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1 

1. Introduction 

Interest in plant-based diets has increased significantly due to both nutritional 

and ecological reasons. New process technologies are currently being developed 

for plant raw materials and low-value side streams in order to diversify their use 

as value-added foods and ingredients. Plant lipids are an interesting group of 

compounds for compositional upgrading since lipids from many plant sources 

are rich in linoleic acid (LA) (Bates and Browse, 2012).  

Conjugated linoleic acid (CLA) is a derivative of LA with various positive 

biological activities. CLA is naturally present at low levels in fat of ruminant-

based milk and meat (Hennessy et al., 2016; Ferlay et al., 2017). Elevation of its 

content especially in milk-based foods has been investigated in recent years e.g. 

by utilizing bacteria capable of bioconversion of free LA into CLA (Gorissen et 

al., 2015; Hennessy et al., 2016). Such microbial processes might also be 

applicable for enrichment of LA-rich plants with CLA. However, the bacterial 

isomerization of free LA into CLA encounters some fundamental challenges, 

such as toxicity of LA for the bacteria and how to make LA accessible for the 

bacterial cells from lipid-containing materials (Andrade et al., 2012).  

The present study concentrated on the development of natural and 

sustainable methods to overcome the identified challenges in bacterial 

production of CLA, with special emphasis on the utilization of plant materials 

as the natural source of LA. The literature survey that follows is an introduction 

to the intriguing properties of CLA and to the complexities encountered in 

bacterial production of CLA, in order to frame the experimental work of this 

thesis. 

1.1 Conjugated linoleic acid (CLA) 

1.1.1 General properties  

Conjugated linoleic acid is the group name for positional and geometric isomers 

of LA with two double bonds in a conjugated position. Both double bonds can 

be either in cis (c) or trans (t) configuration. The two major isomers of CLA are 

c9,t11 and t10,c12 (Figure 1). The former isomer, also known as rumenic acid, is 

the main isomer naturally produced in ruminants as an intermediate during the 

biohydrogenation of free LA by rumen bacteria (Hennessy et al., 2007; Ferlay 

et al., 2017). Therefore, the main dietary sources of CLA are the fats in milk and 

meat of ruminants. In milk and other ruminant-derived foods, the c9,t11 isomer 
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represents 80–90% of total milk fat CLA (Hennessy et al., 2007; Yang et al., 

2015; Gorissen et al., 2015). In addition to ruminant bacteria, especially dairy 

starter and probiotic strains capable of isomerization of free LA to isomers of 

CLA have been identified (Hennessy et al., 2007; Gorissen et al., 2015; Yang et 

al., 2017). 

 

 

                 
 

 

Figure 1. Structures of linoleic acid and the two major isomers of conjugated linoleic acid.  

 

The amount of CLA in milk and other dairy products can vary substantially, the 

feeding strategies of dairy cattle being the most important factor affecting the 

CLA content in milk fat. Concentrations ranging from 1 to 54 mg/g fat in milk 

have been reported for c9,t11-CLA (Collomb et al., 2006; Dhiman et al., 2005). 

On average, the c9,t11-CLA content in milk fat in EU countries is 7.6 mg/g fat 

(Szakály et al., 2010). One general conclusion from numerous studies on dairy 

products has been that the product manufacturing itself does not influence the 

CLA content in final products, which is rather a reflection of the CLA content in 

the milk used (Jiang et al., 1997; Boylston and Beitz, 2002; Dhiman et al., 2005; 

Hennessy et al., 2007; Bisig et al., 2007).  

CLA has attracted increasing interest because of its potential health-beneficial 

properties and biological functions with relation to e.g. carcinogenesis, body 

composition and atherogenesis demostrated in animal studies and cell cultures, 

and in human intervention studies (see Section 1.1.2.). The two most important 

isomers of CLA in this respect are c9,t11 and t10,c12. 

Industrial manufacture of CLA mainly for dietary supplements is based on 

alkali isomerization of LA-rich vegetable oils, e.g. safflower or sunflower oil. 

This synthetic method, utilizing strong bases and high temperatures, leads to a 

mixture of various isomers of CLA, the major isomers c9,t11 and t10,c12 being 

present in equal amounts (Philippaerts et al., 2013; Gong et al., 2019). 

Polyunsaturated fatty acids (PUFA) are known to be highly susceptible to  

oxidation. Results from studies on oxidative stability of CLA have been 

contradictory. According to a majority of studies, free CLA is highly oxidizable, 

even more than free LA (van den Berg et al., 1995; Chen et al., 1997; Zhang and 

Linoleic acid (cis-9,cis-12 -octadecadienoic acid) 

cis-9,trans-11 -conjugated linoleic acid 

trans-10,cis-12 -conjugated linoleic acid 
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Chen, 1997; Yang et al., 2009; Tsuzuki et al., 2004), but opposite results have 

also been reported (Suzuki et al., 2001). The reasons for the variable results are 

most probably the differences in experimental setup, e.g. in temperature and in 

techniques for measurement of the rate of oxidation. Perhaps the most 

significant reason for contradictory results is the fact that in most of the studies 

the CLA used has been a mixture of different isomers. From those studies, in 

which pure isomers of CLA have been used, it is evident that the stability of CLA 

isomers is at least partially determined by their cis- or trans-configuration (Yang 

et al., 2000; Tsuziki et al., 2004).  Of the two major c,t isomers, the c9,t11 isomer 

was shown to be more stable than the t10,c12 isomer (Tsuzuki et al. 2004; Leung 

and Liu, 2000). 

CLA esterified in triacylglycerols (TAG) is less susceptible to oxidation than is 

the free form of CLA (Zhang and Chen, 1997; Suzuki et al., 2001; Tsuzuki et al., 

2004). 

1.1.2 Biological effects of CLA 

Positive effects of CLA on body fat reduction, prevention of cancer and 

cardiovascular diseases, on immune and inflammatory responses and on bone 

health have been reported in numerous animal studies and also in human 

intervention trials with CLA supplementation (Dilzer and Park, 2012; Kim et al., 

2016a,b; Ferlay et al., 2017). However, synthetically prepared mixtures of CLA 

isomers c9,t11 and t10,c12 have been extensively used for most of these studies. 

