking the functions of nitrate/nitrite in cured meat 

products, with the focus on natural extracts with microbial and/or antioxidant activity (Shah et al., 

2014; Alahakoon et al., 2015; Gassara et al., 2016; Jin et al., 2018a; Alirezalu et al., 2019; Ribeiro 

et al., 2019). 

Honeybush (Cyclopia subternata Vogel; Tribe: Podalyrieae; Family: Fabaceae) is a shrub 

endemic to South Africa and is enjoyed as hot brewed tea after a fermentation (oxidation) period 

(Joubert et al., 2011, 2019). The increasing interest in dietary polyphenolic compounds urged 

research surrounding the potential health promoting effects of honeybush consumption. As found 

with rooibos (another endemic shrub enjoyed as brewed tea), honeybush has proven to be rich in 

polyphenolic compounds: primarily the flavone, hesperidin; and xanthones, mangiferin and 

isomangiferin (Kamara et al., 2004; Kokotkiewicz et al., 2012; Magcwebeba et al., 2016). Although 

total phenolic composition and antioxidant capacity are variable, both fermented and unfermented 

(green) honeybush has proven to exhibit antioxidant capacity (Joubert et al., 2008; De Beer et al., 

2012). However, a higher content of bioactive compounds in the latter shifted research focus 

towards unfermented honeybush extracts for the functional foods and nutraceutical industries 

(Joubert et al., 2019). Fermented and unfermented rooibos extracts have been applied in a variety 

of processed meat products and showed promising antioxidant results (Cullere et al., 2013; 

Hoffman et al., 2014; Jones et al., 2015; Cullere et al., 2019). Research lacks the investigation of 

honeybush extract in processed meat products. The objective of this study was to investigated the 

effect of unfermented C. subternata extract added in increasing concentrations: C= 0%; T1= 

0.125%; T2= 0.25%; T3= 0.375%; and T4= 0.5% in dry-cured fermented warthog salami with 

reduced added sodium nitrate (75 mg/kg). The maximum addition of the extract was chosen based 

on a preliminary study (Chapter 4) whereby 0.5% of added honeybush showed positive results in 

typical Italian salami in terms of sensory attributes and secondly, to prevent a possible prooxidant 

effect at higher concentrations (Lambert & Elias, 2010; Hoffman et al., 2014).  

5.2 Materials and Methods 
5.2.1 Salami ingredients 
5.2.1.1 Warthog meat and pork fat  

Ten free roaming warthogs (nine sows and one boar) were sourced from the Limpopo province, 

South Africa. The total weight of frozen, deboned warthog meat for salami production equalled 125 

kg. Pork fat (53 kg) from the shoulders and back from more than five domestic sows (Landrace and 

Large White crossbred, 2-3 years of age) was purchased and frozen (-20°C) prior to use. The pigs 
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predominantly received a diet containing maize, soya and canola in feeding lots in the Swartland 

area, Western Cape, South Africa.  

5.2.1.2 Honeybush (Cyclopia subternata) extract 

Unfermented, vacuum dried Cyclopia subternata hot water extract (1:10 m/v) was supplied by the 

Agricultural Research Council (ARC) - Infruitec Nietvoorbij, Stellenbosch University, and prepared 

as previously described (Schulze et al., 2016). In short, honeybush plant material was subjected to 

preheated purified water (90°C, 30 min) in a percolator-type extraction vessel. The extract was 

subsequently drained, centrifuged, concentrated, vacuum dried (40°C, 24 h) and frozen (-20°C) in a 

moisture, light and oxygen impermeable packaging. The extract was added in increasing amounts 

according to salami treatment, where: Control= 0%; Treatment 1= 0.125%; Treatment 2= 0.25%; 

Treatment 3= 0.375%; and Treatment 4= 0.5% of added honeybush extract. 

The minimum amount of distilled water (dH2O) required to completely dissolve the maximum 

amount of extract required (T4= 0.5% w/w, 30.56 g of honeybush), was predetermined as 100 mL 

dH2O. The amount of honeybush extract per respective treatment (T1-T4) in 100 mL dH2O were 

heated on a magnetic stirrer (80°C for 5-10 min, speed setting 4-5) until visible evaporation bubbles 

appeared on the surface, followed by a mixing period at a lower temperature (50°C, another 5-10 

min), until completely dissolved and free of lumps. The result was a dark-brown/brick coloured 

solution with a sweet floral or honey sent (Addendum A, Fig. 5.1). 

5.2.1.3 Starter culture mixture, sodium nitrate, salt and sugar 

A non-commercial cell suspension was prepared as a starter culture mixture by the Microbiology 

Department, Stellenbosch University. The mixture (~305 x 109 ± 0.5 log colony forming units per 100 

kg of raw meat and fat) consisted of equal amounts of lactic acid bacteria: Lactobacillus sakei 

(AQ14); and Pediococcus pentosaceus (AEH4); and a nitrate reducing Micrococcus species (MC2). 

The cultures were suspended in a minimum amount of water to avoid excess liquid addition to the 

raw meat batter.  

Pure sodium nitrate (NaNO3) crystals were finely blended (commercial Sunbeam grinder) to 

prevent the addition of lumps. The latter was added to all treatments (C, T1-T4) at a concentration 

of 75 mg/kg (0.456 g/6.11 kg, Table 5.1). Fine, non-iodized sodium chloride (Royal Salt, 2.5%) was 

added as an ingredient, as well as glucose (0.2%) to act as a fermentable sugar source for the 

starter culture mixture.  

5.2.2 Salami production  
5.2.2.1 Experimental replicates and treatment formulation 

The total amount of warthog meat (125 kg) and pork fat (53 kg) were randomly divided into 

respective batches before processing of each, in order to avoid pseudo-replications between the 

meat and/or fat from one animal. From the total meat and fat mixture, six batches (29.6 kg each; 
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meat:fat ratio of 7:3) were produced and these formed the statistical replications. Batches (i.e. 

replications) were further subdivided into five treatments (6.1 kg each: C= 0%; T1= 0.125%; T2= 

0.25%; T3= 0.375%; and T4= 0.5% of added honeybush extract) and 10-14 salami were produced 

to ensure an adequate number available for all required analyses to be conducted. Other common 

salami ingredients included (w/w): sodium chloride (2.5%); distilled water (1.6%); glucose (0.2%); 

starter culture mixture (0.08%) and sodium nitrate (0.0075%), as illustrated in Table 5.1 The salami 

length was calculated based on the required sample size for subsequent analyses, e.g. a 2 cm 

salami portion was required for a single texture profile analysis (TPA) compression. The total salami 

length equalled ~40 cm, weighing ~400 g (fresh).  

Table 5.1 Formulation of warthog (Phacochoerus africanus) salami with different levels of 

unfermented honeybush (Cyclopia subternata) extract  

 Control Treatment 1 Treatment 2 Treatment 3 Treatment 4 

 Mass % Mass % Mass % Mass % Mass % 

Meat and fat 
(kg) 5.85 95.7 5.84 95.6 5.84 95.5 5.83 95.3 5.82 95.2 

Salt (NaCl, g) 150.50 2.5 150.50 2.5 150.50 2.5 150.50 2.5 150.50 2.5 

dH2O (ml) 100.00 1.6 100.00 1.6 100.00 1.6 100.00 1.6 100.00 1.6 

Glucose (g) 11.84 0.2 11.84 0.2 11.84 0.2 11.84 0.2 11.84 0.2 

Starter culture 
mixture (ml) 4.89 0.08 4.89 0.08 4.89 0.08 4.89 0.08 4.89 0.08 

Sodium nitrate 
(NaNO3, g)1 0.46 0.0075 0.46 0.0075 0.46 0.0075 0.46 0.0075 0.46 0.0075 

Honeybush 
extract (g) - - 7.64 0.125 15.28 0.25 22.92 0.375 30.56 0.5 

Total weight 
(kg) 6.11   6.11  6.11  6.11  6.11  

1Sodium nitrate was added in a concentration of 75 mg/kg as opposed to the maximum permitted European Union limit of 

250 mg/kg expressed as NaNO2/KNO3 when no nitrite is added (EC 1333/2008 of 16 December 2008 for non heat treated 

meat products). 

5.2.2.2 Production procedure  

The previously frozen warthog meat was semi-defrosted (4°C, 24 h). The pork fat was kept frozen (-

20°C) until processing to prevent smearing and a temperature increase of the meat batter during 

mixing. The frozen fat was reduced into cubes (~5 cm3, Addendum A, Fig. 5.2) using a band saw 

(Crown-Okto, Crown National, South Africa). Any visible sinew was removed from the warthog meat 

and it was roughly cut into similar sized cubes using a knife. Half of the fat cubes were added in a 

bowl cutter (Mainca, CM14, Spain; 25 s, speed setting 1) before adding the meat and remaining fat 
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and increasing the speed (35 s, speed setting 2) to create a coarse meat and fat mixture 

(Addendum A, Fig. 5.3). This mixture, referred to as the salami batter, was transferred and mixed 

(60 s) in an industrial food mixer (Hobart, A200, FM Mixer, London), whilst adding the common 

ingredients and honeybush extract according to treatment. Care was taken not to over mix the 

batter, whilst ensuring adequate mixing to create a sticky consistency. The salami batter was stuffed 

into moisture permeable collagen casings (32 mm in diameter) and tagged with colour coded labels 

to distinguish treatments (C, T1-T4) and replications (1-6). The salami was transported to The Flying 

Pig (Darling, Western Cape, South Africa) meat processing facility and dipped in a commercial 

Penicillium nalgiovense suspension (Mould 600, 25 g/10 L water). They were randomly allocated to 

locations in a non-automated, artisanal-type ripening room (4 m in length x 3.5 m in width x 3.5 m in 

height) without circulating air flow, containing a variety of other fermented meats. Five temperature 

and relative humidity (RH) loggers (LogTag, SA, Trex-8) were randomly allocated in the roof 

between the salami to record environmental changes over time. 

The ripening period was 40 days during which salami were sampled to determine physical and 

chemical changes over time. Three salami were dedicated to weight loss (%) measurements 

serving as an indication of sufficient ripening duration in the room. A total of 30 salami (representing 

all treatments: C; T1-T4; and 6 replicates of each) were removed from the ripening room on each 

predetermined sampling day (day-3; 6; 10; 15; 22; 25; 30; and 40) for measuring of the pH, aw, 

surface colour measurements (CIE L*a*b*), and texture profile analysis (TPA). Since some of these 

analyses are sample destructive, the respective salami were discontinued from the ripening room 

after sampling (except for the three weight loss indication salami). The salami only had a firm 

enough texture for texture analysis after 10 ripening days, hence the TPA measurements were 

recorded from ripening day-10 onwards and the surface colour (CIEL*a*b*) from day-6 onwards to 

allow for slicing and blooming.  

5.2.3 pH 
The pH was measured by means of three slightly different methods over the ripening time. Initial 

measurements (ripening day-1 and day-3) were taken from homogenised salami samples. 

Dedicated salami pieces (n= 30 per sampling day: C; T1-T4; and replications 1-6) were 

homogenised (10 s, 20 000 rpm) using a sample mill (FOSS Analytical, Knifetec 1095) equipped 

with a high-speed rotor blade ideal for high fat sample processing. Homogenised samples (3 g in 27 

ml dH2O) were magnetically stirred (30 min, 300 rpm; Electronicrührer, VariMag®, Poly 15) and pH 

measurements were recorded (ACCSEN pH70 + DHS; pH electrode: AEL92T2, Italy). Differing from 

the initial pH measurements, localised pH measurements of whole salami pieces (ripening day-6 to 

day-40) were recorded by inserting a glass electrode with built in thermometer (Hanna EdgeTM HI98 

series; pH electrode: FC2053 FoodCare, South Africa) parallel to the salami length, perpendicular to 

the sliced salami centre (A) and underneath the casing (B) (Addendum A Fig. 5.4). After five and a 
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half months of frozen storage (-20ºC), the salami pH was similarly recorded as done initially with a 

slight change in sample preparation. Samples (3g in 27 ml dH2O) were homogenised (30 s, 8000 

rpm; IKA® T18 digital Ultra Turrax®) and filtered through gauze to remove cloudy meat and fat 

particles after which pH measurements were taken. The pH meters were calibrated according to the 

manufacturer’s instructions before readings commenced and all pH readings were recorded in 

duplicate at room temperature (~21°C). 

5.2.4 Water activity (aw) 
A centre rectangle portion (10 x 10 x 3 mm3) of the salami (n= 30 per sampling day: C; T1-T4; and 

replications 1-6) were sampled using a knife and tweezers and placed in a Teflon® sample cup to 

prevent moisture uptake prior to measurements. Water activity was measured using a calibrated 

(Standard aw= 0.984, Aqualab, Decagon) Aqualab 4TE water activity meter (Meter Group, Inc. USA) 

at room temperature (~21°C).  

5.2.5 Surface colour 
Salami slices (4-5 mm thick) were cut at a 45 ° angle as commonly served, placed on a white 

background and allowed to air bloom for 30 min (Needham et al., 2020). The machine was 

calibrated according to the manufacturer’s instructions using standard black and white colours and 

green colour check before salami colour measurements commenced. Five instrumental colour 

measurements were taken (n= 30 per sampling day: C; T1-T4; and replications 1-6) according to 

the 3-axis CIE L* (lightness), a* (green-red) and b* (blue-yellow) measuring system using a hand 

held Colour-guide 45°/0° colorimeter (BYK-Gardner GmbH, Germany, Addendum A, Fig. 5.5). The 

a* and b* values were subsequently used to calculate the chroma value (relative saturation or 

intensity) and the hue-angle (colour definition). 

Chroma (C*)=  

Hue-angle (°)=  

5.2.6 Textural profile analysis (TPA) 
Texture profile analysis was performed (~21°C) to evaluate different salami texture attributes 

(Szczesniak et al., 1963; Bourne, 1968). A minimum of four cylindrical portions per salami (n= 30 

per sampling day: C; T1-T4; and replications 1-6) of 20 mm in length (L) and ~30 mm in diameter 

(D) were sampled, resulting in a recommended D/L ratio of 1.5 for TPA measurements of meat 

products (Mittal et al., 1992). The salami were not cored as done by previous authors (Van 

Schalkwyk et al., 2010), as a uniform diameter was achieved by using standardised synthetic 

casings (32 mm in diameter). The sample diameter was smaller than the diameter of the probe (35 

mm), ensuring proper upper compression. A Force Transducer Instron (Model 2519-107, 5000 N 

Capacity, SANAS accredited No. 827) equipped with a 3.5 cm diameter cylindrical probe, in 
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conjunction with Bluehill 3 version 3.65 Illinois Tool Works software were used. The total sample 

surface, with the outer casings included, was uniaxially compressed twice to 50% of the original 

height by means of a 1000 N load cell at a cross-head speed of 100 mm/min. A total distance of 20 

mm was selected for the probe to move downwards (10 mm) and upwards (10 mm) to the original 

starting point. The load was balanced and the extension (mm) zeroed before every reading. A single 

measurement consisted of four consecutive steps: initial compression; relaxation; recompression; 

and final relaxation, resulting in numerical values representing texture attributes. Real time graphs 

(Addendum A, Fig. 5.6) were plotted as the compression tests proceeded which represented 

sample behaviour when placed under pressure.  

The following values were generated: maximum force for the first cycle (N); energy to reach 

the maximum load for the first cycle (J); maximum force for the second cycle (N); energy to reach 

the maximum load for the second cycle (J); springiness (mm); gumminess (N); and springiness (%). 

Of these, the following TPA parameters were regarded applicable to the study: hardness (N), the 

maximum force of the first compression (Addendum A, Fig. 5.6 at position 1); springiness (mm), the 

ability of a sample to recover to its original shape after the deforming force was removed; 

cohesiveness (dimensionless ratio of A2/A1, where A1 represents the total energy for the first 

compression and A2 the total energy for the second compression), the extent to which the sample 

can be deformed prior to rapture; and chewiness (J), defined as the work required to masticate a 

solid sample before swallowing (hardness x cohesiveness x springiness) (Caine et al., 2003; 

Herrero et al., 2007). 

5.2.7 Proximate analyses 
Samples were homogenised for 10 s using a sample mill (FOSS Analytical, KnifetecTM 1095) 

equipped with a high-speed rotor blade (20 000 rpm), ideal for homogenising of high-fat samples 

prior to testing (Addendum A, Fig. 5.7). The blades and inner container were cleaned with acetone 

and dried with paper towel between samples. The moisture, crude protein, total lipid and ash 

content (%) of the raw meat batter on the day of production (day-0) and of the final product salami 

(day-40) were analysed in duplicate (all treatments: C; T1-T4; and replications 1-6). All tests were 

conducted in an Agricultural Laboratory Association of South Africa (AgriLASA) accredited 

laboratory, proven to perform accurate and repeatable proximate analyses. 

5.2.7.1 Moisture and ash content 

The moisture content (Method 934.01) was determined on 2.5 g salami samples based on 

evaporation and weight loss by drying (Labcon drying oven) at 100-105°C, for 24 h (AOAC, 2002a). 

Dried samples were subsequently used to determine total ash content (Method 942.05) by 

subjecting the samples to a temperature and time combination (500°C, 6 h) in a furnace (Kiln 

Contractors, Labofurn), (AOAC, 2002b). 
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5.2.7.2 Total lipid content 

The total lipid content was determined as described by Lee et al. (1996) by defatting a 5 g sample 

with chloroform:methanol (2:1 v/v) ideal for samples with a fat content > 5%. The defatted and oven 

dried samples were homogenised using a handheld grinder (Sunbeam) before being used for 

protein analysis. 

5.2.7.3 Crude protein content 

Crude protein (Method 992.15) was evaluated according to the DUMAS combustion method, using 

a LECO (FP-528 Determinator) and a multiplication factor of 6.25 to determine total protein from 

total nitrogen content (AOAC, 2002c). Ethylenediamine tetraacetic acid (EDTA) certified reference 

material (EDTA LCRM®, 9.56 ± 0.07% nitrogen, Leco, Part no. 502-896, Lot no. 1000) was used as 

external standard to ensure accurate and reproducible nitrogen readings.  

5.2.8 Free fatty acid content (FFA) 
Final product (40-day ripened) salami were vacuum sealed and frozen (-20°C) for five and a half 

months before free fatty acid analysis commenced based on the acid base titration method as 

described by Egan et al. (1981). Salami were removed from frozen storage on the day of analysis 

and sample pieces were collected from frozen salami using a band saw (Crown-Okto, Crown 

National, South Africa). A salami section (0.5 cm) was removed from both ends of the samples to 

exclude oxygen exposed surfaces. The remaining sample pieces were homogenised for 10 s 

(Dampa bowl cutter Model CT 35N, Golasecca, Italy).  

The free fatty acid content analysis entailed the addition of 30 ml of chloroform and 0.5 g of 

NaSO4 (Sigma-Aldrich, 239313) to 10 g of the previously homogenised salami sample and this was 

further homogenised (30 s, 8000 rpm; IKA® T18 digital Ultra Turrax®). The mixture was filtered 

(Whatman no 1) and the total fat content of a 5 ml aliquot was calculated according to the 

percentage weight loss after heat exposure (80°C, 45 min) on a sand plate (Labcon, Protea 

Laboratory Services, Cape Town). Neutralised ethanol (95%) was added to the remaining filtrate in 

a 1:1 ratio. After the addition of three drops of phenolphthalein indicator (0.5 g in 50 ml ethanol and 

50 ml dH2O), the filtrate was titrated against 0.1 M NaOH whilst on a magnetic stirrer, until a faint 

pink colour appeared for at least 30 s (indicating the titration end point). The FFA% (expressed as g 

oleic acid/100 g of fat) was subsequently calculated as FFA% = [(S x N x F) x 28.2]/ W. 

Where: 

S= titration volume of NaOH (ml) 

N= normality of the NaOH solution (0.1) 

F= factor of the NaSO4 (1) 

W= fat in the sample (g) 
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5.2.9 Titratable acidity (TA) 
Vacuum sealed, frozen (-20°C) salami pieces were sampled and homogenised as described for 

FFA. Homogenous salami (3 g in 27 ml dH2O) were stirred for 30 min at 300 rpm (Electronicrührer, 

VariMag ®, Poly 15). The mixture was filtered through gauze (Addendum A, Fig. 5.8) and three 

drops of phenolphthalein indicator (as prepared for FFA) was added. The mixture was titrated 

against 0.1 M NaOH whilst on a magnetic stirrer, until a faint pink colour appeared for at least 30 s 

(indicating the titration end point). The TA (expressed as lactic acid/100 g sample) was 

subsequently calculated by using the equation below (Glass et al., 1992). The FFA and TA of the 

experimental salami (C, T1-T4) were compared to retail purchased salami (Ricomondo Salami, 

Gastro Foods) as a benchmark (Ricomondo Salami ingredients list: Pork, Salt, Whey Powder, 

Spices, Dextrose, Red Wine, Garlic, MSG Flavour Enhancer (E621), Sodium Ascorbate Antioxidant 

(E301), Sodium Nitrite (E250) Curing Agent, Acidity Regulator (E500), Colourant (E127), Starter 

Cultures). 

Lactic acid %= (N x V x M)/ (S x 10) 

Where: 

N= normality of the NaOH solution (0.1) 

V= titration volume of NaOH (ml) 

M= molecular weight of lactic acid divided by the number of hydrogen ions in the molecule 

(90.008) 

S= sample weight (g) 

5.2.10 Statistical analysis  
Mixed model ANOVA were conducted using the “lmer” package in R. Treatment and time (and in 

the selected case of pH, position) were treated as fixed effects. The samples were treated as a 

random effect. For post hoc analysis, Fisher Least Significant Difference (LSD) was used. In some 

cases where outliers were present, further investigation showed that the outliers did not affect the 

outcomes of the results. 

5.3 Results 
The average weight loss of the salami was ~40% after 40 ripening days and salami were 

homogenously covered in P. nalgiovense mould, irrespective of treatment (Addendum A, Fig. 5.9). 

Table 5.2. summarises the statistical significance (p-values) of the influence of the main effects of 

treatment (T) and day (D) and their interaction (TxD) on salami attributes: aw; surface colour; TPA; 

and proximate composition. Due to the potential influence of the position or location of the pH 

measurements taken in the salami, the statistical significance (p-values) of the influence of 

treatment (T), day (D) and position (P) and their interactions (TxDxP; TxD; TxP; DxP) are shown in 
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Table 5.3. The change in RH inside the ripening room over the 40-day ripening period (recorded by 

five data loggers) is depicted in Fig. 5.1.  

Table 5.2 Level of statistical significance (p-values) for the main effects of treatment (T), day (D) 

and their interaction (TxD) on the attributes of warthog salami with different levels of honeybush (T: 

Cyclopia subternata) during fermentation and a 40-day ripening period (D) 

Attributes 
Interactions and main effects 

TxD Treatment Day 

Water activity < 0.001 < 0.001 < 0.001 

Surface colour    

CIE L* < 0.001 0.372 < 0.001 

CIE a* < 0.001 0.195 < 0.001 

CIE b* 0.004 < 0.001 < 0.001 

Chroma < 0.001 0.006 < 0.001 

Hue < 0.001 < 0.001 < 0.001 

Texture profile analysis    

Hardness (N) 0.057 0.909 < 0.001 

Springiness (mm) 0.143 0.003 < 0.001 

Cohesiveness 0.670 0.758 < 0.001 

Chewiness (J) 0.010 0.698 < 0.001 

Proximate composition (%)    

Moisture 0.206 0.580 < 0.001 

Protein 0.569 0.272 < 0.001 

Total lipid 0.282 0.227 0.250 

Ash 0.106 0.009 < 0.001 

Free Fatty acid % - < 0.001 - 

Titratable acidity - < 0.001 - 

TxD= treatment x day; p > 0.05= not significant; p ≤ 0.05= significant; p ≤ 0.01= significant; p ≤ 0.001= highly significant. 
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Table 5.3 Level of statistical significance (p-values) for the main effects of treatment (T), day (D) 

and position (P) and their interactions (TxDxP; TxD; TxP; DxP) on the pH of warthog salami with 

different levels of honeybush (Cyclopia subternata) during fermentation and a 40-day ripening 

period (D) 

Attribute 
Interactions and main effects 

TxDxP TxD TxP DxP T D P 

pH 0.529 0.004 0.184 < 0.001 < 0.001 < 0.001 < 0.001 

TxDxP= treatment x day x position; p > 0.05= not significant; p ≤ 0.01= significant; p ≤ 0.001= highly significant. 

5.3.1 Relative humidity and temperature  
The relative humidity (%) varied considerably depending on the location in the ripening room as 

illustarted in Fig. 5.1. Two of the five loggers (series 3 and 4) recorded higher RH% throughout the 

ripening period. The RH initialy ranged between 80-93.5%, followed by an increase (96-98.2%) and 

finally all data loggers showed a decrease in RH ranging between 70-90%. The temperature stayed 

within 15-17.8°C during the total 40-day ripening period. 

Figure 5.1 Relative humidity% recorded by 5 data loggers (LogTag, SA, Trex-8, Series 1-5) at 

different locations inside an artisanal-type ripening room over a 40-day ripening period.  

5.3.2 pH 
Influence of the interactions (TxD) and (DxP) between the main effects of treatment (T), day (D) and 

position (P) on salami pH are shown in Table 5.4 and Table 5.5, respectively. 

