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Abstract 

Modulating Acidity and Bioactivities of Sauerkraut 

with Proprionibacterium freudenreichii 

 

 

by 

Antonia Lüthi 

 

Health and nutrition are inextricably connected, and as consumer demand for health promoting 

products grows, the food industry is responding with the development of functional foods. Synthetic 

vitamins are commonly supplemented to maintain good health, particularly Vitamin B12, as it is an 

essential micronutrient obtained exclusively through the consumption of animal derived foods. This 

leaves vegans and plant based eaters at risk of deficiency. Studies have shown that 

Propionibacterium freudenreichii can be successfully co-fermented with Latic acid bacteria (LAB) to 

produce B12 in grain based substrates. In this study P. freudenreichii was inoculated into a 

traditional sauerkraut fermentation, resulting in synthesis of B12 at promising levels. Acidity was 

also modulated when compared with sauerkraut produced by spontaneous LAB fermentation, 

highlighting the potential for the wider organopleptic appeal of sauerkraut. 

 

Keywords: Vitamin B12, cobalamin, vegan, vegetarian, plant based, sauerkraut, fermentation, 

Propionibacteruim freudenreichii, functional foods, food innovation, nutrition 
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Chapter 1 

Introduc�on 

 

Func�onal and for�fied foods are at the forefront of nutri�onal research as global health spans 

decline and health promoters look to modifiable risk factors, par�cularly diet for solu�ons.  

Func�onal foods recognise that food has a more advanced role than simply mee�ng energy 

requirements and strives to magnify the nutri�onal advantages of manufactured food products 

(Galanakis, 2021).  Although used interchangeably, for�fied foods either have low levels of specific 

nutrients, or they are not naturally present at all. The focus of both is largely on micronutrients and 

phytochemicals. 

 

Cobalamin (B12) is a micronutrient that is commonly for�fied in foods.  As an essen�al vitamin that is 

only available from animal derived foods, vegans and predominantly plant-based eaters are at risk of 

deficiency (Santo et al., 2023).  Meanwhile, plant based diets are becoming more popular as they are 

associated with a lower risk of metabolic disease compared with diets rich in animal derived foods.  

Environmental and ethical concerns around animal welfare further drive the trend to replace animal 

foods with plant based alterna�ves (FAO, 2022).  This places an increasing amount of people at risk 

of low vitamin B12 intake and poten�al deficiency. 

 

Vitamin B12 deficiency can lead to serious adverse health outcomes, impac�ng haematological, 

neurological, and psychiatric func�ons (Kumar et al., 2023).  Sub clinical deficiency, although less 

serious is far more common and is es�mated to affect around one quarter of some popula�ons, 

notably those where animal food consump�on is low, such as Southeast Asia (Devi et al., 2018).  

Supplementa�on and for�fica�on with B12 can address deficiency, and in New Zealand foods 

for�fied with synthe�c B12 include plant milks and yeast extracts (Te Whatu Ora - Health New 

Zealand, 2023).  Meanwhile, food producers face an increasing demand for natural and minimally 

processed foods, which presents challenges when formula�ng products to meet requirements of 

func�onal foods, par�cularly in plant based products. 

 

U�lising microbial ability to produce B12 may provide a solu�on.  Propionibacterium freudenreichii is 

a food safe species known for de novo B12 synthesis, most commonly in cheese (Thierry, Deutsch, et 

al., 2011).  Introducing P. freudenreichii into plant based foods provides an opportunity for naturally 

derived B12 to be present in foods suited to vegan consumers.  Furthermore, fermenta�on requires 

limited food processing and is associated with many health benefits. 
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Nutri�onally dense, and with a long history of being fermented, cabbage is selected in this study as 

an ideal substrate to test this hypothesis.  Sauerkraut is produced by spontaneous fermenta�on, 

relying on the lac�c acid bacteria naturally present in cabbage (Medina-Pradas et al., 2017).  Lac�c 

acid bacteria and P. freudenreichii share commonali�es in their environmental requirements for 

growth and metabolite produc�on.  Furthermore, preference for lactate as a carbon source, and low 

nutri�onal needs strengthen the poten�al for a plant based cross over fermenta�on of Lac�c acid 

bacteria and P. freudenreichii (Dank et al., 2023). 

 

 

Chapter 2 

Literature Review 

 

Sauerkraut (fermented cabbage) 

 

The art of fermenta�on has been developed over many thousands of years.  Empirically used to 

preserve and detoxify food, over �me the prac�ce became recognised for flavour enrichment 

proper�es and health benefits.  Analysing stone mortars of eastern Mediterranean Nutufians has 

provided archaeological evidence of beer brewing some 13,000 years ago.  Chemical analysis of 

potery vessels points to fermented rice and fruits around 6,000 years ago in China and in ancient 

Egypt dietary staples included fermented bread, dairy products, and beer (Mannaa et al., 2021).  

Theirry et al., (2023) cites Kimchi (cabbage) as being the earliest fermented vegetable circa 2,000 BC.  

Others atribute the origin of fermented vegetables to China and workers building the Great Wall in 

the third century BC (Medina-Pradas et al., 2017).  Nevertheless, fermented cabbage was introduced 

to Western countries in the 12th century by Genghis Khan.  There is plenty of evidence for the 

fermenta�on of cabbage as a raw material over the ages, especially since kimchi is such an inherent 

part of the Korean diet.  In more recent history, Captain James Cook, famous for his expedi�ons to 

New Zealand, Australia and the Pacific was known to protect his sailors from scurvy by instruc�ng a 

diet which included sauerkraut, due to its vitamin C content (Thierry, Baty, et al., 2023). 

 

Fermenta�on can be categorised into four categories: alcoholic, ace�c, alkali and lac�c fermenta�on.  

With alcoholic fermenta�on, sugars are converted to alcohol and carbon dioxide (CO2), with yeast 

being the predominant microbe (beer, wine).  In ace�c fermenta�on, Acetobacter convert sugars and 

alcohols into ace�c acid (kombucha, chocolate, vinegar).  Alkali fermenta�on relies on the release of 
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ammonia from amino acids and pep�des, which elevates pH to 8-9, inhibi�ng microbes associated 

with spoilage.  Lac�c acid bacteria (LAB) are largely responsible for lac�c fermenta�on, where sugars 

are converted to lac�c acid (yoghurt, kefir, pickled vegetables) (Mannaa et al., 2021).  Sauerkraut falls 

into the pickled vegetable category and is a product of lac�c acid fermenta�on. 

 

In lac�c acid fermenta�on, lac�c acid producing microbes (LAB) naturally present include, but are not 

limited to: Lactobacillus brevis, Lactobacillus plantarum, Leuconostoc mesenteroides, Lactobacillus 

sakei, Lactobacillus pentosus, and Pediococcus pentosaceus (Medina-Pradas et al., 2017; (Thierry, 

Baty, et al., 2023).  In fresh vegetables the total bacterial popula�on is expected to be 104 – 108 

CFU/g, with LAB dominated by Gram nega�ve species and Gram posi�ve spore formers.  On white 

cabbage tested over four growing seasons, Buckenhueskes (2015) found that LAB represented less 

than 1% of bacterium, and were dominated by aerobic bacteria and yeasts.  Natural LAB habita�on 

on living plants can be restricted by temperature, light and available nutrients.  Maturity and 

presence of pes�cides further influences LAB’s presence (Medina-Pradas et al., 2017).  The process 

of vegetable fermenta�on can provide an op�mal environment for LAB to grow and is more 

important than ini�al counts.  Low oxygen availability, high salt and moderate temperatures are 

favoured condi�ons (Yu et al., 2019). 

 

Otherwise known as lacto-fermenta�on, essen�ally lac�c acid and other metabolites produced by 

LAB result in decreased pH, inhibi�ng pathogenic and spoilage microorganisms.  Thierry, Baty, et al., 

(2023) simply outline the stages of lacto-fermenta�on as follows: 

 

Stage 1. Fermenta�on is ini�ated in the first three days with an anaerobic 

atmosphere created by compac�ng vegetable mater.  Fermenta�on of 

sugars into organic acids cause decrease in pH. 

Stage 2. During days 3-6 faculta�ve anaerobic LAB (mainly Leuconostoc spp.) grow 

due to drop of pH and anaerobiosis.  Lac�c and ace�c acid produc�on by 

heterofermenta�ve LAB leads to further pH drop. CO2 produced, replacing 

residual air and increasing anaerobic condi�ons.  

Stage 3. At approximately one week, more acid tolerant homofermenta�ve LAB such 

as L. plantarum dominate and LAB popula�ons may reach 109 CFU/g.  Lac�c 

acid concentra�on of approximately 2% causes pH to decrease to around 4.1 

– 3.8. 
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Stage 4. Heterofermenta�ve species such as L. brevis, that can ferment pentoses 

grow.  Lac�c acid concentra�on rises to 2.5% resul�ng in a pH as low as 3.4.  

Complete fermenta�on can take up to several weeks. 

 

These stages outline the significant changes in microbes during lacto-fermenta�on in response to the 

changing environmental condi�ons.  The addi�on of salt at �me of prepara�on creates osmo�c 

pressure and withdraws water and nutrients from plant material, providing microorganisms with 

substrates needed for growth (Thierry, Madec, et al., 2023).  Detrimental bacterium are inhibited 

with increasing salt concentra�on while suppor�ng growth of LAB.  Heterofermenta�ve species 

favour low concentra�ons and are inhibited at around 3%, whereas homofermenta�ve species are 

more adap�ve to a more saline environment.  Salt concentra�ons below 0.8% can result in so�ening 

of fermented vegetables due to plant and microbial enzymes (Buckenhueskes, 2015).  The ideal salt 

concentra�on is generally accepted to be 1 – 2.5% (Medina-Pradas et al., 2017; Peñas, et al., 2016; 

Thierry, Madec, et al., 2023). 

 

Cabbage is an ideal candidate for fermenta�on. Its firm texture can withstand the fermenta�on 

process, which, due to its microbial community can be spontaneous in ideal condi�ons (Thierry, Baty, 

et al., 2023).  It has a rela�vely high sugar content for a vegetable (5%) comprising mostly glucose 

and fructose.  Characteris�c of the Brassicaceae family, cabbage contains glucosinolates, which 

contribute to the flavour and taste profile of sauerkraut.  Sauerkraut by spontaneous fermenta�on is 

prepared by removing the outer leaves of white cabbage, shredding the usable parts, dry sal�ng and 

compac�ng into air�ght vessels and leaving at ambient temperature, commonly for seven days 

(Rahmat et al., 2019). 

 

Figure 1 shows an excellent visual representa�on of significant reac�ons and interac�ons that occur 

during the making of sauerkraut.  Here it can be seen that the reducing pH inhibits undesirable 

microorganisms, therefore suppor�ng LAB dominance.  The addi�on of salt and its various effects on 

microbes and organolep�c quali�es are clearly shown (Buckenhueskes, 2015). 
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Figure 1. Reac�ons taking place during lac�c acid fermenta�on of cabbage to sauerkraut. *preserva�ves, excluding salt 
only permited in few countries (Buckenhueskes, 2015) 

 

In addi�on to salt content, microbial metabolites are responsible for organolep�c quali�es of 

sauerkraut.  Taste is influenced by organic acids as well as other metabolites produced, for instance 

glucosinolates which a�er being ini�ally released by cu�ng, degrade from day two (Medina-Pradas 

et al., 2017).  The products of sulphur containing glucosinolates, isothiocyanates, thiocyanates and 

nitriles contribute to pungency of cruciferous vegetables and their concentra�on in sauerkraut is 

related to pH and salt content (Thierry, Baty, et al., 2023). 

 

It should be noted that the fermenta�on process can change the composi�on of foods. Figure 2 

compares the nutri�onal profile of fresh cabbage and sauerkraut.  As expected, due to microbial 

ac�vity, there is substan�ally less carbohydrate available (mostly sugars) and slightly less vitamin C in 

fermented cabbage.  Rahmat et al., (2019) found that this loss increased over longer fermenta�on, 

and explain it is because of vitamin C’s water solubility as well as ini�al losses during slicing 

prepara�on.  Kiczorowski et al., (2022) examined the effect fermenta�on has on the nutri�onal 

profile of selected vegetables.  Cabbage was excluded, nevertheless the findings support the theory 

that micronutrient concentra�on may be less in fermented vegetables. When comparing fresh with 

lacto-fermented vegetables they found mineral, vitamin and phenolic content was reduced. An 

excep�on was an increase of vitamin A and precursor carotene in carrots and red peppers.  The 

vitamin C loss of up to 50% was largely atributed to its instability as noted by Rahmat et al., (2019).  

Conversely, an increase in the vitamin C content of fermented cabbage was reported by Drašković 

Berger et al., (2020), who surmised it may have been due to microbial degrada�on of ascorbigen, 

 

 

 

 

 

Image removed for Copyright compliance 
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which is formed by indole-3-carbinole and ascorbic acid.  Overall, losses are associated with the 

metabolic needs of the growing LAB popula�on during fermenta�on. This study also highlighted a 

favourable occurrence, where there was a reduc�on of heavy metals such as copper, lead and 

cadmium post fermenta�on.  Kiczorowski et al., (2022) point out that it is otherwise difficult to 

extract these metallic elements from plant foods.  Although there is a lack of literature around how 

fermenta�on affects specific micronutrient content, there is a consensus that vitamin and mineral 

concentra�ons are lower in fermented foods (Thierry, Baty, et al., 2023). 
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Figure 2 General nutri�onal informa�on panels as presented to New Zealand consumers.  Comparison of fresh cabbage 
and sauerkraut.  For vitamins and minerals excluding sodium and potassium, not less than 10% (source) and 25% (good 

source) of RDI respec�vely are required for nutrient content claims in accordance with Australia New Zealand Food 
Standards Code – Schedule 4 – Nutri�on, health and related claims (New Zealand Food Composi�on Database, 2022). 