The marked variations in results between studies may reflect the isomer-specific 

effects of individual CLA isomers, the overall effects being results of interactions 

between the two major isomers (Benjamin and Spener, 2009; Dilzer and Park, 

2012; Jutzeler van Wijlen, 2011). In animal and human studies conducted with 

pure isomers of CLA, positive effects on cancer prevention has been 

demonstrated with c9,t11 and t10,c12 isomers, body fat reduction has been 

linked to the t10,c12 isomer, and tentative positive effects on inflammatory 

responses have been observed for c9,t11-CLA (Dilzer and Park, 2012; Ferlay et 

al., 2017). The positive biological effects of CLA observed have often been less 

substantial in human studies compared to results from animal studies. The 

reasons for this may include the relatively lower dose of CLA used in human 

studies, the duration of CLA supplementation and differences in metabolic rates 

(Park, 2009; Dilzer and Park, 2012). The effective dose of CLA shown to have 

health-beneficial effects have been in the range of 3–6 g/day (Fuka and 

Nornberg, 2017; Dilzer and Park, 2012). More detailed information on isomer-

specific bioactive properties reported for CLA, results from long-term 

intervention studies, and mechanisms of action suggested for different isomers 

of CLA have been reviewed by Dilzer and Park (2012), Jutzeler van Wijlen (2011) 

and Yang et al. (2015). 

The safety of CLA supplementation in the human diet has also been evaluated 

in human intervention trials. In several studies, no obviously adverse effects 

have been observed. However, concerns regarding the safety of CLA 

supplementation have been raised especially with regard to impaired insulin 
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sensitivity and an increase in oxidative stress markers (Jutzeler van Wijlen, 

2011; Dilzer and Park, 2012). According to Yang et al. (2015), most of the risks 

of CLA are linked to the t10,c12 isomer. Further long-term human studies will 

probably elucidate these aspects of CLA supplementation in more detail. 

CLA mixtures have been marketed as health supplements for several years. In 

2012, the Panel on Dietetic products, nutrition and allergies of the European 

Food Safety Authority (EFSA) issued a statement on the safety of the CLA-rich 

oils Clarinol® and Tonalin® TG 80 as novel food ingredients and stated that 

the safety of Clarinol® and Tonalin® TG 80 has been established for their 

proposed uses (beverages, cereal products, dietary supplements, and milk 

products for adult consumers) and daily doses of 3 g CLA for up to six months. 

However, the safety of CLA consumption for periods longer than six months has 

not been established under the proposed conditions of use. Furthermore, the 

safety of CLA consumption by type-2 diabetic subjects has not been established 

(EFSA, 2012). In the US, CLA received GRAS (Generally Recognized as Safe) 

status in 2008 for use in food and beverages (Penn, 2008). 

1.1.3 Alternatives for increased dietary CLA intake 

Along with the reduction in fat content in animal-based foods, the dietary intake 

of CLA has decreased. The average daily intake of CLA via normal diet in the EU 

countries has been estimated as 0.1–0.4 g/d, primarily as c9,t11-CLA (Mushtaq 

et al., 2010; Szakaly et al., 2010; Fritsche and Steinhart, 1998). On the other 

hand, the amounts of CLA shown to have health-beneficial effects have been in 

the range of 3–6 g/day (Fuka and Nornberg, 2017: Dilzer and Park, 2012). Thus, 

new strategies are needed to increase the dietary intake of CLA. 

Currently, it is understood that the health-beneficial and safety properties of 

CLA are isomer-specific. This has increased interest in the production of 

isomerically pure CLA for food applications by natural processing methods 

instead of synthetic manufacturing. Applied approaches have been: a) the 

enrichment of milk with CLA through manipulation of the diet of dairy cattle, 

e.g. with LA-rich plant and fish oils (Hennessy et al., 2007; Ferlay et al., 2017; 

Hur et al., 2017), b) fortification of dairy products with synthetic CLA (Campbell 

et al., 2003) and c) utilization of LA-isomerizing starter cultures in dairy 

products (Figure 2). This latter approach has been studied during the 

manufacture of fermented milks and cheese with or without addition of linoleic 

acid-rich plant oils. Evidence of CLA production also by species of the human 

intestinal microbiota, particularly bifidobacteria, has emerged (O’Shea et al., 

2012; Coakley et al., 2003; Barrett et al., 2007). Therefore, the gastrointestinal 

production of CLA from dietary LA in situ by orally administered CLA-producer 

cells has been proposed (Hennessy et al., 2007; Lee and Lee, 2009; O’Shea et 

al., 2012). 
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Figure 2. Strategies for production and incorporation of CLA into the human diet. *Jain and 
Proctor (2006), Gammill et al. (2010). 

 

1.2 Microbial production of CLA 

1.2.1 CLA-forming microbes and biosynthesis mechanisms 

CLA in milk and ruminant meat is derived from microbial activities in the 

rumen. There, PUFA, mainly LA and α-linolenic acid (α-LNA) from forages and 

seed oils, are converted to stearic acid in the biohydrogenation process by 

various ruminant bacteria (reviewed e.g. by Hennessy et al., 2007; Crumb, 

2011). The biohydrogenation reaction sequence is considered to be a 

detoxification mechanism for the rumen bacteria against the inhibitory action 

of PUFA (Kim et al., 2000; Maia et al., 2010). In the first step of 

biohydrogenation, free LA is converted to c9,t11-CLA via the activity of a 

microbial enzyme, linoleic acid isomerase (LAI, EC 5.2.1.5), present e.g. in the 

ruminant bacterium Butyrivibrio fibrisolvens (Kepler et al., 1966; Hennesy et 

al., 2007) (Figure 3). A portion of this c9,t11-CLA is absorbed in the intestine, 

but the majority is reduced to vaccenic acid and further to stearic acid 

(Hennessy et al., 2007). Isomer c9,t11 is also synthesized in mammalian tissues 

from vaccenic acid produced in the rumen by endogenous Δ9-desaturase 

(Hennessy et al., 2007). This endogenous biosynthesis of c9,t11-CLA is 

estimated to account for as much as 75-90% of the total c9,t11-CLA content in 

ruminant food products (Griinari et al., 2000). CLA-isomer t10,c12 is also 

formed e.g. by the ruminal bacteria Megasphaera elsdenii (Kim et al., 2002b) 

and Propiobacterium acnes (Wallace et al., 2007). CLA production by various 

human intestinal bacteria has also been reported (Alonso et al., 2003; Devillard 
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et al., 2007; Coakley et al., 2003), c9,t11-CLA being the main isomer formed 

(McIntosh et al., 2009).  