After day-1 in the ripening room the salami pH was in the range of 5.46-5.72 (Table 5.4), 

followed by a significant increase until day-3 (pH > 6.00, p= 0.004). The pH was the lowest on 

ripening day-6 (pH= 5.53-5.71), although not significantly lower than initially on ripening day-1. 

65

70

75

80

85

90

95

100

R
el

at
iv

e 
hu

m
id

ity
 %

Time 

Series1
Series2
Series3
Series4
Series5

Stellenbosch University https://scholar.sun.ac.za



116 
 

Following from ripening day-6 to the final ripening day (day-40), the pH further significantly 

increased (pH= 6.71-7.46, p= 0.004). After five and a half months of frozen storage (-20°C), the 

salami pH either stayed similar compared to ripening day-40 (C and T1) or increased (T2, T3 and 

T4, p= 0.004). There was a significant difference in treatment from ripening day-10, with T4 salami 

being the most acidic (pH= 5.83) and the control salami the least (pH= 6.24, p= 0.004). This trend 

was in fact seen on all the sampling days throughout the ripening period. Salami with the highest 

honeybush inclusion level (T4) had the lowest final pH (pH= 6.71) after 40 ripening days and after 

five and a half months of frozen storage T4 was still significantly lower in pH (pH= 7.03) compared 

to salami with less honeybush (C; T1; and T2, p= 0.004), although similar compared to T3. 

The salami centres were significant lower in pH compared to underneath the outer casings 

from ripening day-6 to day-25 (p< 0.001, Table 5.6). The effect of salami position or location on the 

pH was negligible after 30 days in the ripening room (as seen on ripening day-30, Table 5.5).  
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Table 5.4 Influence of the interaction (TxD) between the main effects of treatment (T) and day (D) on the pH (Means ± SD) of warthog salami with 

different levels of honeybush (Cyclopia subternata) during fermentation and ripening (day-1 to day-40) 

Treatment  
 n= 12 

Day 

1 3 6 10 15 22 25 30 40 5½ MF 

C 5.67t±0.05 6.21nopq±0.11 5.71st±0.31 6.24nopq±0.38 6.87ghijk±0.33 7.28abcd±0.29 7.23bcde±0.31 7.30abc±0.29 7.46ab±0.18 7.51a±0.13 

T1 5.70st±0.05 6.18nopq±0.08 5.63st±0.33 6.10qr±0.33 6.76ijklm±0.27 7.04cdefgh±0.32 6.91fghijk±0.42 7.28abcd±0.49 7.30abcd±0.22 7.47ab±0.19 

T2 5.72st±0.08 6.15q±0.09 5.68st±0.35 6.20nopq±0.40 6.80hijk±0.23 6.94efghijk±0.28 7.18bcdef±0.38 7.00defghij±0.34 7.12cdefg±0.32 7.56a±0.26 

T3 5.70st±0.05 6.17oq±0.09 5.57st±0.32 6.08qr±0.47 6.46mnp±0.44 6.79hijk±0.48 6.74hijkl±0.40 7.02cdefghij±0.37 6.91fghijk±0.23 7.28abcd±0.23 

T4 5.72st±0.07 6.16pq±0.10 5.53t±0.26 5.83rs±0.0.40 6.35nopq±0.35 6.46lmno±0.21 6.67klm±0.19 6.77hijk±0.30 6.71jklm±0.35 7.03cdefghi±0.24 

a-t Different superscripts indicate significant differences between treatments and days (p= 0.004); SD= standard deviation; n=12 (6 replications of each treatment in duplicate on each 

respective sampling day); C= 0%, T1= 0.125%, T2= 0.25%, T3= 0.375%, T4= 0.5% (w/w) of added honeybush; 5½ MF= five and a half months frozen. 
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Table 5.5 Influence of the interaction (DxP) between the main effects of day (D) and position (P) of 

the measurement on the pH (Means ± SD) of warthog salami with different levels of honeybush 

(Cyclopia subternata) during ripening (day-6 to day-40) 

b-k Different superscripts indicate significant differences between days and position (p < 0.001); SD= standard deviation; 

n= 30 (5 treatments x 6 replications on each respective sampling day). 

5.3.3 Water activity (aw) 
Influence of the interaction (TxD) between the main effects of treatment (T) and day (D) on salami 

aw is shown in Table 5.6. The aw of C; T1; and T4 salami significantly decreased after 10 days in 

the ripening room, compared to the aw of T2 and T3, which only significantly decreased after 15 

days (p < 0.001). Treatment had a significant effect from day-25 until the end of ripening (day-40, p 

< 0.001), where the C; T1; and; T2 had a similar aw (aw= 0.833-0.839) and salami with the highest 

inclusion level of honeybush (T4) had a significantly higher aw (0.873, p < 0.001). 

Position 

n= 30 

Day 

6 10 15 22 25 30 40 

Centre 5.36k±0.12 5.76j±0.21 6.54g±0.37 6.85ef±0.41 6.90de±0.41 7.06bc±0.41 7.09b±0.36 

Outer 5.89i±0.18 6.42g±0.26 6.76f±0.36 6.95cd±0.43 7.00bc±0.41 7.09b±0.40 7.10b±0.39 
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Table 5.6 Influence of the interaction (TxD) between the main effects of treatment (T) and day (D) on the water activity (aw) (Means ± SD) of warthog 

salami with different levels of honeybush (Cyclopia subternata) during fermentation and ripening (day-1 to day-40) 

Treatment 
n= 6 

Day 

1 3 6 10 15 22 25 30 40 

C 0.963a±0.001 0.961abcde±0.003 0.958abcdef±0.003 0.952efghi±0.003 0.941k±0.008 0.928l±0.009 0.916no±0.007 0.894r±0.007 0.835u±0.012 

T1 0.963a±0.002 0.961abcd±0.001 0.957abcdef±0.003 0.951fghij±0.003 0.944ijk±0.003 0.927l±0.006 0.918mn±0.008 0.897qr±0.007 0.833u±0.021 

T2 0.962ab±0.004 0.962abc±0.002 0.956abcdef±0.007 0.954bcdefg±0.002 0.943jk±0.007 0.925lm±0.012 0.925lm±0.006 0.901pqr±0.004 0.839u±0.010 

T3 0.959abcdef±0.004 0.960abcde±0.002 0.957abcdef±0.003 0.953defgh±0.003 0.945hijk±0.004 0.925lm±0.007 0.921lmn±0.007 0.904pq±0.011 0.848t±0.017 

T4 0.962ab±0.003 0.960abcde±0.004 0.955abcdefg±0.002 0.953cdefgh±0.005 0.946ghijk±0.005 0.928l±0.007 0.925lm±0.004 0.909op±0.007 0.873s±0.020 

a-u Different superscripts indicate significant differences between treatments and days (p< 0.001); SD= standard deviation; n= 6 (6 replications of each treatment on each respective 

sampling day); C= 0%, T1= 0.125%, T2= 0.25%, T3= 0.375%, T4= 0.5% (w/w) of added honeybush. 
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5.3.4 Surface colour 

5.3.4.1 CIE L* (lightness) 

Influence of the interaction (TxD) between the main effects of treatment (T) and day (D) on salami 

lightness (CIE L*) is shown in Table 5.7. Salami lightness overall significantly decreased over time, 

starting from day-22 (including treatments T1-T4) and day-25 (C), respectively (p< 0.001). All the 

salami were significantly darker on ripening day-40 compared to day-6 (p< 0.001). After five and a 

half months of frozen storage, certain salami (T1 and T4) remained similar in lightness compared 

to ripening day-40, while others significantly increase in lightness (C; T2; and T3), although still 

significantly darker compared to day-6 (p < 0.001). Treatment had an effect on salami lightness 

from ripening day-30 to day-40. Salami with the highest inclusion level of honeybush (T4) were 

significantly lighter (CIE L*= 37.98) on day-40 compared to the other treatments (C; T1-T3, p < 

0.001). After five and a half months of frozen storage, T3 (CIE L*= 37.92) was significantly lighter 

than T1 (CIE L*= 35.09, p < 0.001), although similar compared to the control, T2 and T4 salami.  

5.3.4.2 CIE a* (green-red) 

Influence of the interaction (TxD) between the main effects of treatment (T) and day (D) on CIE a* 

(redness) is shown in Table 5.8. Salami redness overall significantly decreased within the first 25 

days in the ripening room, followed by a significant increase at the end of ripening (day-40, p < 

0.001). Only T3 salami remained similar in redness (CIE a*= 11.45) than initially on day-6 (CIE a*= 

11.92). After five and a half months of frozen storage, only the salami with the highest honeybush 

inclusion level (T4= 0.5%) remained similar in redness (CIE a*= 10.18) compared to the final 

ripening day (day-40, CIE a*= 10.44). Salami treatments differed significantly in redness from day-

6 in the ripening room, with salami without any honeybush (C) and with the lowest inclusion level 

(T1= 0.125%) resulting in higher redness values (p < 0.001). The control salami had the highest 

redness value on day-40 (CIE a*= 11.73), although not significantly different from T1 and T3. 

Whereas T4 salami was the least red (CIE a*= 10.44), although similar than T1 and T2. Finally, T3 

(CIE a*= 10.07) and T4 (CIE a*= 10.18) were significantly higher in redness after five and a half 

months of frozen storage compared to the other treatments (p < 0.001).  

5.3.4.3 CIE b* (blue-yellow) 

Influence of the interaction (TxD) between the main effects of treatment (T) and day (D) on the CIE 

b* value is shown in Table 5.9. There was a decreasing trend in yellowness from day-6 to day-22, 

followed by an increase therein until day-25. On day-25, no salami differed significantly from the 

initial yellowness on day-6. Thereafter, the yellowness of all salami significantly decreased until the 

final ripening day (day-40, p= 0.004). Five and a half months of frozen storage did not significantly 

affect the yellowness of T4 and T3 salami. Treatment 4 was initially more yellow on day-6 (CIE b*= 

12.08, p= 0.004) compared to the rest, but similar compared to the control salami on day-10 and 

day-15. Treatment 4 was significantly more yellow on day-40 compared to the other treatments 

(CIE b*= 8.84, p= 0.004), although similar compared to T3 (CIE b*= 8.30). After five and a half 
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months of frozen storage, T4 salami remained significantly more yellow compared to the other 

treatments (CIE b*= 8.60, p= 0.004). 

5.3.4.4 Chroma (relative saturation) 

Influence of the interaction (TxD) between the main effects of treatment (T) and day (D) on the 

chroma is shown in Table 5.10. Chroma (C*) or relative saturation of salami decreased from day-

10 (C, T1 and T4) and day-15 (T2 and T3), respectively. The chroma of all salami was significantly 

lower on ripening day-40 compared to day-6 (p < 0.001). After five and a half months of frozen 

storage, the chroma significantly decreased from the final ripening day (day-40, p < 0.001), except 

for salami with the highest honeybush inclusion level (T4= 0.5%). Treatment had a significant 

effect on chroma from day-6 (p < 0.001). Initially, the control salami had the highest chroma value 

(CIE C*= 17.01), although only significantly higher compared to T2 (CIE C*= 16.06). Treatment 4 

showed a general trend with higher CIE C* values from day-10 to day-30, however, treatment 

finally had no effect after 40 days in the ripening room. The effect of treatment was evident after 

five and a half months of frozen storage with T3 (CIE C*= 13.79) and T4 (CIE C*= 13.38) resulting 

in significantly higher chroma values (p < 0.001).  

5.3.4.5 Hue angle  

Influence of the interaction (TxD) between the main effects of treatment (T) and day (D) on the 

salami hue angle is shown in Table 5.11. Salami hue angle significantly decreased from day-6 to 

day-40 (p < 0.001). Five and a half months of frozen storage had no effect on salami hue angle 

compared to day-40. Initially (day-6), T4 salami were similar in hue angle (CIE hue°= 45.45) 

compared to T3 (CIE hue°= 43.17), but significantly higher than the other salami treatments (p < 

0.001). Treatment 4 salami also had a significantly higher hue value on the final ripening day (day-

40, CIE hue°= 40.27, p < 0.001) and after five and a half months of frozen storage (CIE hue°= 

39.61), although similar compared to T3 (CIE hue°= 38.08). 
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Table 5.7 Influence of the interaction (TxD) between the main effects of treatment (T) and day (D) on surface colour (CIE L*, lightness) (Means ± SD) 

of warthog salami with different levels of honeybush (Cyclopia subternata) during fermentation and ripening (day-1 to day-40) and after 5½ months of 

frozen storage  

Treatment 
n= 30 

Day 

6 10 15 22 25 30 40 5½ MF 

C 44.36abc±2.38 44.19abcde±1.89 44.32abcd±3.48 42.92bcdefg±2.15 40.29ijklm±1.80 37.34no±2.44 34.58qr±3.39 37.06nop±6.19 

T1 43.85abce±2.48 44.04abce±2.83 44.63ab±3.11 42.24dfghik±2.45 40.32jl±3.24 38.70mn±2.07 35.45opqr±2.08 35.09pqr±4.53 

T2 44.40abc ±3.13 45.21a±2.54 44.16abcd±3.65 42.13efgij±2.65 40.52hklm±3.12 40.50hklm±3.51 34.84r±3.38 36.63nopq±4.43 

T3 44.62ab±2.82 45.92a±2.56 44.73ab±3.33 42.55cdefgh±2.85 41.56fghijkl±3.48 40.62ijklm±2.35 34.80qr±3.90 37.92n±4.60 

T4 45.02a±1.88 45.17a±2.40 44.02abcde±2.94 43.00bcdef±2.58 41.07ghijkl±1.58 41.27ghijkl±2.66 37.98n±2.50 37.17no±5.17 

a-r Different superscripts indicate significant differences between treatments and days (p < 0.001); SD= standard deviation; n= 30 (5 treatments x 6 replications on each respective 

sampling day); C= 0%, T1= 0.125%, T2= 0.25%, T3= 0.375%, T4= 0.5% (w/w) of added honeybush; 5½ MF= five and a half months frozen. 
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Table 5.8 Influence of the interaction (TxD) between the main effects of treatment (T) and day (D) on surface colour (CIE a*, redness) (Means ± SD) 

of warthog salami with different levels of honeybush (Cyclopia subternata) during fermentation and ripening (day-1 to day-40) and after 5½ months of 

frozen storage  

Treatment 
n= 30 

Day 

6 10 15 22 25 30 40 5½ MF 

C 13.14a±1.43 10.80efg±0.83 10.32fghijk±1.37 10.08hijklmn±1.29 9.75jklmnop±1.43 11.58bcd±1.28 11.73bc±1.42 8.83r±2.68 

T1 12.97a±0.92 11.12bcdef±1.36 8.94pqr±2.41 9.86ijklmno±1.14 8.88qr±1.00 10.76defgh±1.03 10.81cdefgh±1.37 8.82r±2.02 

T2 11.93b±1.38 10.60fghi±0.97 9.40nopqr±1.39 10.14ghijklm±1.17 8.99pqr±1.41 10.19ghijkm±1.45 10.85defgh±1.75 9.47lnopqr±2.02 

T3 11.92b±1.42 10.25ghijkl±1.40 9.47mopqr±1.76 10.21ghijkln±1.22 9.17opqr±1.32 10.41fghijk±1.10 11.45bcde±0.97 10.07ghijklmn±1.99 

T4 11.86b±1.09 10.78defgh±1.29 9.91ijklmno±1.60 10.52fghij±0.97 9.70klmnopq±0.90 10.60fghi±1.24 10.44fghij±1.49 10.18ghijklmn±1.66 

a-r Different superscripts indicate significant differences between treatments and days (p < 0.001); SD= standard deviation; n= 30 (5 treatments x 6 replications on each respective 

sampling day); C= 0%, T1= 0.125%, T2= 0.25%, T3= 0.375%, T4= 0.5% (w/w) of added honeybush; 5½ MF= five and a half months frozen. 
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Table 5.9 Influence of the interaction (TxD) between the main effects of treatment (T) and day (D) on surface colour (CIE b*, yellowness) (Means ± 

SD) of warthog salami with different levels of honeybush (Cyclopia subternata) during fermentation and ripening (day-1 to day-40) and after 5½ 

months of frozen storage 

a-t Different superscripts indicate significant differences between treatments and days (p= 0.004); SD= standard deviation; n= 30 (5 treatments x 6 replications on each respective 

sampling day); C= 0%, T1= 0.125%, T2= 0.25%, T3= 0.375%, T4= 0.5% (w/w) of added honeybush; 5½ MF= five and a half months frozen. 

Treatment 
n= 30 

Day 

6 10 15 22 25 30 40 5½ MF 

C 10.75ghij±1.19 11.51bcde±1.04 11.47bcdef±1.35 10.04kl±0.86 10.91fghi±1.21 8.77no±0.88 7.57qr±1.16 6.12t±1.74 

T1 10.75ghijk±0.87 10.92efgh±1.02 11.20cdefg±1.49 10.19ijkl±1.13 10.35hijkl±1.24 9.06mn±1.20 7.88pq±1.24 6.39st±1.25 

T2 10.69ghijk±0.80 11.24cdefg±0.72 11.25cdefg±0.74 10.12jkl±1.50 10.98efgh±0.88 8.82no±0.88 7.88q±0.94 6.89rs±1.34 

T3 11.15efg±1.12 11.86abc±0.97 11.75abcd±1.42 10.29hijk±1.44 11.29cdefg±1.24 9.69lm±1.14 8.30opq±0.94 7.83q±1.42 

T4 12.08ab±1.35 12.07ab±0.75 12.11ab±1.89 11.08defg±1.14 12.37a±0.98 10.56ghijk±1.14 8.84no±1.28 8.60nop±2.26 
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Table 5.10 Influence of the interaction (TxD) between the main effects of treatment (T) and day (D) on surface colour (CIE C*, relative saturation) 

(Means ± SD) of warthog salami with different levels of honeybush (Cyclopia subternata) during fermentation and ripening (day-1 to day-40) and after 

5½ months of frozen storage months of frozen storage 

 

 

 

 

 

 

 

 

 

 

 

a-u Different superscripts indicate significant differences between treatments and days (p < 0.001); SD= standard deviation; n= 30 (5 treatments x 6 replications on each respective 

sampling day); C= 0%, T1= 0.125%, T2= 0.25%, T3= 0.375%, T4= 0.5% (w/w) of added honeybush; 5½ MF= five and a half months frozen. 

Treatment 

n= 30 

Day  

6 10 15 22 25 30 40 5½ MF 

C 17.01ab±1.51 15.83defg±0.67 15.50defgh±1.19 14.28klmnopqr±0.86 14.71ijklm±1.02 14.57jklmno±1.10 13.99nopqr±1.54 10.81u±2.97 

T1 16.86abc±1.04 15.63defg±1.30 14.52jklmno±1.59 14.22lmnopqr±1.19 13.68pqr±1.13 14.11mnopqr±1.06 13.40qrs±1.64 10.99tu±1.88 

T2 16.06cde±1.15 15.48defgi±0.72 14.69hjklmn±1.24 14.40klmnop±1.17 14.24lmnopq±1.07 13.52rs±1.31 13.47rs±1.53 11.76t±2.17 

T3 16.35abcd±1.56 15.71defg±1.39 15.17fghijk±1.61 14.55jklmnop±1.50 14.60ijklmno±1.20 14.25lmnopqr±1.33 14.16lmnopqr±1.14 12.79s±2.26 

T4 16.96a±1.28 16.23bcd±0.91 15.74def±1.73 15.31efghij±1.18 15.74def±1.04 14.99ghijkl±1.40 13.71opqr±1.77 13.38qrs±2.55 
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Table 5.11 Influence of the interaction (TxD) between the main effects of treatment (T) and day (D) on surface colour (hue angle) (Means ± SD) of 

warthog salami with different levels of honeybush (Cyclopia subternata) during fermentation and ripening (day-1 to day-40) and after 5½ months of 

frozen storage 

Treatments 
n= 30 

Day 

6 10 15 22 25 30 40 5½ MF 

C 39.32nop±3.68 46.79efgh±4.15 48.05defg±5.65 45.00hi±5.20 48.29cdef±6.19 37.26pqr±4.38 32.86s±4.10 35.27rs±6.46 

T1 39.65mnop±2.44 44.57hij±3.98 51.77a±9.47 45.94fgh±4.30 49.28bcde±4.73 40.07mno±4.73 36.03qr±3.77 36.39qr±8.00 

T2 42.00jklm±3.99 46.73efgh±3.61 50.34abcd±3.78 44.83hi±6.13 50.87abc±5.21 41.07klmn±4.63 36.31qr±5.57 36.36qr±5.55 

T3 43.17ijk±3.19 49.30abcde±3.70 51.28ab±6.14 45.14hi±4.53 50.93abc±5.33 42.91ijkl±3.43 35.92qr±2.91 38.08opq±4.52 

T4 5.45ghi±3.99 48.34cdef±4.13 50.56abcd±6.27 46.44fgh±3.47 51.87ab±3.01 44.92hi±3.72 40.27lmno±3.61 39.61mnop±5.27 

a-s Different superscripts indicate significant differences between treatments and days (p < 0.001); SD= standard deviation; n= 30 (5 treatments x 6 replications on each respective 

sampling day); C= 0%, T1= 0.125%, T2= 0.25%, T3= 0.375%, T4= 0.5% (w/w) of added honeybush; 5½ MF= five and a half months frozen.  
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5.3.5 Texture profile analysis 
5.3.5.1 Hardness (N)  

Although there was an indication (p= 0.057, Table 5.2) that there was an interaction between 

treatment (T) and day (D), further analyses indicated that treatment (p= 0.909) hardly contributed 

to this, whilst day (p < 0.001) was the main influencer of difference in salami hardness. The latter 

will thus be discussed further (Table 5.12). Salami hardness significantly increased from day-10 

(43.57 N) until day-15 (67.09 N, p < 0.001), however, it did not significantly change during the 

subsequent week in the ripening room (day-15 to day-22). From day-22 to day-25, in turn, the 

salami hardness increased significantly (p < 0.001) and subsequently stayed similar until day-30. 

Finally, the hardness increased between day-30 and day-40 in the ripening room (p < 0.001), 

reaching a final hardness of 168.85 N. 

5.3.5.2 Springiness (mm)  

There was no interaction (p= 0.143; Table 5.2) between treatment and day (TxD), although both 

treatment (p= 0.003) and day (p < 0.001) had an effect on salami springiness and will therefore be 

discussed further. Salami springiness with treatment (T) and day (D) as the main effect is shown in 

Table 5.13 and Table 5.12, respectively. Salami with the highest honeybush inclusion level (T4= 

0.5%) had similar springiness (2.91 mm) compared to T3 (3.10 mm), however, T4 was significantly 

less springy compared to the other treatments (p= 0.003, Table 5.13). Initially the springiness 

significantly decreased from day-10 (3.71 mm) until day-15 (3.10 mm), followed by a significant 

increase until day-22 (3.27 mm) and finally decreased again (day-22 to day-40, 3.02 mm, p < 

0.001, Table 4.12). 

5.3.5.3 Cohesiveness (dimensionless) 

There was no interaction (p= 0.670; Table 5.2) between treatment and day, nor did treatment (p= 

0.758) influence the cohesiveness of the salami; therefore, only day (p < 0.001) will be discussed 

further (Table 5.12). Salami cohesiveness overall significantly increased from day-10 (1.40) to day-

15 (1.57, p < 0.001), followed by a significant decrease until day-40 (1.19, p < 0.001). The salami 

cohesiveness was highest on day-15 and lowest on day-30 and day-40 (1.19).  

5.3.5.4 Chewiness (J) 

There was a significant interaction between the main effects (TxD, p= 0.01, Table 4.2) on salami 

chewiness. Subsequently, the influence of the interaction (TxD) between the main effects of 

treatment (T) and day (D) is shown in Table 5.14. Salami chewiness overall increased from day-10 

to day-40, with the greatest increase seen from day-30 to day-40 (p= 0.01). All treatments (C, T1-

T4) had similar chewiness from day-10 until day-30. On the final ripening day (day-40), T4 was 

significantly less chewy (464.55 J), compared to the other treatments (p= 0.01), ranging between 

578.89 to 679.07 J (Table 5.14).  
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Table 5.12 The influence of the main interaction (D) on texture properties: hardness (N); 

springiness (mm) and cohesiveness (dimensionless) (Means ± SD) of warthog salami with different 

levels of honeybush (Cyclopia subternata) over ripening days (day-10 to day-40) 

Attribute  Day 

n= 180 10 15 22 25 30 40  

Hardness (N) 44.13d±14.25 68.86c±25.92 75.08c±20.72 94.98b±26.05 104.91b±19.89 170.27a±41.27 

Springiness 
(mm) 3.71a±0.52 3.08c±0.53. 3.26b±0.32 3.04cd±0.26 2.96d±0.25 3.02cd±0.25 

Cohesiveness 1.40b±0.20 1.57a±0.53 1.28c±0.15 1.23cd±0.09 1.19cd±0.04 1.19d±0.06 

a-d Different superscripts in the same row indicate significant differences between days (p < 0.001); SD= standard 

deviation; n= 180 (5 treatments x 6 replications of each treatment x 6 repeated measurements per sampling day). 