 

Cabbage, green drumhead, leaves, raw

Unit Serving % RDI* Quantity Potential Claim
Nutritional Information per 80g per serve per 100g

Energy kJ 86 0.01 108 Energy - low

Protein g 1 2 1.2

Fat, total g 0.2 0 0.2

   Fat, saturated g 0.03 0 0.04

Carbohydrate available g 3.1 1 3.9

   Sugars g 3.1 3 3.9 Sugar - low

Dietary fibre g 1.4 5 1.8

Sodium mg 6 0 7

Potential claimable

Potassium mg 200 250 Source

Vitamin C mg 10.7 27 13.4 Good source

Sauerkraut, undrained, refridgerated

Unit Serving % RDI* Quantity Potential Claim
Nutritional Information per 80g per serve per 100g

Energy kJ 43 0 54 Energy - low

Protein g 0.9 2 1.1

Fat, total g 0.2 0 0.2

   Fat, saturated g 0.02 0 0.03

Carbohydrate available g 0.4 0 0.5

   Sugars g 0.3 0 0.4 Sugar - low, sugar % free

Dietary fibre g 1.9 6 2.4

Sodium mg 648 28 810

Potential claimable

Folate µg 27 14 34 Source

Vitamin C mg 9.4 23 11.7 Source
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Nutri�onal proper�es atached to raw cabbage include soluble sugars, fibre, vitamins and minerals.  

A characteris�c of plants in general, cabbage also contains phytochemicals: phenolics, glucosinolates, 

polyphenols, and carotenoids (Zhao et al., 2020).  Many epidemiological studies have shown that 

diets high in phytochemical containing plant foods, such as the Mediterranean Diet (MD), are 

correlated to lower incidences of NCD.  .  For instance, in their cross-sec�onal analysis of 3461 US 

par�cipants in a longitudinal study, Iaccarino Idelson et al., (2017) linked adherence to (MD) to a 

nega�ve associa�on with inflammatory biomarkers and a posi�ve associa�on with blood biomarkers 

related to cardiovascular health.  In a prospec�ve study involving 1988 Greek men and women 

inves�ga�ng the rela�onship between MD and cardiovascular disease (CVD), Georgoulis et al., (2024) 

found that par�cipants with high adherence to MD had a seven-fold lower incidence of CVD a�er 

adjus�ng for age and lifestyle factors.  The MD is characterised by high consump�on of plant foods, 

low consump�on of red meat and moderate amounts of fish and dairy (Mazza et al., 2021). 

 

A January 2024 Google search returned a range of health benefits purportedly associated with 

sauerkraut and/or its probio�c proper�es: an�cancer, an�-obesity, an�aging, a promoter of intes�nal 

cardiovascular and brain health.  A fundamental ra�onale is to atribute many of these, especially 

obesity, to vegetable consump�on. The World Health Organiza�on (WHO) states that low fruit and 

vegetable consump�on is linked to increased risk of non-communicable disease, and in 2017 

atributed almost four million global deaths to inadequate fruit and vegetable intake (WHO, 2023).  

In their recent systema�c review on the health promo�ng components of fermented foods Melini et 

al., (2019) reiterate this associa�on, ci�ng The Food Agriculture Organiza�on of the United Na�ons 

(FAO) and WHO’s report sta�ng low fruit and vegetable intake is in the top 10 contributors to the 

burden of disease and premature death in high income countries.  They highlight that fermen�ng 

fruit and vegetables is an effec�ve way to preserve these highly perishable, but nutrient dense foods. 

 

In the 2018/19 New Zealand Health Survey, it was found that just 53% of New Zealand adults ate 

three or more serves of vegetables per day, the recommended amount at the �me.  Due to the 

vitamins, minerals, fibre and phytochemicals vegetables offer, and reflec�ve of WHO’s stance, the 

recommenda�on presently stands at five servings of vegetables and two servings of fruit per day for 

adults (Ministry of Health, 2020).   

 

Insofar as an�cancer, an�aging and brain health claims, the consump�on of sauerkraut itself is not a 

“magic bullet”.  For instance, it is es�mated that while 5-10% of cancer is gene�cally driven, major 

causes are environmental and lifestyle factors, which include the calorific value and nutrient density 
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of the diet (Stromsnes et al., 2021).  In turn, the diminishing physiological ability associated with 

poor lifestyle choices, including diet contribute to impaired metabolic func�ons and poten�ally non-

communicable disease (cancers, CVD, diabetes and neurodegenera�ve condi�ons) (López-O�n et al., 

2013).  Essen�ally, there is an interplay between cellular health, ageing, and disease, in which diet 

plays a key role.  The difficulty in making specific evidence-based claims lies in the challenges 

associated with clinical interven�ons and epidemiological studies due to lack of biomarkers 

associated with fermented food consump�on.  Research around the absorp�on of bioac�ve 

compounds provides beter insight into heath promo�ng and disease preven�ng mechanisms.  This 

is an important considera�on because the bioac�vity of compounds ex vivo does not necessarily 

translate into a benefit when stomach acidity and complex diges�on processes are considered 

(Wilburn & Ryan, 2017). 

 

Nevertheless, there is no shortage of studies inves�ga�ng specific mechanisms whereby fermented 

foods might posi�vely influence health beyond the atributes of the star�ng materials and basic 

nutri�on.  In this context mechanisms include health promo�ng fermenta�on metabolites, the 

conversion of compounds to biologically ac�ve metabolites and probio�c poten�al, with findings 

specific to sauerkraut where possible. 

 

An�oxidant Capacity 

Reac�ve oxygen species (ROS), otherwise known as free radicals, are produced via oxygen 

metabolism or from exogenous sources.  When an�oxidant capacity is compromised and 

there are high levels of oxida�ve stress, cellular func�on may be impaired and can lead to 

the development of non-communicable disease, including cancer, inflammatory bowel 

disease (IBD), and metabolic syndrome leading to CVD and diabetes (Maduro, Luís and 

Soares, 2021).  Marco et al., (2017) study explains how the fermenta�on of vegetables is 

linked to an�oxidant’s capability by the conversion of compounds.  As LAB grow during 

fermenta�on, phenolics are converted into bioac�ve metabolites.  Some resultant alkyl 

catechols act as natural co-factors for the ac�va�on of nuclear factor erythroid 2-related 

factor 2 (Nrf2).  A transcrip�on protein that is a master regulator of oxidant stress response, 

Nrf2 offers protec�on against ROS and oxida�ve damage.  It is worth poin�ng out that 

dietary alkyl catchols are less common these days due to modern food processing, 

highligh�ng a benefit of tradi�onally fermented sauerkraut in the context of an�oxidant 

capacity (Senger et al., 2016).  Sauerkraut also contacts vitamins C and E, known for their 

an�oxidant capacity (Peñas, et al., 2016). 
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An�carcinogenic proper�es 

Recent studies on the preven�on and inhibi�on of cancer and sauerkraut relate to the 

induc�on of detoxifying and an�oxidant enzymes by metabolites formed during 

fermenta�on.  The posi�ve associa�on between Brassica family vegetables and cancer risk is 

largely due to glucosinolates (GLS).  Although not bioac�ve, GLS degrades to form various 

“an�cancer compounds” (Peñas, et al., 2016).  Glucosinolate breakdown begins when 

cabbage is shredded, then drama�c degrada�on is seen between days two and six of 

fermenta�on (Medina-Pradas et al., 2017).  Breakdown products shown in Figure 3 are 

responsible for the taste and aroma of sauerkraut.  From this group isothiocyanates, in 

par�cular have been studied for their an�oxidant, an�-inflammatory and an�bacterial 

proper�es.  Isothiocynates sulforaphane and iberine (among other products) act as phase I 

and phase II enzymes, enhancing the body’s ability to neutralise or eliminate carcinogenic 

mater (Palani et al., 2016).  In their study on fermented cabbage, Palani et al., (2016) noted 

a sudden decrease in GLS coincided with the highest LAB count, suppor�ng microbial 

involvement in this process. 

 

 
 

Figure 3. Degrada�on of glucosinolates in cabbage into flavour compounds during fermenta�on.  
Isothiocyanates are phytochemicals of par�cular interest in human health. 

(Adapted from Thierry, Baty, et al., 2023) 
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In a study using rats, Krajka-Kuźniak et al., (2011) administered sauerkraut juice at 1.25ml/kg 

body weight for 28 days.  The expression of two key detoxifying enzymes in the liver was 

increased due to the ac�va�on of Nrf2.  Findings from subsequent rat studies by these 

researchers were that sauerkraut juice induced phase I enzymes involved in oestrogen 

metabolism.  Of note was inhibited ac�vity of CYP19 which encodes aromatase, an enzyme 

that synthesises oestrogen and is found in concentrated levels in cancerous breast �ssue. 

 

While there have been human studies on the an�cancer associa�ons of brassica vegetables, 

and cabbage, trials for sauerkraut specifically are limited.  In terms of the link with breast 

cancer, researchers looking for an explana�on of varying rates around the world looked to 

the influence of diet on breast cancer expression.  The fact that rates of breast cancer change 

in migrant women led to an inves�ga�on of Polish women in the United States, where breast 

cancer incidence increased an astounding threefold in one genera�on.  In a case control 

study researchers found that more than three weekly serves of raw, short cook cabbage and 

sauerkraut during adolescence and adulthood was associated with a 72% decreased breast 

cancer risk when compared with those who consumed half or less that amount.  Although 

the risk was least in those who consumed these foods from adolescence, the higher 

consump�on during adulthood was also beneficial.  Other tradi�onally cooked foods 

appeared to have no bearing and researchers noted the benefits of brassica consump�on, 

poin�ng out the an�cariogenic proper�es derived from GLS (Nelson, 2006). By nature, as an 

epidemiological study, there were limita�ons, however at the least, these observa�ons 

highlight the health promo�ng outcomes from high vegetable consump�on.  Furthermore, 

studies such as these add to the body of research around why specific popula�ons, such as 

those in “Blue Zones” experience health and longevity. 

 

Immunological Effects 

Acute inflamma�on is a protec�ve and targeted response to infec�on or injured �ssue. 

Macrophages are immune cells involved in this response, producing inflammatory mediators 

such as nitric oxide (NO) and cytokines (Leonardi et al., 2018).  Young individuals have low 

cytokine levels which become elevated with physiological stresses.  In older adults several 

cytokines have been seen to increase with age in the absence of acute physiological stress, 

therefore serve as predictors of disease and healthy ageing (Singh & Newman, 2011).  The 

literature indicates that deriva�ves of GSL, indole-3-carbinole and sulforaphane 

downregulate cytokines, suppor�ng the an�-inflammatory claims of sauerkraut consump�on 
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(Peñas, et al., 2016).  In a study comparing fresh cabbage with sauerkraut, both substrates 

showed dose dependent ability to suppress NO produc�on.  Sauerkraut had a stronger 

potency for NO inhibi�on, and although in vitro, this work points to sauerkraut’s poten�al to 

address inflamma�on with in vivo research needed (Mar�nez-Villaluenga et al., 2012). 

 

Probio�c Poten�al 

Atribu�ng posi�ve health outcomes to sauerkraut’s probio�cs must firstly lay in WHO’s 

defini�on of probio�cs as being “live microorganisms which when administered in adequate 

amounts confer a health benefit on the host”.  It is well established in human health, that gut 

microbiome influences physiological pathways involved in the development of non-

communicable disease (Peñas, et al., 2016).  Gut microbiome status is influenced by factors 

such as an�bio�c use, lack of exercise, and poor diet.  Diet is a modifiable factor, therefore, 

using probio�cs and prebio�cs in a nutri�onal context is a poten�al way to improve health 

outcomes (Crowder et al., 2023).  While research is scarce compared with probio�cs in dairy 

foods, evidence suggests LAB isolated from sauerkraut has probio�c poten�al.  Beganovic´ et 

al., (2014) demonstrated this capability in their in vitro study of autochthonous sauerkraut 

LAB.  Probio�c tes�ng criteria included survival through a simulated gastrointes�nal tract, 

capability to adhere to epithelial cells and an�bacterial ac�vity.  Lactobacillus paraplantarum 

and Lactobacillus brevis strains were able to meet these three criterium.  (Marco et al., 

(2017) point out the emerging view that major health benefits of LAB probio�c cultures can 

be credited to bacterium species rather than being strain specific.  They argue that if 

sauerkraut is sufficiently populated with live species such as L. paraplantarum and L. brevis 

there should be similar health benefits to probio�c lactobacilli of the same species. 

 

Epidemiological evidence for probio�cs in sauerkraut specifically is sparse.  In a clinical trial 

(n=39) of people with irritable bowel there was no significant difference in symptoms or gut 

microbiota between the control and interven�on group was found.  A�er six weeks of 

consuming 75g of pasteurised or unpasteurised sauerkraut, both groups reported a 

reduc�on in severity of symptoms, implying benefit from simply consuming cabbage and 

possibly the metabolites of fermenta�on, independent of live microbes (Nielsen et al., 2018). 

 

The number of viable microorganisms, to have survived GI transit need to remain high to 

obtain a clinical effect: 106 CFU/mL in small intes�ne, 108 CFU/mL (Wendel, 2022).  

Sauerkraut may contain rela�vely high numbers at 106 – 109 CFU/mL, and since a high 
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propor�on can survive diges�on, consump�on increases the number of microbes in the diet 

at the very least.  While introducing transient microbes to the gut flora by consuming 

sauerkraut has poten�al benefits, there is insufficient evidence to claim that it is a dietary 

source of probio�cs in the context of the WHO’s defini�on.  

 

 

 
Figure 4. Summary of findings for health benefits of Sauerkraut 

 

 

Vitamin B12 

The term “vitamin” derived from the words “vital” and “amine” describes a group of organic 

compounds required for metabolic reac�ons and cellular processes.  Typically, they are unable to be 

synthesised by humans, except for Vitamin D, therefore considered essen�al micronutrients to be 

sourced from the diet (Santos et al., 2023).  These single molecule, low weight compounds are 

classified into two main groups based on their solubility characteris�cs: fat-soluble and water-soluble 

vitamins.  The B-group vitamins comprise the majority of water-soluble vitamins.  This family of eight 
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substances includes thiamine (B1), riboflavin (B2), niacin (B3), pantothenic acid (B5), pyridoxine (B6), 

bio�n (B7), folic acid (B9) and cobalamin (B12) (Mateeva et al., 2023). 

 

Folic acid, or folate when sourced from foods, and cobalamin are dependent on each other for 

ac�va�on.  Cobalamin removes and keeps a methyl group from folate, which ac�vates the pair’s 

enzymes (Whitney et al., 2017).  Folate is essen�al for new cell forma�on and in New Zealand 

commercial flour is for�fied with folic acid to prevent prenatal neural tube defects.  High intakes of 

naturally occurring folate poses no issue, however high folic acid intake can mask B12 deficiency.  