In addition to ruminal and intestinal bacteria, other microorganisms 

especially of dairy origin are able to synthesize CLA, e.g. strains from the genera 

Lactobacillus, Bifidobacterium and Propionibacterium (Hennessy et al., 2007; 

Andrade at al., 2012; Gorissen et al., 2015). These bacteria convert free LA to 

CLA, mainly to c9,t11-CLA, in a similar manner to ruminant bacteria. However, 

CLA is not reduced to vaccenic acid, but c9,t11-isomer may be further converted 

to t9,t11-CLA (Coakley et al., 2003 and 2006; Gorissen et al., 2012a). 

LAIs are PUFA double bond isomerases that catalyze the isomerization of free 

LA to free CLA. According to Farmani et al. (2010), LAIs in different bacterial 

strains can be divided into two major groups: 9,11-isomerases which produce 

c9,t11-CLA, and 10,12-isomerases which produce t10,c12-CLA as their main 

product. The majority of microbial LAIs studied have 9,11-isomerase activity as 

their main activity. 

Kepler and Tove (1967) were the first to demonstrate that the activity of 9,11-

isomerase from B. fibrisolvens is based on the presence of a free carboxylic acid 

group and a c9,c12-double bond system in the substrate. Therefore, free α-LNA 

is also accepted for isomerization reaction by this membrane-associated enzyme 

(Kepler and Tove, 1967). Fatty acids longer than 18 carbon atoms do not act as 

substrates (Kepler et al., 1970; Liavonchanka and Feussner, 2008). The 

activities of 9,11-LAI in L. reuteri and Clostridium sporogenes have also been 

reported to be membrane-bound (Irmak et al., 2006; Peng et al., 2007). 

However, some LAIs such as those from Propionibacterium freudenreichii ssp. 

shermanii and L. debruechii ssp. bulgaricus, were reported to be soluble after 

sonication-assisted extraction (Lin et al., 2002; Lin, 2006; Farmani et al., 2010; 

You et al., 2011). 

The LAI from P. acnes, a representative member of the 10,12-isomerase 

family, has been comprehensively characterized. The preferred substrate for 

this isomerase is free LA, which is converted exclusively into t10,c12-CLA. 

Unlike 9,11-isomerase from B. fibrisolvens, however, this 10,12-isomerase also 

accepts longer-chain PUFA as substrates (arachidonic and docosahexaenoic 

acids), converting them to fatty acids with two or three conjugated double 

bonds. The enzyme is soluble and FAD-cofactor is needed for activity. Further, 

the LAI from P. acnes has been cloned and overexpressed in recombinant 

bacterial strains, resulting in the formation of t10,c12-CLA (Hornung et al., 

2005; Liavonchanka et al., 2009; Salsinha et al. 2018). The biochemical 

properties and molecular mechanisms of characterized microbial LAIs have 

been reviewed by Farmani et al. (2010); Macouzet at al. (2010) and Salsinha et 

al. (2018) indicating rapid progress in this field of research. 

Ogawa et al. (2001) and Kishino et al. (2002) demonstrated a two-step 

formation of c9,t11-CLA in certain strains of Lactobacillus acidophilus and L. 

plantarum. This reaction sequence includes first the hydration of LA to 10-

hydroxy,cis-12-18:1 (10-HOE) followed by dehydrating isomerization to c9,t11-

CLA (Figure 3). The multi-component enzyme system in L. plantarum AKU 

1009a has been decribed by Kishino et al. (2011). The prevalence of this 
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mechanism in dairy propionibacteria and bifidobacteria is still unclear. 

Interestingly, Gao et al. (2019, 2020) recently reported that in addition to 

converting LA to 10-HOE, some bifidobacterial strains were able to convert 10-

HOE to LA followed by formation of CLA. 

Some microorganisms are also able to form c9,t11-CLA from other substrates 

than LA: L. plantarum by dehydration of ricinoleic acid (Ando et al., 2003 and 

2004) and several fungi, e.g. Delacroixia coronata and Mortierella isabellina, 

by vaccenic acid desaturation (Ando et al., 2009) (Figure 3).  

As with LA, the biohydrogenation process of α-LNA starts with microbial 

isomerization of the double bond at c12 to form conjugated isomer c9,t11,c15-

18:3, followed by three reduction reactions to finally yield stearic acid (Farley et 

al., 2017) (Figure 3). Several LA-isomerizing bacteria have been shown also to 

form conjugated isomers of α-LNA in non-ruminal conditions (Kishino et al., 

2009; Hennessy et al., 2012; Gorissen et al., 2010). Various health-promoting 

properties, e.g. anti-adipogenic and anti-carcinogenic activities, have been 

reported for these isomers in animal studies (Coakley et al., 2009; Hennessy et 

al., 2016; Fontes et al. 2017). 

Overview of the microbial fatty acid metabolic pathways described above is 

presented in Figure 3. 

 

 

 

Figure 3. Overview of pathways of microbial fatty acid metabolism leading to formation of c9,t11-
isomer of CLA and other conjugated fatty acids in the rumen, in human intestine and by starter 
cultures and other microorganisms. The main bacterial representatives capable of individual 
reactions are: 1, Butyrivibrio fibrisolvens, Propionibacterium freudenreichii, Lactobacillus sp., 
Bifidobacterium sp., Clostridium sp.; 2, B. fibrisolvens, P. freudenreichii, Roseburia sp.; 3, B. 
fibrisolvens; 4, P. acnes, Megasphaera elsdenii, Lactobacillus rhamnosus; 5, Bifidobacterium sp., 
Propionibacterium sp.; 6, L. acidophilus, L. plantarum, Bifidobacterium sp.; 7, L. acidophilus, L. 
plantarum; 8, L. plantarum, L. acidophilus, Streptococcus sp., Pediococcus sp., Leuconostoc sp.; 
9, B. fibrisolvens, Lactobacillus sp., Propionibacterium sp., Bifidobacterium sp.; 10, B. 
fibrisolvens, Lactobacillus sp., Propionibacterium sp., Bifidobacterium sp.; 11, B. fibrisolvens, 
Lactobacillus sp., Propionibacterium sp., Bifidobacterium sp.; 12, In mammalian tissues by Δ9 
desaturase; 13, Several fungi, e.g. Delacroixia coronate; 14, Bifidobacterium sp. (Kepler et al., 
1966; Jiang et al., 1998; Ogawa et al., 2005; Ando et al., 2003; Kishino et al., 2002; Coakley et 
al., 2003 and 2006; Verhulst et al., 1987; Devillard et al., 2007; Gorissen et al., 2012a; Ando et 
al., 2009; Hennessy et al., 2012; Farley et al., 2017; Jaglan et al., 2019; Gao et al., 2019, 2020). 
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1.2.2 Production of CLA by various microbial systems  

During the last decades, numerous studies on screening of bacterial strains for 

CLA formation have been published. The microbial production of CLA has been 

studied by growing bacterial cultures and by non-growing cells, including 

permeabilized and immobilized cells. Furthermore, crude enzyme extracts from 

producer cells have been investigated for CLA formation. Extensive data on 

individual groups of CLA-producing microbes, culture conditions and CLA 

concentrations obtained can be found e.g. in the reviews of Sieber et al., 2004; 

Ogawa et al., 2005; Hennesy et al. (2007), O’Shea et al. (2012), Andrade et al. 