 

Table 5.13 The influence of the main interaction (T) on springiness (mm) (Means ± SD) of warthog 

salami with different levels of honeybush (Cyclopia subternata)  

Treatments 
n= 216 C T1 T2 T3 T4 

Springiness 
(mm) 3.33a±0.37 3.27ab±0.46 3.30ab±0.40 3.09bc±0.39 2.89c±0.49 

a-c Different superscripts in the same row indicate significant differences between treatments (p= 0.003); SD= standard 

deviation; n= 216 (6 replications of each treatment x 6 repeated measurements x 6 sampling days); C= 0%; T1= 0.125%, 

T2= 0.25%, T3= 0.375%, T4= 0.5% (w/w) of added honeybush. 
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Table 5.15 Influence of the interaction (TxD) between the main effects of treatment (T) and day (D) on chewiness (J) (Means ± SD)  

of warthog salami with different levels of honeybush (Cyclopia subternata) as effected by day in the ripening room (day-10 to day-40)  

Treatment 
n= 30 

Day 

10 15 22 25 30 40 

C 195.82k±87.38 302.94dfghij±92.79 247.58hijk±59.56 349.02bcdefg±71.10 406.02bce±81.73 679.07a±135.44 

T1 221.76ijk±63.78 278.06fghijk±85.15 299.00cdefghij±56.15 355.89bcdefg±104.52 349.35bcdefgh±94.40 670.10a±207.85 

T2 223.65ijk±39.14 305.06efghij±68.26 333.70cdefgh±67.49 336.29cdefgh±64.95 404.68bcd±69.94 660.94a±147.64 

T3 208.77jk±35.78 325.31cdefghi±101.95 333.11cdefghi±113.70 366.7bcdefg±117.93 377.59bcdef±92.75 578.89a±147.47 

T4 272.06ghijk±91.64 313.25fghijk±72.52 329.06cdefghi±67.54 346.10cdefgh±94.26 313.52cdefghij±50.15 464.55b±105.64 

a-k Different superscripts indicate significant differences between treatments and days (p= 0.01); SD= standard deviation; n= 30 (5 treatments x 6 replications on each respective 

sampling day); C= 0%, T1= 0.125%, T2= 0.25%, T3= 0.375%, T4= 0.5% (w/w) of added honeybush.  
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5.3.6 Proximate analysis  
The interaction between treatment and day (TxD) had an insignificant effect on salami moisture (p= 

0.206); protein (p= 0.569), total lipids (p= 0.282), and ash (p= 0.106, Table 5.2). Treatment also did 

not affect salami moisture (p= 0.580), protein (p= 0.272), and total lipid content (p= 0.227), 

however, it influenced the ash content (p= 0.009). Day, however, had a significant effect on salami 

moisture, protein, and ash (p < 0.001), but had no effect on total lipids (p= 0.250, Table 5.2). 

Subsequently, the effect of day on salami moisture; protein; and ash content (Table 5.15) and the 

effect of treatment on the ash content (Table 5.16) will be discussed further. The salami moisture 

(%) significantly decreased from day-0 (56.6%) to day-40 (26.6%, p < 0.001), whilst the protein and 

ash content significantly increased from 23.4% to 46.3% and 3.3% to 5.5%, respectively (p < 

0.001, Table 5.15). Total salami lipid content was not significantly influenced over time with day-0 

(17.3%) resulting in similar lipid content compared to day-40 (15.9%, Table 5.15). The control 

salami resulted in a significantly higher ash content (4.6%, p= 0.009), although similar compared to 

T2 (4.4%, Table 5.16). 

Table 5.15 The influence of the main effect (D) on the proximate composition: moisture; protein; 

total lipid; and ash content (Means ± SD) of warthog salami with different levels of honeybush 

(Cyclopia subternata) before (day-0) and after (day-40) a 40-day ripening period 

Day 

n= 60 

Proximate composition % 

Moisture Protein Total lipid Ash 

Day-0 56.6a±1.9 23.4a±5.5 17.3a±5.9 3.3a ±0.2 

Day-40 26.6b±2.7 46.3b±3.8 15.9a±4.6 5.5b±0.5 

a-b Different superscripts in the same column indicate significant differences in proximate composition attributes (p < 

0.001); SD= standard deviation; Day-0= raw salami batter from the production day; Day-40= the final product after 

fermentation and ripening; n= 60 (5 treatments x 6 replications x duplicate). 

Table 5.16 The influence of the main effect (T) on proximate ash% (Means ± SD) of warthog 

salami with different levels of honeybush (Cyclopia subternata)  

Proximate 
composition (%) Treatment 

n= 24 C T1 T2 T3 T4 

Ash 4.6a±1.4 4.3bc±1.1 4.4ab±1.2 4.3bc±1.1 4.1c±1.0 

a-c Different superscripts indicate significant differences between treatments (p= 0.009); SD= standard deviation; n= 24 (6 

replications of each treatment in duplicate over two sampling days); C= 0%; T1= 0.125%, T2= 0.25%, T3= 0.375%, T4= 

0.5% (w/w) of added honeybush. 
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5.3.7 Free fatty acids and titratable acidity 
Free fatty acid (FFA) percentage (expressed as g oleic acid/100 g of fat) and titratable acidity 

(expressed as g lactic acid/100 g sample) as affected by treatment are shown in Table 5.17. 

Treatment 3 had the highest FFA content (0.846 g oleic acid/100 g of fat), although significantly 

lower compared to the retail salami (1.679 g oleic acid/100 g of fat), (p < 0.001). In turn, the control 

salami had the highest lactic acid content (0.234 g lactic acid/100 g sample), although significantly 

lower compared to the retail salami (0.834 g lactic acid/100 g sample), (p < 0.001).  

Table 5.17 The influence of the main effect (T) on the free fatty acids (g oleic acid/100 g of fat) and 

titratable acidity (g lactic acid/ 100 g sample) of warthog salami with different levels of honeybush 

(Cyclopia subternata), compared to a retail salami (Means ± SD) 

Treatment C T1 T2 T3 T4 Retail* 

n= 12 12 12 12 12 12 2 

FFA 0.642d±0.218 0.829bc±0.378 0.714cd±0.221 0.846b±0.197 0.785bc±0.222 1.679a±0.046 

TA 0.234b±0.055 0.196c±0.031 0.177c±0.033 0.182c±0.026 0.170c±0.046 0.834a±0.012 

a-d Different superscripts in the same row indicate significant differences between treatments (p < 0.001); SD= standard 

deviation; n= 12 (6 replications of each treatment in duplicate); *n= 2 (in duplicate); FFA= free fatty acids; TA= titratable 

acidity; C= 0%; T1= 0.125%, T2= 0.25%, T3= 0.375%, T4= 0.5% (w/w) of added honeybush. 

5.4 Discussion  
5.4.1 Weight loss (%), RH, temperature and mould growth  
Overall, the salami had a satisfactory weight loss of ~40% after a 40-day ripening period 

(calculated as the average of three dedicated salami inside the ripening room) which is above the 

minimum recommended 25% weight loss as a guideline to reach an adequate aw reduction of ≤ 

0.92, (Roccato et al., 2017). The white-grey appearance of the salami after 40 ripening days 

(Addendum A, Fig. 5.9) is typical of P. nalgiovense proliferation (Canel et al., 2013) and regarded 

as a desired trait in high quality salami, however, the proliferation of these moulds should be 

controlled for reasons elaborated on later in the discussion. Dipping the salami in a mould 

suspension ensured homogenous mould growth and eliminated the variability in appearance as 

seen with spontaneous mould colonisation where salami from the same batch and treatment 

differed in percentage mould coverage (Chapter 4). Temperature and RH data loggers indicated a 

variability within the ripening room according to location, especially with regards to RH (Fig. 5.1).  

5.4.2 Water activity and pH 
A combined effect of a pH < 5.2 and aw < 0.95 is said to ensure microbial safety of salami (Feiner, 

2006; Food Standards Australia New Zealand, 2017). None of the salami in the present study fell 
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within this combination due to higher final pH values (Table 5.5). Lee and Styliadis (1996), 

however, highlighted the variation in recommended aw and pH combinations to achieve microbially 

safe salami. The pH and aw are easily measured and directly linked to the proliferation of 

pathogens and spoilage bacteria (Forsythe, 2010). However, it is ultimately the combined and 

synergistic effect of multiple hurdles that determine the final salami product safety (Lee & Styliadis, 

1996; Thomas et al., 2008) and not only the pH and aw. To gain more information surrounding 

product safety, final product salami microbial analyses is required (Chapter 6). 

Salami from the present trial had an unexpectedly high pH (7.46-6.71, Table 5.5) after the 

fermentation and ripening period. Slightly fermented salami pH commonly ranges between 5.2-6.3 

(Aymerich et al., 2003), but higher pH values (6.81-6.83) have been reported in Italian and game 

salami (Zanardi et al., 2010; Cenci-Goga et al., 2012). The presence of inherent sugars (additional 

fermentable substrates for the LAB starter cultures) in the honeybush extract might explain the 

lower pH of salami with a higher honeybush addition (T3 and T4). Salami with no or less 

honeybush (C, T1; and T2) had a final pH above 7.00, which could pose a potential microbial risk, 

especially if unrefrigerated (Lee & Styliadis, 1996). After frozen storage (five and a half months, -

20°C) all the treatments had a pH above 7.00, exceeding the typical pH range of slightly fermented 

salami (Aymerich et al., 2003).  

A high pH phenomenon in salami can be ascribed to various contributing factors, including: 

competing background microflora consuming the added fermentable glucose source (Stahnke & 

Tjener, 2007); a rapid aw reduction during drying hindering lactic acid bacteria (LAB) growth and 

subsequent organic acid production (Lücke, 1994); autochthonous, weak acidifying LAB 

outgrowing the added LAB starter culture strains (Casaburi et al., 2007); lactate metabolization by 

surface moulds (Lücke, 1994; Flores, 1997; Sunesen & Stahnke, 2003); and ammonia production 

as a result from microbial proteolysis (Muthukumar et al., 2014; Hospital et al., 2015).  

The amount of microbial organic acid production (i.e. extent of pH reduction) depends on the 

initial amount of available fermentable sugars (Lücke, 1994; Demeyer et al., 2000). The added 

glucose concentration in this trial (0.2%) was in the range of proposed amounts (Lücke, 1994; 

Lebert et al., 2007b), although slightly lower than proposed by others (Leistner, 1995; Houben & 

Van’t Hooft, 2005). A limited amount of fermentable sugar could have retarded LAB proliferation, 

however, dried warthog sausages (cabanossi) without the addition of sugars or starter cultures 

successfully fermented to reach a pH of 5.1 (Mahachi et al., 2019). The autochthonous LAB in 

these cabanossi were not reliant on added sugars, but on the meat glycogen storage as primary 

sugar source for proliferation. Meat has varying glycogen stores after slaughter and may result in 

different fermentation patterns (Feiner, 2006). Todorov et al. (2007) reported better proliferation of 

LAB strains in certain game salami compared to other game species used, also possibly due to 

glycogen content differences between the meat. Supporting this, Chakanya et al. (2018) found 

springbok salami to have the lowest pH (5.04), although Van Schalkwyk et al. (2010) found 
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springbok salami to have the highest pH (5.46) amongst different game salami. Differing from the 

present study, the use of commercial starter cultures and premixed additives containing a sufficient 

amount of fermentable sugar probably guaranteed the sufficient pH decline (pH ≤ 5.77) in both 

these beforementioned studies, irrespective of the initial game meat glycogen stores. Warthogs are 

known to be vigilant animals prone to ante mortem stress (Swanepoel et al., 2016c) which could 

lead to a drastic decrease in glycogen stores, resulting in meat with a high ultimate pH (pHu), 

ultimately limiting the extent of salami acidification. Arguably, if the glycogen content was limited 

and the added amount of glucose (0.2%) was insufficient in the present trial, L. sakei (added as 

part of the LAB starter culture strains) should have followed alternative fermentation pathways 

involving nucleoside and amino acid metabolism to proliferate and successfully generate organic 

acids (Chaillou et al., 2005; Rimaux et al., 2011b,a). These genetic features make this 

microorganism robust and ideal for meat starter cultures, as nucleosides and free amino acids are 

abundant in meat. Furthermore, the total amount of LAB starter culture strains (L. sakei and P. 

pentosaceus) equalled ~203 x 109 CFU/kg of meat and fat, which exceeded the recommended 

amount of LAB starter cultures to successfully ferment meat (105-108 CFU/g, Elias et al., 2014). It 

is, however, of utmost importance to predetermine the robustness of LAB starter cultures and 

whether the intrinsic meat environment and extrinsic climatic conditions will favour the proliferation 

of applied strains in salami (De Vuyst, 2000), as not all strains may perform optimally in different 

meat sources (i.e. game meat versus domestic pork meat, Leroy et al., 2006). 

Pediococci pentosaceus, on the other hand, is commonly applied in fast fermenting 

American style sausages with an optimal growth at higher temperatures (~40°C, Talon & Leroy, 

2014). The temperature range during the present trial ripening period (15-17°C) might have 

retarded the growth of acidifying P. pentosaceus and limited subsequent acid production, however, 

previous researchers used a starter culture which only consisted out of P. pentosaceus and a 

successful salami pH decline was achieved (pH= 5.46-4.88) in a similar lower temperature range 

(18-22°C, Van Schalkwyk et al., 2010). Differing from the present trial, Van Schalkwyk et al. (2010) 

did inoculate their salami with surface moulds with the ability to metabolize secreted lactate and, 

their smoking step to prevent excessive spontaneous mould growth might explain the lower pH 

achieved in the latter study (Flores, 1997). 

The fact that the salami centre was initially more acidic than beneath the casing (Table 5.6), 

indicated that microbial organic acid production did indeed occur (Flores, 1997). A pH gradient is 

expected in unsmoked, mould covered salami due to mould lactic acid metabolization and 

subsequent ammonia production increasing the salami pH (Flores, 1997). Within 30 days of 

ripening the pH gradient became negligible, indicating that the centre lactic acid was almost 

completely metabolized. Indeed, small diameter salami with abundant mould growth may pose a 

greater risk of microbial spoilage as mould mycelium can penetrate more easily to the salami 

centre, causing a pH increase (Grazia et al., 1986; Rödel et al., 1993). Mould growth is especially 
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associated with amino acid breakdown and with the combined effect of lactic acid metabolization 

and subsequent ammonia accumulation over time, mould covered salami pH can drastically 

increase (Lücke, 1994; Flores, 1997; Bruna et al., 2000, 2001b; Sunesen & Stahnke, 2003; 

Ockerman & Basu, 2007). The temperature and RH% in the present study were optimum for 

accelerated P. nalgiovense proliferation and mycelium invasion which have shown to exhibit an 

extremely fast growth rate (2 mm/day at 14°C, 90% RH). In the case of using small diameter 

salami casings, Rödel et al. (1993) advised to include surplus fermentable sugars in the salami 

batter to ensure LAB proliferation and a sufficient pH decrease. The salami diameter in the present 

study (32 mm) was considered small compared to traditional Italian salami (~50-80 mm, Demeyer 

et al., 2000; Lebert et al., 2007a; Montanari et al., 2016; Roccato et al., 2017). Larger diameter 

salami may reach a lower pH due to more controlled and gradual water loss, as opposed to smaller 

diameter salami which could potentially dry more rapidly and allow more oxygen penetration, 

inhibiting LAB growth (Lücke, 1994). Lactic acid bacteria acid production becomes negligible when 

salami aw decreases to less than 0.92 (Lücke, 1994), or arguably, 0.95 (Feiner, 2006). Salami in 

the present trial only had an aw < 0.92 after day-22 in the ripening room, at which stage the pH still 

ceased to decline as expected. Contradicting this, Mahachi et al. (2019) reported a sufficient pH 

decrease (pH= ~5.1) in warthog cabanossi with a small diameter (22 mm) without the addition of 

LAB starter cultures. In the beforementioned study, a commercially used curing mixture (not 

specified but assumed to contain nitrite and possibly nitrate) was applied and the sausage outer 

surfaces were smoked. The addition of curing agents (nitrate and nitrite) according to maximum 

permitted amounts could have promoted selective proliferation of naturally occurring LAB in the 

fresh meat of the beforementioned study (Cardinali et al., 2018; Perea-Sanz et al., 2019) and the 

smoking most likely prevented mould colonization and subsequent lactate metabolism and 

ammonia production (Flores, 1997), ensuring sufficient lowering of the cabanossi pH.  

Apart from mould metabolism, ammonia production (causing a pH increase) could have 

originated from a few other possible scenarios which will be briefly discussed. The first possibility 

includes background, spoilage microorganisms present in the salami. Simple sugars (such as the 

fermentable glucose added in the present trial) are usually also preferred by spoilage 

microorganisms (Gill, 1983). If this sugar source becomes depleted, microorganisms have the 

ability to use free amino acids as an energy source and subsequently generate ammonia, 

ultimately rising the pH (Gill, 1983). Salami are generally known to contain an abundant amount of 

free amino acids ascribed to endogenous meat tissue and exogenous microbial protease activity 

(Montel et al., 1996; Toldrá, 1998; Talon & Leroy, 2014). Similarly, a high pH phenomenon in 

salami was ascribed to microbial protein metabolism counteracting the lowering in pH generated by 

LAB (Hospital et al., 2015; Montanari et al., 2018). Secondly, the alternative metabolic pathways of 

L. sakei when glucose (the preferred energy source) is depleted as mentioned earlier, involves 

nucleoside utilisation (adenosine deaminase and inosine hydrolase) and amino acid metabolism 

via the arginine deiminase pathway (Chaillou et al., 2005; Rimaux et al., 2011a, b). Nonoxidative 
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deamination of free amino acids, such as in the latter case, may lead to the accumulation of 

ammonia (Ordóñez et al., 1999). Thirdly, microbial protein deamination and decarboxylation could 

also contribute to ammonia production (Demeyer, 2007). Contaminant spoilage microorganisms 

such as Enterobacteriaceae, lactobacilli, pediococci and enterococci, as well as beneficial LAB 

bacteria may exhibit decarboxylase activity, although starter culture strains are generally 

selectively chosen with the absence of this gene (Ordóñez et al., 1999; Latorre-Moratalla et al., 

2012; Ravyts et al., 2012; Holck et al., 2017). The mixed starter culture in the present study was 

not tested for the presence of decarboxylase activity, hence this metabolic trait could have 

contributed to the rise in final product salami pH. 

The salami successfully dried over the 40-day ripening period, indicated by the absence of 

an outer crust formation and the low aw of the final product centre. Treatment 4 had the highest aw 

(0.8726), which is, however, far below the recommended aw of 0.91-0.92 for microbial safety (Ross 

& Shadbolt, 2001; Roccato et al., 2017). As pH decreases, meat proteins reach their iso-electric 

point (zero net charge) leading to loss of binding capacity, impairing water holding capacity and 

promoting aw reduction (Miralles et al., 1996; Flores, 1997; Warriss, 2010). A decrease in pH is 

thus expected to be parallel with a decrease in aw. This was contradicted in the present study with 

T4 resulting in the lowest pH and the highest aw, in accordance with Olivares et al. (2010) who also 

found a lower salami pH correlated with a higher aw. 

5.4.3 Surface colour  
Lowering the ingoing amount of nitrate and/or nitrite can have implications on salami colour, 

especially with regards to redness, as nitrosomyoglobin (result of nitric oxide binding to myoglobin) 

creates the typical, attractive red-pink colour of cured meats (Møller & Skibsted, 2002; Skibsted, 

2011). Other researchers who incorporated natural extracts in processed meat products reported a 

retention or protection of redness (Sebranek et al., 2005; Ifesan et al., 2009; Colindres & Brewer, 

2011). Since the chemical state of the myoglobin haem protein determines the redness of meat, a 

possible mechanism for the protection of redness by adding natural antioxidants includes delaying 

the formation of the undesired, brown metmyoglobin (Formanek et al., 2003; Muthukumar et al., 

2014). In the case of adding honeybush in salami, both the antioxidant effect and the natural brick-

brown colour could play a role in redness retention as seen in the present trial, in accordance with 

Ifesan et al. (2009) who also found a significant colour enhancing effect due to a red-brown extract 

added to pork meat. 

The overall decrease in salami CIE L*a*b* colour measurements during the 40-day ripening 

period could be ascribable to deteriorative oxidation reactions, especially in the case of loss in 

redness (CIE a*) which indicates the formation of metmyoglobin (Muthukumar et al., 2014; Ergezer 

et al., 2018). The increase in darkness (decrease in CIE L*, Table 5.7) could be ascribed to 

myoglobin oxidation (Fongaro et al., 2015) or water loss (Olivares et al., 2010) over time. In 

contrast, Jin et al. (2018) reported salami lightness to stay similar during a month storage period. 
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The beforementioned study, however, used lean pork meat as opposed to game meat which is 

naturally higher in myoglobin content (Hoffman, 2000). A high myoglobin content in warthog meat 

is expected (not analysed in the present trial) due to their active nature (Swanepoel et al., 2016c), 

which could in turn promote oxidation reactions due to a higher haem iron content (Papuc et al., 

2017). The higher CIE L* of T4 salami (day-40, Table 5.7) could be associated with a higher aw as 

a result of using a hygroscopic tea extract, similarly motivated by Fernández-López et al. (2005) 

who found higher lightness values after applying lemon and orange extracts in meatballs. Salami 

pH also affects the colour, with a lower pH resulting in higher lightness (Abril et al., 2001), as also 

seen in the present study.  

The increase in salami redness during day-15 and day-22 could be due to nitrosomyoglobin 

generation ascribed to gradual nitrite formation over time, where a slower fermentation and higher 

pH favour the growth of Micrococcaceae and subsequent nitrate reductase activity (Ordóñez et al., 

1999). Nitrate reduction to nitrite and subsequent nitric oxide required for nitrosomyoglobin 

formation is catalysed by an acidic environment (Hammes, 2012). The salami had a favourable pH 

(≤ 6.87) before day-22 for Micrococcaceae growth, arguably the pH was too high for optimum nitric 

oxide formation at pH of 5.0-5.5 (Talon & Leroy, 2014). The redness of salami on day-40 (CIE a*= 

10.44-11.73, Table 5.8) was similar to 3 month ripened, small diameter (38 mm) salami (CIE a*= 

11.2) with a naturally derived nitrate source (Mora-Gallego et al., 2014). Although the control 

salami had the highest CIE a* value on day-40, it did not differ from salami with 0.375% of added 

honeybush (T3). Furthermore, the chroma (CIE C*) did not differ between treatments, indicating 

that all salami were equally intense or vivid in colour (Miltenburg et al., 1992). Positively, salami 

from the present trial had a higher redness on day-40 compared to 4 week ripened sausages with 

0.01% sodium nitrite, 0.8% celery powder, 0.6% fruit extract powder, 0.45% purple sweet potato 

powder, 0.5% fruit and vegetable extract, 0.04% Gardenia Red and, 0.04% paprika + 0.03% 

blueberry powder, respectively (Jin et al., 2018b). In contrast, the salami were not as red compared 

to those with higher amounts of added sodium nitrate (250 mg/kg; 212.5 mg/kg; and 187.5 mg/kg) 

resulting in a CIE a* of: 18.5; 18.4; and 17.9, respectively (Perea-Sanz et al., 2019). Greek 

fermented sausages with added sodium nitrite also resulted in a higher redness after 26 ripening 

days (CIE a*= ~11.5-12.5, Baka et al., 2011). After frozen storage (five and a half months, -20°C), 

T4 salami had the highest redness value and was the only treatment capable of conserving 

redness from ripening day-40. Retention of redness after frozen storage in T4 correlates with a 

higher CIE C* value indicating a more intense or vivid colour, less close to a grey or dull 

appearance (Hunt et al., 1999; Choi et al., 2011). A minimum added concentration of 25-50 mg/kg 

of nitrite might be adequate to induce an acceptable cured colour formation (Sindelar & Milkowski, 

2011). The added amount of nitrate in the present trial (75 mg/kg) could have contributed 

significantly to the redness after being reduced to nitrite. Hue angle change over time is said to be 

visible to the human eye, where an increase therein indicates a colour development from red to 

yellow, evident by the hue angle calculation (Pogorzelska et al., 2018). Indeed, as seen in the 
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present trial, as the yellowness increased in T4 (probably mainly because of the natural pigment of 

the honeybush extract), so did the hue angle. Although honeybush significantly increased the 

salami yellowness (Table 5.19), the final product salami were actually less yellow compared to 

previous reported traditional Italian salami after a 38-day ripening period (CIE b*= 17.82, Casaburi 

et al., 2007) and similar compared to Greek fermented sausages with an autochthonous L. sakei 

starter culture strain after 26 ripening days (CIE b*= ~7, Baka et al., 2011). 