Given that anaemia is a symptom of both folate and B12 deficiency, supplementa�on with folic acid 

instead of B12 is possible.  This is problema�c, due to B12’s cri�cal role in neurological health 

(Ministry for Primary Industries, 2019). 

 

 

 
 

Figure 5. Vitamin B12 ac�va�ng folate.  Both co-enzymes become ac�ve. 

 

Vitamin B12 is known as cobalamin because it contains cobalt ions and is the sole vitamin that has a 

metal ion associated with it (Leyssens et al., 2017). The intricate molecular structure exists in four 

varia�ons: cyanocobalamin, hydroxocobalamin, methylcobalamin, adenosylcobalamin (Santos et al., 

2023).  Cobalamins contain a central corrinoid ring and are surrounded by four pyrrole nitrogen 

atoms.  Upper and lower ligands complete the B12 molecule, with characteris�cs of the former 

primarily differen�a�ng the four varia�ons.  Methylcobalamin and adenosylcobalamin are naturally 

occurring, whereas cyanocobalamin and hydroxocobalamin are manufactured versions.  Ac�ve B12 is 

differen�ated from the pseudo form by the presence of 5,6-dimethylbenzimidazole (DBMI) at the 

lower ligand posi�on (Piwowarek et al., 2017).  The most stable form is cyanocobalamin, used in 

supplements and for�fied foods, and hydroxocobalamin is a medical grade injectable form (Kumar et 

al., 2023). 
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Figure 6. Chemical structures of cobalamin varia�ons 

 

The es�mated average requirement (EAR) for adults 19 – 70+ years is 2.0µg and the recommended 

dietary intake (RDI) is 2.4µg daily.  The EAR is es�mated to meet requirements of 50 percent of a 

healthy popula�on based on sex and life stage, whereas the RDI is sufficient to meet with up to 98 

percent of healthy individuals.  Pregnant and lacta�ng women have higher needs, with the RDI being 

2.6µg and 2.8µg respec�vely.  Maternal RDIs consider foetal and placental needs and secre�on of 

B12 in breastmilk (Na�onal Health and Medical Research Council [NHMRC], Australian Government 

Department of Health and Ageing [AGDHA], New Zealand Ministry of Health [NZMOH], 2006).  New 

Zealand’s most recent available adult nutri�on survey reported an es�mated 7.9% of the popula�on 

as having an inadequate intake of B12 when compared with the EAR.  This inadequacy was far more 

prevalent amongst females at 14.1% when compared with males at 1.3%.  The female age groups 

most likely to have inadequate intakes were 19 – 30 years and > 70 years (University of Otago [UO] 

and Ministry of Health [MOH], 2011).  Māori and Pasifika peoples were found to have lower rates of 

inadequacy on average, and maintained serum levels longer, showing decline at >75 years (Devi et 

al., 2018).  

 

Vitamin B12 is a cri�cal hematopoie�c and neurotropic micronutrient.  Deficiency can lead to several 

condi�ons, including anaemia (megaloblas�c or pernicious) and de-myelinated neurons (Kumar et 

al., 2023).  As a co-factor for homocysteine methyltransferase (methionine synthase), it has an 

essen�al role in maintaining the protec�ve myelin sheath covering nerve cells and facilita�ng purine 

base produc�on, building blocks for deoxyribonucleic acid (DNA) and ribonucleic acid (RNA).  DNA 

processes may be compromised in a B12 deficit, contribu�ng to cellular abnormali�es.  Vitamin B12 
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is also involved in energy metabolism as a co-factor for the enzyme methylmalonyl-CoA mutase, and 

in osteocyte ac�vity.  Lack of B12, along with several other micronutrients, plays a role in inefficient 

erythropoiesis, a contribu�ng factor to onset of anaemia (Guerra & Lopez-Gonzalez, 2023).  Age 

related diseases, including cogni�ve decline and CVD are also associated with B12 deficiency (Kumar 

et al., 2023). 

 

Deficiency can be caused by malabsorp�on related to diges�ve diseases (Devi et al., 2018).  

Inflammatory bowel disease (IBD) and coeliac disease (CD) are two such condi�ons, being 

autoimmune diseases marked by chronic intes�nal inflamma�on.  There is thought to be a complex 

interplay with commensal bacterial and the environment in IBD, whereas higher prevalence CD 

involves an immune response to dietary gluten (Pascual, 2014).  In Aotearoa, New Zealand the 

incidence of clinically diagnosed CD stands at approximately 1% and increasing, in line with global 

trends (Coppell et al., 2017).  Vitamin B12 deficiency is thought to be uncommon in CD as the 

terminal ileum (where absorp�on takes place) is not largely affected.  Addi�onally, levels may 

normalise when a gluten free diet is followed.  In their small prospec�ve study of 39 pa�ents 

untreated for CD, 41% were found to be B12 deficient (Dahele & Ghosh, 2001).  In Akay et al., (2020) 

more recent study 50 pa�ents with low serum iron and B12 deficiency were diagnosed as having CD, 

although only 30% had displayed typical symptoms such as abdominal pain and bloa�ng, 

cons�pa�on, and weight loss.  These studies highlight issues around lack of diagnosis and the role 

B12 has as an indicator for CD.  

 

The absorp�on of B12 is a complex process involving the pancreas and gastrointes�nal tract.  Two 

carrier proteins, haptocorrin (HC) and intrinsic factor (IF) mediate the absorp�on process.  In the 

stomach, gastric acid and pepsin releases B12 from the food matrix, where it binds to HC.  Pancrea�c 

proteases then degrade HC, allowing B12 to bind to IF. In the distal ileum, the IF-B12 complex enters 

mucosal cells via receptor-mediated endocytosis, then exits into circula�on where B12 binds to 

transcobalamin (TC).  The TC-B12 complex subsequently enters cells (Kozyraki & Cases, 2013).  

Gastric atrophy, where the stomach lining is compromised, can lead to reduced gastric acidity and 

lower IF produc�on (NHMRC, AGDHA, NZMOH, 2006).  Kozyraki and Cases (2013) highlight the 

prevalence of gastric atrophy in the aged, with chronic poor absorp�on explaining the lower B12 

status commonly seen in persons over 60 years.  

 

In the human diet B12 is obtained from animal derived sources such as meat, fish, eggs, and dairy 

products (Santo et al., 2023).  Vitamin B12 is present in animal derived foods due to microbial 
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interac�ons and accumula�on in animal �ssue.  For instance, ruminants such as cows and sheep 

acquire B12 from bacteria due to their ability to extract nutrients from plant foods by fermenta�on in 

the re�culorumen, the primary site of microbial ac�vity (Kumar et al., 2023).  As the only vitamin 

absent from plant sources, a plant centric diet is a further risk factor for deficiency.  Whereas lacto-

ovo vegetarians can consume eggs and dairy in a “plant-based” diet, vegan eaters exclude all foods of 

animal origin (Watanabe et al., 2014). 

 

Due to demand from the food and pharmaceu�cal industries, there in an interest in using bacteria to 

commercially produce B12.  In large scale produc�on Pseudomonas denitrificans, Propionibacterium 

shermanni and Sinorhizobium melitoti are used in fermenta�on to produce B12, albeit with 

limita�ons (Fang et al., 2017).  Gene�c and metabolic engineering of bacterium offers opportuni�es 

for industrial B12 produc�on as Fang et al., (2018) have demonstrated with Escherichia coli.  

Propionibacterium freudenreichii has long been known for its natural ability to produce ac�ve 

vitamin B12.  This bacterium has obtained Generally Recognised as Safe (GRAS) status from the US 

Food and Drug Administra�on (FDA). 

 

 

Propionibacterium freudenreichii 

 

Propionibacterium (PAB), of the Ac�nobacteria class are Gram posi�ve, non-mo�le, non-spore 

forming bacilli, 1 – 5µg in length. Anaerobic, or close to these small microbes take the form of cocci 

in the absence of oxygen, but exhibit pleomorphism, forming club, V or Y shaped cells with oxygen 

exposure. Their op�mal pH is 7.0 with a range of 4.5 – 8.0, and they are known to grow, even in the 

presence of 6.5% NaCl when at their op�mal pH.  Mostly mesophiles, their op�mal growth 

temperature is 30 °C.  Inhibitory factors to this genus include high acidity and salt concentra�ons, 

high and low temperatures, and water ac�vity (Piwowarek et al., 2017). The ability to biofilm is a  

further characteris�c of PAB (Bücher et al., 2021). 
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Figure 7.  Microscopy image showing morphological aspect of P. freudenreichii (de Rezende Rodovalho et al., 2021) 

 

Propionibacterium can be divided into two groups according to their habitat, being skin (acne) or 

classical (dairy). The former, also known as cutaneous are pathogenic microorganisms found in 

humans on skin and mucosa, whereas the classical species have been tradi�onally isolated from 

dairy products (Dank et al., 2023).  The classical group includes subspecies of Propionibacterium 

freudenreichii, which have been tradi�onally characterised by their ability to metabolise lactose (lac+) 

or reduce nitrate (nit+).  Strains from subsp. shermanii can metabolise lactose and are unable to 

reduce nitrate, whereas subsp. freudenreichii has the opposing abili�es (Piwowarek et al., 2017).  

The ability to ferment lactose during the cheese ripening can be important in some varie�es, 

jus�fying the use of strains of subspecies P. freudenreichii subsp. shermanii (de Freitas et al., 2015).  

However, subspecies classifica�on is now considered redundant with the discovery of strains that are 

both lactose and nitrate reductase posi�ve or nega�ve, removing jus�fica�on for the subspecies 

level of classifica�on ((Thierry, Deutsch, et al., 2011).  This implies that strains whose phenotype lac+ 

/nit+ could be used in cheese ripening (de Freitas et al., 2015). All classical PAB have the ability for 

fermenta�on, producing valuable metabolites like namesake propionic acid, vitamin B12, 

bacteriocins and disaccharide trehalose (Piwowarek et al., 2017). 

  

Propionibacterium freudenreichii was first described in 1906 by Orla-Jensen and von Freudenriech, 

who demonstrated the connec�on between the microbes producing propionic acid and the 

forma�on of holes in Emmentaler cheese (Thierry, Deutsch, et al., 2011). Today P. freudenreichii is 

the most widely studied PAB species and is commonly used in the ripening of Swiss cheese.  The 
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holes are formed due to the microbe’s consump�on of lac�c acid and subsequent forma�on of 

carbon dioxide which is trapped within the cheese. These voids then become the “eyes” 

characteris�c of cheeses such as Emmentaler or Gruyère. The aroma of these cheeses is also 

atributed, in part to P. freudenreichii through this lac�c acid fermenta�on, along with the 

breakdown of lipids and amino acids and conversion to aroma�c compounds (Yee et al., 2014). 

 

Health promo�ng proper�es add to the desirability of P. freudenreichii, with research focus moving 

to probio�c proper�es in recent years.  Broadly, classical PAB are thought to posi�vely influence gut 

microbiota and are valued as probio�cs for their favourable metabolites (Thierry, Deutsch, et al., 

2011).  Probio�c prospec�ve in the realm of health includes an�-cancer poten�al, an�-pathogenic 

ac�vity, modula�on of microbial composi�on and immunomodulatory proper�es (de Rezende 

Rodovalho et al., 2021).  

 

An�-cancer poten�al associated with the microbe’s produc�on of organic acids propionate and 

acetate has been reported (Piwowarek et al., 2017). Based on the premise that short chain faty acids 

(SCFA) are cytotoxic to cancer cells, Cousin et al., (2016) showed that P. freudenreichii induced 

intrinsic apoptosis of cancerous colorectal cells via the mitochondrial pathway.  These findings 

support previous research by Jan et al., (2002) who iden�fied propionate and acetate as the major 

cytotoxic components produced by P. freudenreichii and inves�gated the mechanisms underlying cell 

death. This research highlighted the poten�al of probio�cs for preven�ng diges�ve cancers. 

 

Although not indigenous to the human gastrointes�nal tract, P. freudenreichii can survive diges�on 

and enhance the bifidobacteria popula�on in human organism (D. Bouglé, N. Roland, F. Lebeurrier, 

1999). The ability to adhere to host cells is important for diges�ve survival of probio�cs.  P. 

freudenreichii can adhere to glycoproteins and the mucus lining the intes�nal tract of humans (de 

Rezende Rodovalho et al., 2021). Pathological bacteria such as opportunis�c Staphylococcus aureus 

(S. aureus) also adheres to human intes�nal mucus but can be displaced by probio�cs.  Vesterland 

(2006) showed that some lac�c acid bacteria (LAB) and P. freudenreichii were able to reduce the 

adhesion and colonisa�on of S. aureus on colonic mucus. A role in the defence against pathogen 

Heliobacter pylori has been inves�gated in a number of studies as reviewed by (Thierry, Deutsch, et 

al., 2011). The authors surmised P. freudenreichii may be useful in the clinical treatment of H. plylori 

due to adhesion proper�es and by inhibi�ng inflammatory mediators (interleukins and prostaglandin 

E2) released by mucosal cells in response to the pathogen. Clinical studies have shown that P. 
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freudenreichii containing supplements have led to improved mucosal lining in pa�ents, increasing 

their tolerance to treatment (Thierry, Deutsch, et al., 2011). 

 

It is well known that P. freudenreichii has a posi�ve effect on gut health by modula�ng and increasing 

Bifidobacterium spp., a commensal bacterium which colonises the gastrointes�nal tract early in the 

human life span. Further beneficial microbes such as Enterococcus faecalis, Bacteroides spp. and 

Enterobactor spp. have also been shown to be enhanced by the Bifidogenic growth s�mulator (BGS) 

produced by P. freudenreichii (Dank et al., 2023). Furthermore, BGS has been shown to have a 

bactericidal ac�on on H. pylori by inhibi�ng cellular respira�on (Nagata et al., 2010). 

 

Immunomodulatory probio�c bacteria influence inflamma�on of the intes�ne and may be useful for 

people with gastrointes�nal disorders such as inflammatory bowel syndrome (IBS) and inflammatory 

bowel diseases (IBD): Crohn’s and ulcera�ve coli�s (Benoît Foligné et al., 2010). New Zealand has one 

of the highest rates of diagnosed IBD cases worldwide, with a steep rise seen in paediatric cases in 

recent years (Lopez et al., 2018).  Prevalence is approximately six-fold higher in urban popula�ons 

compared with rural areas, which is hypothesised to be due to a more hygienic urban environment.  