(2012) and Gorissen et al. (2015). The most interesting results with respect to 

the present thesis work are presented below. 

Production of CLA by growing cultures 

 

Especially members of propionibacteria, lactobacilli and bifidobacteria have 

been screened for growth-associated biosynthesis of CLA from free LA in 

synthetic growth media, or in skim milk or whey-based media. In 1987, Verhulst 

et al. reported their study on 36 strains from nine species of the genus 

Propionibacterium for the formation of CLA from 0.02 mg LA/ml in modified 

BHI medium. According to their results, strains of P. freudenreichii ssp. 

freudenreichii, P. freudenreichii ssp. shermanii, P. acidipropionici and P. 

technicum converted 50-80% of LA into c9,t11-CLA in 24 h. By contrast, strains 

of P. acnes formed the t10,c12 isomer. Jiang et al. (1998) examined 19 strains of 

lactobacilli, lactococci, streptococci and propionibacteria commonly used as 

dairy starter cultures for their ability to produce CLA. Only two strains of P. 

freudenreichii ssp. freudenreichii and one strain of P. freudenreichii ssp. 

shermanii converted free LA in MRS broth into CLA. The isomers c9,t11/t9,c11 

represented more than 70% of the total CLA formed. The three CLA-positive 

strains demonstrated substantial differences in their growth response to 

increasing concentrations of free LA. The highest concentration of CLA, 0.265 

mg/ml, was obtained with P. freudenreichii ssp. freudenreichii Propioni-6 at an 

initial free LA level of 0.750 mg/ml in 72 h cultivation.  

The reported levels and yields of CLA usually decrease sharply with increasing 

free LA concentration (Jiang et al., 1998; Van Nieuwenhove et al., 2007; 

Hennessy et al., 2009; Park et al., 2009; Gao et al., 2020). The reasons for this 

include poor solubility of free LA in water and the bacterial growth inhibitory 

action of LA already at very low concentrations (Verhulst et al., 1987; Boyaval et 

al., 1995; Jiang et al., 1998; Rainio et al., 2001). Therefore, free LA has 

commonly been emulsified with detergents such as polyoxyethylene sorbitan 

mono-oleate (SMO) Tween 80 (Jiang et al., 1998; Rainio et al., 2001; Renes et 

al., 2017a; Ribeiro et al., 2018). Free LA has also been dissolved in ethanol or 

complexed with proteins, such as bovine serum albumin (BSA) (Ogawa et al., 

2001). Rainio et al. (2001) improved the dispersion of LA in aqueous 

environments by making use of micellization of LA with SMO, and the growth 

inhibitory effect of LA was reduced by further supplementation of growth 

medium with SMO. The optimal LA:SMO ratio for growth of P. freudenreichii 
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ssp. shermanii DSM 7067 in whey-based medium was 1:15 (w/w). With this 

efficient means of improving LA availability and reducing its toxicity to the cells, 

CLA yields of at least 80% were obtained at free LA concentrations up to 2.0 

mg/ml in 180 h (Rainio et al., 2002b). The isomerization reaction was highly 

stereospecific, as 95% of the CLA produced consisted of the isomer c9,t11. 

Altogether, in cultures of P. freudenreichii ssp. shermanii, a strong positive 

correlation between growth and formation of c9,t11-CLA was observed in MRS 

broth and in whey-based growth medium (Rainio et al., 2001 and 2002b).  

According to the screening data on CLA formation by bifidobacteria, the most 

potential producer strains have been found within the species Bifidobacterium 

breve (Park et al., 2009; Choi et al., 2008; Ferlay et al., 2017; Gao et al., 2020), 

and CLA concentrations up to 1.44 mg/ml have been reported with strains of 

this bacterium. As in the case of dairy propionibacteria and also in several 

Bifidobacterium strains, production of c9,t11-CLA is associated with the 

exponential growth phase. Further conversion of this isomer to t9,t11-CLA has 

been observed in the stationary phase of the culture (Coakley et al., 2003; 

Hennessy et al., 2009; Gorissen et al., 2012a). 

Pure free LA has been used as a substrate for the isomerization reaction in 

most of the studies on microbial CLA production. However, alternative LA 

sources, LA-rich plant oils, have also been tested, either as such or after lipolytic 

treatment (Kuhl and Lindner, 2016). With unhydrolyzed sunflower, soy or 

safflower oil, the levels of CLA formed have been very low, 0–0.08 mg/ml (Kim 

and Liu, 2002; Xu et al., 2004; Li et al., 2012b; Wang et al., 2007). This is not 

surprising, since only the free form of LA acts as a substrate for the 

isomerization reaction by bacterial LAI enzymes (Kepler and Tove, 1967). The 

CLA production observed in some of these studies is probably due to the 

presence of low amounts of free LA in the oils or to the lipolytic activity of the 

bacterial strains used (Andrade et al., 2012). When sesame oil (80% LA) was 

treated with exogenous lipase and used as a source of free LA (Dubey et al., 

2012; El-Salam et al., 2010), CLA was formed at a level of 0.15 mg/ml from 

lipolyzed sesame oil (10 mg/ml) in skim milk by Pediococcus ssp. GS4 (Dubey 

et al., 2012) and 0.22 mg CLA/ml was produced from 8.0 mg lipolyzed sesame 

oil/ml of skim milk by Lactococcus lactis ssp. lactis biovar diacetylactis in 24 h 

(El-Salam et al., 2010).  

The results reported by Choi et al. (2008) are worth mentioning as an 

interesting exception. Various LA substrates, namely free LA, LA-

monoglyceride (monolinolein), LA-diglyceride and monoglyceride safflower 

oils, were tested for CLA production at a level of 0.5 mg/ml by B. breve LMC 

520 in milk medium. The highest concentration of CLA, 0.41 mg/ml, was 

obtained with LA-monoglyceride, whereas the corresponding value from free 

LA was 0.28 mg/ml. When the initial concentration of LA-monoglyceride was 

increased to 5.0 mg/ml, a CLA-level of 1.44 mg/ml was obtained. It remains 

unclear whether the substrate used contained also free LA. Alternatively, the 

bifidobacterium strain may have had lipolytic activity. 