5.4.4 Texture Profile Analysis 
The increase in salami hardness was expected due to moisture loss over time (Serra et al., 2005; 

Mora-Gallego et al., 2014). Salami hardness was highest on day-40 (Table 5.12), corresponding 

with the lowest aw (Table 5.4). Similarly, as found in dry-cured hams, the salami springiness and 

cohesiveness decreased over time as the aw decreased (Serra et al., 2005). Chewiness, a 

secondary textural property, is the product of hardness; cohesiveness; and springiness 

(Szczesniak et al., 1963; Bourne, 1978). Treatment significantly affected springiness and 

subsequently also chewiness, as seen in T3 and T4 with the lowest springiness (Table 5.13) and 

chewiness (Table 5.14). Proteolytic and lipolytic activity due to excessive mould growth can cause 

a decrease in salami hardness and chewiness (Bruna et al., 2001a). Previous researchers found 

P. aurantiogriseum added to salami to exhibit a softening effect (Bruna et al., 2001a). The 

beforementioned authors reported a similar hardness (~167 N) compared to the present trial 

salami after 40 ripening days (Table 5.12). This could indicate that the present trial salami were 

similarly softer due to mould growth, however, salami also had similar hardness on ripening day-25 

(~95 N) compared to salami without mould starter inoculation on ripening day-20 (~90 N, 

Alamprese et al., 2016), contradicting this. Salami hardness and springiness were also similar to 

that of commercial mini-fuets (typical Catalan cured mini-sausages, Herrero et al., 2007), although 

the fuets were slightly higher in total fat content (21.9-24.4%) and much lower in aw (0.651-0.648). 

The salami chewiness in contrast, was much higher in the present study compared to the mini-

fuets. This could be ascribed to the lower total fat content of the warthog salami (Olivares et al., 

2010). Texture Profile Analysis results are dependent on instrument operation and intrinsic product 

characteristics (e.g. pH, moisture, fat content, processing methodology, and environmental 

conditions during fermentation and ripening, Tabanelli et al., 2012; Riel et al., 2017). Results will 

hardly ever be fully comparable to previous research studies due to sample and instrument 

variation.  

5.4.5 Proximate composition 
Salami moisture content decreased from 56.6% to 26.6% resulting in a moisture loss of ~30% 

(Table 5.15) which is in accordance with typical Italian salami ranging between 24.3-53% moisture 

(Moretti et al., 2004; Zanardi et al., 2010). Moreover, a 30% moisture loss is a typical characteristic 

of long ripened, dry salami (Zeuthen, 2007). Although salami is characterized as a high fat meat 

product containing between 30-50% total fat (Colmenero, 2000), the present trial salami had a 
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lower total lipid content (15.89%, Table 5.15). Previous researchers reported a similar raw salami 

lipid content (~17%), however, differing from the present trail, the total lipid content increased to 

~25-28% after ripening (Pasini et al., 2018). In the latter study, however, pork as opposed to game 

meat was used. Lower total lipids in the raw meat batter and the final product salami in the present 

study could be due to the utilisation of warthog meat containing less intramuscular fat compared to 

traditionally used pork meat (Swanepoel et al., 2016b; Mahachi et al., 2019). From a previous 

study, however, salami similarly prepared by other researchers (with a 7:3 ratio of game meat:pork 

fat) increased in total fat content from 22.6% to 35.7% after drying (Chakanya et al., 2018).  

The protein content in the final product salami from the present trial is much higher than 

typical Italian salami (24.4-37.4%) (Moretti et al., 2004; Zanardi et al., 2010) and game salami (Van 

Schalkwyk et al., 2010; Chakanya et al., 2018), but this could be linked to the lower lipid content. 

Ash content (5.46%) was higher than previously produced warthog cabanossi (4.6%, Swanepoel et 

al., 2016b) and game salami (4.3-5%, Van Schalkwyk et al., 2010; Chakanya et al., 2018). A 

higher ash content in the honeybush containing salami could have been expected due to naturally 

occurring minerals in the honeybush extract (not tested), (Mckay & Blumberg, 2007; Joubert et al., 

2011). In contrast, the control salami without honeybush resulted in the highest ash content (4.6%), 

eliminating the possible effect of the honeybush.  

5.4.6 Free fatty acids (% oleic acid) and titratable acidity (% lactic acid) 
In addition to measuring the salami pH, the acid titration method was also executed to compare 

experimental with retail salami. Salami free fatty acid content (% oleic acid) was similar to that 

reported by other researchers (Zdolec et al., 2008). The control salami had less FFAs compared to 

T4 (Table 5.17), however, the retail salami resulted in a significantly higher FFA content, despite 

the addition of the antioxidants sodium ascorbate and sodium nitrite, both capable of retarding lipid 

oxidation. Salami from the present trial had a much lower lactic acid content in comparison to the 

retail salami, supported by a lower pH recorded in the retail salami compared to the experimental 

salami (data not shown). The lactic acid content after 40 ripening days (Table 5.17) was similar to 

raw sausages on the day of stuffing (pH= 5.89-5.77, Zdolec et al., 2008), and less than the lowest 

total acidity reported for pork salchichón (0.3, Capita et al., 2006), reflecting the poor lactic acid 

content in the present trial salami after the ripening period. The retail salami, on the other hand, 

was similar in titratable acidity compared to ostrich, deer and industrially produced chorizo 

(Castaño et al., 2002; Capita et al., 2006). 

5.5 Conclusion 
The addition of 0.5% unfermented honeybush (Cyclopia subternata) extract showed a protective 

effect of salami redness (CIE a*) during frozen storage. Treatment had no effect on salami 

proximate composition (moisture; protein; and total lipid content) and texture (hardness; 

chewiness; and cohesiveness). Adding a hygroscopic tea extract to salami might cause an 

increase in final product aw. In the case of producing small diameter salami and applying a mould 
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inoculation, the addition of extra fermentable sugar is recommended to ensure a sufficient pH 

decrease for microbial safety. Warthog meat, naturally darker in colour, is a promising option for 

salami production with less added nitrate and/or nitrite. Warthog salami with the addition of 

honeybush extract could be a marketable ready-to-eat meat product based on the present 

consumer interest in processed meat products with added bio-active ingredients and less 

additives. Food safety, however, cannot be compromised, a future suggestion would be to combine 

honeybush with organic acids to ensure a low pH, especially in the case of surface mould growth. 
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CHAPTER 6 

Microbial analyses of warthog salami with reduced added sodium nitrate (75 mg/kg) and 
different levels of unfermented honeybush (Cyclopia subternata) extract after a 40-day 

ripening period  

Abstract 
Warthog salami with different levels of honeybush (Cyclopia subternata) extract and reduced 

added sodium nitrate (75 mg/kg) were manufactured, mould ripened for 40 days and microbial 

analyses were performed on the final product. The treatments entailed: C= 0%; T1= 0.125%; T2= 

0.25%; T3= 0.375%; and T4= 0.5% of added honeybush, with an added starter culture mixture 

(Lactobacillus sakei, Pediococcus pentosaceus, and a Micrococcus species) and a surface mould 

inoculation (Penicillium nalgiovense). All salami were free from Escherichia coli, Listeria 

monocytogenes, Salmonella spp. and Staphylococcus aureus. Lactic acid bacteria were lowest in 

the control salami (6.57 log CFU/g) and increased with increasing honeybush concentration, with 

T3 and T4 resulting in the highest counts (> 7.0 log CFU/g). This study proved the feasibility of 

producing game salami with a high pH (6.71-7.46) free from major pathogens with a 70% reduction 

in added sodium nitrate (75 mg/kg, as opposed to the maximum permitted amount stipulated by 

the European Union of 250 mg/kg in the case of no added nitrite) with the addition of a natural 

extract, honeybush. The honeybush addition presumably promoted the growth of wanted acidifying 

bacteria, with no effect with regard to bacterial proliferation inhibition. 

Keywords: warthog salami; honeybush (Cyclopia subternata); nitrate reduction; microbial 

analyses 

6.1 Introduction 
Food safety is often achieved by means of a multiple hurdle effect (Leistner, 2000) with salami 

being excellent examples of such a scenario. The combined action of salting and drying; lowering 

of the water activity (aw); stuffing of meat and fat into casings creating an anaerobic environment; 

lowering of the pH through lactic acid producing bacteria; and smoking of the outer surface have 

assured safe salami production for ages (Leroy et al., 2013; Holck et al., 2017). The accidental 

contamination of sodium chloride with potassium nitrate (saltpetre) lead to the revolutionary 

discovery of nitrite, appreciated as a potent antimicrobial agent, amongst other valuable 

characteristics (Honikel, 2008; Sindelar & Milkowski, 2011). Furthermore, botulism poisoning has 

successfully been prevented by the commercial application of nitrate and/or nitrite salts in cured 

meats (Sebranek & Bacus, 2007). Also, nitrite and/or nitrate have shown to partake in the inhibition 

of other pathogens, including: Listeria monocytogenes; Salmonella spp.; and Staphylococcus spp. 

(Hospital et al., 2014, 2015, 2016; Christieans et al., 2018). The antibacterial role of nitrate and 

nitrite, especially in salami with a higher pH ( > 5.2) contributes significantly to food safety even at 

a 50% reduced concentration (75/75 mg/kg NaNO2/NaNO3; Hospital et al., 2014). The vital role of 
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nitrite as part of a multiple hurdle effect in dry-cured and fermented sausages is clear from 

literature, especially in the first days after stuffing, as the salami aw and pH have not yet decreased 

(Hospital et al., 2015, 2017; Christieans et al., 2018) to < 0.95 and < 5.2, respectively (Feiner, 

2006; Food Standards Australia New Zealand, 2017). However, the addition of nitrite and/or nitrate 

curing agents can not necessarily ensure microbially safe salami if other hurdles such as 

temperature control, a sufficient pH and aw reduction are not met (Hospital et al., 2014).  

The equivocal conclusions surrounding human adverse health effects related to nitrate and 

nitrite consumption from cured meats (Hord et al., 2009; Bryan et al., 2012; Aschebrook-kilfoy et 

al., 2013; Song et al., 2015) promoted the investigation of nitrite reduction and/or alternatives in 

processed meats. Many attempts have been made to replace nitrate and nitrite with natural 

extracts, herbs and essential oils exhibiting antimicrobial effects (Shah et al., 2014; Aziz & 

Karboune, 2018; Jin et al., 2018; Alirezalu et al., 2019; Ribeiro et al., 2019). The special regulatory 

provision for organic and naturally cured meats by the European Union (EU) reflects the demand 

for these type of cleaner labelled processed meat products (Hospital et al., 2015). In this regard, 

the EU allows a maximum ingoing amount of 80 mg/kg of nitrate/nitrite, expressed as sodium or 

potassium salts, with a maximum residual amount of 50 mg/kg of nitrate and nitrite, respectively 

(European Commission, 2008), as opposed to the maximum ingoing amount of 150 mg/kg of 

nitrate and nitrite (Directive 2008/1333/EC).  

Honeybush (Cyclopia subternata, Tribe: Podalyrieae; Family: Fabaceae), an endemic South 

African shrub, has received much attention as a potential bioactive food ingredient (in the form of a 

green, unfermented extract) primarily due to its rich polyphenolic content (Joubert et al., 2008; 

Kokotkiewicz et al., 2012; Schulze et al., 2015; Joubert et al., 2019). Coetzee et al. (2008) 

demonstrated the antifungal potential of Cyclopia spp. extracts against the plant pathogen, Botrytis 

cinereal, although the active compounds responsible for the inhibition lacked identification. 

Fermented and unfermented solvent extractions of C. intermedia showed antimicrobial effects 

against Gram-positive bacteria (i.e. Staphylococcus aureus) and yeasts (i.e. Candida albicans), 

although relatively weak (Dube et al., 2017). Although the antioxidant capacity did not seem to 

relate to the antimicrobial potency of C. intermedia extracts (Dube et al., 2017), the major 

polyphenolic compounds present in Cyclopia spp., being the xanthone: mangiferin; and flavone: 

hesperidin showed antibacterial, -viral and/or -fungal activities in previous studies (Singh et al., 

2012; Iranshahi et al., 2015). Cyclopia subternata was previously applied in dry-cured fermented 

Italian (Chapter 4) and warthog salami (Chapter 5) to investigate the effect on the product physical-

chemical traits. Spontaneous surface mould growth did not proliferate to the same extend on 

honeybush treated Italian salami (0.5% w/w of added honeybush) compared to those without 

honeybush and with added nitrate (Chapter 4). In turn, the lactic acid bacteria (LAB) growth 

appeared unaffected by the addition of honeybush in typical Italian salami (Chapter 4). An 

insufficient pH decrease of the warthog salami after stuffing and an unusual high final product 
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salami pH (6.71-7.46, Chapter 5) raised a food safety concern and questioned the functionality of 

the added lactic acid bacteria (LAB) starter culture strains (Lactobacillus sakei and Pediococcus 

pentosaceus). Therefore, the objective of this study was to conduct final product microbial 

analyses on warthog salami with reduced added sodium nitrate (75 mg/kg), no added nitrite and 

increasing honeybush (Cyclopia subternata) concentrations (0.25%, 0.125%, 0.375% and 0.5%) 

after a 40-day mould ripening period to gain insight surrounding the presence of: total viable count 

(TVC); Escherichia coli/coliforms (EC); LAB; anaerobic spore formers; and pathogens: Listeria 

monocytogenes; Salmonella; and Staphylococcus aureus.  

6.2 Materials and Methods 
6.2.1 Salami ingredients 
6.2.1.1 Warthog meat and pork fat  

Ten free roaming warthogs (nine sows and one boar) were sourced from the Limpopo province, 

South Africa. The total weight of frozen, deboned warthog meat for salami production equalled 125 

kg. Pork fat (53 kg) from the shoulders and back from more than five domestic sows (Landrace and 

Large White crossbred, 2-3 years of age) was purchased and frozen (-20°C) prior to use. The pigs 

predominantly received a diet containing maize, soya and canola in feeding lots in the Swartland 

area, Western Cape, South Africa.  

6.2.1.2 Honeybush (Cyclopia subternata) extract 

Unfermented, vacuum dried Cyclopia subternata hot water extract (1:10 m/v) was supplied by the 

Agricultural Research Council (ARC) - Infruitec Nietvoorbij, Stellenbosch University, and prepared 

as previously described (Schulze et al., 2016). In short, honeybush plant material was subjected to 

preheated purified water (90°C, 30 min) in a percolator-type extraction vessel. The extract was 

subsequently drained, centrifuged, concentrated, vacuum dried (40°C, 24 h) and frozen (-20°C) in 

a moisture, light and oxygen impermeable packaging. The extract was added in increasing 

amounts according to salami treatment, where: Control= 0%; Treatment 1= 0.125%; Treatment 2= 

0.25%; Treatment 3= 0.375%; and Treatment 4= 0.5% of added honeybush extract. 

The minimum amount of distilled water (dH2O) required to completely dissolve the maximum 

amount of extract required (T4= 0.5% w/w, 30.56 g of honeybush), was predetermined as 100 mL 

dH2O. The amount of honeybush extract per respective treatment (T1-T4) in 100 mL dH2O were 

heated on a magnetic stirrer (80°C for 5-10 min, speed setting 4-5) until visible evaporation 

bubbles appeared on the surface, followed by a mixing period at a lower temperature (50°C, 

another 5-10 min), until completely dissolved and free of lumps. The result was a dark-brown/ brick 

coloured solution with a sweet floral or honey sent (Addendum A, Fig. 5.1). 

6.2.1.3 Starter culture mixture, sodium nitrate, salt and sugar 

A non-commercial cell suspension was prepared as a starter culture mixture by the Microbiology 

Department, Stellenbosch University. The mixture (~305 x 109 ± 0.5 log colony forming units per 
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100 kg of raw meat and fat) consisted of equal amounts of lactic acid bacteria: Lactobacillus sakei 

(AQ14); and Pediococcus pentosaceus (AEH4); and a nitrate reducing Micrococcus species 

(MC2). The total amount of LAB (L. sakei and P. pentosaceus) in the starter culture mixture 

corresponded to 203 x 109 CFU/ kg of meat and fat. The cultures were suspended in a minimum 

amount of water to avoid excess liquid addition to the raw meat batter.  

Pure sodium nitrate (NaNO3) crystals were finely blended (commercial Sunbeam grinder) to 

prevent the addition of lumps. The latter was added to all treatments (C, T1-T4) at a concentration 

of 75 mg/kg (0.456 g /6.11 kg). Fine, non-iodized sodium chloride (Royal Salt, 2.5%) was added as 

an ingredient, as well as glucose (0.2%) to act as a fermentable sugar source for the starter culture 

mixture.  

6.2.2 Salami production  
6.2.2.1 Experimental replicates and treatment formulation 

The total amount of warthog meat (125 kg) and pork fat (53 kg) were randomly divided into 

respective batches before processing of each, in order to avoid pseudo-replications between the 

meat and/or fat from one animal. From the total meat and fat mixture, six batches (29.6 kg each; 

meat:fat ratio of 7:3) were produced and these formed the statistical replications. Batches (i.e. 

replications) were further subdivided into five treatments (6.1 kg each: C= 0%; T1= 0.125%; T2= 

0.25%; T3= 0.375%; and T4= 0.5% of added honeybush extract) and 10-14 salami were produced 

to ensure an adequate number available for all required analyses to be conducted. Other common 

salami ingredients included (w/w): sodium chloride (2.5%); distilled water (1.6%); glucose (0.2%); 

starter culture mixture (0.08%); and sodium nitrate (0.0075%). The salami length was calculated 

based on the required sample size for subsequent analyses, e.g. a 2 cm salami portion was 

required for a single texture profile analysis (TPA) compression. The total salami length equalled 

~40 cm, weighing ~400 g (fresh).  

6.2.2.2 Production procedure  

The previously frozen warthog meat was semi-defrosted (4°C, 24 h). The pork fat was kept frozen 

(-20°C) until processing to prevent smearing and a temperature increase of the meat batter during 

mixing. The frozen fat was reduced into cubes (~5 cm3, Addendum A, Fig. 5.2) using a band saw 

(Crown-Okto, Crown National, South Africa). Any visible sinew was removed from the warthog 

meat and it was roughly cut into similar sized cubes using a knife. Half of the fat cubes were added 

in a bowl cutter (Mainca, CM14, Spain; 25 s, speed setting 1) before adding the meat and 

remaining fat and increasing the speed (35 s, speed setting 2) to create a coarse meat and fat 

mixture (Addendum A, Fig. 5.3). This mixture, referred to as the salami batter, was transferred and 

mixed (60 s) in an industrial food mixer (Hobart, A200, FM Mixer, London), whilst adding the 

common ingredients and honeybush extract according to treatment. Care was taken not to over 

mix the batter, whilst ensuring adequate mixing to create a sticky consistency. The salami batter 

was stuffed into moisture permeable collagen casings (32 mm in diameter) and tagged with colour 
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coded labels to distinguish treatments (C, T1-T4) and replications (1-6). The salami was 

transporter to The Flying Pig (Darling, Western Cape, South Africa) meat processing facility and 

dipped in a commercial Penicillium nalgiovense suspension (Mould 600, 25 g/10 L water). The 

latter were randomly allocated to locations in a non-automated, artisanal-type ripening room (4 m 

in length x 3.5 m in width x 3.5 m in height) without circulating air flow, containing a variety of other 

fermented meats. Five temperature and relative humidity (RH) loggers (LogTag, SA, Trex-8) were 

randomly allocated in the roof between the salami to record environmental changes over time. The 

ripening period was 40 days during which salami were sampled to determine physical and 

chemical changes over time (Chapter 5). 

6.2.3 Microbial analyses 
6.2.3.1 Microbial sampling procedure  

Salami pieces (25 g each) of all the treatments (C, T1-T4) within replications (1-6) were aseptically 

sampled from the final product salami after a 40-day ripening period. Samples were vacuum 

sealed and frozen (-20°C) until the day of analyses. All samples were analysed with the casing 

intact. Bacteriological media were prepared according to the manufacturer’s instructions and all 

media and glassware were autoclaved (121°C, 15 psi for 15 min) before used. A summary of the 

relevant media can be seen attached in Addendum B. 

6.2.3.2 Total viable count, (TVC) E.coli/coliforms (EC) and lactic acid bacteria (LAB) 

Previously frozen samples were thawed (12 h, ~4°C) for subsequent analysis. Peptone buffered 

water (PBW, Oxoid) was used to create a serial dilution series. Based on the sample weight (25 g), 

225 ml of PBW was aseptically added to the samples to create the first 1:10 dilution (10-1), 

(McLandsborough, 2005). The samples were homogenised in stomacher bags (Lasec, 80-400 ml) 

for 60 s (Interscience BagMixer®, France) at room temperature (~21°C). Petrilfims (3MTM 

PetrifilmTM) were used to enumerate TVC, EC and LAB, respectively. The efficacy of petrifilms 

have shown to be satisfactory for the enumeration of these bacterial groups (Matner et al., 1990; 

Schraft & Watterworth, 2005; Nero et al., 2006; De Castilho et al., 2015). The dilution series were 

pipetted (1 ml) in duplicate onto the respective films, gently pressed with the provided flat spreader 

according to instructions, left to solidify and incubated. After the respective incubation periods 

(TVC: 35 ± 1°C, 48 ± 3 h; EC: 35 ± 1°C, 24 ± 2 h; and LAB: 28-37°C, 48 ± 3 h) the total colony 

forming units per gram (CFU/g) were enumerated following the 3M PetrifilmTM interpretation 

guidelines (AOAC® Official Methods of Analysis 990.12, 998.08 and 991.14; AOAC® Performance 

Tested MethodSM, certificate 041701). The preferable counting range on 3M Petrifilm Aerobic Films 

is ≤ 300 colonies. If the count exceeded this range, it was estimated by calculating the average 

number of colonies in two squares (1 cm2 each) and multiplying the average by 20 or 30 (the total 

area of TVC and EC films are 20 cm2 and that of LAB, 30 cm2; AOAC® Official Methods 990.12 and 

AOAC® Official Methods 998.08). Blue colonies associated with entrapped gas bubbles were 

enumerated as E. coli and red colonies closely associated with entrapped gas bubbles were 
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recorded as coliforms. The total coliform count was reported as the sum of the blue and red 

colonies with associated gas bubbles (AOAC® Official Methods 998.08). 

6.2.3.3 Listeria monocytogenes (ISO 16140 N° BRD 07/4-09/98) 

Additional salami pieces (25 g, including all treatments: C, T1-T4; and replications 1-6) were solely 

dedicated to testing for the presence of L. monocytogenes due to the unique primary enrichment 

step. Half fraser broth Plus (ISO Neogen) with supplement (Bio-Rad) was used as selective 

primary enrichment. Samples were homogenised as explained for TVC, EC and LAB. The 

stomacher bags were incubated (30°C, 24 ± 2 h) before streaking onto Rapid’L.mono plates (AEC-

Amersham) in duplicate and incubated inversely (37°C, 24 ± 2 h) before interpretation. 

Chromogenic Rapid’L.mono agar enables one to presumptively distinguish between pathogenic 

and non-pathogenic Listeria based on the secretion of phosphatidylinositol phospholipase C (PI-

PLC) and inability of L. monocytogenes to metabolise the monosaccharide, xylose, resulting in 

black or grey-blue colonies without surrounding yellow halos (Lauer et al., 2005; Gorski, 2008).  

6.2.3.4 Salmonella (EN ISO 6579/A1 02/2006) 

Peptone buffered water was used as primary, non-selective enrichment. The first dilution (10-1) was 

created as described for TVC, EC and LAB and samples were similarly homogenised in respective 

stomacher bags and subsequently incubated (37°C, 18 ± 2 h). Rappaport-vassiliadis soya peptone 

(RVS) broth (Oxoid) was used as selective secondary enrichment. In summary, 10 ml of RVS broth 

per sample was prepared in test tubes, autoclaved and refrigerated (~4°C) until used the following 

day. Xylose lysine deoxycholate (XLD) agar (Oxoid) was dissolved in a microwave, aseptically 

poured in petri dishes and left to solidify. Each sample (0.1 ml) was pipetted from the stomacher 

bag into its respective RVS test tube. The tubes were vortexed and incubated (41.5 ± 1°C, 24 ± 3 

h) before streaking onto XLD-plates in duplicate and incubated inversely (37 ± 1°C, 24 ± 3 h). The 

XLD agar contains a Gram-positive inhibiting agent known as deoxycholate and is formulated to 

promote the growth of fastidious enteric pathogens such as Salmonella (Blom et al., 1999). Ferric 

ammonium citrate acts as a chromogenic indicator responsible for a visible black colony formation 

in the presence of hydrogen sulphide, a known metabolic product of salmonellae (Rambach, 1990; 

Jajere, 2019).  

6.2.3.5 Staphylococcus aureus (NF EN ISO 6888-1/A1, 01/2004) 

Samples were homogenised, dilution series were created using PBW (as previously explained for 

Salmonella spp.) and Baird Parker agar with egg-yolk tellurite emulsion (Fluka Analytical) were 

used as diagnostic agents (Baird-Parker, 1962). Samples (0.1 ml) were pipetted from the dilution 

series onto the respective petri dishes and a sterile glass hockey stick was used to create spread 

plates in duplicate (McLandsborough, 2005). Plates were incubated inversely (37°C, 24 ± 2 h) 

before presumptive, black-grey Staphylococcus aureus colonies were subjected to the coagulase 

test. 
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6.2.3.6 Confirmation of Staphylococcus aureus  

Staphylococci are tellurite resistant with the ability to reduce tellurite to telluride (Lithgow et al., 

2004). This reaction leads to the formation of distinctive shiny, grey-black colonies with clear halos 

on Baird Parker agar (Coloretti et al., 2014; Oxoid Microbial Products 2019a). Presumptive black S. 

aureus colonies were isolated from the Baird Parker plates, inoculated in non-selective Tryptone 

Soya Broth (Oxoid) and further incubated (30-35°C, 18-24 h). Staphylococcus aureus is coagulase 

positive, this trait is one point of difference used to distinguish the bacteria within the 

Staphylococcus genus (Foster, 1996; Hanselman et al., 2009; Becker et al., 2014). The coagulase 

test was performed using lyophilised rabbit plasma with ethylenediamine tetra acetic acid (EDTA, 

Oxoid). The slide test method can be used (Maksimovic et al., 2018), however, the test tube 

method was preferred, as the latter indicates both bound and free coagulase (Remel, 2014). 