In a regional study, Coad et al., (2023) found IBD instances to be significantly lower in the Māori 

popula�on at 1.1 cases per 100,000 compared with 24.8 per 100,000 in Europeans. 

 

Propionibacterium freudenreichii is a promising immunomodulatory probio�c.  However, this is 

dependent on strains and is associated with the presence of specific surface proteins, which play a 

role in P. freudenreichii’s ability to induce Interluekin-10 (IL-10) (Mantel et al., 2023).  One of the 

most important cytokines with an�-inflammatory proper�es, the produc�on of IL-10 is a key aspect 

of immunomodula�on (Sabat et al., 2010).  Mantel et al., (2023) found P. freudenreichii CIRM-BIA129 

fermented in milk products atenuated symptoms of induced coli�s in mice by increasing goblet cell 

count, restoring colon crypt depth, and decreasing gut permeability. It is worth no�ng that the effect 

was evident in fat containing milk, but not in skim milk, leading to the hypothesis that fats and 

proteins in dairy protect probio�cs from diges�ve secre�ons.   

 

Whilst there is a wide body of research on IBD, altered gut microbiome and treatment with 

probio�cs, evidence for their efficacy in this area is limited.  In a recent systema�c review, the 

American Gastroenterological Associa�on found no evidence to support probio�cs ability in 

inducement or remission of Crohn’s.  When combined with other therapies there is some evidence 

that in mild to moderate cases disease ac�vity is reduced, however the effect in severe cases was 
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unknown.  Probio�c formula�ons were cited as a significant limi�ng factor, as well as small sample 

popula�ons in studies (Preidis et al., 2020).  That withstanding, there is a high level of research 

interest due to the clear associa�ons between dysbiosis of gut microbiota and non-communicable 

disease. 

 

Characteris�c of all PAB is the produc�on of organic acids propionate and acetate via the Wood-

Werkman cycle (Bücher et al., 2021). Substrates are oxidised to pyruvate by glycolysis or via the 

pentose phosphate pathway, genera�ng adenosine triphosphate (ATP) and reducing enzymes. 

Pyruvate is then oxidised to acetate and CO2 or reduced to propionate (Thierry, Falen�n, et al., 2011). 

Propionic acid is a three carbon SCFA, which serves as an energy source for epithelial cells in the 

colon, and as previously men�oned is associated with an�-inflammatory effects in the gut.  It also 

serves as a precursor for gluconeogenesis in the liver a�er being cleared from circula�on.  Ace�c acid 

is a two carbon SCFA, which also provides energy to colonic cells. It is es�mated that 60-70% of 

colonocytes energy requirements are sa�sfied by SCFA oxida�on.  SCFA are associated with an 

increase in ac�vated protein kinase (AMPK) an energy sensing enzyme that ini�ates the restora�on 

of cellular energy balance, promo�ng metabolic health in addi�on to bowel health (den Besten et al., 

2013). 

 

 
Figure 8. Wood-Werkman cycle showing pyruvate catabolism in Propionibacterium.  (Thierry, Falen�n, et al., 2011) 
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In addi�on to its relevance to human and animal health, P. freudenreichii has nutri�onal and 

func�onal significance to the food industry. For example, products of lactate fermenta�on 

propionate and acetate are considered flavour compounds in cheese.  Propionibacterium also 

catabolises branched chain amino acids into vola�le compounds and has a role in lipolysis into free 

faty acids, which are also important flavour compounds in many cheeses (Thierry, Deutsch, et al., 

2011).  Furthermore, propionic and ace�c acids act as mould inhibitors, preven�ng or delaying fungi 

growth and the subsequent degrada�on of foods.  This avoids the development of unacceptable 

flavours as well as growth of poten�ally harmful toxins (Babuchowski et al., 1999).  The secre�on of 

bacteriocins is an addi�onal food protec�on mechanism.  Bacteriocins are an�microbial pep�des 

which offer protec�on against generally similar bacterium, and those produced by P. freudenreichii 

are par�cularly atrac�ve due to its GRAS status (Faye et al., 2010). 

 

Animal studies have shown that it is possible to retain the immunomodula�ng proper�es of P. 

freudenreichii when incorporated into food matrices such as cheese.  Cousin et al., (2012) found that 

when cheese fermented with P. freudenreichii was fed to piglets, improvements were seen in their 

food intake and growth. Furthermore, substan�ally less cytokines (molecules involved in the immune 

system’s inflammatory response) were secreted from colonic mucosa of the treated animals, while 

gut structure and func�on remained uncompromised.  Comparable findings were seen in mice when 

Plé et al., (2015) developed an an�-inflammatory cheese using P. freudenreichii and Lactobacillus 

deleuckii.  These studies unveil promise of the use of dairy bacterium in the development of novel 

func�onal foods using fermenta�on. 

 

As a de novo producer of human ac�ve B12, P. freudenreichii is a vehicle for providing this essen�al 

nutrient in various food products. Its prevalence in dairy is atributed to its low proteoly�c (enzymic 

protein metabolism) ac�vity and preference for lactate over glucose, therefore being suited to 

environments where proteoly�c lac�c acid bacteria are present (Dank et al., 2023). This is a form of 

cross over, or co-fermenta�on, where bacterium is introduced to a microbial partner with a view to 

enhance organolep�c and/or nutri�onal proper�es of a product.  As implied by their name, LAB 

produce lac�c acid via the fermenta�on of carbohydrate.  Glucose undergoes glycolysis to become a 

carbon source to produce pyruvate, which is metabolised with enzyme lactate dehydrogenase to 

produce lactate at a 2:1 ra�o (Wang et al., 2021).  In turn, P. freudenreichii requires lac�c acid as its 

carbon source to produce its metabolites, including ac�ve vitamin B12 (Thierry, Falen�n, et al., 

2011).  However, too much lac�c acid can result in a steep decline in environmental pH and this can 
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inhibit PAB growth due to their preference for neutral pH.  At pH < 4.5 PAB cease producing organic 

acids. 

 

Xie et al., (2020) found that higher rates of B12 produc�on were correlated with more propionic and 

ace�c acid in their study on in situ for�fica�on of plant foods using P. freudenreichii and 

Levilactobacillus brevis.  This work confirmed ideal co-fermenta�on condi�ons, where prepara�ons 

with high lac�c acid content produced low yields of both organic acids and B12.  It also found that 

cobalt was not a limi�ng factor in B12 produc�on under ideal condi�ons, contrary to previous cereal 

based studies. For instance, when inves�ga�ng in situ produc�on of B12 in aqueous cereal matrices 

Chamlagain et al., (2017) introduced cobalt resul�ng in a 10-fold increase in B12.  Substan�ally 

higher levels of ac�ve B12 were evidenced with co-supplementa�on of cobalt and DMBI, however it 

is not possible to include the cobalamin’s axial ligand in foods.   Addi�onally, cobalt compounds have 

not been approved for food use.  Yeast extract is a natural food grade cobalt rich supplement, which 

can poten�ally enhance B12 produc�on. During their two-step fermenta�on in solubilised 

bioprocessed wheat bran Chamlagain et al., (2024) assessed the viability of yeast extract to op�mise 

B12.  A natural supplementa�on of 1% w/v was found to enhance B12 produc�on as effec�vely as 

the 10ng/mL of cobalt.  The results of this study confirmed that an acidic environment was not 

favourable for P. freudenreichii to synthesise for B12.  It also provided insight into op�mal 

fermenta�on �me, with most B12 being produced in the first three days and associated this with a 

decrease from 6.4 pH to 5.3 pH a�er one day, with no further decrease a�er seven days. 

 

Biosynthesis of B12 by P. freudenreichii is a complicated process which starts with glutamic acid and 

requires mul�ple reac�ons (Bücher et al., 2021). Although P. freudenreichii is an anaerobe, its 

biosynthesis of ac�ve B12 requires oxygen as the lower ligand (DMBI) responsible for the ac�ve form 

cannot be made under anaerobic condi�ons.  If oxygen is not available, and DMBI is not atached to 

the molecule, the product is pseudo cobalamin. Deptula et al., (2017) observed both the ac�ve and 

pseudo forms of B12 produced by P. freudinreichii in a medium resembling cheese, without cobalt or 

DMBI supplementa�on.  Contrary to what Chamlagain et al., (2017) found in wheat bran, the largest 

increases in cobalamin levels were observed later, between days three and seven of incuba�on.  

While pseudo B12 was measured during fermenta�on, it was barely detectable at the end of the 

seven-day incuba�on period, indica�ng the produc�on of DMBI and subsequent conversion to the 

ac�ve form of B12 (Deptula et al., 2017). 
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While the manufacture of B12 is dependent on the addi�on of cobalt and DMBI, neither is permited 

in foods, highligh�ng the desirability of alterna�ve for�fica�on methods in func�onal foods. 

Propionibacterium freudenreichii is the only known bacterium capable of synthesising DMBI, 

highligh�ng its poten�al use for in-situ B12 food produc�on.  Cabbage is a promising substrate as a 

plant food with a rich nutri�onal profile and ability to supply cobalt (Leyssens et al., 2017). 

 

 

Chapter 3 

Materials and methods 

 

Sauerkraut produc�on 

Two fermenta�ons were performed using separate fresh cabbage heads (Brassica oleracea var. 

capitata L.) sourced from a local supermarket.  Outer leaves were removed, and the edible parts of 

the cabbage were shredded into approximately 2mm strips using a domes�c hand shredder.  Five 

hundred grams of shredded mater from each cabbage was placed into a zip lock bag.  To each bag, 

13.75g (2.5%w/w) sea salt was added and massaged into the cabbage un�l salt was homogenised 

and generous amount of brine was produced.  At this point Propionibacterium freudenreichii subsp. 

globosum was added to one recipe (1.9g in 10mL RO water).  Contents from each recipe were 

compressed into separate glass jars to capacity, then sealed with a screw top lid.  Both samples were 

placed in an incubator set at 20OC for 14 days.  The P. freudenreichii inoculum was a dairy culture 

sourced from The Urban Cheese Company, New Zealand.  The control fermenta�on is tradi�onal 

sauerkraut recipe, “Control A”, the P. freudenreichii fermenta�on is referred to as “Culture B”. 

 

Microbial enumera�on 

On days zero and eight, 3 mL of brine from each fermenta�on was collected and refrigerated.  On day 

nine microbial enumera�on was performed by quan�fica�on of colony forming units (CFU) per mL.  

Serial dilu�ons were prepared as shown in Figure 9. 
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Figure 9. Schema�c diagram of serial dilu�on and enumera�on process 

 

 

Six samples of each fermenta�on was prepared for each agar plate type: , 10-2, 10-4, 10-6 in duplicate, 

then incubated under condi�ons shown in Figure 10.  Visible colonies on each plate were counted, 

then average CFU calculated based on dilu�on, for each fermenta�on and media type.  The bacterial 

counts are reported as log CFU/mL. 

 

 

 
 

Figure 10. Media and condi�ons used for enumera�ng bacteria 
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Vitamin B12 content assessment 

Brine from each fermenta�on was collected at day 14 and was sent for vitamin B12 cyanocobalamin 

analysis by high pressure liquid chromatography. This was performed by Assure Quality Limited, 

Auckland, New Zealand, using method AOAC 2014.02 (modified). 

 

Short chain faty acid quan�fica�on 

Brine samples collected at day 14 were tested for ace�c acid, propionic acid and butyric at Lincoln 

University, New Zealand, using gas chromatography with flame ionisa�on detec�on (GC-FID), 

Shimadazu, Japan.  Filtered, diluted brine was injected into a SGE-BP21 column.  In each 

fermenta�on selected acids were quan�fied with a flame ionisa�on detector using external 

standards. 

 

Determina�on of �tratable acidy and pH 

A manual �tra�on was performed on brine collected at days two and eight and stored frozen.  Brine 

was �trated with 0.1M NaOH to equivalence point of 8.2pH.  Two �tra�ons were performed for each 

sample, and �trate values recorded were used in following the equa�on to determine �tratable 

acidity. 

 

Titratable Acidity =     90   x   Molarity of NaOH   x   Titre Value of NaOH(mL) 

(as gL-1- lac�c acid)       1                     1                            Volume of Brine (mL) 

 

A bench top pH meter was used to determine pH of the same samples collected at days 0, 2 and 8. 
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Chapter 4 

Results 

 

Microbial analysis 

No bacterium was detectable in the Control A fermenta�on at day zero.  On day eight the total 

bacterial count was log 7.2 CFU/mL, and Gram nega�ve -was slightly less at log 6.7 CFU/mL.  At day 

eight, LAB was not detectable, indica�ng a failed spontaneous fermenta�on.  Visual inspec�on of this 

fermenta�on at day two showed signs of contamina�on with black mould appearing on the inner lid 

of the jar.  The P. freudienreichii Culture B’s total popula�on increased two-fold a�er eight days 

fermenta�on.  Gram nega�ve bacteria was not detected at any stage, and as can be seen in Table 1. 

the PCA and MRS agar readings at day eight for total bacteria and LAB are comparable. 

 

Table 1. Changes in microbial cell counts during fermenta�on at 20oC, for Control A and P. freudenreichii Culture B 
expressed as CFU/mL.  Raw data = absolute counts, ND = not detected 

 

 Total (PCA) Gram -ve (MacConkey) LAB (MRS) 
 Control A Culture B Control A Culture B Control A Culture B 

 Raw Log 
CFU/mL Raw Log 

CFU/mL Raw Log 
CFU/mL Raw Log 

CFU/mL Raw Log 
CFU/mL Raw Log 

CFU/mL 

Day 0 ND - 
2.55 x 

104 
4.4 ND - ND - ND - 

1.4 x 

104 
4.1 

Day 8 
1.5 x 

107 
7.2 

9.25 x 

108 
8.9 

7.3 x 

106 
6.7 ND - ND - 

7.5 x 

108 
8.9 

 

 

Acidity and pH analysis 

As can be seen in Figure 11. there was no significant change in acidity for the Control A fermenta�on 

between day two (3.96 gL-) and day eight(4.38 gL-) where there was 0.43% acidity.  Similarly, the pH 

is largely unchanged at day eight at pH 5.0 (Figure 12).  These results support the microbial analysis 

and lack of LAB present.  In a successful LAB fermenta�on, a pH as low as 3.4 could be expected and 

acidity of approximately 2.5% (Thierry, Baty, et al., 2023).   Culture B had similarly low acidity at day 

two (2.7 gL-), however there was a steep increase to day eight (14.76 gL-) when 1.48% acidity was 

reached. 
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Figure 11. Titratable acidity of sauerkraut brine from Control A and P. freudenreichii culture B fermenta�ons 

 

 
Figure 12. pH of sauerkraut brine from Control A and P. freudenreichii Culture B fermenta�ons. 
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Vitamin B12 content 

 

Vitamin B12 was not detected in the Control A fermenta�on.  This is in line with tradi�onal 

sauerkraut’s B12 content (New Zealand Food Composition Database, 2022).  At 14 days B an average 

measure of 1.62 µg per 100grams was reported for Culture B. 