In the majority of studies concerning growth-associated formation of CLA, the 

distribution of CLA in intracellular and extracellular phases has not been 
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investigated, as lipids for analysis of CLA have been extracted directly from the 

culture samples (e.g. Choi et al., 2008; Hennessy et al., 2009; Park et al., 2009), 

or only the culture supernatant has been analyzed (Rosberg-Cody et al., 2004; 

Barrett et al., 2007). In those studies, in which the distribution of CLA in cells 

and in growth medium has been determined, CLA has mainly been present in 

the extracellular phase (Jiang et al., 1998; Oh et al., 2003; Yang et al., 2014). 

According to Rainio et al. (2002b), over 98% of CLA produced by P. 

freudenreichii ssp. shermanii during cultivation in whey permeate medium was 

extracellular. Values of 78% (Gorissen et al., 2012a) and 93-98% (Coakley et al., 

2003 and 2006) have been reported for extracellular CLA formed by growing 

bifidobacteria in cys-MRS broth.  

From the literature on microbial formation of CLA, it becomes evident that 

especially strains of dairy propionibacteria and human intestine-derived 

bifidobacteria are able to produce growth-associated CLA at reasonable levels. 

Although members of several Lactobacillus species synthesize CLA during 

growth, the reported levels have usually been moderate or low (Lee et al., 2003c; 

Renes et al., 2017a,b; Ribeiro et al. 2018). 

Production of CLA by non-growing cells, including permeabilized and 
immobilized cells, and by crude enzyme extracts 

 

In order to enhance the levels of microbially produced CLA, production systems 

with non-growing bacterial cells have been investigated. In these systems, prior 

to the bioconversion phase, the cells have been cultivated, harvested, and 

washed before their utilization as biocatalysts in buffer solutions supplemented 

with free LA. The use of non-growing cells can help to avoid the growth 

inhibitory action of free LA and therefore enable processes with high substrate 

concentrations (Ogawa et al., 2005). 

The CLA-related research work conducted at Kyoto University has focused on 

the ability of members of the genus Lactobacillus to produce CLA at very high 

levels of non-growing cells (Ogawa et al, 2001; Kishino et al., 2002). Especially 

L. plantarum strains AKU 1137 and AKU 1009a have been incubated in 

phosphate buffer (pH 6.5) at concentrations up to 47 mg dry cell mass/ml. 

Initial amounts of free LA used were in the range of 5–120 mg/ml and LA was 

complexed with BSA for better solubility. In 4–5 day incubations, CLA levels of 

5–40 mg/ml were obtained, depending on e.g. the initial amount of free LA 

(Table 1). The t9,t11-isomer represented 98% of the total CLA produced.  Almost 

all of the CLA was accumulated in the cells or associated with the cells and it 

was present as free fatty acid. Pre-cultivation of the cells in MRS broth 

supplemented with LA was necessary for efficient CLA production by the non-

growing cells in the proceeding conversion reaction. According to the authors, 

the enzymes catalyzing CLA formation were induced by LA during cultivation 

(Ogawa et al., 2001; Kishino et al., 2002). 

In addition to free LA, free ricinoleic acid (RA) can also be used as substrate 

for CLA production by various strains of the genus Lactobacillus. Ando et al. 

(2003) reported that seven L. plantarum strains formed considerable levels of 
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CLA from RA in a non-growing cell system. Strain L. plantarum JCM 1551 used 

at the level of 120 mg wet cell mass/ml produced 2.4 mg CLA/ml from 3.4 mg 

RA/ml in 68 h. According to Kishino et al. (2002b) L. plantarum AKU 1009a 

produced 1.7 mg CLA/ml in 24 h in a buffer mixture containing 4.0 mg RA/ml 

and 225 mg wet cell mass/ml. 

Ricinoleic acid methyl ester and castor oil rich in the TAG form of ricinoleic 

acid (88% RA) has also been investigated as a substrate for CLA production by 

non-growing L. plantarum strains (Kishino et al., 2002; Ando et al., 2003 and 

2004), but these substrates were not converted to CLA. However, when the non-

growing cellular reaction mixtures were supplemented with a lipase, RA was 

liberated and CLA was produced. Hosseini et al. (2015) studied CLA production 

from various substrates using lipolytically active L. plantarum strain ATCC 

8014. When non-growing cells (220 mg wet cell mass/ml) were incubated in 

phosphate buffer (pH 6.5) with Tween 80-mixed sunflower oil at 4 mg/ml for 

72h, 0.66 mg CLA/ml was produced.  

Propionibacterium freudenreichii ssp. shermanii DSM 7067, capable of 

efficient growth-associated production of CLA from micellar LA (Rainio et al. 

2002b), was also investigated in non-growing cell systems (Rainio et al., 2002a) 

and the interaction of CLA and micellized free LA with the cells was elucidated. 

The cell mass and free LA concentrations were considerably lower than in the 

above-mentioned studies with L. plantarum stains, namely 40 mg wet cell 

mass/ml and 0.51 mg LA/ml, respectively. Then, 0.46 mg CLA/ml was 

produced in 45 h with a yield of 90%. The level of CLA produced was not 

improved with higher amounts of micellar free LA, suggesting that the non-

growing cells had a fixed maximum capacity to carry out the isomerization 

reaction (Rainio et al., 2002a). Of all the CLA formed, 46% was in the cell 

material and CLA was present totally as free fatty acid. The authors proposed 

that cell-adhered CLA regulates further isomerization of free LA by non-growing 

cells of P. freudenreichii ssp. shermanii. Therefore, the phase distribution of 

substrates and products especially affected by factors such as micelle-forming 

or dispersing agents plays a critical role in production efficiency (Rainio et al., 

2002a). 