Rehydrated coagulase plasma (0.5 ml) was inoculated with cultures from the tryptone soya broth 

using a sterilised metal loop and incubated in a water bath (35-37°C). The tubes were observed 

every 30 min within a 4 h time period for clot formation. If no clotting was observed, the tubes were 

incubated further (37°C, 24 h). Positive S. aureus tubes were confirmed if clot formation was 

observed within 4 h or after the additional incubation period. The enumeration of Staphylococci on 

Baird-Parker agar followed by the coagulase confirmation test is a common practice found in 

literature (Raus & Love, 1983; Moretti et al., 2004; Cenci-Goga et al., 2012; Maksimovic et al., 

2018; Perea-Sanz et al., 2019; Shiningeni et al., 2019). 

6.2.3.7 Anaerobic spore count  

Samples were homogenised and dilution series created using PBW as previously described for 

Salmonella spp. A first layer of reinforced clostridial agar (RCA, Oxoid) was aseptically poured in 

petri dishes and left to solidify. The dilution series were subjected to a heat shock by placing test 

tubes in a water bath (80°C, 60 s). Samples were immediately cooled to below 45°C (SANS 

5761:2008). Cooled samples were pipetted on the first layer of RCA in duplicate and a second 

layer of RCA was aseptically poured. Double layered RCA plates were incubated inversely (37°C, 

6 days) in anaerobic jars each with a gas sachet (Oxoid, AnaeroGenTM 2.5 L) for the creation of a 

strict anaerobic environment. After the incubation period, a Gram’s stain (Thairu et al., 2014) was 

performed to observe the microscopical cellular morphology. Additionally, colonies were exposed 

to 3% hydrogen peroxide for the catalase test. If no gas bubbles appeared within 10 min of 

exposure the organisms were classified as catalase negative (SANS 5761:2008). The anaerobic 

spore former analysis was repeated with a heat shock exposure at 77°C for 20 min (Craven & 

Blankenship, 1985). Double layer RCA plates were similarly prepared as explained earlier and 

incubated both strict anaerobically and facultative anaerobically (37°C, 60 h). 

6.2.3.8 Confirmation of spore formers  

Colonies from RCA plates previously incubated under strict anaerobic conditions and facultative 

anaerobic conditions (including control and honeybush treated salami) were exposed to the Gram-
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stain and catalase test. Thereafter colonies were streaked on Bacillus cereus agar with polymyxin 

B supplement (Oxoid) and incubated (37°C, 24 h). The presence of endospores and sporangia 

morphology were observed after the incubation period with a Schaeffer-Fulton stain (Schaeffer & 

Fulton, 1933). Spore and sporangium morphology and the catalase test can be used amongst 

other techniques to classify Bacillus spp. into groups (Encinas et al., 1996). Finally, pure Bacillus 

strains were streaked on nutrient agar (Oxoid) and incubated (37°C, 24 h) before subjected to an 

analytical profile index (API) 20E in combination with API 50CH (BioMérieux, France) confirmation 

test (Logan & Berkeley, 1984; Alippi & Abrahamovich, 2019). After an incubation period (37°C, 24 

h) an API identification code based on chromogenic results was used to determine % similarity with 

a database (APIWEBTM).  

6.3 Results 
6.3.1 Total Viable Count, E.coli/coliforms, Lactic acid bacteria and major pathogens 
The results of TVC, total coliforms and LAB are depicted in Table 6.1 as the average log CFU/g 

calculated per treatment (C, T1-T4) within six replicates (n= 30, 5 treatments x 6 replications). 

Treatment had an effect on the TVC and LAB, as both these bacterial groups increased with 

increasing amount of added honeybush. Treatment 4 was the only group with acknowledgeable 

amount of coliforms, however, the other honeybush treated salami were virtually free from 

coliforms. All salami treatments were free from: E. coli; L. monocytogenes; Salmonella spp.; and S. 

aureus. 

Table 6.1 The total viable, coliform and lactic acid bacteria count of dry-cured and fermented 40-

day mould ripened warthog salami with different levels of honeybush (Cyclopia subternata) 

expressed as the average log CFU/g 

n= 30 (5 treatments x 6 replications); C= 0%, T1= 0.125%, T2= 0.25%, T3= 0.375% and T4= 0.5% (w/w) of added 

honeybush; CFU/g= colony forming units per gram of sample. 

Salami treatment Microbial analysis 

n= 30 Total viable count Coliforms Lactic acid bacteria 

Control (C) 6.76 < 1 6.57 

Treatment 1 (T1) 6.93 < 1 6.94 

Treatment 2 (T2) > 7.00 < 1 > 7.00 

Treatment 3 (T3) > 7.00 < 1 > 7.00 

Treatment 4 (T4) > 7.00 3.5 > 7.00 
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6.3.2 Enterococcus faecium and Bacillus subtilis 
Initially, the anaerobic RCA plates resulted in growth too numerous to count (TNTC). The Gram 

stain and catalase test confirmed gram-positive, catalase-negative cocci, eliminating anaerobic 

spore formers. The colony morphology examined after Gram staining resembled that of 

enterococci grouped in strains of two, i.e. diplococci (Lorenzo et al., 2010). Pure stains were 

identified as Enterococcus faecium (Merieux NutriSciences, 7 Warrington Road, Claremont, 7708, 

Cape Town, South Africa; Accreditation # T00502). After isolating E. faecium, the anaerobic spore 

forming test was repeated with an adjustment in the heat shock step (section 6.2.3.7). 

Enterococcus faecium was again enumerated, irrespective of treatment or incubation conditions 

(strict anaerobic or facultative anaerobic), as shown in Table 6.2.  

Table 6.2 Enterococcus faecium enumerated from dry-cured and fermented 40-day mould ripened 

warthog salami with different levels of honeybush (Cyclopia subternata) expressed as the average 

log CFU/g after an incubation at strict anaerobic and facultative anaerobic conditions 

n= 30 (5 treatments x 6 replications); C= 0%, T1= 0.125%, T2= 0.25%, T3= 0.375% and T4= 0.5% of added honeybush; 

CFU/g= colony forming units per gram of sample. 

A colour change from lime-green to turquoise confirmed the presence of a Bacillus sp. 

(Oxoid Microbial Products, 2019b) in salami treatments (C and T4), supported by a positive 

catalase test and rod-shaped morphology (Encinas et al., 1996; Matarante et al., 2004). 

Furthermore, the API test confirmed the presence of Bacillus subtilis with a 94.8% identification 

similarity (APIWEBTM). 

6.4 Discussion 
The TVC from the present trial salami appeared high (> 7.0, Table 6.1), however, this phenomenon 

is typical of non heat treated and fermented sausages (Papamanoli et al., 2003; Cenci-Goga et al., 

2012; Hospital et al., 2015) due to the addition of starter cultures. In fact, a satisfactory TVC limit is 

specified as “not applicable” to dry-cured and fermented meats as a high TVC count will not 

 
2 https://www.merieuxnutrisciences.com/za/sites/merieux_nutrisciences_za/files/atoms/files/t0050_sanas_certificat

e_schedule_of_accreditation_issue_no._21_may_2016.pdf 

Salami treatment 
n= 30 

Incubation condition  

Strict anaerobic Facultative anaerobic 

Control (C) 2.19  2.38  

Treatment 1 (T1) 1.43  1.72  

Treatment 2 (T2) 2.67  2.45  

Treatment 3 (T3) 2.65  3.05  

Treatment 4 (T4) 1.93  2.68  

Stellenbosch University https://scholar.sun.ac.za

https://www.merieuxnutrisciences.com/za/sites/merieux_nutrisciences_za/files/atoms/files/t0050_sanas_certificate_schedule_of_accreditation_issue_no._21_may_2016.pdf
https://www.merieuxnutrisciences.com/za/sites/merieux_nutrisciences_za/files/atoms/files/t0050_sanas_certificate_schedule_of_accreditation_issue_no._21_may_2016.pdf


160 
 

necessarily be a poor microbial quality indication as for other product categories (Gilbert et al., 

2000; SANS 885:2011; Food Standards Australia New Zealand, Compendium of Microbiological 

Criteria for Food, 2018; Food Safety Authority of Ireland, 2019). Nonetheless, salami TVC is often 

analysed and reported within similar ranges of enumerated LAB (Metaxopoulos et al., 1981; Cenci-

Goga et al., 2012; Hospital et al., 2015), suggesting that the latter is mainly the dominating 

bacterial group in salami. Indeed, LAB is expected to dominate in salami, irrespective of the 

deliberate use of starter cultures and reduction or omission of nitrate/nitrite (Cardinali et al., 2018). 

As seen in Table 6.1, the TVC most likely also predominantly resembled LAB in the present trial 

salami, as these enumerations were within similar ranges.  

The increasing LAB count analogous with the increasing honeybush addition substantiates 

the effect of treatment (honeybush) on salami pH, with salami with the highest honeybush inclusion 

level resulting in the lowest pH (Chapter 5). The LAB starter strains were added in a higher 

concentration (~2 x 109 CFU/g) than the recommended quantity (105-108 CFU/g, Elias et al., 2014). 

However, the LAB counts, especially of the control and T1 salami, were lower than reported for 

other small diameter fermented sausages without the addition of starter cultures exceeding 8.5 log 

CFU/g (Bover-Cid et al., 2001). Similarly, traditional salami without the addition of starter cultures 

successfully reached a LAB count of > 8 log CFU/g (Comi et al., 2005; Rantsiou et al., 2005) 

proving the feasibility of a high LAB count even without the deliberate addition of LAB strains. This 

lower count of final product salami LAB counts in the present trial reflects the insufficient acid 

production and subsequent pH reduction (Chapter 5). In contrast, Aymerich et al. (2003) reported 

commercial fuets (small diameter, slightly fermented sausages) with LAB counts of 6.86 log CFU/g 

(within a similar range compared to the present trial) with the majority of the fuets resulting in LAB 

counts > 7 log CFU/g, rather than > 8 log CFU/g. Furthermore, the LAB counts of the present trial 

salami was similar to nitrite and nitrate-free game salami (7.38 log CFU/g; Cenci-Goga et al., 2012) 

and Fabriono-like sausages with a similar reduction in nitrate and nitrite (75/60 mg/kg, 7.85-7.45 

log CFU/g LAB; Cardinali et al., 2018), free from added LAB starter cultures.  

A limited quantity of added glucose (0.2%) could explain the slightly impaired LAB 

proliferation, however, high LAB counts in sausages with and without the addition of sugar have 

been reported (Bover-Cid et al., 2001). It is worth highlighting that LAB dominated in fuets during 

ripening which were manufactured without the addition of starter cultures or sugar and dipped in a 

similar mould suspension (P. nalgiovense, Bover-Cid et al., 2001) compared to the present trial. 

The lowering of the ingoing quantity of nitrate and omitting nitrite could have promoted growth of 

background competing or contaminant bacteria. As demonstrated by Cardinali et al. (2018), the 

absence of nitrate and nitrite resulted in a higher microbial diversity, in turn LAB proliferation 

increased with increasing quantities of nitrate and nitrite. Perea-Sanz et al. (2019) also recorded an 

increase in microbial counts as the ingoing amount of nitrate was reduced. On the other hand, 

Hospital et al. (2015) reported the successful proliferation of LAB starter culture strains in salami, 

Stellenbosch University https://scholar.sun.ac.za



161 
 

irrespective of the addition of nitrate and/or nitrite. Cenci-Goga et al. (2012) reported a LAB count > 

8 log CFU/g in nitrate and nitrite free venison salami produced from deer (Dama dama) meat 

without the addition of fermentable sugars. 

The presence of coliforms in T4 salami (Table 6.1) were within the acceptable limit of 

Enterobacteriaceae (including coliforms, with an unsatisfactory limit of > 104 in 25 g) for ready-to-

eat foodstuffs, including salami (Gilbert et al., 2000; Food Standards Australia New Zealand, 

Compendium of Microbiological Criteria for Food, 2018; Food Safety Authority of Ireland, 2019). 

Due to the enumeration of coliforms exclusively in T4 salami with the highest quantity of added 

honeybush (0.5%), it appeared as if the extract might have been the contamination source. The 

decimal reduction time of numerous coliform species have shown to be less than 2 min at 60°C 

(Denis et al., 2006). Considering the extract preparation (heat exposure of 90°C for 30 min 

followed by vacuum drying at 40°C for 24 h, Schulze et al., 2016), the processing would have most 

likely eliminated present coliforms. Furthermore, in the unlikely case of high coliform count in the 

honeybush extract after processing (not tested), the mixing step with distilled water (dH2O) before 

introducing the extract in the salami batter (a heat exposure of 80°C for 5-10 min, followed by 50°C 

for 5-10 min on a magnetic stirrer) would have extensively reduced or even eliminated coliforms. 

Since the initial microbial load of the extract was not tested, an acceptable coliform count was not 

guaranteed.  

The addition of honeybush extract did not result in a meaningful difference with regard to the 

presence of major pathogens in the salami, since all salami were free from the analysed 

pathogens, irrespective of treatment. Listeria, E. coli, Salmonella and S. aureus are acknowledge 

as associated pathogens in non heat treated meat products (Heir et al., 2013; Holck et al., 2017; 

Roccato et al., 2017), hence the absence thereof in the present trial salami, irrespective of a high 

pH, was regarded as a positive outcome. Previous researchers also demonstrated the feasibility of 

producing game salami with a rather high pH (6.76-6.81) without the addition of nitrate and/or 

nitrite, free from Clostridia spp.; Salmonella spp.; Listeria spp.; E. coli; and S. aureus in the final 

product, possibly ascribed to antibacterial compounds from the LAB starter culture other than 

organic acids lowering the pH (Cenci-Goga et al., 2012). However, Lee and Styliadis (1996) 

pointed out the limitation of end product testing, as contamination, growth and subsequent toxin 

accumulation during early production stages could be undetected when pathogen growth declines, 

as in the case of S. aureus. Indeed, loss of viable S. aureus counts could portray a possible false 

representation of enterotoxin risk (Halpin-Dohnalek & Marth, 1989). The prevention of high initial 

contamination in raw salami ingredients and the use of well adapted LAB starter cultures strains to 

outgrow S. aureus are emphasised to prevent enterotoxin formation (Metaxopoulos et al., 1981). 

The present trial salami were at greater microbial risk due to an unexpected impaired acidification 

process (Chapter 5), possibly indicating ill adapted acidifying starter strains. The proliferation of S. 

aureus and subsequent toxin production during early ripening stages were not guaranteed absent. 
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However, pathogens (including S. aureus) will not be a threat in the final product salami if not 

introduced during the manufacturing or post processing, hence the vital importance of good 

hygienic practices and raw materials of high quality for salami production (Comi et al., 2005; 

Cardinali et al., 2018). The homogenous surface mould growth of all salami, irrespective of 

treatment (Addendum A, Fig. 5.9) contradicted the impaired mould growth found with honeybush 

addition in Italian salami (Chapter 4). The latter salami were, however, spontaneously colonised by 

moulds which originated from the processing environment as opposed to the former salami which 

were dipped in a P. nalgiovense suspension (Chapter 5). 

The isolation of E. faecium in the final product salami within all treatments and replications 

(Table 6.2) was quite controversial (Franz et al., 1999). The E. faecium count from the present trial 

was similar compared to Greek fermented sausages (Papamanoli et al., 2003) and commercial 

fermented sausages (Aymerich et al., 2003). Higher enterococci counts in fermented sausages (≥ 

5 log CFU/g) have also been reported (Samelis et al., 1998; Fontana et al., 2005). Enterococcus 

faecium has been proposed as part of starter culture mixtures due to its high competitiveness and 

bacteriocin production (Holley et al., 1988; Callewaert et al., 2000; Leroy & De Vuyst, 2002). 

However, the isolation of this bacteria from the final product salami (Table 6.2) was regarded as a 

contaminant not being deliberately introduced. This scenario could be indicative of weak 

fermentation and limited growth of ill adapted added LAB starter strains (L. sakei and P. 

pentosaceus), as E. faecium should have been eliminated in the presence of highly competitive 

LAB strains (Hugas et al., 2003; Jahan et al., 2013). In contrast, enterococci were enumerated in 

fairly high counts (3-5 log CFU/g) in fermented sausages irrespective of the addition of starter 

cultures (Marchesini et al., 1992). Furthermore, enterococci exceeding 5 log CFU/g (Cenci-Goga et 

al., 2012) and 6 log CFU/g (Cenci-Goga et al., 2008) in fermented sausages in the presence of 

added LAB starter cultures were found.  

Enterococci are known to survive a heat exposure of 60°C for 30 min (Sherman, 1937; 

Foulquié Moreno et al., 2006), but survival at 68°C for 30 min have been reported (Gordon & 

Ahmad, 1991). Enterococcus faecium seems to be exceptionally heat resistant, although strain 

dependent, with E. faecium P-1A resulting in a higher D-value (29.04min) compared to E. faecium 

E-20 (13.97min) at 66°C (Magnus et al., 1988). Enterococcus faecium P-1A was the only isolate 

still viable with a D-value of 2.57 min at 74°C (Magnus et al., 1988). The high heat resistance of E. 

faecium was confirmed in the present study, surviving a heat shock of 77°C for 20 min. Due to their 

robustness and ability to survive in adverse conditions typically created in dry-cured and fermented 

sausages (low aw and pH, high salt), enterococci can become a food contaminant risk in salami 

(Giraffa, 2003; Foulquié Moreno et al., 2006).  

The enumeration of E. faecium in the final product salami possibly contributes to explaining 

the strangely high pH found in the majority of the salami (Chapter 5). A high pH may be caused by 

the accumulation of biogenic amines (not tested) as a result of background microflora 
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decarboxylase activity (Cenci-Goga et al., 2012). Enterococci are known to exhibit this trait, 

however, decarboxylase activity is strain dependent (Bover-Cid et al., 2001; Sarantinopoulos et al., 

2001; Lebert et al., 2007; Komprda et al., 2010). Furthermore, E. faecium is a poor acidifier in 

comparison to meat LAB starter strains (Sarantinopoulos et al., 2001). If the added fermentable 

glucose (0.2%) was arguably insufficient for optimum LAB proliferation, contaminant E. faecium 

could have outgrown the added LAB starters leading to inadequate organic acid secretion and 

hence, a higher pH in the final product salami. Enterococci have showed better growth in sausages 

with added sugar (Bover-Cid et al., 2001), thus a high initial E. faecium contamination could have 

contributed to glucose depletion and suppression of added LAB growth. Supporting this argument, 

Hugas et al. (2003) noted a higher probability of E. faecium survival in salami with a higher pH. 

Due to their high prevalence in the gastrointestinal tract of warm blooded animals and association 

with soil, E. faecium might have been introduced during slaughter of the warthogs or domestic pigs 

(Franz et al., 1999; Maksimovic et al., 2018) or in the meat processing facility (Talon et al., 2007). 

Bacillus subtilis was isolated from present trial salami, irrespective of treatment (Results 

section 6.3.2). This bacterium was previously isolated from fermented sausages (Encinas et al., 

1996; Matarante et al., 2004; Baruzzi et al., 2006). These bacteria can proliferate in a high NaCl 

(10%), acidic (pH 5.5-5.0) and relatively low temperature (10°C) environment, typically associated 

with fermented meats (Cachaldora et al., 2014). Bacillus spp. can either be pathogenic as in the 

case of B. cereus, or potentially beneficial contributing to salami texture and organoleptic 

properties (Cachaldora et al., 2014) by amylase and protease activities (De Boer & Diderichsen, 

1991) and by inhibiting other pathogens (Caputo et al., 2011). Bacillus subtilis TR50 survived 

fermentation, drying and curing of Italian salami (Baruzzi et al., 2006) and lacking the B. cereus 

toxin gene, it was subsequently studied as a potential novel strain in salami to inhibit pathogens 

(Caputo et al., 2011). Bacillus, having a large heterogenicity and some strains being closely 

related, make classification quite tedious (Rasko et al., 2005; Arnesen et al., 2008; Fan et al., 

2017). Bacillus subtilis is classified in Group 1 (within the small cell subgroup, lacking a swollen 

sporangium; Drobniewski, 1993; Standerds Unit, 2018). This bacterium is not considered as a 

pathogenetic threat to humans which are not immune suppressed (De Boer & Diderichsen, 1991). 

Food-borne risks ascribed to Bacillus spp. other than B. cereus are said to be low, although the 

presence of virulence genes from other species (including the strain isolated in the present trial) 

are not guaranteed (Matarante et al., 2004; Gu et al., 2019).  

6.5 Conclusion 
Warthog salami with reduced added sodium nitrate (75 mg/kg) and added honeybush extract (T1= 

0.125%; T2= 0.25%; T3= 0.375%; and T4= 0.5%) were free from pathogens: E.coli; Listeria spp.; 

Salmonella spp.; and S. aureus after a 40-day mould ripening period. To better comprehend the 

potential pathogen inhibitory effects of honeybush extract in salami, reference strains would need 

to be incorporated in future studies as salami would not necessarily contain pathogens if not 
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introduced during processing. Honeybush addition to salami could provide additional fermentable 

substrates to LAB, which in turn could lead to a higher total viable count.  

The reduction of nitrate does not necessarily imply a microbially unaccepted product, 

reflected in the absence of pathogens in the final product salami. However, the associated 

microbial risks increase on a large production scale particularly in the case of other hurdles not 

being successfully met (such as a sufficient pH decrease in this case). Emphasis remains on a 

multiple hurdle effect, wherein nitrate and nitrite within regulated limits have their applicable role to 

produce microbially safe salami.  
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CHAPTER 7 

The fatty acid methyl ester composition and volatile organic compound profile of warthog 
(Phacochoerus africanus) salami with different levels of unfermented honeybush (Cyclopia 

subternata) extract 

Abstract  
The aim of this study was to determine the effect of honeybush extract on the fatty acid methyl 

ester (FAME) composition and volatile organic compound (VOC) profile of warthog salami. 

Honeybush significantly affected the fatty acid composition (C12:0, C14:1, C20:1, C18:3n6, 

C18:3n3, C20:3n3, C20:4n6, C20:5n3 and subsequently also total n-3 and the n-6/n-3 ratio). The 

volatile organic compound results indicated that a honeybush addition at 0.5% to warthog salami 

may contribute to floral, sweet and spicy aromas due to the presence of (R/S)-linalool, terpinene-4-

ol and α-terpineol. Furthermore, honeybush treated salami resulted in lower amounts of rancid 

compounds compared to the control after a 40-day ripening period. Of these, hexanal and 1-octen-

3-ol reduced the most significant in T2, T3 and T4 salami (0.25%, 0.375% and 0.5% honeybush 

addition, respectively) compared to the control salami (p < 0.01). These results indicate that 

honeybush might extend the shelf life of game salami with reduced added nitrate (75 mg/kg) by 

supressing the onset of rancidity due to unsaturated fatty acid oxidation. 

7.1 Introduction 
Dry-cured and fermented sausages are a valuable commodity, appreciated for their characteristic 

sensory profile (Leroy et al., 2013). However, a number of health concerns related to the frequent 

consumption of these sausages (e.g. salami) are evident from literature (Bolger et al., 2017; Holck 

et al., 2017). Salami are classified as high in fat (~20-50%) and salt (~4-6%) (Meynier et al., 1999; 

Zanardi et al., 2004; Di Cagno et al., 2008; Dos Santos et al., 2015). With regards to the former, 

saturated, hard fat is preferred to produce premium quality salami to prevent smearing during 

processing and to delay rancidity during shelf life (Ruiz, 2007; Yildiz-Turp & Serdaroglu, 2012; 

Fuentes et al., 2014). High consumption of saturated fats and sodium are linked to coronary heart 

diseases (Hu et al., 1997; Ha, 2014; Zong et al., 2016). The recent sodium reduction in cured 

meats as stipulated by the South African Depart of Health (from a maximum permitted amount of 

1300 to 1150 mg/100 g), portrays the high sodium content of cured meats (DoH, 2019). 

Furthermore, the common use of nitrate (NO3) and nitrite (NO2) salts in salami have been 

scrutinised due to their questionable safety. While nitrate/nitrite preserving salts serve an 

undeniable multifunctional role in salami (i.e. antimicrobial, antioxidant and colour fixating agents), 

the formation of carcinogenic N-nitrosamines (i.e. N-nitrosodimethylamine (NDMA), N-

nitrosodiethylamine (NDEA), N-nitrosodibutylamine (NDBA), N-nitrosopiperidine (NPIP), N-

nitrosopyrrolidine (NPYR) and N-nitrosomorpholine (NMOR)) raised concern regarding their 

application (IARC, 1978; De Mey et al., 2017).  
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An abundant amount of research has been dedicated to fermented sausage reformulation to 

lower the amount of saturated fat (Muguerza et al., 2003a; Hoz et al., 2004; Rubio et al., 2007; Del 

Nobile et al., 2009) and sodium (Gelabert et al., 2003; Chen et al., 2019; da Silva et al., 2020). 