 

Table 2. Vitamin B12 content of sauerkraut brine taken at day 14 from Control A and P. freudenreichii Culture B 
fermenta�ons (duplicate).  Expressed as µg/100g. 

 

 Replicate 1 Replicate 2 

Control A < 0.0100 µg < 0.0100 µg 

Culture B         1.69 µg         1.55 µg 

 

 

Short chain faty acids 

Control A contain less than 1% ace�c acid, where approximately 2% could be expected (Satora et al., 

2021).  This is further evidence of a failed fermenta�on as ace�c acid is a product of lac�c acid, and 

the acidity remained low during Control A fermenta�on (Thierry, Baty, et al., 2023).  Butyric acid was 

typically low for both fermenta�ons.  Propionic Acid was present in both fermenta�ons, and notably 

there was approximately seven �mes more measured in Culture B. 

 

 

Table 3. Short chain faty acid content of sauerkraut brine taken at day 14 from Control A and P. freudenreichii Culture B 

fermenta�ons.  (millimolar / L) 

 

SCFA expressed in mM 
 

 Ace�c Acid Propionic Acid Butyric Acid 

Control A 0.92 1.63 0.02 

Culture B 7.10 12.29 0.01 
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Chapter 5 

Discussion 

 

The inocula�on of P. freudenreichii into tradi�onally fermented sauerkraut recipe resulted in 

biofor�fica�on of vitamin B12.  The concentra�on of 1.62µg/100g measured a�er a 14-day 

fermenta�on equates to a single 80 gram serving supplying 54% of the RDI for an adult.  

Unfortunately, due to the failure of the control sauerkraut to ferment it cannot be confirmed in this 

study that the B12 found in the inoculated sauerkraut can be atributed to P. freudenreichii, however 

in a similar study sauerkraut inoculated with only LAB did not result B12 synthesis (Babuchowski et 

al., 1999).  Furthermore, it is widely published that B12 is absent from the nutri�onal profile of 

tradi�onal sauerkraut (New Zealand Food Composi�on Database, 2022; US Department of 

Agriculture, 2020). 

 

The results of this study suggest that the fermenta�on condi�ons were adequate for B12 synthesis in 

sauerkraut.  During the fermenta�on changes in the microbial popula�on were observed, with total 

bacteria more than doubling to 108 CFU/g at day eight in the P. freudenreichii culture.  At day zero 

microbial analysis indicated total bacterial popula�on of 104 CFU/g, which corresponds with the 

expected LAB presence previously reported in raw cabbage (102 – 103 CFU/g), given the addi�on of P. 

freudenreichii (Peñas, et al., 2016).  Furthermore, a spontaneous LAB fermenta�on can be ini�ated 

with very slow star�ng levels if appropriate condi�ons are met to promote growth (Zabat et al., 

2018).  Lac�c acid bacteria dominance during fermenta�on is essen�al to reach sufficiently low pH 

levels to inhibit harmful bacteria.  Addi�onally, in this experiment, the produc�on of lac�c acid, a 

byproduct of LAB was needed as the preferred carbon source of P. freudenreichii, which allowed for 

growth and metabolic ac�vity of the introduced microbes. 

 

The co-fermenta�on of LAB and P. freudenreichii appears to have modulated acidity, which is 

atributed to P. freudenreichii’s consump�on of lac�c acid.  The final pH was 3.6, which is close to the 

lowest expected pH of 3.4 when heterofermenta�ve species such as L. brevis complete fermenta�on, 

and when lac�c acid concentra�on is an�cipated to rise to 2.5% (Thierry, Baty, et al., 2023).  At day 

14, the �tratable acidity of P. freudenreichii enriched sauerkraut was somewhat less at 1.48%, 

sugges�ng that the consump�on of lac�c acid during fermenta�on, coupled with produc�on of 

organic acids produced by P. freudenreichii may influence the organolep�c quali�es of sauerkraut.  

While pH is important for microbial stability, the �tratable acidity defines the sum of organic acids 

and because it is measured as a percentage of weight, is an indicator of the intensity of acidic flavour 
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(Hill & Ferrer, 2021).  Therefore, an adjustment in overall flavour is possible by modula�ng acidity 

while maintaining safe fermenta�on condi�ons. 

 

B12 synthesis and acidity modula�on appeared to be mutually possible in this study.  Previous 

studies indicate that this could in part be due to commonali�es between LAB and PAB.  Both species 

are anaerobic and salt tolerant.  The op�mal pH for PAB is 7.0, and rapid decreases in pH caused by 

lac�c acid accumula�on can inhibit growth.  However, PAB can adapt to stresses during fermenta�on.  

This can be seen in cheese produc�on where despite an op�mal growth temperature of 30 °C they 

can survive temperatures from 4 °C - 50 °C, and 5.2 pH during cheesemaking (Thierry, Deutsch, et al., 

2011).  Others have suggested P. freudenreichii has a pH tolerance of 4.5 pH and agree that organic 

acids are not metabolised from this point (Piwowarek et al., 2017, Xie et al.,2020).  The P. 

freudenreichii sauerkraut was 5.5 pH at day two, then experienced a steep drop to 3.6 pH by day 

eight.  This leads to the premise that B12 was produced early in the fermenta�on, before the more 

acid tolerant homofermenta�ve LAB popula�ons dominated and peaked.  This associa�on was 

demonstrated in the fermenta�on of cereals and legumes where Xie et al., (2020) found B12 yield to 

be inversely correlated with low pH baters, which in turn was due to higher inocula�on of LAB.   

 

Propionibacterium freudenreichii influenced the organic acid profile of sauerkraut.  The presence of 

0.91% propionic acid points to the reduc�on of pyruvate to propionate via the Werkman cycle.  At 

day eight, 0.46% ace�c acid was detected, a common metabolite of LAB and PAB.  Ace�c acid is the 

second predominant acid in sauerkraut, typically seen at 1%, about half of the lac�c acid content 

(Peñas, et al., 2016).  These outcomes can vary based cabbage’s sugar content and subsequent 

amount of lac�c acid produced because ace�c acid is a by- product of lac�c acid (Satora et al., 2021).  

This study’s results suggest that the flavour profile in the P. freudenreichii sauerkraut has likely been 

influenced by the types and quan��es of acids present.  Further to the lower overall acidity, taste 

profiles associated with acids differ.  Lac�c acid has a mild sourness, while ace�c acid has a sharp and 

pungent flavour; however, its high olfactory threshold prevents it from adversely affec�ng overall 

flavour (Wang et al., 2021).  Piwowarek et al., (2017) describes propionic acid as having an 

unpleasant and pungent odour, recommending a concentra�on of no more than 0.3%, which was 

exceeded in the P. freudenreichii sauerkraut.  Inves�ga�ng the “tastes of fermenta�on” a small study 

found that when ace�c acid, propionic acid and butyric acid were mixed into a mildly sweet solu�on 

and served with citric acid as control, the propionic acid and glucose was the most preferred 

(Hanselman & Breslin, 2021). Ideally a sensory analysis would have been performed in this study to 

understand how modula�ng acidity might impact consumer acceptance. 
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These results suggest that for�fica�on of B12 in sauerkraut u�lising P. freudenreichii is possible.  This 

has been confirmed in several recent studies focusing on grain and legume matrixes.  Xie et al., 

(2018) fermented various wheat grains with P. freudenreichii, finding that the least processed wheat 

bran yielded higher amounts of B12 (15.5µg per 100g) than durum wheat due to the lack of cobalt in 

the most processed grain.  This concentra�on is substan�ally higher than found in P. freudenreichii 

sauerkraut, however, a 20% supplementa�on of for�fied wheat bran into bread would require the 

daily consump�on four slices.  A study followed using other cereals and legumes, where between 5.1 

– 74.2µg/100g of B12 was produced.  The variances between substrates were explained by pH levels 

and nutrient differences, including cobalt levels (Xie et al., 2020).  It is noted grain and spontaneous 

vegetable fermenta�ons differ in nature, and that in both studies selected LAB was inoculated with P. 

freudenreichii.  Vitamin B12 has also been successfully produced by co-fermenta�on in sourdough 

bread, with a yield of 1.39 µg/100g (Zhang et al., 2023). While this is a similar amount to the P. 

freudenreichii for�fied sauerkraut, it is substan�ally less than yields in the unbaked wheat and 

cereals studies described by Xie et al., (2018, 2020).  In part this is likely due to a considerably lower 

cobalt content in the processed whole-meal flour, and the added ingredients, par�cularly the sugar 

as a carbon source for LAB.  This study inves�gated sensory aspects of P. freudenreichii enriched 

sourdough bread, and although there were no changes in pH or acidity, par�cipants noted more 

sourness in the treated sourdough.  This may have been because of SCFA acid profile, par�cularly the 

addi�on propionic acid, however this was not measured (Zhang et al., 2023). 

 

These studies conducted within the last three years have contributed to our understanding of in-situ 

B12 synthesis using P. freudenreichii, highligh�ng the poten�al for large scale for�fica�on into 

processed foods.  No recent literature could be found poin�ng to this work being carried out on 

vegetable substrates for human consump�on, however over 20 years ago Babuchowski et al., (1999) 

inves�gated a “new” use of P. freudenreichii to develop fermented vegetable products with 

enhanced nutri�onal value.  Similar results to the current study were achieved for sauerkraut (1.8 – 

2.2 µg/100g), depending on the composi�on of the starter culture used, which included specifically 

selected LAB.  A modest increase in folacin (B9) was also observed.  Par�cipants in sensory tes�ng 

described the P. freudenreichii sauerkraut as having a pleasant flavour and slight acidic and salty 

taste.  The lack of development in this area using vegetables supports the current study and review, 

which is underpinned by the nutri�onal value of cabbage as a substrate. 
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The concentra�ons of B12 produced in this study may be sufficient to provide a health benefit.  As a 

plant food, B12 containing sauerkraut offers a non-animal derived source to plant based eaters who 

are vulnerable to deficiency (Kumar et al., 2023).  Research is needed into the bioaccessibilty of B12 

delivered in this way, however studies indicate that bioaccessibility of B12 synthesised by P. 

freudenreichii is promising. Using in-vitro methods, Chamlagain et al., (2021) found that in bread 

for�fied with enriched wheat bran extract 98.9% of B12 was bioaccessible. Interes�ngly, this was 

substan�ally higher than for fresh broth (53.2%).  Heat treated broth rose to 72.7%, sugges�ng heat 

treatment leads to the release of B12 from cells.  Generally water-soluble vitamins are vulnerable to 

degrada�on when heated, however this is not the case with B12 (Whitney et al., 2017).  This 

suggests that the pasteurisa�on of sauerkraut would be beneficial insofar as B12 bioaccessibilty, 

although modest losses (7%) are known to occur in milk pasteurisa�on (Yaman et al., 2021). 

 

The B12 enriched sauerkraut contained propionic, ace�c butyric acids, major SCFA subtypes that 

contribute to human health.  There is litle evidence to suggest that dietary SCFA provide the same 

benefits as those produced by gut microbes from fermen�ng fibre and resistant starch.  In fact,  an 

in-vitro study examining links between gut microbiota, dietary intake and serum/faecal SFCA found 

dietary SCFA did not influence and serum/faecal levels (Yamamura et al., 2019).  Furthermore, SCFA 

taken orally is reported to be rapidly assimilated in the stomach or small intes�ne (Chambers et al., 

2015).  Regardless of absorp�on, the trace amounts per serving of sauerkraut would be unlikely to 

confer intes�nal health benefits considering human gut microbiota produce 20g of SCFA daily 

(Otsuka et al., 2015).  Indirectly, recent research points to the poten�al of dietary propionic acid 

which binds to faty acid taste receptors.  It is hypothesised that these receptors send signals to the 

brain’s taste centre, encouraging the consump�on of foods containing healthful bacteria (Hanselman 

& Breslin, 2021). 

 

Conclusion 

In this experiment introducing P. freudenreichii to a tradi�onal sauerkraut recipe resulted in the 

synthesis of vitamin B12.  Although pH at the end of fermenta�on was at an expected level for 

sauerkraut, the treated sauerkraut was less acidic, therefore may have a wider organolep�c appeal.  

This work complements recent research into B12 biofor�fica�on with P. freudenreichii in grain and 

cereal products, which are suited to plant-based eaters.  Compared with grain foods, the successful 

B12 enrichment of sauerkraut has the addi�onal benefit of the cabbage’s rich nutri�onal profile, 

which is largely enhanced through fermenta�on.  Research is needed to assess the bioaccessibility of 

B12 delivered in sauerkraut, and sensory analysis would test the acidity modula�on findings.  



34 
 

References 

Akay, S., Binicier, O., Çakır, E., & Akar, H. (2020). Serum iron and vitamin B 12 deficiency could 

indicate celiac disease by flexible spectral imaging color enhancement. Revista Da 

Associacao Medica Brasileira, 66(6), 818–823. htps://doi.org/10.1590/1806-9282.66.6.818 

Alì, S., Davinelli, S., Accardi, G., Aiello, A., Caruso, C., Duro, G., Ligo�, M. E., Pojero, F., Scapagnini, G., 

& Candore, G. (2021). Healthy ageing and Mediterranean diet: A focus on horme�c 

phytochemicals. Mechanisms of Ageing and Development, 200, 111592. 

htps://doi.org/10.1016/j.mad.2021.111592 

Babuchowski, A., Laniewska-Moroz, L., & Warminska-Radyko, I. (1999). Propionibacteria in 

fermented vegetables. Le Lait, 79(1), 113–124. htps://doi.org/10.1051/lait:199919 

Beganovic´, J., Kos, B., Lebosˇ Pavunc , A., Uroic´, K., Jokic´, M., & Suskovi ˇ, J. (2014). Tradi�onally 

produced sauerkraut as source of autochthonous func�onal starter cultures. Microbiological 

Research, 169(7-8), 623–632. htps://doi.org/10.1016/j.micres.2013.09.015 

Benoît Foligné, Deutsch, S.-M., Breton, J., Cousin, F., Dewulf, J., Samson, M., Pot, B., & Jan, G. (2010). 