In order to enhance the permeability of the cell membrane to free LA, CLA 

production by permeabilized cells has been studied. Zhao et al. (2011) used 

various organic solvents and freeze-thawing treatment for permeabilization of 

L. plantarum A6-1F cells. Cells treated with 20% toluene + 10% ethanol for 5 

min and used at 150 mg wet cell mass/ml produced the highest concentration 

of CLA, 0.28 mg/ml from 1.5 mg LA/ml, in 2 hours, which was 26% more than 

with untreated cells. Freeze-thawing of the cells improved CLA production by 

23%. Permeabilization of L. acidophilus 1.184 cells with cetyltrimethyl-

ammonium bromide (CTAB) was investigated by Wei et al. (2014). The 

maximum CLA formation was obtained after the cells were treated with 2% 

CTAB for 40 min. The permeabilized cells produced 1.73 mg CLA/ml from  2 mg 

LA/ml during 6 h incubation at 45 °C, whereas the CLA content was  0.77 mg/ml 

with non-permeabilized cells under similar reaction conditions. 
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The use of immobilized cells in the production of CLA has been reported by 

Lee et al. (2003) and Lin et al. (2005). Washed cells of L. reuteri ATCC 55739 

immobilized in silica gel produced 0.175 mg CLA/ml from 0.50 mg LA/ml in   1 

h, which was 5.5 times the amount formed by free washed cells of the same 

strain. Further, the immobilized cells could be reused efficiently for five 

consecutive bioconversion reactions (Lee et al., 2003). Lin et al. (2005) also 

reported improved CLA production by immobilized L. delbrueckii ssp. 

bulgaricus CCRC 14009 and L. acidophilus CCRC 14079 compared to free non-

growing cells of the same strains. The strains were immobilized in chitosan and 

polyacrylamide and then incubated with 3 mg LA/ml for 24 h. The highest CLA 

content, 0.037 mg/ml, was obtained with L. delbrueckii ssp. bulgaricus 

immobilized in polyacrylamide, whereas the CLA content by chitosan-

immobilized cells was only 13%, and by free washed cells 0.4% of this value. 

Polyacrylamide also enabled considerably higher CLA production with L. 

acidophilus, probably due to the better cell adsorption capacity and the stronger 

interaction with free LA with the former support material (Lin et al., 2005).  

Crude enzyme preparations containing LAI extracted from lactobacilli and 

propionibacteria have also been investigated as biocatalysts for CLA production 

(Lin et al., 2002 and 2003; Lin, 2006; Irmak et al., 2006; Kishino et al., 2011). 

Lysozyme treatment and sonication or homogenization were used for cell 

disruption, followed by collection and concentration of the enzyme fractions 

(Lin et al., 2002 and 2003; Lin, 2006; You et al., 2011, Peng et al., 2007). The 

reported CLA levels obtained by these enzyme systems have been modest. The 

possible reasons include the difficulty to efficiently recover membrane-

associated LAIs from cell material (Irmak et al., 2006), the poor stability of LAI 

activity in crude enzyme extracts (Peng et al., 2007), and complicated and long 

enzyme extraction and purification procedures (Lin, 2006). Immobilization of 

purified LAI from L. delbrueckii ssp. bulgaricus 1.1480 on modified 

palygorskite, a fibrillar type of hydrated magnesium aluminium silicate, 

enhanced the thermal and operational stability of the enzyme (You et al., 2011). 

The immobilized enzyme activity was less sensitive to temperature and pH than 

the free enzyme. 

The results from publications, in which non-growing bacterial cells and 

enzyme preparations extracted from the cells have been used for production of 

CLA, are summarized in Table 1. 
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Table 1. Production of CLA by non-growing bacterial cells, by immobilized or permeabilized cells 
and by bacterial enzyme extracts. Abbreviations: cfu, colony forming units; DCM, dry cell mass; 
WCM, wet cell mass; LA, linoleic acid; RA, ricinoleic acid; BSA, bovine serum albumin; KPB, 
potassium phosphate buffer; NaPB, sodium phosphate buffer; NaCB, sodium citrate buffer; PCB, 
phosphate-citrate buffer; CTAB, cetyltrimethylammonium bromide. 

Bacterium or 
enzyme extract 

Cell mass 
(mg/ml); 

Viable count 
(cfu/ml) 

Reaction 
medium 

Substrate 
(mg/ml) 

CLA 
(mg/ml) 

Reference 

Lactobacillus 
acidophilus AKU 
1137 

DCM 20 KPB,    
pH 6.5 

LA 5.0  4.9 Ogawa et 
al., 2001 

L. plantarum AKU 
1009a 

WCM 330, 
DCM 47 

KPB,    
pH 6.5 

LA 120 40 Kishino et 
al., 2002 

L. plantarum AKU 
1009a 

WCM 230, 
DCM 32 

KPB,    
pH 6.5 

LA 26 20 Kishino et 
al., 2002 

P. freudenreichii ssp. 
shermanii DSM 7067 

WCM 40;                
5·1010 

NaPB,   
pH 7.8 

LA 0.51 0.46 Rainio et 
al., 2002a 

L. plantarum JCM 
1551 

WCM 120, 
DCM 17 

KPB,    
pH 6.5 

RA 3.4 2.4 Ando et 
al., 2003 

L. plantarum JCM 
1551 + commercial 
lipase 

WCM 120, 
DCM18 

NaCB,   
pH 6.0 

castor oil 30 
(cont. RA 26) 

7.5 Ando et 
al., 2004 

L. plantarum ATCC 
8014 (lipolytically 
active strain) 

WCM 220 KPB,    
pH 6.5 

sunflower oil 
4.0 (LA 3.3) 

0.66 Hosseini et 
al., 2015 

L. acidophilus 1.184 
cells permeabilized 
with CTAB 

WCM 250;             
8·1010 

PCB, pH 
4.0 

LA 2.0 1.73 Wei et al., 
2014 

L. reuteri ATCC 
55739 immobilized 
on silica gel 

WCM/DCM 
(not 

specified)10 

NaPB,   
pH 10.5 

LA 0.5 0.18 Lee et al., 
2003 

Enzyme extract from 
P. freudenreichii ssp. 
shermanii CCRC 
11076 

20 mg 
enzyme 

preparation/
ml 

NaPB,   
pH 7 

LA 50 1.1 Lin et al., 
2002 

Enzyme extract from 
L. plantarum AKU 
1009a 

0.2 ml 
enzyme 

fractions/ml 

KPB,    
pH 6.5 

LA 4 0.26 Kishino et 
al., 2011 
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1.3 Enrichment of foods with microbially produced CLA 

Along with the growing body of information on the capabilities of food-grade 

bacteria to isomerize LA, supplementation of raw materials, especially milk, 

with pure LA or LA-rich plant oils in combination with cultures of these bacteria 

has become an increasing trend for obtaining CLA-enriched products (Kuhl and 

Lindner, 2016). LA-rich food materials in which LA is predominantly esterified 

into TAG have also been supplemented with LA-isomerizing bacteria (Yadav et 

al., 2007; Akalin et al., 2007). 