Furthermore, researchers are also focussed on replacing NO3/NO2 with natural extracts exhibiting 

an antimicrobial and/or antioxidant effect (Shah et al., 2014; Aziz & Karboune, 2018; Jin et al., 

2018; Alirezalu et al., 2019; Martínez et al., 2019). Amongst the botanical group, tea is a good 

example of plants high in antioxidants (Jiang & Xiong, 2016). The final product salami quality traits 

(i.e. texture, flavour and water binding capacity) are directly dependant on the raw materials, 

amongst other variables (Ruusunen et al., 2003). In the case of new product development or 

processing alteration to conform to consumer demand, is it of utmost importance to evaluate their 

effect on product quality and safety. For instance, in order to study the contribution of salami 

towards dietary fat intake, the quantity and fatty acid composition of the product is analysed 

(Herranz et al., 2008). In this regard, the daily total fat intake for adults should ideally range 

between 20-35% of total energy intake with the saturated fatty acid (SFA) intake not exceeding 

10% (Elmadfa & Kornsteiner, 2009). The previously recommended ratio of n-6/n-3 (omega-

6/omega-3) does not seem to be relevant if the individual recommended adequate intake (AI) of n-

6 (2.5-9% of total energy with a minimum daily intake of linoleic acid of > 2.5%) and n-3 (0.5-2% of 

total energy intake with a minimum daily intake of alpha-linolenic acid of > 0.5%) are met (Woods & 

Fearon, 2009; FAO, 2010). 

The volatile profile of salami can be studied in the head space of samples by means of gas-

chromatography (Shahidi et al., 1986; Roberts et al., 2000). The former is commonly studied in the 

case of recipe alteration, for instance when the salt (Corral et al., 2013), fat (Muguerza et al., 

2003b; Olivares et al., 2011) or nitrite contents are reduced or replaced with natural alternatives 

(Hospital et al., 2015; Aquilani et al., 2018). The VOCs of salami may portray valuable information 

with regard to the presence of both unwanted (i.e. hexanal associated with rancidity) and wanted 

sausage aromas (i.e. 2-butanone associated with apricot notes) (Shahidi et al., 1986; Montel et al., 

1996; Tabanelli et al., 2012; Lorenzo et al., 2013). Numerous biochemical reactions partake in 

aroma development in salami over the fermentation and ripening periods, such as lactic acid 

fermentation, protein and lipid breakdown (Ordóñez et al., 1999; Montanari et al., 2018). These 

reactions in turn, are influenced by many variables, such as the raw materials (i.e. spices and 

starter cultures used), processing methodology, environmental conditions; and even sausage 

dimensions (Montanari et al., 2016). Subsequently, no single compound is responsible for the 

unique and complex sensory profile of salami (Marco et al., 2008; Flores, 2018). The comminution 

of meat and fat, low water activity (aw), high salt content, presence of metal catalysts (i.e. haem 

iron) and highly unsaturated phospholipids promote lipid and protein oxidation in salami (Faustman 

et al., 2010; Min et al., 2010; Jiang & Xiong, 2016). While the deteriorative process of lipid and 

protein oxidation are generally unwanted in foodstuffs, these reactions are necessary to an extent 
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for the intricate dry-cured and fermented sensory profiles of salami (Ordóñez et al., 1999; Chen et 

al., 2017). 

Game meat with a free-range status and being naturally darker in colour creates a potential 

for the production of nitrate and/or nitrite reduced salami to suit the consumer interested in organic 

and “free-from” labelled meat products (Chakanya et al., 2018). Warthog meat, as with other South 

African game meat species, has an attractive nutritional composition being low in total lipid content 

(< 2.2%) and high in protein (> 20%) (Swanepoel et al., 2016b). Whilst a native South African 

shrub, locally known as honeybush (Cyclopia subternata, Family: Fabaceae, Tribe: Podalyrieae), 

has received much attention as a bio-active food ingredient in an unfermented extract form 

(Joubert et al., 2008, 2019; De Beer & Joubert, 2010; De Beer et al., 2012). Honeybush is locally 

enjoyed as hot brewed tea after drying and fermentation of the leaves and stems (De Beer et al., 

2012). Cyclopia subternata has proven to be rich in polyphenolics and portrays antioxidant 

capacity in both the fermented and unfermented state (Kamara et al., 2004; De Beer & Joubert, 

2010; Kokotkiewicz et al., 2012). Cyclopia subternata is associated with fruity-sweet, rose 

geranium and apricot jam attributes and the complexity of it sensory profile is portrayed in the vast 

amount of volatiles isolated therein (Le Roux et al., 2012; Theron et al., 2014; Ntlhokwe et al., 

2018). Rooibos (Aspalathus linearis), similarly consumed and known for its high polyphenolic 

content (Magcwebeba et al., 2016), showed promising results as an antioxidant when added to 

processed meat products (Jones et al., 2015; Cullere et al., 2019). However, research lacks the 

investigation of honeybush in this regard. 

The objective of this study was to determine the fatty acid composition and volatile profile of 

warthog salami with reduced added nitrate (75 mg/kg) and different levels of added honeybush 

(Cyclopia subternata) extract (C= 0%; T1= 0.125%, T2= 0.25%, T3= 0.375% and T4= 0.5% of 

added honeybush). 

7.2 Materials and Methods 
7.2.1 Salami ingredients 
7.2.1.1 Warthog meat and pork fat  

Ten free roaming warthogs (nine sows and one boar) were sourced from the Limpopo province, 

South Africa. The total weight of frozen, deboned warthog meat for salami production equalled 125 

kg. Pork fat (53 kg) from the shoulders and back from more than five domestic sows (Landrace and 

Large White crossbred, 2-3 years of age) was purchased and frozen (-20°C) prior to use. The pigs 

predominantly received a diet containing maize, soya and canola in feeding lots in the Swartland 

area, Western Cape, South Africa.  

7.2.1.2 Honeybush (Cyclopia subternata) extract 

Unfermented, vacuum dried Cyclopia subternata hot water extract (1:10 m/v) was supplied by the 

Agricultural Research Council (ARC) - Infruitec Nietvoorbij, Stellenbosch University, and prepared 
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as previously described (Schulze et al., 2016). In short, honeybush plant material was subjected to 

preheated purified water (90°C, 30 min) in a percolator-type extraction vessel. The extract was 

subsequently drained, centrifuged, concentrated, vacuum dried (40°C, 24 h) and frozen (-20°C) in 

a moisture, light and oxygen impermeable packaging.  

The minimum amount of distilled water (dH2O) required to completely dissolve the maximum 

amount of extract required (T4= 0.5% w/w, 30.56 g of honeybush), was predetermined as 100 mL 

dH2O. The amount of honeybush extract per respective treatment (T1-T4) in 100 mL dH2O were 

heated on a magnetic stirrer (80°C for 5-10 min, speed setting 4-5) until visible evaporation 

bubbles appeared on the surface, followed by a mixing period at a lower temperature (50°C, 

another 5-10 min), until completely dissolved and free of lumps. The result was a dark-brown/ brick 

coloured solution with a sweet floral or honey scent (Addendum A, Fig. 5.1). 

7.2.1.3 Starter culture mixture, sodium nitrate, salt and sugar 

A non-commercial cell suspension was prepared as a starter culture mixture by the Microbiology 

Department, Stellenbosch University. The mixture (~305 x 109 ± 0.5 log colony forming units per 

100 kg of raw meat and fat) consisted of equal amounts of lactic acid bacteria: Lactobacillus sakei 

(AQ14); and Pediococcus pentosaceus (AEH4); and a nitrate reducing Micrococcus species 

(MC2). The cultures were suspended in a minimum amount of water to avoid excess liquid addition 

to the raw meat batter.  

Pure sodium nitrate (NaNO3) crystals were finely blended (commercial Sunbeam grinder) to 

prevent the addition of lumps. The latter was added to all treatments (C, T1-T4) at a concentration 

of 75 mg/kg (0.456 g /6.11 kg). Fine, non-iodized sodium chloride (Royal Salt, 2.5%) was added as 

an ingredient, as well as glucose (0.2%) to act as a fermentable sugar source for the starter culture 

mixture.  

7.2.2 Salami production  
7.2.2.1 Experimental replicates and treatment formulation 

The total amount of warthog meat (125 kg) and pork fat (53 kg) were randomly divided into 

respective batches before processing of each, in order to avoid pseudo-replications between the 

meat and/or fat from one animal. From the total meat and fat mixture, six batches (29.6 kg each; 

meat:fat ratio of 7:3) were produced and these formed the statistical replications. Batches (i.e. 

replications) were further subdivided into five treatments (6.1 kg each: C= 0%; T1= 0.125%; T2= 

0.25%; T3= 0.375%; and T4= 0.5% of added honeybush extract) and 10-14 salami were produced 

to ensure an adequate number available for all required analyses to be conducted. Other common 

salami ingredients included (w/w): sodium chloride (2.5%); distilled water (1.6%); glucose (0.2%); 

starter culture mixture (0.08%); and sodium nitrate (0.0075%). The salami length was calculated 

based on the required sample size for subsequent analyses, e.g. a 2 cm salami portion was 

required for a single texture profile analysis (TPA) compression. The total salami length equalled 

~40 cm, weighing ~400 g (fresh).  
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7.2.2.2 Production procedure  

The previously frozen warthog meat was semi-defrosted (4°C, 24 h). The pork fat was kept frozen 

(-20°C) until processing to prevent smearing and a temperature increase of the meat batter during 

mixing. The frozen fat was reduced into cubes (~5 cm3, Addendum A, Fig. 5.2) using a band saw 

(Crown-Okto, Crown National, South Africa). Any visible sinew was removed from the warthog 

meat and it was roughly cut into similar sized cubes using a knife. Half of the fat cubes were added 

in a bowl cutter (Mainca, CM14, Spain; 25 s, speed setting 1) before adding the meat and 

remaining fat and increasing the speed (35 s, speed setting 2) to create a coarse meat and fat 

mixture (Addendum A, Fig. 5.3). This mixture, referred to as the salami batter, was transferred and 

mixed (60 s) in an industrial food mixer (Hobart, A200, FM Mixer, London). Raw salami batter (6 

replications, day-0) were sampled, vacuum sealed and frozen (-80°C) until volatile organic 

compound (VOC) analysis. The common ingredients and honeybush extract were added according 

to treatment. Care was taken not to over mix the batter, whilst ensuring adequate mixing to create 

a sticky consistency. The salami batter was stuffed into moisture permeable collagen casings (32 

mm in diameter) and tagged with colour coded labels to distinguish treatments (C, T1-T4) and 

replications (1-6). The salami was transported to The Flying Pig (Darling, Western Cape, South 

Africa) meat processing facility and dipped in a commercial Penicillium nalgiovense suspension 

(Mould 600, 25 g/10 L water). Salami sausages were randomly allocated to locations in a non-

automated, artisanal-type ripening room (4 m in length x 3.5 m in width x 3.5 m in height) without 

circulating air flow, containing a variety of other fermented meats. Five temperature and relative 

humidity (RH) loggers (LogTag, SA, Trex-8) were randomly allocated in the roof between the 

salami to record environmental changes over time. After a 40-day ripening period, salami 

sausages (including all treatments: C, T1-T4; and replications 1-6) were sampled for fatty acid 

methyl ester (FAME) and VOC analyses, vacuum sealed and frozen (-80°C) until analyses. 

7.2.3 Fatty acid methyl ester (FAME) composition 
Frozen (-80ºC) 40-day ripened salami were thawed (12 h, 4ºC) and samples (including all 

treatments: C, T1-T4; and replications 1-6) were roughly homogenised (10 s, 20 000 rpm, FOSS 

Analytical, KnifetecTM 1095). Fat extraction of samples (1 g) were executed using a 2:1 (v/v) 

chloroform:methanol solution (Folch et al., 1957). Butylated hydroxytoluene (BHT, 20 mL 0.01%, 

Cat no. B-1378, Sigma Aldrich) was added as an antioxidant and heptadecanoic acid (C17:0, 5 

mL, 10 mg/ml prepared in chloroform:methanol 2:1, catalogue number H3500, Sigma-Aldrich, 

Gauteng, South Africa) was added as internal standard. The samples were further homogenised in 

the extraction solvent (30 s, 10 000 rpm, IKA® T18 digital Ultra Turrax®, setting C) and a sub-

sample (250 μL) of the extracted lipids was subsequently transmethylated (2 h, 70°C) using a 

methanol:sulphuric acid solution (2 mL, 19:1 v/v) as the transmethylating agent. After allowing the 

resultant mixtures to cool to room temperature (~21°C), the FAMEs were extracted with dH2O and 

hexane (Cat no 1.04391.2500, Merck). Following separation of the dH2O and FAME-containing 

hexane, the top hexane layer was transferred to a spotting tube and dried under nitrogen. After 
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drying, hexane (100 μL) was added to each FAME sample, of which 1 μL was injected into the gas 

chromatograph (GC). 

The FAMEs were analysed using a TRACE 1300 Thermo Scientific gas-chromatograph 

(Thermo Electron Corporation, Milan, Italy) equipped with a flame-ionisation detector (FID). The 

GC-FID system was coupled to a CTC Analytics COMBIPAL auto sampler. Separation of the 

FAMEs was performed on a polar Stabilwax (L= 60 m, ID= 0.25 mm, film thickness= 0.25 µm) 

capillary column. Helium was used as the carrier gas at a flow rate of 2 ml/min. The injector 

temperature was maintained at 240°C and 1 µl of the sample was injected in splitless mode. The 

oven temperature was programmed as follows: 50°C for 2 min, increased to 180°C for 5 min at a 

rate of 25°C/min; and further increased to 250°C for 2 min at a rate of 3°C/min. The FAME of each 

sample was identified by comparing the retention times with those of a standard FAME mixture 

(Supelco™ 37 Component FAME mix, Cat no. CRM47885, Supelco, USA) and semi-quantified 

using the internal standard (C17:0) with the results expressed as mg FAMEs/g of fat of the final 

product salami after 40 ripening days.  

7.2.4 Volatile organic compounds  
Frozen (-80ºC) 40-day ripened salami were thawed (12 h, 4ºC) and samples (including all 

treatments: C; T1-T4; and replications 1-6) were homogenised using a handheld grinder 

(Sunbeam, 30 s). The homogenised samples (2 g) were placed in 20 mL polytetrafluoroethylene 

(PTFE)/silicone lined screw-cap vials and 3-octanol (100 µL, 10 ppm) was added as internal 

standard.  

Volatile analysis was performed using a gas chromatograph (6890N, Agilent technologies 

network) coupled to an Agilent technologies inert XL EI/CI Mass Selective Detector (MSD) (5975B, 

Agilent technologies Inc., Palo Alto, CA). The GC-MS system was coupled to a CTC Analytics PAL 

auto sampler. Separation of the salami volatiles was performed on a Stabilwax capillary column 

(L= 60 m, ID= 0.25 mm and film thickness= 0.25 µm) and helium was used as the carrier gas at a 

flow rate of 2 ml/min with the injector temperature maintained at 250°C. Injection was performed in 

splitless mode by introducing a fused silica fibre covered by 50/30 µm divinylbenzene/carboxen/ 

polydimethylsiloxane (DVB/CAR/PDMS StableFlex) (Supelco, Steinheim, Germany) in the head-

space. The oven temperature was programmed as follows: 40°C for 5 min, followed by a 

temperature increase to 240°C for 2 min at a rate of 5°C/min. The mass selective detector (MSD) 

was operated in a full scan mode and the source and quad temperatures were maintained at 

230°C and 150°C, respectively. The transfer line temperature was maintained at 250°C. The mass 

spectrometer was operated under electron impact (EI) mode at ionization energy of 70eV, 

scanning from 35 to 550 m/z. A standard, saturated alkane mixture (100 ppm, C7 to C40 in 

hexane, Sigma Aldrich 49452-U) was injected to serve as an external standard. Volatile peaks 

were semi-quantified by computerised matching of the individual mass spectrums with the Wiley 

275 mass spectral database and the Kováts indices (KI) were calculated based on the external 
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standard (alkane mix) retention times as seen in the equation below (Olivares et al., 2011). The 

volatile composition was expressed as the average ratios between the peak areas of each volatile 

and the internal standard (3-octanol). 

KI= 100 x [n + (Tu - Tn)/(TN - Tn)] 

Where: 

n= number of carbons in the alkane preceding the compound 

Tu= retention time of the compound 

Tn= retention time of the alkane preceding the compound 

TN= retention time of the alkane succeeding the compound 

7.2.5 Statistical analysis 
To test for differences in fatty acid methyl esters and volatile organic compounds, one-way 

ANOVA’s were done with the Fisher LSD for post hoc testing. Normal probability plots were 

inspected for normality and were mostly found to be acceptable. Levene’s test was done to check 

for homogeneity of variance, and in cases where this test was significant (p < 0.01), the Welch test 

was done with Games-Howell post hoc test, not assuming equal variances and samples sizes. 

7.3 Results 
7.3.1 Fatty acid methyl ester (FAME) composition  
Table 7.1 contains the statistical significant differences (p-values) of the influence of the 

honeybush treatment on the FAME composition of warthog salami after a 40-day ripening period. 

Besides the differences in C12:0 (p < 0.01), C14:1 (p= 0.03) and C20:1 (p= 0.03) content, it is 

evident that treatment mainly affected the polyunsaturated fatty acids (PUFAs, 18:3n6, C18:3n3, 

C20:3n3, C20:4n6 and C20:5n3) of 40-day ripened warthog salami (Table 7.1). The latter fatty 

acids will thus be discussed further (Table 7.2). Generally, as the honeybush content increased, 

the content of the above-mentioned PUFA decreased (Table 7.2). Treatment 1 had the highest 

amount of C12:0, C14:1, C20:1, C18:3n6, C18:3n3, C20:3n3, C20:4n6, C20:5n3, and n-3 fatty 

acids, although not significantly compared to the control or T2 in selected fatty acids (Table 7.2). In 

contrast, the C18:3n6 and C20:3n3 fatty acid content did not differ significantly due to honeybush 

treatment (Table 7.2). Treatment 4 had the highest n-6/n-3 ratio, due to the lowest n-3 PUFA 

content (4.19 mg/g of fat), although not significantly higher than Treatment 3 (Table 7.2). Although 

the effect of honeybush appeared to have significantly affected C20:3n3 (Table 7.1, p= 0.04), 

further analysis revealed that treatments did not differ significantly therein (Table 7.2). The total 

fatty acid composition of the 40-day ripened salami are shown in Addendum C, Table 7.7. 
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Table 7.1 Level of statistical significance (p-values) for the effect of honeybush (Cyclopia 

subternata) treatment on the total fatty acid methyl ester (FAME) composition of 40-day ripened 

warthog salami  

Fatty acid Common name Systematic name Treatment 

Saturated fatty acids 
(SFAs)    

C12:0 Lauric acid Dodecanoic acid < 0.01a 

C13:0 Tridecylic acid Tridecanoic acid 0.11a 

C14:0 Myristic acid Tetradecanoic acid 0.27a 

C15:0 Pentadecylic acid Pentadecanoic acid 0.06a 

C16:0 Palmitic acid Hexadecanoic acid 0.15a 

C18:0 Stearic acid Octadecanoic acid 0.58b 

C20:0 Arachidic acid Eicosanoic acid 0.25b 

Monounsaturated fatty 
acids (MUFAs)    

C14:1 Myristoleic acid cis-Tetradec-9-enoic acid 0.03b 

C16:1 Palmitoleic acid cis-Hexadec-9-enoic acid 0.08a 

C18:1n9c Oleic acid cis-Octadec-9-enoic acid 0.12a 

C20:1 Gondoic acid cis-Eicos-11-enoic acid 0.03b 

C22:1n9 Erucic acid cis-Tetracos-15-enoic acid 0.09b 

Polyunsaturated fatty 
acids (PUFAs)    

C18:2n6c Linoleic acid all-cis-9,12-octadecadienoic 
acid 0.20a 

C18:3n6 Gamma-linolenic acid all-cis-6,9,12-octadecatrienoic 
acid < 0.01a 

C18:3n3 Alpha-linolenic acid all-cis-9,12,15-
octadecatrienoic acid < 0.01b 

C20:2n6 Eicosadienoic acid all-cis-11,14-eicosadienoic 
acid 0.08a 

C20:3n6 Dihomo-gamma-linolenic 
acid 

all-cis-8,11,14-eicosatrienoic 
acid 0.14b 

C20:3n3 Eicosatrienoic acid all-cis-11,14,17-eicosatrienoic 
acid 0.04a 

C20:4n6 Arachidonic acid all-cis-5,8,11,14-
eicosatetraenoic acid < 0.01b 

C20:5n3 Eiscosapentaenoic acid all-cis-5,8,11,14,17-
eicosapentaenoic acid < 0.01b 

Fatty acid totals    

SFA Saturated fatty acids  0.43b 
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Table 7.1 continued 

Fatty acid totals Common name  Treatment 

MUFA Monounsaturated fatty 
acids  0.12a 

PUFA Polyunsaturated fatty 
acids  0.11a 

n-6 Omega-6 fatty acids  0.16a 

n-3 Omega-3 fatty acids  < 0.01b 

Fatty acid ratios    

PUFA:SFA Polyunsaturated to 
saturated fatty acids  0.20b 

(n-6)/(n-3) 
Omega-6 to omega-3 
polyunsaturated fatty 

acids 
 0.05b 

ap-values were calculated using the Welch test in combination with the Games-Howell post hoc test; bp-values were 
calculated using the F-test in combination with Fisher’s least significant difference (LSD) post hoc test. p > 0.05= not 
significant, p ≤ 0.05= significant; p ≤ 0.01= significant; SFA= sum of C12:0, C13:0, C14:0, C15:0, C16:0, C18:0 and 
C20:0; MUFA= sum of C14:1, C16:1, C18:1n9 cis, C20:1 and C22:1n9; PUFA= sum of C18:2n6c, C18:3n6, C18:3n3, 
C20:2n6, C20:3n6, C20:3n3, C20:4n6 and C20:5n3; PUFA:SFA ratio= [(sum of C18:2n6c, C18:3n6, C18:3n3, C20:2n6, 
C20:3n6, C20:3n3, C20:4n6 and C20:5n3)/(sum of C12:0, C13:0, C14:0, C15:0, C16:0, C18:0 and C20:0)]; n-6:n-3 ratio= 
[(sum of C18:2n6c, C18:3n6, C20:2n6, C20:3n6 and C20:4n6)/(sum of C18:3n3, C20:3n3 and C20:5n3)]. 

 

Table 7.2 The influence of different levels of honeybush (Cyclopia subternata) on the total fatty 

acid methyl ester (FAME) composition (mg of FAME/g fat, Means ± SD) of warthog salami (n= 6) 

after a 40-day ripening period 

Fatty acid Control Treatment 1 Treatment 2 Treatment 3 Treatment 4 Significance  

C12:0 0.53ab ± 0.21 0.73a ± 0.22 0.33ab ± 0.10 0.22b ± 0.05 0.25b ± 0.09 ** 

C14:1 0.07ab ± 0.05 0.12a ± 0.04 0.05b ± 0.04 0.06b ± 0.01 0.04b ± 0.04 * 

C20:1 1.99ab ± 0.67 2.32a ± 0.84 1.31c ± 0.41 1.48bc ± 0.32 1.31bc ± 0.38 * 

C18:3n6 0.37a ± 10 0.45ab ± 0.15 0.28ab ± 0.07 0.20b ± 02 0.23ab ± 0.06 ** 

C18:3n3 5.76ab ± 2.39 7.47a ± 3.41 3.41bc ± 1.23 3.40bc ± 1.31 2.67c ± 1.99 ** 

C20:3n3 1.14a ± 0.47 1.53a ± 0.63 0.81a ± 0.29 0.70a ± 0.13 0.50a ± 0.25 ** 

C20:4n6 0.25a ± 0.10 0.31a ± 0.11 0.15b ± 0.05 0.15b ± 0.03 0.12b ± 0.05 ** 

C20:5n3 0.19ab ± 0.07 0.25a ± 0.10 0.13bc ± 0.05 0.09c ± 0.02 0.10c ± 0.04 ** 

n-3 7.10ab ± 2.88 9.24a ± 3.99 4.35bc ± 1.50 4.20bc ± 1.41 3.27c ± 2.21 ** 

n-6/n-3 2.88b ± 0.71 2.65b ± 0.52 3.14b ± 0.62 3.67ab ± 0.89 4.19a ± 1.29 * 

a-c Different superscripts in the same row indicate significant differences between treatments; *= significant (p ≤ 0.05); **= 

significant (p ≤ 0.01); n= 6 (including all replications 1-6, per treatment); SD= standard deviation; C= 0%, Treatment 1= 

0.125%, Treatment 2= 0.25%, Treatment 3= 0.375%, and Treatment 4= 0.5% (w/w) of added honeybush. 
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7.3.2 Volatile organic compound (VOC) profile 
A total of 47 VOCs were detected which were mainly represented by alcohols (12) and ketones 

(11), followed by aldehydes (7), others (6), organic acids (4), pyrazines (3), hydrocarbons (2), and 

furans (2). Table 7.3 shows the statistical significant differences (p-values) of the influence of 

honeybush on the total VOCs detected in the raw salami batter (warthog meat and pork fat, day-0) 

as well as the final product 40-day ripened salami. In the case of the Levene’s test for homogeneity 

being significant (p < 0.01), the p-values of selected VOCs were calculated using the Games-

Howell post hoc test (Table 7.4). Addendum C, Table 7.8 compares the significance of selected 

VOCs between treatments (i.e. there was a significant difference in 2-butanone between the raw 

meat and fat (MF) and T4 as seen in column 6 and row 1, p < 0.001).  