Promising Immunomodulatory Effects of Selected Strains of Dairy Propionibacteria as 

Evidenced In Vitro and In Vivo. Applied and Environmental Microbiology, 76(24), 8259–8264. 

htps://doi.org/10.1128/aem.01976-10 

BITO, T., FUJII, K., SHIMIZU, T., KITAMURA, Y., TANIOKA, Y., TAKENAKA, S., YABUTA, Y., FURUSHO, T., 

AIMI, T., SCHWARZ, J., & WATANABE, F. (2018). Determina�on of Vitamin B12 Content of 

Sauerkraut (Pickled Cabbage) Products and Plant-Derived Lac�c Acid Bacteria. Food 

Preservation Science, 44(6), 293–301. htps://doi.org/10.5891/jafps.44.293 

Bücher, C., Burtscher, J., & Domig, K. J. (2021). Propionic acid bacteria in the food industry: An 

update on essen�al traits and detec�on methods. Comprehensive Reviews in Food Science 

and Food Safety, 20(5), 4299–4323. htps://doi.org/10.1111/1541-4337.12804 

Buckenhueskes, H. (2015). Quality improvement and fermenta�on control in vegetables. In 

Advances in Fermented Foods and Beverages (pp. 515–535). Elsevier Ltd. 

Chambers, E. S., Viardot, A., Psichas, A., Morrison, D. J., Murphy, K. G., Zac-Varghese, S. E. K., 

MacDougall, K., Preston, T., Tedford, C., Finlayson, G. S., Blundell, J. E., Bell, J. D., Thomas, E. 

L., Mt-Isa, S., Ashby, D., Gibson, G. R., Kolida, S., Dhillo, W. S., Bloom, S. R., & Morley, W. 

(2015). Effects of targeted delivery of propionate to the human colon on appe�te regula�on, 

body weight maintenance and adiposity in overweight adults. Gut, 64(11), 1744–1754. 

htps://doi.org/10.1136/gutjnl-2014-307913 

Chamlagain, B., Edelmann, M., Ka�na, K., Varmanen, P., & Piironen, V. (2024). Vitamin B12 

produc�on in solubilized protein extract of bioprocessed wheat bran with Propionibacterium 

https://doi.org/10.1590/1806-9282.66.6.818
https://doi.org/10.1016/j.mad.2021.111592
https://doi.org/10.1051/lait:199919
https://doi.org/10.1016/j.micres.2013.09.015
https://doi.org/10.1128/aem.01976-10
https://doi.org/10.5891/jafps.44.293
https://doi.org/10.1111/1541-4337.12804
https://doi.org/10.1136/gutjnl-2014-307913


35 
 

freudenreichii. LWT, 115731–115731. htps://doi.org/10.1016/j.lwt.2024.115731 

Chamlagain, B., Peltonen, L., Edelmann, M., Ramos-Diaz, J. M., Kemppinen, A., Jouppila, K., 

Varmanen, P., & Piironen, V. (2021). Bioaccessibility of vitamin B12 synthesized by 

Propionibacterium freudenreichii and from products made with fermented wheat bran 

extract. Current Research in Food Science, 4, 499–502. 

htps://doi.org/10.1016/j.crfs.2021.07.009 

Chamlagain, B., Sugito, T. A., Deptula, P., Edelmann, M., Kariluoto, S., Varmanen, P., & Piironen, V. 

(2017). In situ produc�on of ac�ve vitamin B12 in cereal matrices using Propionibacterium 

freudenreichii. Food Science & Nutrition, 6(1), 67–76. htps://doi.org/10.1002/fsn3.528 

Coad, H., Pedley, K., & Irwin, J. (2023). Incidence of Inflammatory Bowel Disease in New Zealand 

Remains High, Findings in the Manawatu Region. Digestive Diseases and Sciences, 68(11). 

doi:%2010.1007/s10620-023-08070-5 

Coppell, K., Sharp , K., & Shultz, M. (2017, July 14). The health of people with coeliac disease in New 

Zealand. University of Otago. htps://www.otago.ac.nz/diabetes/the-health-of-people-with-

coeliac-disease-in-new-zealand 

Cousin, F. J., Jouan-Lanhouet, S., Théret, N., Brenner, C., Jouan, E., Le Moigne-Muller, G., Dimanche-

Boitrel, M.-T., & Jan, G. (2016). The probio�c Propionibacterium freudenreichii as a new 

adjuvant for TRAIL-based therapy in colorectal cancer. Oncotarget, 7(6), 7161–7178. 

htps://doi.org/10.18632/oncotarget.6881 

Cousin, F., Benoît Foligné, Deutsch, S.-M., Massart, S., Sandrine Parayre, Yves Le Loir, Gaëlle Boudry, 

& Jan, G. (2012). Assessment of the Probio�c Poten�al of a Dairy Product Fermented by 

Propionibacterium freudenreichii in Piglets. Journal of Agricultural and Food Chemistry, 

60(32), 7917–7927. htps://doi.org/10.1021/jf302245m 

Crowder, S. L., Heather S.L. Jim, Hogue, S., Carson, T. L., & Byrd, D. A. (2023). Gut microbiome and 

cancer implica�ons: Poten�al opportuni�es for fermented foods. Biochimica et Biophysica 

Acta - Reviews on Cancer, 188897–188897. htps://doi.org/10.1016/j.bbcan.2023.188897 

D. Bouglé, N. Roland, F. Lebeurrier. (1999). Effect of Propionibacteria Supplementa�on on Fecal 

Bifidobacteria and Segmental Colonic Transit Time in Healthy Human Subjects. Scandinavian 

Journal of Gastroenterology, 34(2), 144–148. htps://doi.org/10.1080/00365529950172998 

Dahele, A., & Ghosh, S. (2001). Vitamin B12 deficiency in untreated celiac disease. The American 

Journal of Gastroenterology, 96(3), 745–750. htps://doi.org/10.1111/j.1572-

0241.2001.03616.x 

Dank, A., Abee, T., & Smid, E. J. (2023). Expanded metabolic diversity of Propionibacterium 

freudenreichii poten�ates novel applica�ons in food biotechnology. Current Opinion in Food 

https://doi.org/10.1016/j.lwt.2024.115731
https://doi.org/10.1016/j.crfs.2021.07.009
https://doi.org/10.1002/fsn3.528
doi:%2010.1007/s10620-023-08070-5
https://www.otago.ac.nz/diabetes/the-health-of-people-with-coeliac-disease-in-new-zealand
https://www.otago.ac.nz/diabetes/the-health-of-people-with-coeliac-disease-in-new-zealand
https://doi.org/10.18632/oncotarget.6881
https://doi.org/10.1021/jf302245m
https://doi.org/10.1016/j.bbcan.2023.188897
https://doi.org/10.1080/00365529950172998
https://doi.org/10.1111/j.1572-0241.2001.03616.x
https://doi.org/10.1111/j.1572-0241.2001.03616.x


36 
 

Science, 52, 101048–101048. htps://doi.org/10.1016/j.cofs.2023.101048 

de Freitas, R., Madec, M., Chuat, V., Maillard, M.-B., Abeijón, C., Hélène Falen�n, Fernandes, A., 

Valence, F., & Thierry, A. (2015). New insights about phenotypic heterogeneity within 

Propionibacterium freudenreichii argue against its division into subspecies. Dairy Science & 

Technology, 95(4), 465–477. htps://doi.org/10.1007/s13594-015-0229-2 

de Rezende Rodovalho, V., Lucas Neres Rodrigues, D., Jan, D., Le Loir, Y., Ariston de Carvalho 

Azevedo, V., & Guédon, E. (2021). Propionibacterium freudenreichii: General characteris�cs 

and probio�c traits. In Prebiotics and Probiotics - from Food to Health (p. Chapter 4). 

Intechopen. 

den Besten, G., van Eunen, K., Groen, A. K., Venema, K., Reijngoud, D.-J., & Bakker, B. M. (2013). The 

role of short-chain faty acids in the interplay between diet, gut microbiota, and host energy 

metabolism. Journal of Lipid Research, 54(9), 2325–2340. 

htps://doi.org/10.1194/jlr.r036012 

Deptula, P., Chamlagain, B., Edelmann, M., Sangsuwan, P., Nyman, T. A., Savijoki, K., Piironen, V., & 

Varmanen, P. (2017). Food-Like Growth Condi�ons Support Produc�on of Ac�ve Vitamin 

B12 by Propionibacterium freudenreichii 2067 without DMBI, the Lower Ligand Base, or 

Cobalt Supplementa�on. Frontiers in Microbiology, 8. 

htps://doi.org/10.3389/fmicb.2017.00368 

Devi, A., Rush, E., Harper, M., & Venn, B. (2018). Vitamin B12 Status of Various Ethnic Groups Living 

in New Zealand: An Analysis of the Adult Nutri�on Survey 2008/2009. Nutrients, 10(2), 181. 

htps://doi.org/10.3390/nu10020181 

Dimidi, E., Cox, S. R., Rossi, M., & Whelan, K. (2019). Fermented Foods: Defini�ons and 

Characteris�cs, Impact on the Gut Microbiota and Effects on Gastrointes�nal Health and 

Disease. Nutrients, 11(8), 1806. htps://doi.org/10.3390/nu11081806 

Drašković Berger, M., Vakula, A., Tepić Horecki, A., Rakić, D., Pavlić, B., Malbaša, R., Vitas, J., Jerković, 

J., & Šumić, Z. (2020). Cabbage (Brassica oleracea L. var. capitata) fermenta�on: Varia�on of 

bioac�ve compounds, sum of ranking differences and cluster analysis. LWT, 133, 110083. 

htps://doi.org/10.1016/j.lwt.2020.110083 

Fang, H., Kang, J., & Zhang, D. (2017). Microbial produc�on of vitamin B12: a review and future 

perspec�ves. Microbial Cell Factories, 16(1). htps://doi.org/10.1186/s12934-017-0631-y 

Fang, H., Li, D., Kang, J., Jiang, P., Sun, J., & Zhang, D. (2018). Metabolic engineering of Escherichia 

coli for de novo biosynthesis of vitamin B12. Nature Communications, 9(1). 

htps://doi.org/10.1038/s41467-018-07412-6 

FAO. (2022). New food sources and food production systems. Www.fao.org. 

https://doi.org/10.1016/j.cofs.2023.101048
https://doi.org/10.1007/s13594-015-0229-2
https://doi.org/10.1194/jlr.r036012
https://doi.org/10.3389/fmicb.2017.00368
https://doi.org/10.3390/nu10020181
https://doi.org/10.3390/nu11081806
https://doi.org/10.1016/j.lwt.2020.110083
https://doi.org/10.1186/s12934-017-0631-y
https://doi.org/10.1038/s41467-018-07412-6


37 
 

htps://www.fao.org/3/cb8667en/online/src/html/new-food-sources-and-food-produc�on-

systems.html 

Faye, T., Holo, H., Langsrud, T., Nes, I. F., & Brede, D. A. (2010). The unconven�onal an�microbial 

pep�des of the classical propionibacteria. Applied Microbiology and Biotechnology, 89(3), 

549–554. htps://doi.org/10.1007/s00253-010-2967-7 

Galanakis, C. M. (2021). Func�onality of Food Components and Emerging Technologies. Foods, 10(1), 

128. htps://doi.org/10.3390/foods10010128 

Georgoulis, M., Damigou, E., Chrysοhoou, C., Barkas, F., Anastasiou, G., Evridiki Kravvari�, Costas 

Tsioufis, Liberopoulos, E. N., Sfikakis, P. P., Christos Pitsavos, & Panagiotakos, D. Β. (2024). 

Mediterranean diet trajectories and 20-year incidence of cardiovascular disease: The ATTICA 

cohort study (2002–2022). Nutrition, Metabolism and Cardiovascular Diseases, 34(1), 153–

166. htps://doi.org/10.1016/j.numecd.2023.09.019 

Guerra, P. A., & Lopez-Gonzalez, R. (2023). “Cobalamin (vitamin B12) deficiency: A reversible cause 

of myelopathy and pancytopenia to never forget.” Neurology Perspectives, 100125. 

htps://doi.org/10.1016/j.neurop.2023.100125 

Hanselman, E., & Breslin, P. (2021). The Taste of Fermenta�on: Propionic Acid Is Judged More 

Pleasant Than Other Short Chain Faty Acids. Current Developments in Nutrition, 

5(Supplement_2), 585–585. htps://doi.org/10.1093/cdn/nzab044_016 

Hill, A., & Ferrer, M. A. (2021). pH and Titratable Acidity. Books.lib.uoguelph.ca. 

htps://books.lib.uoguelph.ca/cheesemakingtechnologyebook/chapter/�tratable-acidity/ 

Hur, S. H., Kim, H., Kim, Y.-K., An, J.-M., Ji Hye Lee, & Ho Jin Kim. (2023). Discrimina�on between 

Korean and Chinese Kimchi using induc�vely coupled plasma-op�cal emission spectroscopy 

and mass spectrometry: A mul�variate analysis of Kimchi. Food Chemistry, 423, 136235–

136235. htps://doi.org/10.1016/j.foodchem.2023.136235 

Iaccarino Idelson, P., Scalfi, L., & Valerio, G. (2017). Adherence to the Mediterranean Diet in children 

and adolescents: A systema�c review. Nutrition, Metabolism and Cardiovascular Diseases, 

27(4), 283–299. htps://doi.org/10.1016/j.numecd.2017.01.002 

Jan, G., Belzacq, A-S., Haouzi, D., Rouault, A., Mé�vier, D., Kroemer, G., & Brenner, C. (2002). 

Propionibacteria induce apoptosis of colorectal carcinoma cells via short-chain faty acids 

ac�ng on mitochondria. Cell Death & Differentiation, 9(2), 179–188. 

htps://doi.org/10.1038/sj.cdd.4400935 

Kiczorowski, P., Kiczorowska, B., Samolińska, W., Szmigielski, M., & Winiarska-Mieczan, A. (2022). 