However, these approaches necessitate the use of microbial strains harboring 

lipolytic activity in order to provide free LA for the isomerization to CLA. 

Similarly, the use of plant oils as a source of LA in milk requires the hydrolysis 

of ester bonds either prior to isomerization or concomitantly with it. For 

example, in bovine milk fat, the level of LA is about 20–30 mg/g fatty acids in 

the absence of supplementary lipids in the diet (Chilliard et al., 2007), and about 

98% of the fatty acids are esterified into TAG (Lindmark Månsson, 2008). 

The utilization of food-grade and isomer-specific CLA-producing bacteria 

during processing would be a tempting natural approach for enrichment of 

foods with health-beneficial fatty acids. Such a natural in situ enrichment of 

foods with microbial CLA has been investigated almost solely in fermented 

milks and cheese, possibly due to the fact that many bacterial strains capable of 

CLA formation are used as dairy starter cultures. 

1.3.1 Fermented milk products and cheese 

Fermented milks 

 

In commercial fermented milks, mainly in yoghurts with varying fat contents, 

c9,t11-CLA concentrations of about 2–7 mg/g fat or 0.03–0.24 mg/g yoghurt 

have been reported (Lin et al., 1995; Jiang et al., 1997; Dhiman et al., 2005; 

Mushtaq et al., 2010). On the other hand, the effective dose of CLA shown to 

have health-beneficial effects for humans has been in the range of 3–6 g/day 

(Fuka and Nornberg, 2017; Dilzer and Park, 2012).  In studies on enrichment of 

fermented milks with microbial CLA, milk has been inoculated with known 

CLA-producer strains from the genera Lactobacillus, Bifidobacterium and 

Propionibacterium usually together with commercial yoghurt starter cultures 

composed of Streptococcus thermophilus and L. delbruechii ssp. bulgaricus 

strains. The CLA-forming capacity of most of these yoghurt cultures alone has 

been shown to be low (Akalın et al., 2007; Vieira et al., 2017) 

Lin (2003) used CLA-producing strain L. acidophilus CCRC 14079 in co-

culture with commercial yoghurt starter culture for the production of non-fat 

yoghurt supplemented with 1.0 mg LA/ml. An increase of 81% in CLA content 

compared to yoghurt made without L. acidophilus was achieved. However, the 

c9,t11-CLA concentration obtained was still only 0.003 mg/g product. 

Chemically hydrolyzed soybean oil was used as a source of free LA in skim milk 

by Xu et al. (2005). Three P. freudenreichii strains and one strain of L. 
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rhamnosus were evaluated for CLA formation individually and together with 

yoghurt cultures. The highest CLA contents were obtained with P. 

freudenreichii ssp. shermanii 51 in co-culture with yoghurt culture. After one 

storage day of the resulting yoghurt, the concentration of c9,t11-CLA was 0.026 

mg/g product, corresponding to a 4.1-fold increase compared to yoghurt made 

with yoghurt culture alone. The organoleptic attributes of the CLA-yoghurts, 

namely acidity, texture and flavor, were comparable to those of the control 

product. Chung et al. (2008) reported a c9,t11-CLA content of 0.58 mg/ml in 

fermented milk after the milk supplemented with LA-monoglyceride was 

fermented with Bifidobacterium breve LMC 017 in co-culture with S. 

thermophilus and L. acidophilus. However, the initial concentration of LA-

monoglyceride in milk was so low (5 μl/ml) that another source of LA was also 

needed. The fat content of the milk used was not reported. During storage at   4 

°C, the c9,t11-CLA content of the fermented product was further increased to 

0.72 mg/ml. 

The CLA-forming ability of bacterial strains in fermented milks has also been 

tested without external LA sources. Buffalo milk with a fat content of 7% and L. 

acidophilus NCDC 14 and L. casei NCDC 19, both in co-culture with Lactococcus 

lactis ssp. lactis biovar diacetylactis NCDC 60, were used for production of 

dahi, an Indian fermented milk product (Yadav et al., 2007). Free LA formation 

from milk fat by L. acidophilus and Lc. lactis was demonstrated. By using all 

three bacterial strains, a total CLA content of 0.79 mg/g product corresponding 

to 11 mg/g lipid was obtained. This was 71% higher than the CLA content in 

control dahi made without L. acidophilus and L. casei (Yadav et al. 2007). 

Lactococcus lactis ssp. cremoris MRS47 isolated from kefir grains was used 

in co-culture with a commercial yoghurt starter culture for enrichment of 

fermented milk with c9,t11-CLA (Vieira et al., 2017). The fat content of cow milk 

was 3%. The reported level of c9,t11-CLA in fermented milk was 0.85 mg/ml 

corresponding to 67 mg/g lipid. 

Akalin et al. (2007) studied the enrichment of yoghurt with CLA using B. 

animalis Bb-12 and L. acidophilus La-5 together with a commercial yoghurt 

starter culture (YC). Raw material, milk with a fat content of 3%, was fermented 

with or without fructo-oligosaccharide (FOS). When B. animals or L. 

acidophilus were used in co-culture with the yoghurt culture and milk was 

supplemented with FOS, c9,t11-CLA levels of 5.8 and 5.5 mg/g lipid were 

obtained, respectively. Without FOS, the values were 3.5 and 3.2 mg/g lipid, 

respectively. The prebiotic FOS was considered to be responsible for the 

enhancement of the viability of especially B. animalis (Akalin et al., 2007). The 

increase in CLA content with B. animalis was 2.3-fold compared to yoghurt 

made with only yoghurt culture and FOS. Other prebiotic materials have also 

been studied in the preparation of CLA-containing fermented milks. Oliveira et 

al. (2009) used maltodextrin, oligofuctose and polydextrose during CLA 

formation in milk fermented by binary co-cultures of S. thermophilus with L. 

acidophilus, L. bulgaricus, L. rhamnosus and B. lactis. The highest level of CLA, 

14 mg/g lipid, was obtained when skim milk supplemented with 4% 

maltodextrin was fermented with L. acidophilus and S. thermophilus. Without 
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maltodextrin, the CLA content was 10 mg/g lipid. Unfortunately, no control 

fermentation without L. acidophilus was performed, and the LA and CLA 

contents of the unfermented milk were not reported. Skim milk supplemented 

with various fruit by-products was fermented with several Bifidobacterium 

strains and one L. acidophilus strain together with a yoghurt culture by do 

Espírito Santo et al. (2010 and 2012). When B. animalis ssp. lactis and the 

yoghurt culture were used with açai pulp as a prebiotic, a CLA content of 14 

mg/g lipid was observed. This was a 22% increase compared to yoghurt made 

without B. animalis (do Espírito Santo et al., 2010). According to the authors, 

açai pulp contained LA, but the amount was not reported. Furthermore, the use 

of fibers from fruit processing by-products resulted in enhanced CLA 

production with some of the strains studied. A CLA content of 11 mg/g lipid or 

0.03 mg/g yoghurt was obtained, when skim milk supplemented with fibers 

from passion fruit was fermented with L. acidophilus L10 and YC (do Espírito 

Santo et al., 2012). The CLA content of unfermented medium was 7.4 mg/g lipid. 