The total VOCs increased over the fermentation and ripening period, portrayed by the 

greater amount of VOCs detected in 40-day ripened salami (Table 7.3). Of the total VOCs (47), 

only 23 compounds were detected in the raw meat and fat. On the other hand, the latter contained 

certain volatiles not detected in the ripened salami, including: 2-pentanol; 1-butanol; heptanal; and 

butanoic (butyric) acid), as seen in Table 7.3. Of these, the meat and fat only contained a 

significantly higher amount of 2-pentanol (p= 0.011) and butanoic acid (p= 0.048) compared to the 

ripened salami, Table 7.3. 

Treatment had a significant effect on selected ketones (2-butanone, 2-heptanone, 2,3-

octanedione and 2-nonanone), alcohols (1-butanol-3-methyl, 1-pentanol, 4-methyl-1-pentanol, 1-

octen-3-ol, terpinen-4-ol and benzeneethanol), aldehydes (hexanal and nonanal), n-undecane, 2,5-

dimethylpyrazine, acids (methyl-2-hydroxy-4-methylpentanoate and 3-methylbutanoic acid), furans 

(2-pentylfuran and 2,3-dihydrobenzofuran) and others ((R/S)-linalool, α-terpineol and 1,2-

dimethoxybenzene) as seen in Table 7.3 and Table 7.4. The affected VOCs are expressed in 

semi-quantitative amounts as the average ratios (Mean ± SD) between the volatile compounds and 

the internal standard (3-octanol) peak areas in Table 7.4 and grouped according to possible origin 

and odour descriptions in Table 7.5. 

Treatment significantly increased 2-butanone with T4 containing a highly significant amount 

more than the C (p < 0.001) and T2 (0.003), Table 7.4. The effect of honeybush addition on 

benzeneethanol content was evident from a 0.375% addition (Treatment 3, p= 0.03, Table 7.4). 

Treatment 4 also had a significantly higher amount of 2,5-dimethylpyrazine compared to T3 (p= 

0.020) and the MF (0.020), Table 7.4. Certain acids (methyl-2-hydroxy-4-methylpentanoate and 3-

methylbutanoic acid) increased with increasing honeybush addition, with T4 resulting in 

significantly higher amounts of the former (p= 0.04) and T2-T4 of the latter (p < 0.01) compared to 

the C and MF. Furthermore, terpinen-4-ol and 2,3-dihydrobenzofuran were only detected in T2-T4. 

(R/S)-Linalool and α-terpineol increased with honeybush addition, with T4 resulting in the highest 

content of the former (p < 0.01), although comparable to T3 and T3 resulting in the highest content 

of the latter, although comparable to T4. Treatment 4 also contained a significantly higher amount 
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of terpinene-4-ol compared to the MF, C and T1 (p= 0.004, Table 7.4). Treatment 3 had the 

highest 2-heptanone and 2-nonanone (p= 0.02) content, although not significantly so compared to 

T1 and T2. In contrast, the 2,3-octanedione, 1-pentanol, hexanal, 2-pentylfuran and undecane 

content decreased as honeybush increased (Table 7.4). The C had the highest 1-octen-3-ol (p < 

0.01), 4-methyl-1-pentanol (p= 0.02) and nonanal (p= 0.04) content, although the latter two was 

comparable to T2 and T1, respectively. Furthermore, although a slight indication, the C was also 

higher in n-undecane compared to T3 (p= 0.047, Table 7.4). 

On the other hand, honeybush did not affect the 2,3-heptanedione, 1-butanol-3-methyl, 2,6-

dimethylpyrazine, 2,5,3-trimethylpyrazine, 1,2-dimethoxybenzene, 1,3-dimethoxybenzene and 

butanoic (butyric) acid content between treatments (C, T1-T4). These VOCs rather increased in the 

ripened salami (irrespective of treatment) due to fermentation and/or ripening. The C (p= 0.045), 

T3 (p= 0.011) and T4 (p= 0.011) significantly increased in 2,3-heptanedione compared to the MF, 

Table 7.4. All treatments had a significantly higher amount of 1-butanol-3-methyl (p < 0.01) 

compared to the MF, Table 7.4. The C (p= 0.006) and T4 (p= 0.026) had a much higher 2,6-

dimethylpyrazine content compared to the MF. Furthermore, the C (p < 0.001), T3 (0.032) and T4 

(0.005) had a much higher 2,5,3-trimethylpyrazine content compared to the MF. Treatment 4 

contained a significantly higher amount of 1,2-dimethoxybenzene (p= 0.009, Addendum C, Table 

7.8) compared to the MF, although similar to the other treatments (C, T1-T3). Treatments (C, T1-

T3) increased in 1,3-dimethoxybenzene (p= 0.03) compared to the MF, although T4 was 

comparable to the latter (Table 7.4). 
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Table 7.3 Level of statistical significance (p-values) for the effect of honeybush (Cyclopia subternata) treatment on the total volatile organic compound 

(VOCs) of the raw salami batter (warthog meat and pork fat, day-0) and final product 40-day ripened salami  

Retention 
time (min) 

 Treatment 

p-value 

 MF C T1 T2 T3 T4 

 Day 

VOC 0 40 40 40 40 40 

 Ketones (11)        

5.42 2-Butanone       A 

7.35 3-Methyl-2-butanone       0.10b 

8.48 3-Methyl-2-pentanone       0.20b 

9.85 2,3-Pentanedione       0.07b 

12.73 2,3-Heptanedione       A 

13.82 2-Heptanone       0.01b 

16.10 3-Octanone       0.07b 

17.15 Acetoin       0.26b 

18.14 2,3-Octanedione       0.04b 

18.67 2-Acetyl-1-pyrroline       0.07b 

20.06 2-Nonanone       0.02b 

 Alcohols (12)        

14.93 1-Butanol-3-methyl 
(isoamyl alcohol) 

      < 0.01b 

12.28 2-Pentanol       0.011a 
13.00 1-Butanol       0.069a 
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Table 7.3 continued 

Treatment 

  MF C T1 T2 T3 T4  
Day 

Retention 
time (min) Alcohols 0 40 40 40 40 40 p-value 

16.18 1-Pentanol       A 
18.21 2-Heptanol       > 0.05a 
19.17 1-Pentanol-4-methyl       0.02b 
19.27 2-Propanol       > 0.05a 
21.75 1-Octen-3-ol       < 0.01b 
24.57 1-Octanol       0.16b 
25.72 Terpinen-4-ol       A 
31.88 Benzyl alcohol       > 0.05a 
32.63 Benzeneethanol       0.03b 

 Aldehydes (7)        
5.77 3-Methylbutanal       0.10b 

10.54 Hexanal       < 0.01b 
13.86 Heptanal       > 0.05a 
20.17 Nonanal       0.04b 
23.65 Benzaldehyde       0.09b 
26.57 Benzeneacetaldehyde       > 0.05a 
33.04 2-Phenyl-2-butenal       > 0.05a 
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Table 7.3 continued  

 Treatment  

  MF C T1 T2 T3 T4  
Day 

Retention 
time (min)  0 40 40 40 40 40 p-value 

 Hydrocarbons (2)        
14.1 l-Limonene       > 0.05a 

17.36 n-Undecane       A 
 Pyrazines (3)        

18.30 2,5-Dimethylpyrazine       A 
18.46 2,6-Dimethylpyrazine       A 
20.64 2,3,5-Trimethylpyrazine       A 

 Organic acids (4)        
21.95 Acetic acid       0.19b 

22.39 Methyl-2-hydroxy-4-
methylpentanoate 

      0.04b 

26.35 Butanoic (butyric) acid       0.048a 
27.42 3-Methylbutanoic acid       < 0.01b 

 Furans (2)        
15.29 2-Pentylfuran       A 
41.59 2,3-Dihydrobenzofuran       A 

 Others (6)        
13.43 α-Terpinene       > 0.05a 
16.46 Cymene       > 0.05a 
24.24 (R/S)-Linalool       < 0.01b 
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Table 7.3 continued 

Treatment 
  MF C T1 T2 T3 T4  

Day 

Retention 
time (min) Others 0 40 40 40 40 40 p-value 

27.96 α-Terpineol       A 
28.45 1,2-Dimethoxybenzene       A 
29.04 1,3-Dimethoxybenzene       0.03b 

= present; = under detection limit or absent; MF=  a In the case of the Levene’s test being highly significant, the p-values were calculated using Games-Howell post hoc test; b In the 

case of the Levene’s test being insignificant, the p-values were calculated using the F-test; A= see Addendum C, Table 7.8 for the respective p-values; p > 0.05= not significant; p ≤ 

0.05= significant; p ≤ 0.01= significant; MF= raw warthog meat and pork fat without honeybush (day-0); C= 0%, T1= 0.125%, T2= 0.25%, T3= 0.375%, and T4= 0.5% of added 

honeybush after a 40-day ripening period. 
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Table 7.4 Total volatile organic compounds (VOCs) detected in raw warthog salami batter (meat and fat, day-0) and with different levels of 

honeybush (Cyclopia subternata) after a 40-day ripening period, expressed as the average ratios (Means ± SD) between the volatile and the internal 

standard (3-octanol) peak areas  

VOC 
Treatment MF C T1 T2 T3 T4 

p-value 
Day 0 40 40 40 40 40 

Ketones         

2-Butanone n.d.  n.d. 0.23 ± 0.33 0.21 ± 0.15 0.68 ± 0.32 0.65 ± 0.11 A 

2,3-Heptanedione n.d. 0.08 ± 0.05 0.16 ± 0.23 0.04 ± 0.10 0.15 ± 0.06 0.16 ± 0.06 A 

2-Heptanone n.d.c 0.46 ± 0.19b 0.42 ± 0.24abc 0.56 ± 0.40ab 0.85 ± 0.54a 0.34 ± 0.20bc 0.01B 

2,3-Octanedione 0.15 ± 0.04ab 0.22 ± 0.23a 0.11 ± 0.10ab 0.12 ± 0.08ab 0.03 ± 0.03b 0.01 ± 0.02b 0.04B 

2-Nonanone n.d.c 0.43 ± 0.32bc 0.38 ± 0.18bc 0.73 ± 0.63ab 1.11 ± 0.66a 0.56 ± 0.29bc 0.02B 

Alcohols         

1-Butanol-3-methyl 
(isoamyl alcohol) 0.02 ± 0.02b 0.82 ± 0.24a 0.88 ± 0.28a 0.87 ± 0.21a 1.08 ± 0.45a 0.89 ± 0.27a < 0.01B 

2-Pentanol 0.10 ± 0.02a n.d.b n.d.b n.d.b n.d.b n.d.b 0.11 

1-Pentanol 0.57 ± 0.15 0.09 ± 0.09 0.09 ± 0.02 0.08 ± 0.02 0.01 ± 0.02 0.02 ± 0.02 A 

1-Pentanol-4-methyl 0.07 ± 0.02bc 0.14 ± 0.06a 0.08 ± 0.02bc 0.10 ± 0.06ab 0.07 ± 0.03bc 0.05 ± 0.02c 0.02B 

1-Octen-3-ol 0.14 ± 0.04bc 0.32 ± 0.12a 0.13 ± 0.04bc 0.20 ± 0.10b 0.11 ± 0.04c 0.08 ± 0.03c < 0.01B 

Terpinen-4-ol n.d. n.d. n.d. 0.04 ± 0.03 0.06 ± 0.04 0.06 ± 0.02 A 

Benzeneethanol n.d.c 0.10 ± 0.08c 0.14 ± 0.09bc 0.85 ± 0.99abc 1.63 ± 1.51a 1.32 ± 1.12ab 0.03B 

Aldehydes         

Hexanal 1.32 ± 0.38a 0.67 ± 0.75b 0.19 ± 0.10c 0.16 ± 0.10c 0.06 ± 0.06c n.d.c < 0.01B 

Nonanal 0.08 ± 0.03b 0.19 ± 0.10a 0.14 ± 0.08ab 0.11 ± 0.05b 0.11 ± 0.06b 0.06 ± 0.04b 0.04B 

Hydrocarbons         

n-Undecane n.d. 0.13 ± 0.07 0.07 ± 0.08 0.03 ± 0.03 n.d. 0.01 ± 0.03 A 
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n.d.= not detected or absent; A In the case of the Levene’s test being highly significant, the p-values were calculated using Games-Howell post hoc test, see Table 7.4; B In the case of 

the Levene’s test being insignificant, the p-values were calculated using the F-test; a-d Different superscripts in the same row indicate significant differences between treatments; p > 

0.05= not significant; p ≤ 0.05= significant; p ≤ 0.01= significant; SD= standard deviation; MF= raw warthog meat and pork fat without honeybush (day-0); C= 0%, T1= 0.125%, T2= 

0.25%, T3= 0.375%, and T4= 0.5% of added honeybush after a 40-day ripening period. 

Table 7.4 continued        

VOC 
MF C T1 T2 T3 T4 

p-value 
0 40 40 40 40 40 

Pyrazines        

2,5-Dimethylpyrazine n.d. 0.10 ± 0.12 0.04 ± 0.07 0.02 ± 0.06 n.d. 0.08 ± 0.04 A 

2,6-Dimethylpyrazine n.d. 0.12 ± 0.04 0.03 ± 0.06 0.04 ± 0.05 0.07 ± 0.07 0.08 ± 0.04 A 

2,3,5-Trimethylpyrazine n.d. 0.09 ± 0.01 0.07 ± 0.03 0.07 ± 0.05 0.09 ± 0.05 0.07 ± 0.02 A 

Organic acids         

Pentanoicacid-2-hydroxy-
4-methyl-methylester n.d.c 0.20 ± 0.17bc 0.73 ± 1.03abc 0.63 ± 0.63abc 0.77 ± 0.51ab 1.15 ± 0.54a 0.04B 

Butanoic (butyric) acid 0.46 ± 0.16a n.d.b n.d.b n.d.b n.d.b n.d.b 0.048 

3-Methylbutanoic acid  0.11 ± 0.03c 0.24 ± 0.11c 0.35 ± 0.06bc 0.69 ± 0.36ab 0.81 ± 0.44a 0.83 ± 0.35a < 0.01B 

Furans         

2-Pentylfuran 0.008 ± 0.009 0.08 ± 0.03 0.01 ± 0.02 n.d. n.d. n.d. A 

2,3-Dihydrobenzofuran n.d. n.d. n.d. 0.06 ± 0.03 0.12 ± 0.06 0.11 ± 0.03 A 

Others         

(R/S)-Linalool n.d.d 0.07 ± 0.06d 0.29 ± 0.09cd 0.57 ± 0.20bc 0.77 ± 0.29ab 0.95 ± 0.43a < 0.01B 

α-Terpineol n.d.  n.d. 0.07 ± 0.02 0.17 ± 0.05 0.28 ± 0.12 0.26 ± 0.09 A 

1,2-Dimethoxybenzene n.d. 0.04 ± 0.03 0.02 ± 0.03 0.10 ± 0.10 0.09 ± 0.06 0.09 ± 0.03 A 

1,3-Dimethoxybenzene n.d.b 0.13 ± 0.07a 0.15 ± 0.14a 0.19 ± 0.09a 0.16 ± 0.08a 0.10 ± 0.07ab 0.03B 
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Table 7.5 The retention time, Kováts Index and odour descriptions of volatile compounds detected 

in warthog salami with different levels of honeybush (Cyclopia subternata) after a 40-day ripening 

period, grouped according to possible origin 

Compound KI1 Odour descriptions Previously detected  

Lipid autoxidation    

Hexanal*  1075.55 Grassy, rancid, woody, fattye, l, y, z a, b, c, e, g, h, i, j, k, l, 
n, o, u, v, w 

2-Pentylfuran* 1224.51 Onions, savoury, rancide, butter, 
green beansz 

a, c, e, g, i, l, n, o, u, v, 
aa 

1-Pentanol* 1253.65 Roasted meate,, pungenty a, b, c, e, i, k, n, o, u, v 

n-Undecane 1293.02 Pork, beef, chickenf a, g, m, n, o, aa 

Nonanal* 1391.96 Plastic, soape, citrus, maltyl, fatty, 
painty, green, tallowyz 

a, b, c, e, I, j, l, n, o, v, 
w 

Pentanoicacid-2-hydroxy-4-
methyl-methylester 

1475.95 - aa 

Bacterial metabolism     

Lipid-ß-oxidation    

2,3-Octanedione 1320.64 - f, i, j, n, o 

2-Nonanone* 1387.90 Roasted, burnte e, i, o, v, aa 

1-Octen-3-ol* 1451.53 Mushroome, h a, b, c, e, h, i, n, o, u, v, 
w 

2-Heptanone* 1177.40 Medicinal, fruitye, l a, c, e, l, n, o, u, v 

Carbohydrate fermentation    

1-Pentanol-4-methyl 1356.44 - x 

Butanoic (butyric) acid 1636.36 Cheesye,p e, k, n, o 

Amino acid degradation    

2-Butanone 878.31 Apricot notesd, pleasanty a, b, c, d, j, k, n, o 

1-Butanol-3-methyl (isoamyl 
alcohol)  

1211.51 Whiskey, maltd c, d, i, n 

2,5-Dimethylpyrazine  1325.27 - a, p 

2,6-Dimethylpyrazine 1330.96 Mashed potatoesh h, n, o, q 

3-Methylbutanoic acid* 1681.78 Cheese, feete e, k, n, u, w 

Unknown    

2-Pentanol 1129.85 - s 

2,3-Heptanedione 1143.65 -  

2,3,5-Trimethylpyrazine 1409.16 - f 

(R/S)-Linalool* 1549.19 Floral, spice, wood, refreshingr, w f, s, t, u, v, w 

Terpinen-4-ol* 1609.32 Earthy, spicyl l, s, u, v 

α-Terpineol* 1704.24 Floral, sweetw f, h, u, v, w 
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Table 7.5 continued    

Compound KI1 Odour descriptions Previously detected 

Benzene ethanol - -  

1,2-Dimethoxybenzene - -  

1,3-Dimethoxybenzene - -  

2,3-Dihydrobenzofuran - -  
1Kováts Index calculated for a Stabilwax column (L= 60 m, ID= 0.25 mm, film thickness= 0.25 µm); a (Corral et al., 2013); 
b (Tabanelli et al., 2012); c (Olivares et al., 2009a); d (Olivares et al., 2009b); e (Marco et al., 2007); f (Shahidi et al., 1986); 
g (Lorenzo et al., 2013); h (Meynier et al., 1999); i (Hospital et al., 2012); j (Montanari et al., 2018); k (Montanari et al., 

2016); l (Moretti et al., 2004); m (Sunesen et al., 2001); n (Søndergaard & Stahnke, 2002); o (Olivares et al., 2011); p 

(Corral et al., 2014); q (Sales & Kotrba, 2013); r (Furia, 1980); s (Berger et al., 1990) t (Bianchi et al., 2007); u *detected in 

Cyclopia subternata (Le Roux et al., 2012); v *(Ntlhokwe et al., 2018); w (Theron et al., 2014); x (Rotsatchakul et al., 

2009); y (Morales et al., 1997); z (Xu et al., 2018); aa (Lorenzo et al., 2013). 

7.4 Discussion 
The diet of monogastric animals directly influence the fatty acid composition of the meat, therefore 

the salami fatty acid content resembles that of the warthog and pig diets (Morel et al., 2006; 

Herranz et al., 2008; Carrapiso et al., 2020). Warthogs are predominantly grazers and their nutrient 

intake depended on the rainfall influencing the nutrient content of available grass according to the 

region in Limpopo where the animals in this study originated from (Treydte et al., 2006). In 

contrast, domestic pigs received a diet mixed with maize, soya, and canola. The most abundant 

PUFA in grasses and maize is C18:3n3 and C18:2n6c respectively, explaining why the final 

product salami contained the highest amount of these PUFAs (Addendum C, Table 7.7) ascribable 

to the diets of both the warthogs and the domestic pigs (Khan et al., 2012; Marino et al., 2015). 

Furthermore, the C18:3n3 content of T4 (2.67 mg/g fat= ~2.81%, Table 7.2) was similar to final 

product warthog cabanossi with 30% pork back fat (~2.40%) (Mahachi et al., 2019), however, 

higher compared to warthog cabanossi without pork fat addition (1.01 mg/g fat), (Swanepoel et al., 

2016a). 

The most abundant fatty acid in the final product salami was oleic acid (C18:1n9c, 

Addendum C, Table 7.7), which is in accordance with European and American pork salami 

analysed by previous researchers (Muguerza et al., 2001; Moretti et al., 2004; Herranz et al., 

2008). Warthog cabanossi (without pork fat) also contained the highest amount of this fatty acid 

(Swanepoel et al., 2016a). The total SFA content (Addendum C, Table 7.7, 65.15-89.88 mg/g fat, 

~48-59%) was much higher compared to European (~37-41%) and American style pork salami 

(~36-44%, Herranz et al., 2008), however, comparable to pork cabanossi (~63 mg/g SFA, 

Swanepoel et al., 2016a). With regard to the MUFAs, the present trial salami (Addendum C, Table 

7.7, 44.09-84.32 mg/g fat, ~31-41%) had a lower total MUFA content compared to European (~46-

51%) and American pork salami (~42-48%) (Herranz et al., 2008), although much higher compared 

to warthog cabanossi (13.8 and 20.02 mg/g of fat, Swanepoel et al., 2016a). In contrast, the PUFA 
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content of the present trial salami (Addendum C, Table 7.7, 14.78-33.24 mg/g fat, ~10-16%) 

compared well to European pork salami (11.5-14.6%), American pork salami (10.92-19.89%) 

warthog and pork cabanossi (10-35 mg/g of fat) (Herranz et al., 2008; Swanepoel et al., 2016a). 

The n-6/n-3 ratio (Table 7.2) was much lower compared to European (9.72-14.64) and American 

(7.26-15.87) pork salami (Herranz et al., 2008), but comparable to warthog (n-6/n-3= 2.4) and pork 

(n-6/n-3= 2.8) cabanossi (Swanepoel et al., 2016a). 

The volatile profile of the present trial 40-day ripened salami resembled that of fermented 

sausages studied by previous researchers, who also reported (although variable) alcohols, ketones 

and aldehydes as the dominating groups (Montel et al., 1996; Di Cagno et al., 2008; Montanari et 

al., 2016). The majority of the VOCs detected in the present study are commonly detected in dry-

cured and fermented sausages, as indicated in Table 7.5. Certain VOCs detected in the salami are 

associated with mould metabolism, including 1-octen-3-ol (Bruna et al., 2001; Sunesen & Stahnke, 

2003). In this regard, the control salami had a significantly higher content of 1-octen-3-ol (p < 0.01, 

Table 7.4), which correlates with the high pH of the C salami (Chapter 5) portraying the metabolism 

of the surface moulds known for lactic acid utilisation and rising of salami pH (Sunesen & Stahnke, 

2003). 

Lipid oxidation in dry-cured and fermented sausages can be evaluated by assessing the 

formation of certain oxidation by-products by means of GC-MS. In this sense, hexanal is frequently 

studied to monitor oxidation in foodstuffs, including in dry-cured and fermented sausages 

(Muguerza et al., 2001; Gøtterup et al., 2008; Elisia & Kitts, 2011; Fuentes et al., 2014). According 

to Shahihi and Pegg (1994), the presence of hexanal can serve as a meat flavour deterioration 

index. Similarly, salami flavour deterioration was correlated with an increase in heptanal, nonane, 

undecane and hexanal (Lorenzo et al., 2013). Lipid oxidation by-products mainly originate from 

unsaturated fatty acids. In this regard, the oxidation of linoleic acid (C18:2n6) leads to the 

accumulation of hexanal, 1-pentanol, 2-pentylfuran and 1-octen-3-ol and the oxidation of oleic acid 

(C18:1n9) to octanal and nonanal (Morales et al., 1997; Elisia & Kitts, 2011; Yang et al., 2017; Xu 

et al., 2018). These compounds contribute significantly to off-flavours, having low odour thresholds 

easily detected by humans (Morales et al., 1997; Xu et al., 2018). Linoleic and oleic acid are thus 

expected to decrease with the increase of lipid oxidation over time. However, honeybush had no 

effect on linoleic or oleic acid content after 40 ripening days (Table 7.1), however, a significant 

decrease in their oxidation by-products was found as honeybush increased (Table 7.4). In contrast, 

previous researchers found the highest concentrations of alpha linolenic (C18:3n3) and linoleic 

acids in salami on 42-day and 63-day shelf life, which corresponded to the highest amounts of 

oxidation products originating from these fatty acids (Olivares et al., 2011). 

From the semi-quantification of the VOCs, one can interpret that honeybush supressed 

oxidation with a decrease in rancid compounds compared to the control salami, including: hexanal; 

nonanal; 1-pentanol; 1-octen-3-ol; 2-pentylfyran; and undecane (Table 7.4). Of the former 
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compounds, it is noteworthy to highlight that all the honeybush treated salami (T1-T4) contained 

significantly less hexanal and 1-octen-3-ol (p < 0.01) compared to the control salami (Table 7.4). 