Effect of fermenta�on of chosen vegetables on the nutrient, mineral, and biocomponent 

profile in human and animal nutri�on. Scientific Reports, 12(1), 13422. 

https://www.fao.org/3/cb8667en/online/src/html/new-food-sources-and-food-production-systems.html
https://www.fao.org/3/cb8667en/online/src/html/new-food-sources-and-food-production-systems.html
https://doi.org/10.1007/s00253-010-2967-7
https://doi.org/10.3390/foods10010128
https://doi.org/10.1016/j.numecd.2023.09.019
https://doi.org/10.1016/j.neurop.2023.100125
https://doi.org/10.1093/cdn/nzab044_016
https://books.lib.uoguelph.ca/cheesemakingtechnologyebook/chapter/titratable-acidity/
https://doi.org/10.1016/j.foodchem.2023.136235
https://doi.org/10.1016/j.numecd.2017.01.002
https://doi.org/10.1038/sj.cdd.4400935


38 
 

htps://doi.org/10.1038/s41598-022-17782-z 

Kozyraki, R., & Cases, O. (2013). Vitamin B12 absorp�on: Mammalian physiology and acquired and 

inherited disorders. Biochimie, 95(5), 1002–1007. 

htps://doi.org/10.1016/j.biochi.2012.11.004 

Krajka-Kuźniak, V., Szaefer, H., Bartoszek, A., & Baer-Dubowska, W. (2011). Modula�on of rat hepa�c 

and kidney phase II enzymes by cabbage juices: comparison with the effects of indole-3-

carbinol and phenethyl isothiocyanate. British Journal of Nutrition, 105(6), 816–826. 

htps://doi.org/10.1017/S0007114510004526 

Kumar, R., Singh, U., Tiwari, A., Tiwari, P., Sahu, J. K., & Sharma, S. (2023). Vitamin B12: Strategies for 

enhanced produc�on, for�fied func�onal food products and health benefits. Process 

Biochemistry, 127, 44–55. htps://doi.org/10.1016/j.procbio.2023.02.002 

Kurpad, A. V., Roshni Pasanna, Hegde, S., Pa�l, M. K., Mukhopadhyay, A., Harshpal Singh Sachdev, 

Bhat, K., Ambily Sivadas, & Devi, S. (2023). Bioavailability and daily requirement of vitamin 

B12 in adult humans: an observa�onal study of its colonic absorp�on and daily excre�on as 

measured by [13C]-cyanocobalamin kine�cs. The American Journal of Clinical Nutrition, 

118(6), 1214–1223. htps://doi.org/10.1016/j.ajcnut.2023.08.020 

Leonardi, G. C., Accardi, G., Monastero, R., Nicole�, F., & Libra, M. (2018). Ageing: from 

inflamma�on to cancer. Immunity & Ageing, 15(1). htps://doi.org/10.1186/s12979-017-

0112-5 

Leyssens, L., Vinck, B., Van Der Straeten, C., Wuyts, F., & Maes, L. (2017). Cobalt toxicity in humans—

A review of the poten�al sources and systemic health effects. Toxicology, 387, 43–56. 

htps://doi.org/10.1016/j.tox.2017.05.015 

Lopez, R. N., Appleton, L., Gearry, R. B., & Day, A. S. (2018). Rising Incidence of Paediatric 

Inflammatory Bowel Disease in Canterbury, New Zealand, 1996–2015. Journal of Pediatric 

Gastroenterology & Nutrition, 66(2), e45–e50. 

htps://doi.org/10.1097/mpg.0000000000001688 

López-O�n, C., Blasco, M. A., Partridge, L., Serrano, M., & Kroemer, G. (2013). The Hallmarks of 

Aging. Cell, 153(6), 1194–1217. htps://doi.org/10.1016/j.cell.2013.05.039 

Maduro, A. T., Luís, C., & Soares, R. (2021). Ageing, cellular senescence and the impact of diet: an 

overview. Porto Biomedical Journal, 6(1), e120. 

htps://doi.org/10.1097/j.pbj.0000000000000120 

Mannaa, M., Han, G., Seo, Y.-S., & Park, I. (2021). Evolu�on of Food Fermenta�on Processes and the 

Use of Mul�-Omics in Deciphering the Roles of the Microbiota. Foods, 10(11), 2861. 

htps://doi.org/10.3390/foods10112861 

https://doi.org/10.1038/s41598-022-17782-z
https://doi.org/10.1016/j.biochi.2012.11.004
https://doi.org/10.1017/S0007114510004526
https://doi.org/10.1016/j.procbio.2023.02.002
https://doi.org/10.1016/j.ajcnut.2023.08.020
https://doi.org/10.1186/s12979-017-0112-5
https://doi.org/10.1186/s12979-017-0112-5
https://doi.org/10.1016/j.tox.2017.05.015
https://doi.org/10.1097/mpg.0000000000001688
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1097/j.pbj.0000000000000120
https://doi.org/10.3390/foods10112861


39 
 

Mantel, M., Fernando, Rafael, Danièle Vassaux, Ká�a Duarte Vital, Valbert Nascimento Cardoso, 

Odília, S., Éric Guédon, Yves Le Loir, Maria, A., Malvyne Rolli-Derkinderen, Azevedo, V., & 

Jan, G. (2023). Fat maters: Fermented whole milk poten�ates the an�-coli�s effect of 

Propionibacterium freudenreichii. Journal of Functional Foods, 106, 105614–105614. 

htps://doi.org/10.1016/j.jff.2023.105614 

Marco, M., Heeney, D., Binda, S., Cifelli, C., Coter, P., & Foligné, B. (2017). Health Benefits of 

Fermented Foods: Microbiota and Beynd. Current Opinion in Biotechnology, 44. 

htps://doi.org/10.1016/j.copbio.2016.11.010 

Mar�nez-Villaluenga, C., Peñas, E., Sidro, B., Ullate, M., Frias, J., & Vidal-Valverde, C. (2012). White 

cabbage fermenta�on improves ascorbigen content, an�oxidant and nitric oxide produc�on 

inhibitory ac�vity in LPS-induced macrophages. LWT - Food Science and Technology, 46(1), 

77–83. htps://doi.org/10.1016/j.lwt.2011.10.023 

Mateeva, A., Kondeva-Burdina, M., Peikova, L., Guncheva, S., Zlatkov, A., & Georgieva, M. (2023). 

Simultaneous analysis of water-soluble and fat-soluble vitamins through RP-HPLC/DAD in 

food supplements and brewer’s yeast. Heliyon, 9(1), e12706–e12706. 

htps://doi.org/10.1016/j.heliyon.2022.e12706 

Mazza, E., Ferro, Y., Pujia, R., Mare, R., Mauro�, S., Montalcini, T., & Pujia, A. (2021). Mediterranean 

Diet In Healthy Aging. The Journal of Nutrition, Health & Aging. 

htps://doi.org/10.1007/s12603-021-1675-6 

Medina-Pradas, E., Perez-Diaz, I., Garrido-Fernandez, A., & Arroyo-Lopez, F. (2017). Review of 

Vegetable Fermenta�ons with Par�cular Emphasis on Processing Modifica�ons, Microbial 

Ecology, and Spoilage. In The Microbiological Quality of Food (pp. 211–236). Elsevier Ltd. 

Melini, F., Melini, V., Luziatelli, F., Ficca, A. G., & Ruzzi, M. (2019). Health-Promo�ng Components in 

Fermented Foods: An Up-to-Date Systema�c Review. Nutrients, 11(5), 1189. 

htps://doi.org/10.3390/nu11051189 

Ministry for Primary Industries. (2019). Folic acid fortification: Technical supporting document. 

htps://www.mpi.govt.nz/dmsdocument/37227-Folic-acid-for�fica�on-Technical-

suppor�ng-document-Ministry-for-Primary-Industries-October-2019 

Ministry of Health. (2020). Eating and Activity Guidelines for New Zealand Adults. 

htps://www.health.govt.nz/system/files/documents/publica�ons/ea�ng-ac�vity-guidelines-

new-zealand-adults-updated-2020-oct22.pdf 

Nagata, K., Inatsu, S., Tanaka, M., Sato, H., Kouya, T., Taniguchi, M., & Fukuda, Y. (2010). The 

Bifidogenic Growth S�mulator Inhibits the Growth and Respira�on of Helicobacter pylori. 

Helicobacter, 15(5), 422–429. htps://doi.org/10.1111/j.1523-5378.2010.00789.x 

https://doi.org/10.1016/j.jff.2023.105614
https://doi.org/10.1016/j.copbio.2016.11.010
https://doi.org/10.1016/j.lwt.2011.10.023
https://doi.org/10.1016/j.heliyon.2022.e12706
https://doi.org/10.1007/s12603-021-1675-6
https://doi.org/10.3390/nu11051189
https://www.mpi.govt.nz/dmsdocument/37227-Folic-acid-fortification-Technical-supporting-document-Ministry-for-Primary-Industries-October-2019
https://www.mpi.govt.nz/dmsdocument/37227-Folic-acid-fortification-Technical-supporting-document-Ministry-for-Primary-Industries-October-2019
https://www.health.govt.nz/system/files/documents/publications/eating-activity-guidelines-new-zealand-adults-updated-2020-oct22.pdf
https://www.health.govt.nz/system/files/documents/publications/eating-activity-guidelines-new-zealand-adults-updated-2020-oct22.pdf
https://doi.org/10.1111/j.1523-5378.2010.00789.x


40 
 

Na�onal Health and Medical Research Council, Australian Government Department  of Health and 

Ageing, New Zealand Ministry of Health. (2006). Nutrient Reference Values for Australia and 

New Zealand. htps://www.nhmrc.gov.au/sites/default/files/images/nutrient-refererence-

dietary-intakes.pdf 

Nelson, N. J. (2006). Migrant Studies Aid the Search for Factors Linked to Breast Cancer Risk. JNCI: 

Journal of the National Cancer Institute, 98(7), 436–438. htps://doi.org/10.1093/jnci/djj147 

New Zealand Food Composition Database. (2022). The New Zealand Ins�tute for Plant & Food 

Research Limited and Ministry of Health. htps://www.foodcomposi�on.co.nz 

Nielsen, E. S., Garnås, E., Jensen, K. J., Hansen, L. H., Olsen, P. S., Ritz, C., Krych, L., & Nielsen, D. S. 

(2018). Lacto-fermented sauerkraut improves symptoms in IBS pa�ents independent of 

product pasteurisa�on – a pilot study. Food & Function, 9(10), 5323–5335. 

htps://doi.org/10.1039/C8FO00968F 

Otsuka, R., Kato, Y., Nishita, Y., Tange, C., Imai, T., Ando, F., & Hiroshi Shimokata. (2015). Effect of 

Short- and Medium-chain Faty Acid Intake on Cogni�ve Score Decline over 8 Years among 

Community-dwelling Elderly. Nippon Eiyō Shokuryō Gakkaishi, 68(3), 101–111. 

htps://doi.org/10.4327/jsnfs.68.101 

Palani, K., Harbaum-Piayda, B., Meske, D., Keppler, J. K., Bockelmann, W., Heller, K. J., & Schwarz, K. 

(2016). Influence of fermenta�on on glucosinolates and glucobrassicin degrada�on products 

in sauerkraut. Food Chemistry, 190, 755–762. 

htps://doi.org/10.1016/j.foodchem.2015.06.012 

Pascual, V. (2014). Inflammatory bowel disease and celiac disease: Overlaps and differences. World 

Journal of Gastroenterology, 20(17), 4846. htps://doi.org/10.3748/wjg.v20.i17.4846 

Peñas, E., Mar�nez-Villaluenga, C., & Frias, J. (2016). Sauerkraut: Produc�on,  Composi�on, and 

Health  Benefits. In Fermented Foods in Health and Disease Prevention (pp. 557–576). 

Academic Press. 

Piwowarek, K., Lipińska, E., Hać-Szymańczuk, E., Kieliszek, M., & Ścibisz, I. (2017). Propionibacterium 

spp.—source of propionic acid, vitamin B12, and other metabolites important for the 

industry. Applied Microbiology and Biotechnology, 102(2), 515–538. 

htps://doi.org/10.1007/s00253-017-8616-7 

Plé, C., Breton, J., Richoux, R., Nurdin, M., Deutsch, S.-M., Falen�n, H., Hervé, C., Chuat, V., Lemée, 

R., Maguin, E., Jan, G., Van de Guchte, M., & Foligné, B. (2015). Combining selected 

immunomodulatory Propionibacterium freudenreichii 

 and Lactobacillus delbrueckii 

 strains: Reverse engineering development of an an�-inflammatory cheese. Molecular 

https://www.nhmrc.gov.au/sites/default/files/images/nutrient-refererence-dietary-intakes.pdf
https://www.nhmrc.gov.au/sites/default/files/images/nutrient-refererence-dietary-intakes.pdf
https://doi.org/10.1093/jnci/djj147
https://www.foodcomposition.co.nz/
https://doi.org/10.1039/C8FO00968F
https://doi.org/10.4327/jsnfs.68.101
https://doi.org/10.1016/j.foodchem.2015.06.012
https://doi.org/10.3748/wjg.v20.i17.4846
https://doi.org/10.1007/s00253-017-8616-7


41 
 

Nutrition & Food Research, 60(4), 935–948. htps://doi.org/10.1002/mnfr.201500580 

Preidis, G. A., Weizman, A. V., Kashyap, P. C., Sadeghirad, B., & Morgan, R. L. (2020). AGA Technical 

Review on the Role of Probio�cs in the Management of Gastrointes�nal Disorders. 

Gastroenterology. htps://doi.org/10.1053/j.gastro.2020.05.060 

PubChem. (2019). Butyric acid. Nih.gov; PubChem. 

htps://pubchem.ncbi.nlm.nih.gov/compound/Butyric-acid 

Rahmat, F., Rahmah, H., & Raida, A. (2019). Quality Characteris�cs of Sauerkraut from Cabbage 

(Brassica oleracea) during Fermenta�on and Varia�on of Salt Concentra�on. International 

Journal of Scientific & Technology Research, 8(10), 2906–2909. 