Lipid oxidation contributes majorly to quality deterioration of dry-cured and fermented meats and 

limits the shelf life thereof (Ruiz, 2007). Since hexanal is associated with rancidity (Table 7.5), the 

delay of excessive hexanal formation could portray the extension of salami shelf life.  

In contrast to the decline in rancid aromas, 2-butanone imparting a pleasant sausage aroma 

significantly increased in T4 compared to the control salami (p < 0.001, Addendum C, Table 7.8). 

Honeybush might have also contributed uniquely to the 40-day ripening salami in terms of higher 

(R/S)-linalool (p < 0.01, Table 7.4), α-terpineol (p= 0.005, Addendum C, Table 7.8) and terpinen-4-

ol (p= 0.004, Addendum C, Table 7.8) contents compared to the control salami. Furthermore, 

although not significant, it is noteworthy to mention that only T3 and T4 salami contained 

detectable amounts of cymene (Table 7.3). (R/S)-Linalool is associated with a refreshing floral, 

spicy and woody aroma, α-terpineol with a floral and sweet aroma and terpinen-4-ol with earthy 

and spicy aromas (Table 7.5). All four these before-mentioned compounds have been detected in 

Cyclopia subternata (amongst other VOCs also present in the salami, Table 7.5). 

7.5 Conclusion 
According to the semi-quantification technique (GC-MS) followed to study the VOCs of 40-day 

ripened warthog salami with different honeybush levels, the honeybush supressed the 

development of rancidity. This is substantiated by the lower amount of VOCs associated with 

rancidity (originating mainly from linoleic and oleic fatty acids) in salami treated with honeybush as 

compared to the control salami (including: hexanal; nonanal; 1-pentanol; 1-octen-3-ol; 2-

pentylfyran; and undecane). Of all the rancid VOCs, salami with 0.125%, 0.25%, 0.375% and 0.5% 

honeybush extract inclusion contained significantly lower amounts of hexanal (p < 0.01) and 1-

octen-3-ol (p < 0.01) compared to the control with no honeybush addition. To better understand the 

effect of honeybush on oxidation reactions in a meat model, it is recommended to perform more 

than one analysis (i.e. peroxide value or thiobarbituric acid reactive substances TBARS test 

together with GC-MS) over time. 
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CHAPTER 8 

General conclusions and recommendations 

The continuous research surrounding the reduction or substitution of potassium and sodium nitrite 

(NO2) and nitrate (NO3) preserving salts (E249, E250, E251 and E252) in cured meat products 

portrays the mistrust of the consumer therein and the demand for cleaner labelled meat products 

(Di Vita et al., 2019). The unfortunate evidence of the formation of carcinogenic compounds in 

cured meats due to nitrate/nitrite addition caused an ongoing debate whether these preserving 

salts are added in safe limits (reflected by the numerous revisions of international acceptable 

limits) and whether they can be partially replaced or omitted completely (Cenci-goga et al., 2012; 

Eskandari et al., 2013; Hospital et al., 2015). This creates an incredible challenge for the meat 

industry, as the demand for less preservatives and simultaneous fear of food pathogens 

contradicts each other (Bedale et al., 2016). Oxidation leading to rancidity and loss in quality and 

the proliferation of lethal food pathogens, such as Clostridium botulinum, are associated with 

salami. To combat these beforementioned unwanted processes in salami which are successfully 

inhibited through the addition of nitrate/nitrite, researchers are exploring the use of natural extracts 

portraying an antioxidant and/or antimicrobial effect (Gassara et al., 2016; Aquilani et al., 2018; 

Aziz & Karboune, 2018; Alirezalu et al., 2019; Martínez et al., 2019). 

Based on the above-mentioned challenges, the objective of this study was to determine the 

feasibility and effect of adding a natural extract indigenous to Southern Africa, namely honeybush 

(Cyclopia subternata), to salami. This main research objective was analysed in four respective 

research chapters. The feasibility of incorporating honeybush extract (0.5% w/w) in typical pork 

Italian salami (Chapter 4) was demonstrated. From this preliminary study, certain practical 

limitations were noticed and improved on in the following research chapter, using South African 

warthog meat to produce salami (Chapter 5). These limitations were considered valuable for future 

researchers attempting salami processing or recipe alterations. The limitations included the use of 

natural bovine casings. The use of synthetic casings in the following trial as opposed to natural 

casings ensured homogeneity in terms of salami dimensions, which in turn influences other 

physical-chemical traits (e.g. water and weight loss, microbial growth). Furthermore, the 

hygroscopic nature of the brick-brown honeybush extract created localised discoloration, 

presumably due to oxidation beneath the sausage casing. Dissolving the extract in a 

predetermined amount of distilled water ensured homogenous incorporation into the salami batter. 

Finally, dipping the salami in a commercial mould suspension as opposed to spontaneous mould 

colonisation contributed to a more homogenous end product, eliminating the effect of additional 

variables influencing physical-chemical traits, as mould growth effects water loss, final product pH, 

lipid and protein oxidation (Sunesen & Stahnke, 2003).  

This study gained valuable information with regard to physical-chemical (i.e. pH, aw, CIE 

L*a*b* colour, texture, proximate composition, fatty acid content and volatile organic compounds) 
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changes when adding honeybush extract to game (i.e. warthog) salami with reduced added 

sodium nitrate (75 mg/kg). A honeybush addition of 0.5% (w/w) may aid in maintaining game 

salami redness (CIE a*) over a frozen storage period of up to five and a half months (Chapter 5). 

The latter finding together with the decline in rancid volatile organic compounds (VOCs, Chapter 7) 

demonstrates the promising antioxidant effect of honeybush in salami. Indeed, honeybush extract 

rich in polyphenolics (Kamara et al., 2004; Kokotkiewicz et al., 2012; Schulze et al., 2015) showed 

potential to suppress the onset of salami oxidation, seen in the decrease in certain volatile organic 

compounds (VOCs) associated with rancidity (Chapter 7). The decrease in unsaturated fatty acid 

(linoleic and oleic fatty acids) oxidation by-products as found in Chapter 7, were evident from a 

decline in: hexanal; nonanal; 1-pentanol; 1-octen-3-ol; 2-pentylfyran; and undecane in T4 salami 

(0.5% added honeybush), compared to the control salami (0% honeybush addition) after 40 

ripening days. Of all the rancid VOCs, salami with 0.125%, 0.25%, 0.375% and 0.5% honeybush 

extract inclusion contained significantly lower amounts of hexanal and 1-octen-3-ol compared to 

the control with no honeybush addition. These beforementioned rancid volatiles are often analysed 

as oxidation bio-markers to determine the extent of oxidation in meat products (Yang et al., 2017; 

Xu et al., 2018). Of these, hexanal is popularly studied due its low odour threshold and well-known 

association with grassy, tallowy and rancid aromas (Morales et al., 1997; Marco et al., 2007; 

Fuentes et al., 2014). As seen from the present study (Chapter 7), honeybush can contribute 

uniquely to game salami with floral, sweet and spicy aromas due to the significant increase in 

(R/S)-linalool, terpinene-4-ol and α-terpineol which are associated with these beforementioned 

aromas (Moretti et al., 2004; Theron et al., 2014). To better comprehend the effect of honeybush 

on oxidation reactions in a meat model, it is recommended to perform more than one analysis (i.e. 

peroxide value or thiobarbituric acid reactive substances TBARS test together with GC-MS) over 

time. Furthermore, it would be of great value to determine the consumer acceptance of warthog 

salami with added honeybush extract, because of the potential addition of botanical aromas not 

commonly associated with salami. 

Honeybush (0.125%, 0.25%, 0.375% and 0.5%) can be incorporated without altering the final 

salami product proximate composition (moisture, protein and total lipid content) and texture 

(hardness, chewiness and cohesiveness), as seen in Chapter 5. However, adding this hygroscopic 

tea extract might cause an increase in final product salami aw (Chapter 5). An unexpected high 

final product salami pH was recorded (pH= 6.71-7.46) after 40 ripening days (Chapter 5). This high 

pH phenomenon was hypothesised to be caused by the outgrowth of starter culture lactic acid 

bacteria by background microflora, in combination with surface mould (Penicillium nalgiovense) 

lactic acid metabolization (Sunesen & Stahnke, 2003). In the case of applying a mould starter 

culture in small diameter salami, the addition of extra fermentable sugar is highly recommended to 

ensure a sufficient pH decrease for microbial safety. Although the warthog salami did not 

sufficiently decrease in pH (to < 5.2), all salami with reduced added sodium nitrate (75 mg/kg) and 

added honeybush extract (T1= 0.125%; T2= 0.25%; T3= 0.375%; and T4= 0.5%) were free from 
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pathogens: E.coli; Listeria spp.; Salmonella spp.; and S. aureus after a 40-day mould ripening 

period (Chapter 6). To better comprehend the potential pathogen inhibitory effects of honeybush 

extract in salami, reference strains would need to be incorporated in future studies as salami would 

not necessarily contain pathogens if not introduced during processing. Honeybush addition, on the 

other hand, could presumably provide additional fermentable substrates for lactic acid bacteria as 

seen from the present study (Chapter 6).  

From this study is evident that successful salami production is dependent on a vast amount 

of non-mutually exclusive physical and biochemical reactions occurring over the fermentation and 

ripening period. In this sense, when attempting salami processing or recipe alteration it is 

recommended to first familiarise oneself with the skill of salami making. Furthermore, when 

attempting a similar research study, it is advised to limit the number of variables to better 

comprehend the effect of the extract on the product physical-chemical and sensory traits. For 

instance, the starter culture effectiveness should be predetermined as culture strains do not 

necessarily proliferate with the same success in different meat sources (e.g. pork versus warthog 

meat). 

Warthog salami with the addition of honeybush (Cyclopia subternata) extract could be a 

marketable ready-to-eat meat product based on the present consumer interest in processed meat 

products with added bio-active ingredients and the use of less additives (especially nitrate and 

nitrite preserving salts). The reduction of nitrate does not necessarily imply a microbially 

unaccepted product, reflected in the absence of pathogens in the final product salami with 75 

mg/kg ingoing amount of sodium nitrate. However, the associated microbial risks increase on a 

large production scale particularly in the case of other hurdles not being successfully met (such as 

an insufficient pH decrease and utilisation of game meat). Food safety is non-negotiable, therefore, 

a future suggestion would be to combine honeybush extract with organic acids to ensure a low 

salami pH, especially in the case of surface mould growth on a small diameter salami. This study 

was the first at attempting the addition of honeybush extract in processed meat products and 

provided valuable baseline data for future research studies. 
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ADDENDUM B 

Table 6.3 Bacteriological media used during final product salami microbial analyses according to 

manufacturer instructions 

Media Manufacturer Concentration 

Peptone Buffered Water Merck, Art No: 
HG00C134.500 2.0% m/v 

Half Fraser Broth Plus ISO Neogen, LAB211 5.5% m/v 

Half Fraser Supplement Bio-Rad, LOT: 64190748 
2.25 ml reconstructed 

supplement in 225 ml half 
fraser broth 

Rapid’L.mono plates AEC-Amersham - 

Rappaport-Vassiliadis Soya 
(RVS) Peptone broth Oxoid, CM0866 2.68% m/v 

Xylose Lysine Deoxycholate 
(XLD) agar 

Merck, Biolab Art No: 
HG000C21.500 5.2% m/v 

Baird Parker agar Fluka Analytical, 11705-500G 6.11% m/v 

Egg-Yolk Tellurite Emulsion Fluka Analytical, 75208 50 ml in 950 ml Baird Parker 
agar 

Tryptone Soya Broth Oxoid, CM0129 3% m/v 

Rabbit Plasma Oxoid, R21051 0.5 ml/test tube 

Reinforced Clostridial Agar Oxoid, CM0151 5.25% m/v 

Anaerobic sachets Oxoid, AnaeroGenTM 2.5L, 
AN0025A - 

Bacillus cereus Agar Base Oxoid, CM0617 4.32% m/v 

Polymyxin B Supplement Oxoid, SR0099E 1 reconstructed vial in 475 ml 
B. cereus agar 

Egg Yolk Emulsion Oxoid, SR0047 25 ml in 475 ml B. cereus 
agar 

Nutrient Agar Merck, Biolab Art No: 
HG0000C1.500 3.1% m/v 

API 50 CH with supplements BioMérieux - 
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ADDENDUM C 

Table 7.7 The influence of different levels of honeybush (Cyclopia subternata) on the total fatty 

acid methyl ester (FAME) composition (mg of FAME/g fat, Means ± SD) of warthog salami (n= 6) 

after a 40-day ripening period 

Fatty acid C T1 T2 T3 T4 Treatment 

Saturated fatty acids 
(SFAs)       

C12:0 0.53ab ±0.21 0.73a±0.22 0.33ab±0.10 0.22b±0.05 0.25b±0.09 < 0.01A 

C13:0 1.96a ±2.12 0.99a±0.65 0.17a±0.23 0.44a±0.34 0.36a±0.58 0.11A 

C14:0 2.85a ±1.59 2.62a±0.71 2.11a±0.76 1.86a±0.34 1.77a±0.59 0.27A 

C15:0 0.14a ±0.05 0.15a±0.04 0.11a±0.04 0.09a±0.01 0.10a±0.03 0.06A 

C16:0 55.09a ±22.90 57.58a±17.08 46.58a±13.77 38.88a±5.16 52.12a±17.97 0.15A 

C18:0 27.19a ±7.88 27.57a±8.71 23.49a±6.50 23.51a±7.73 29.69a±5.18 0.58B 

C20:0 0.23a ±0.08 0.24a±0.08 0.18a±0.07 0.15a±0.03 0.23a±0.10 0.25B 

Monounsaturated 
fatty acids (MUFAs)       

C14:1 0.07ab±0.05 0.12a±0.04 0.05b±0.04 0.06b±0.01 0.04b±0.04 0.03B 

C16:1 4.27a±1.70 5.34a±1.71 2.78a±1.09 2.89a±0.15 2.54a±1.25 0.08A 

C18:1n9c 63.19a±18.70 76.51a±28.44 44.34a±11.96 46.95a±2.54 40.20a±11.8 0.12A 

C20:1 1.99ab±0.67 2.32a±0.84 1.31c±0.41 1.48bc±0.32 1.31bc±0.38 0.03B 

C22:1n9 0.03a±0.02 0.02ab±.0.02 0.03a±0.009 0.02ab±0.006 0.008b±0.01 0.09B 

Polyunsaturated fatty 
acids (PUFAs)       

C18:2n6c 15.37a±5.17 19.27a±7.92 10.72a±3.89 11.65a±1.52 9.31a±5.37 0.20A 

C18:3n6 0.37a±0.10 0.45ab±0.15 0.27ab±0.07 0.20b±0.02 0.23ab±0.06 < 0.01A 

C18:3n3 5.76ab±2.39 7.47a±3.41 3.41bc±1.23 3.40bc±1.31 2.67c±1.99 < 0.01B 

C20:2n6 3.16a±0.98 3.74a±1.38 2.11a±0.70 2.30a±0.34 1.76a±0.73 0.08A 

C20:3n6 0.18a±0.11 0.21a±0.11 0.09a±0.07 0.12a±0.06 0.10a±0.09 0.14B 

C20:3n3 1.14a±0.47 1.53a±0.63 0.81a±0.29 0.70a±0.13 0.50a±0.25 0.04A 

C20:4n6 0.25a±0.10 0.31a±0.11 0.15b±0.05 0.15b±0.03 0.12b±0.05 < 0.01B 

C20:5n3 0.19ab±0.07 0.25a±0.10 0.13bc±0.05 0.09c±0.02 0.10c±0.04 < 0.01B 

Fatty acid totals       

SFA 87.98a±33.18 89.88a±26.99 72.97a±20.93 65.15a±11.18 84.52a±22.37 0.43B 

MUFA 69.56a±20.89 84.32a±30.83 48.52a±13.36 51.41a±2.47 44.09a±13.27 0.12A 
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Table 7.7 continued 

Fatty acid totals C T1 T2 T3 T4 Treatment 

PUFA 26.43a±8.79 33.24a±13.27 17.70a±5.96 18.62a±3.00 14.78a±8.30 0.11A 

n-6 19.33a±6.31 24.00a±9.60 13.35a±4.64 14.43a±1.82 11.52a±6.16 0.16A 

n-3 7.10ab±2.88 9.24a±3.99 4.35bc±1.50 4.20bc±1.41 3.27c±2.21 < 0.01B 

Total fatty acid 
content 183.97a 207.44a 139.18a 135.18a 143.40a 0.16 

%SFA 47.82 43.33 52.43 48.19 58.94 - 

%MUFA 37.81 40.65 34.86 38.03 30.75 - 

%PUFA 14.37 16.02 12.72 13.77 10.31 - 

Fatty acid ratios       

PUFA:SFA 0.33a±0.11 0.36a±0.05 0.27a±0.13 0.30a±0.08 0.20a±0.13 0.20B 

(n-6)/(n-3) 2.88b±0.71 2.65b±0.52 3.14b±0.62 3.67ab±0.89 4.19a±1.29 0.05B 

Total fatty acid 
content 183.97a 207.44a 139.18a 135.18a 143.40a 0.16 

a-c Different superscripts in the same row indicate significant differences between treatments; A p-values were calculated 
using the Welch test in combination with the Games-Howell post hoc test; B p-values were calculated using the F-test in 
combination with Fisher’s least significant difference (LSD) post hoc test; p > 0.05= not significant, p ≤ 0.05= significant; 
p ≤ 0.01= significant; SFA= sum of C12:0, C13:0, C14:0, C15:0, C16:0, C18:0 and C20:0; MUFA= sum of C14:1, C16:1, 
C18:1n9c, C20:1 and C22:1n9; PUFA= sum of C18:2n6c, C18:3n6, C18:3n3, C20:2n6, C20:3n6, C20:3n3, C20:4n6 and 
C20:5n3; PUFA:SFA ratio= [(sum of C18:2n6c, C18:3n6, C18:3n3, C20:2n6, C20:3n6, C20:3n3, C20:4n6 and 
C20:5n3)/(sum of C12:0, C13:0, C14:0, C15:0, C16:0, C18:0 and C20:0)]; n-6:n-3 ratio= [(sum of C18:2n6c, C18:3n6, 
C20:2n6, C20:3n6 and C20:4n6)/(sum of C18:3n3, C20:3n3 and C20:5n3)]. 

 
Table 7.8 Level of statistical significance (p-values) for the effect of honeybush (Cyclopia 

subternata) on selective volatile organic compounds (VOCs) of the raw salami batter (warthog 

meat and pork fat day-0, n= 6) and the final product salami (day-40, n= 6)1 

2-Butanone 

Treatment 1 2 3 4 5 6 

MF C T1 T2 T3 T4 

1 MF  1.000 0.740 0.117 0.234 < 0.001 

2 C 1.000  0.740 0.117 0.234 < 0.001 

3 T1 0.740 0.740  0.999 0.386 0.344 

4 T2 0.117 0.117 0.999  0.101 0.003 

5 T3 0.234 0.234 0.386 0.101  0.999 

6 T4 < 0.001 < 0.001 0.344 0.003 0.999  
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Table 7.8 continued 

2,3-Heptanedione 

Treatment 1 2 3 4 5 6 

MF C T1 T2 T3 T4 

1 MF  0.045 0.741 0.900 0.011 0.011 

2 C 0.045  0.976 0.920 0.294 0.219 

3 T1 0.741 0.976  0.903 1.00 1.00 

4 T2 0.900 0.920 0.903  0.262 0.206 

5 T3 0.011 0.294 1.00 0.262  0.999 

6 T4 0.011 0.219 1.00 0.206 0.999  

1-Pentanol 

Treatment 1 2 3 4 5 6 

MF C T1 T2 T3 T4 

1 MF  0.022 0.035 0.034 0.024 0.025 

2 C 0.022  1.000 0.999 0.386 0.510 

3 T1 0.035 1.000  0.962 0.005 0.012 

4 T2 0.034 0.999 0.962  0.002 0.010 

5 T3 0.024 0.386 0.005 0.002  0.951 

6 T4 0.025 0.510 0.012 0.010 0.951  

Terpinen-4-ol 

Treatment 1 2 3 4 5 6 

MF C T1 T2 T3 T4 

1 MF  1.000 1.000 0.063 0.083 0.004 

2 C 1.000  1.000 0.063 0.083 0.004 

3 T1 1.000 1.000  0.063 0.083 0.004 

4 T2 0.063 0.063 0.063  0.952 0.603 

5 T3 0.083 0.083 0.083 0.952  0.999 
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Table 7.8 continued 

Terpinen-4-ol 

Treatment 
1 2 3 4 5 6 

MF C T1 T2 T3 T4 

6 T4 0.004 0.004 0.004 0.603 0.999  

n-Undecane 

Treatment 1 2 3 4 5 6 

MF C T1 T2 T3 T4 

1 MF  0.047 0.573 0.371 1.000 0.900 

2 C 0.047  0.772 0.131 0.047 0.067 

3 T1 0.573 0.772  0.928 0.573 0.751 

4 T2 0.371 0.131 0.928  0.371 0.929 

5 T3 1.000 0.047 0.573 0.371  0.900 

6 T4 0.900 0.067 0.751 0.929 0.900  

2,5-Dimethylpyrazine 

Treatment 1 2 3 4 5 6 

MF C T1 T2 T3 T4 

1 MF  0.432 0.893 0.900 1.000 0.020 

2 C 0.432  0.899 0.743 0.432 0.999 

3 T1 0.893 0.899  0.999 0.893 0.834 

4 T2 0.900 0.734 0.999  0.900 0.373 

5 T3 1.000 0.432 0.893 0.900  0.020 

6 T4 0.020 0.999 0.834 0.373 0.020  
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Table 7.8 continued 

2,6-Dimethylpyrazine 

Treatment 1 2 3 4 5 6 

MF C T1 T2 T3 T4 

1 MF  0.006 0.893 0.381 0.265 0.026 

2 C 0.006  0.220 0.106 0.673 0.486 

3 T1 0.893 0.220  0.998 0.889 0.686 

4 T2 0.381 0.106 0.998  0.953 0.719 

5 T3 0.265 0.673 0.889 0.953  0.999 

6 T4 0.026 0.486 0.686 0.719 0.999  

2,3,5-Trimethylpyrazine 

Treatment 1 2 3 4 5 6 

MF C T1 T2 T3 T4 

1 MF  < 0.001 0.053 0.075 0.032 0.005 

2 C < 0.001  0.622 0.962 0.999 0.426 

3 T1 0.053 0.622  0.999 0.966 1.000 

4 T2 0.075 0.962 0.999  0.998 0.999 

5 T3 0.032 0.999 0.966 0.998  0.961 

6 T4 0.005 0.426 1.000 0.999 0.961  

2-Pentylfuran 

Treatment 1 2 3 4 5 6 

MF C T1 T2 T3 T4 

1 MF  0.019 0.981 0.599 0.599 0.599 

2 C 0.019  0.032 0.015 0.015 0.015 

3 T1 0.981 0.032  0.618 0.618 0.618 

4 T2 0.599 0.015 0.618  1.000 1.000 
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Table 7.8 continued 

2-Pentylfuran 

Treatment 
1 2 3 4 5 6 

MF C T1 T2 T3 T4 

5 T3 0.599 0.015 0.618 1.000  1.000 

6 T4 0.599 0.015 0.618 1.000 1.000  

2,3-Dihydrobenzofuran 

Treatment 1 2 3 4 5 6 

MF C T1 T2 T3 T4 

1 MF  1.000 1.000 0.026 0.032 0.001 

2 C 1.000  1.000 0.026 0.032 0.001 

3 T1 1.000 1.000  0.026 0.032 0.001 

4 T2 0.026 0.026 0.026  0.349 0.130 

5 T3 0.032 0.032 0.032 0.349  0.991 

6 T4 0.001 0.001 0.001 0.130 0.991  

α-Terpineol 

Treatment 1 2 3 4 5 6 

MF C T1 T2 T3 T4 

1 MF  1.000 0.052 0.003 0.015 0.005 

2 C 1.000  0.052 0.003 0.015 0.005 

3 T1 0.052 0.052  0.027 0.044 0.014 

4 T2 0.003 0.003 0.027  0.380 0.262 

5 T3 0.015 0.015 0.044 0.380  0.999 

6 T4 0.005 0.005 0.014 0.262 0.999  
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Table 7.8 continued 

1,2-Dimethoxybenzene 

Treatment 1 2 3 4 5 6 

MF C T1 T2 T3 T4 

1 MF  0.166 0.893 0.265 0.096 0.009 

2 C 0.166  0.905 0.690 0.504 0.143 

3 T1 0.893 0.905  0.463 0.264 0.092 

4 T2 0.265 0.690 0.463  0.999 0.999 

5 T3 0.096 0.504 0.264 0.999  1.000 

6 T4 0.009 0.143 0.092 0.999 1.000  

1 The p-values were calculated by the Games-Howell test due to the Levene’s test being highly significant; n= 6 referring 

all batches of raw salami batter (MF) and also 6 replications per treatment (C, T1-T4); p > 0.05= not significant; p ≤ 0.05= 

significant; p ≤ 0.01= significant; p ≤ 0.001= highly significant; SD= standard deviation; MF= raw warthog meat and pork 

fat without honeybush (day-0); C= 0%, T1= 0.125%, T2= 0.25%, T3= 0.375%, and T4= 0.5% of added honeybush after a 

40-day ripening period. 
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