Sabat, R., Grütz, G., Warszawska, K., Kirsch, S., Wite, E., Wolk, K., & Geginat, J. (2010). Biology of 

interleukin-10. Cytokine & Growth Factor Reviews, 21(5), 331–344. 

htps://doi.org/10.1016/j.cytogfr.2010.09.002 

Santos, A., Khemiri, S., Simões, S., Prista, C., Sousa, I., & Raymundo, A. (2023). The importance, 

prevalence and determina�on of vitamins B6 and B12 in food matrices: A review. Food 

Chemistry, 426, 136606–136606. htps://doi.org/10.1016/j.foodchem.2023.136606 

Satora, P., Skotniczny, M., Strnad, S., & Piechowicz, W. (2021). Chemical composi�on and sensory 

quality of sauerkraut produced from different cabbage varie�es. LWT, 136, 110325. 

htps://doi.org/10.1016/j.lwt.2020.110325 

Senger, D. R., Li, D., Jaminet, S.-C., & Cao, S. (2016). Ac�va�on of the Nrf2 Cell Defense Pathway by 

Ancient Foods: Disease Preven�on by Important Molecules and Microbes Lost from the 

Modern Western Diet. PLOS ONE, 11(2), e0148042. 

htps://doi.org/10.1371/journal.pone.0148042 

Singh, T., & Newman, A. B. (2011). Inflammatory markers in popula�on studies of aging. Ageing 

Research Reviews, 10(3), 319–329. htps://doi.org/10.1016/j.arr.2010.11.002 

Stromsnes, K., G. Correas, A., Lehmann, J., Gambini, J., & Olaso-Gonzalez, G. (2021). An�-

Inflammatory Proper�es of Diet: Role in Healthy Aging. Biomedicines, 9(8), 922. 

htps://doi.org/10.3390/biomedicines9080922 

Su, H. Y., Gupta, V., Day, A. S., & Gearry, R. B. (2016). Rising Incidence of Inflammatory Bowel Disease 

in Canterbury, New Zealand. Inflammatory Bowel Diseases, 22(9), 2238–2244. 

htps://doi.org/10.1097/mib.0000000000000829 

Te Whatu Ora - Health New Zealand. (2023). Eating well to prevent vitamin B12 deficiency. 

htps://www.healthinfo.org.nz/ 

Thierry, A., Baty, C., Marché, L., Chuat, V., Picard, O., Lortal, S., & Valence, F. (2023). 

Lactofermenta�on of vegetables: An ancient method of preserva�on matching new trends. 

https://doi.org/10.1002/mnfr.201500580
https://doi.org/10.1053/j.gastro.2020.05.060
https://pubchem.ncbi.nlm.nih.gov/compound/Butyric-acid
https://doi.org/10.1016/j.cytogfr.2010.09.002
https://doi.org/10.1016/j.foodchem.2023.136606
https://doi.org/10.1016/j.lwt.2020.110325
https://doi.org/10.1371/journal.pone.0148042
https://doi.org/10.1016/j.arr.2010.11.002
https://doi.org/10.3390/biomedicines9080922
https://doi.org/10.1097/mib.0000000000000829
https://www.healthinfo.org.nz/


42 
 

Trends in Food Science & Technology, 139, 104112. 

htps://doi.org/10.1016/j.�fs.2023.07.009 

Thierry, A., Deutsch, S.-M., Falen�n, H., Dalmasso, M., Cousin, F. J., & Jan, G. (2011). New insights 

into physiology and metabolism of Propionibacterium freudenreichii. International Journal of 

Food Microbiology, 149(1), 19–27. htps://doi.org/10.1016/j.ijfoodmicro.2011.04.026 

Thierry, A., Falen�n, H., Deutsch, S., & Jan, G. (2011). Bacteria, Beneficial | Propionibacterium spp. In 

Encyclopedia of Dairy Sciences (Second Edition) (pp. 403–411). Academic Press. 

Thierry, A., Madec, M.-N., Chuat, V., Bage, A.-S., Picard, O., Grondin, C., Rué, O., Mariadassou, M., 

Marché, L., & Valence, F. (2023). Microbial communi�es of a variety of 75 homemade 

fermented vegetables. Frontiers in Microbiology, 14, 1323424. 

htps://doi.org/10.3389/fmicb.2023.1323424 

University of Otago and Ministry of Health. (2011). A Focus on Nutrition: Key findings of the 2008/09 

New Zealand Adult Nutrition Survey. htps://www.health.govt.nz/publica�on/focus-

nutri�on-key-findings-2008-09-nz-adult-nutri�on-survey 

US Department of Agriculture. (2020). FoodData Central, Sauerkraut. Fdc.nal.usda.gov. 

htps://fdc.nal.usda.gov/fdc-app.html#/food-details/2345506/nutrients 

Vesterlund, S. (2006). Staphylococcus aureus adheres to human intes�nal mucus but can be 

displaced by certain lac�c acid bacteria. Microbiology, 152(6), 1819–1826. 

htps://doi.org/10.1099/mic.0.28522-0 

Walther, B., & Cholle, M. (2016). Menaquinones, Bacteria, and Foods: Vitamin K2 in the Diet. In 

Vitamin K2 - Vital for Health and Wellbeing. IntechOpen. 

Wang, J., Sui, Y., Lu, J., Dong, Z., Liu, H., Kong, B., & Chen, Q. (2023). Exploring poten�al correla�ons 

between bacterial communi�es, organic acids, and vola�le metabolites of tradi�onal 

fermented sauerkraut collected from different regions of Heilongjiang Province in Northeast 

China. Food Chemistry: X, 19, 100840–100840. htps://doi.org/10.1016/j.fochx.2023.100840 

Wang, Y., Wu, J., Lv, M., Shao, Z., Hungwe, M., Wang, J., Bai, X., Xie, J., Wang, Y., & Geng, W. (2021). 

Metabolism Characteris�cs of Lac�c Acid Bacteria and the Expanding Applica�ons in Food 

Industry. Frontiers in Bioengineering and Biotechnology, 9(612285). 

htps://doi.org/10.3389/�ioe.2021.612285 

Watanabe, F., Yabuta, Y., Bito, T., & Teng, F. (2014). Vitamin B12-Containing Plant Food Sources for 

Vegetarians. Nutrients, 6(5), 1861–1873. htps://doi.org/10.3390/nu6051861 

Wendel, U. (2022). Assessing Viability and Stress Tolerance of Probio�cs—A Review. Frontiers in 

Microbiology, 12. htps://doi.org/10.3389/fmicb.2021.818468 

Whitney, E., Rolfes, S., Crowe, T., Cameron-Smith, D., & Walsh, A. (2017). Understanding nutrition 

https://doi.org/10.1016/j.tifs.2023.07.009
https://doi.org/10.1016/j.ijfoodmicro.2011.04.026
https://doi.org/10.3389/fmicb.2023.1323424
https://www.health.govt.nz/publication/focus-nutrition-key-findings-2008-09-nz-adult-nutrition-survey
https://www.health.govt.nz/publication/focus-nutrition-key-findings-2008-09-nz-adult-nutrition-survey
https://fdc.nal.usda.gov/fdc-app.html#/food-details/2345506/nutrients
https://doi.org/10.1099/mic.0.28522-0
https://doi.org/10.1016/j.fochx.2023.100840
https://doi.org/10.3389/fbioe.2021.612285
https://doi.org/10.3390/nu6051861
https://doi.org/10.3389/fmicb.2021.818468


43 
 

(4th ed.). Cengage. 

Wilburn, J., & Ryan, E. (2017). Fermented Foods in Health Promo�on and Disease Preven�on: An 

Overview. In J. Frias , C. Mar�nez-Villaluenga, & E. Peñas (Eds.), Fermented Foods in Health 

and Disease Prevention (pp. 3–19). Academic Press. 

World Health Organisa�on. (2023, August 9). Increasing fruit and vegetable consumption to reduce 

the risk of noncommunicable diseases. World Health Organisa�on. 

htps://www.who.int/tools/elena/interven�ons/fruit-vegetables-

ncds#:~:text=WHO%20Recommenda�ons 

Xie, C., Coda, R., Chamlagain, B., Edelmann, M., Deptula, P., Varmanen, P., Piironen, V., & Ka�na, K. 

(2018). In situ for�fica�on of vitamin B12 in wheat flour and wheat bran by fermenta�on 

with Propionibacterium freudenreichii. Journal of Cereal Science, 81, 133–139. 

htps://doi.org/10.1016/j.jcs.2018.05.002 

Xie, C., Coda, R., Chamlagain, B., Edelmann, M., Varmanen, P., Piironen, V., & Ka�na, K. (2020). 

Fermenta�on of cereal, pseudo-cereal and legume materials with Propionibacterium 

freudenreichii and Levilactobacillus brevis for vitamin B12 for�fica�on. LWT, 110431. 

htps://doi.org/10.1016/j.lwt.2020.110431 

Yamamura, R., Nakamura, K., Kitada, N., Aizawa, T., Shimizu, Y., Nakamura, K., Ayabe, T., Kimura, T., 

& Tamakoshi, A. (2019). Associa�ons of gut microbiota, dietary intake, and serum short-

chain faty acids with fecal short-chain faty acids. Bioscience of Microbiota, Food and 

Health. htps://doi.org/10.12938/bm�.19-010 

Yaman, M., Çatak, J., Uğur, H., Gürbüz, M., Belli, İ., Tanyıldız, S. N., Yıldırım, H., Cengiz, S., Yavuz, B. 

B., Kişmiroğlu, C., Özgür, B., & Yaldız, M. C. (2021). The bioaccessibility of water-soluble 

vitamins: A review. Trends in Food Science & Technology, 109, 552–563. 

htps://doi.org/10.1016/j.�fs.2021.01.056 

Yee, A. L., Maillard, M.-B., Roland, N., Chuat, V., Leclerc, A., Pogačić, T., Valence, F., & Thierry, A. 

(2014). Great interspecies and intraspecies diversity of dairy propionibacteria in the 

produc�on of cheese aroma compounds. International Journal of Food Microbiology, 191, 

60–68. htps://doi.org/10.1016/j.ijfoodmicro.2014.09.001 

Yu, A. O., Leveau, J. H. J., & Marco, M. L. (2019). Abundance, diversity and plant-specific adapta�ons 

of plant-associated lac�c acid bacteria. Environmental Microbiology Reports, 12(1), 16–29. 

htps://doi.org/10.1111/1758-2229.12794 

Zabat, M., Sano, W., Wurster, J., Cabral, D., & Belenky, P. (2018). Microbial Community Analysis of 

Sauerkraut Fermenta�on Reveals a Stable and Rapidly Established Community. Foods, 7(5), 

77. htps://doi.org/10.3390/foods7050077 

https://www.who.int/tools/elena/interventions/fruit-vegetables-ncds#:%7E:text=WHO%20Recommendations
https://www.who.int/tools/elena/interventions/fruit-vegetables-ncds#:%7E:text=WHO%20Recommendations
https://doi.org/10.1016/j.jcs.2018.05.002
https://doi.org/10.1016/j.lwt.2020.110431
https://doi.org/10.12938/bmfh.19-010
https://doi.org/10.1016/j.tifs.2021.01.056
https://doi.org/10.1016/j.ijfoodmicro.2014.09.001
https://doi.org/10.1111/1758-2229.12794
https://doi.org/10.3390/foods7050077


44 
 

Zhang, Y., Momoisea, P., Lin, Q., Liang, J., Burrow, K., & Serven�, L. (2023). Evalua�on of Sensory and 

Physicochemical Characteris�cs of Vitamin B12 Enriched Whole-Meal Sourdough Bread 

Fermented with Propionibacterium freudenreichii. Evaluation of Sensory and 

Physicochemical Characteristics of Vitamin B12 Enriched Whole-Meal Sourdough Bread 

Fermented with Propionibacterium Freudenreichii, 15(10), 8157–8157. 

htps://doi.org/10.3390/su15108157 

Zhao, Y., Yue, Z., Zhong, X., Lei, J., Tao, P., & Li, B. (2020). Distribu�on of primary and secondary 

metabolites among the leaf layers of headed cabbage (Brassica oleracea var. capitata). Food 

Chemistry, 312, 126028. htps://doi.org/10.1016/j.foodchem.2019.126028 

https://doi.org/10.3390/su15108157
https://doi.org/10.1016/j.foodchem.2019.126028


45 
 

Appendix 

 

Cer�ficate of Analysis for Vitamin B12 (Assure Quality Ltd) 
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AsureQuality Limited | 131 Boundary Road | Blockhouse Bay | Auckland 0600 | New Zealand

PO Box 41 | Auckland 1140 | New Zealand

t. 00 64 9 626 8200 | e. VLabAuckland@asurequality.com | w. www.asurequality.com
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New Zealand

AsureQuality Reference: 23-326506 Sample(s) Received: 06-Dec-2023 15:25Report Issued: 13-Dec-2023

Testing Period: 07-Dec-2023 to 13-Dec-2023

Date of analysis is available on request.  

Sampled By: Luca Serventi

Results

The tests were performed on the samples as received. 

Customer Sample Name: C1 Control, Fermented, Replicate 1 Lab ID: 23-326506-1

Sample Description: Sauerkraut brine

Sample Condition: Acceptable

Test Result Unit Method Reference

<0.0100 µg/100 g AOAC 2014.02 (modified)Vitamin B12

Customer Sample Name: C2 Control, Fermented, Replicate 2 Lab ID: 23-326506-2

Sample Description: Sauerkraut brine

Sample Condition: Acceptable

Test Result Unit Method Reference

<0.0100 µg/100 g AOAC 2014.02 (modified)Vitamin B12

Customer Sample Name: PF1 P.f. Fermented Replicate 1 Lab ID: 23-326506-3

Sample Description: Sauerkraut brine

Sample Condition: Acceptable

Test Result Unit Method Reference

1.69 µg/100 g AOAC 2014.02 (modified)Vitamin B12

Customer Sample Name: PF2 P.f. Fermented Replicate 2 Lab ID: 23-326506-4

Sample Description: Sauerkraut brine

Sample Condition: Acceptable

Test Result Unit Method Reference

1.55 µg/100 g AOAC 2014.02 (modified)Vitamin B12

Analysis Summary

Auckland Laboratory

Analysis Method Authorised byAccreditation

Vitamin B12

MN-VITB31, 02-FOOD_OTHER AOAC 2014.02 (modified) Matthew LockwoodIANZ

Results that are prefixed with '<' indicate the lowest level at which the analyte can be reported, and that in this case the analyte was not observed above this limit.

AsureQuality Ltd has used reasonable skill, care, and effort to provide an accurate analysis of the sample(s) which form(s) the subject of this report. However, the accuracy of this analysis is reliant on, and 

subject to, the sample(s) provided by you and your responsibility as to transportation of the sample(s).  AsureQuality Ltd's standard terms of business apply to the analysis set out in this report: 

https://www.asurequality.com/about/terms-of-business/
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