No control fermentation without L. acidophilus was reported. 

Skim milk supplemented with prebiotic FOS was fermented with B. animals 

ssp. lactis BB-12 by Moghadam et al. (2019). Before fermentation, the 

inoculated milk was subjected to ultrasound treatment to enhance the starter 

culture activity due to agitation, facilitating lactose transport and release of 

intracellular hydrolytic enzymes. The concentration of CLA in fermented milk 

was 7.7 mg/g lipid. The LA content of the unfermented milk was not reported. 

The formation of CLA during production of fermented milks was also 

investigated by Gorissen et al. (2012b). Whole milk with a fat content of 3.6% 

was fermented by six Bifidobacterium strains with CLA-producing capacity 

together or without YC. Elevated levels of c9,t11-CLA compared to the 

unfermented milk (0.15 mg/g product or 4.2 mg/g lipid) were not observed in 

any of the combinations. According to the authors, this was related to the low 

levels of free LA in the milk. 

In addition to animal-based milks, enrichment of soy milk with CLA by a 

microbial process has been studied. Li et al. (2012b) cultivated six L. plantarum 

strains in soy milk supplemented with 6.5% sucrose. With strain IMAU 60042, 

the concentration of CLA reached 0.12 mg/g product or 8.8 mg/g lipid, whereas 

in unfermented soy milk no CLA was detected. Soy milk hydrolyzed with a 

mixture of cellulase, esterase and protease and supplemented with 2% sucrose 

and 1% sufflower seed oil was fermented by Lee et al. (2018) using CLA-

producing P. plantarum P1201 strain. The highest c9,t11-CLA content obtained 

was reported to be 1.6 mg/g. It was not specified, if it was per g lipid or g product. 

Thus, the highest levels of CLA obtained in fermented milks have been 

0.7―0.9 mg CLA per g or ml of yoghurt (Yadav et al., 2007; Chung et al., 2008; 

Vieira et al., 2017), whereas in most of the studies the increments in CLA 

concentrations by microbial enrichment have been rather modest (Table 2). As 

milks with various lipid contents have been used as raw materials, it is difficult 

to compare the results on a fat basis. However, it seems clear that the major 

limiting factor for effective CLA production during milk fermentation is the 

unavailability of free LA for the isomerization reaction.  
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Table 2. Summary of studies on microbial enrichment of yoghurts and other fermented milks with 
CLA. Appreviations: YC, commercial yoghurt culture; FOS, fructo-oligosaccharides; LA, linoleic 
acid; FLA, free linoleic acid; MG, monogyceride; NA, data not available. 

Bacteria Matrix, source 
and amount of 

LA 

c9,t11-CLA  
(mg/g 
lipid) 

c9,t11-CLA 
(mg/g or ml 

product) 

CLA content 
compared to 

product made 
with only YC 

Reference 

Lactobacillus 
acidophilus CCRC 
14079 with YC 

Skim milk suppl. 
with 1.0 mg 

LA/ml 

NA 0.003 81% increase Lin, 2003 

Propionibacterium 
freudenreichii ssp. 
shermanii 51 with 
YC 

Skim milk + 
hydrolysed 

soybean oil  -> 
5.0 mg FLA/ml 
+ gum acacia 

2.6 
 

0.026 4.1-fold Xu et al., 
2005 

Bifidobacterium 
animalis with YC 

Milk, fat 
content 3% + 

FOS 

5.8 
 

0.18 2.3-fold Akalin et 
al., 2007 

B. breve LCM 017 
with Streptococcus 
thermophilus and L. 
acidophilus 

Milk 
supplemented 
with 5 μl LA-

MG/ml 

NA 0.58 NA Chung et 
al., 2008 

L. acidophilus with 
S. thermophilus 

Skim milk + 
maltodextrin 

14 NA No control 
fermentation 

Oliveira et 
al., 2009 

B. animalis ssp. 
lactis with YC 

Skim milk + acai 
pulp (contained 

LA) 

14.1 NA 22% increase do Espirito 
Santo et 
al., 2010 

L. acidophilus L10 
with YC 

Skim milk with 
passion fruit-
based fibers 

11.2 
(total CLA) 

0.03      
(total CLA) 

No control 
fermentation 

do Espirito 
Santo et 
al., 2012 

Six Bifidobacterium 
strains with or 
without YC 

Milk, fat 
content 3.6% 

4.2 0.15 No difference 
compared to 
unfermented 

milk 

Gorissen et 
al., 2012b 

Lactococcus lactis 
ssp. cremoris 
MRS47 with YC 

Milk, fat 
content 3% 

67 0.85 9.3-fold Vieira et al. 
2017 

B. animalis ssp. 
lactis BB-12 

Skim milk + FOS 
(not specified) 

7.7     
(total CLA) 

NA CLA content in 
unfermented 

milk not 
reported 

Moghadam 
et al., 2019 

L. acidophilus and 
L. casei in co-
culture with 
Lactococcus lactis 

Buffalo milk, fat 
content 7.2% 
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(total CLA) 

0.79 
(total CLA) 

71% increase Yadav et 
al., 2007 

L. plantarum IMAU 
60042 

Soy milk + 6.5% 
sucrose. LA 
content 10 

mg/g soymilk 

8.8     
(total CLA) 

0.12 
(total CLA) 

No CLA 
detected in 

unfermented 
soymilk 

Li et al., 
2012b 

L.plantarum P1201 Hydrolysed soy 
milk + 2% 

sucrose + 1% 
safflower oil 

1.6 (mg/g 
lipid or 
mg/g 

product) 

 No CLA 
detected in 

unfermented 
soymilk 

Lee et al., 
2018 
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Cheese 

 

The content of CLA in commercial cheeses varies considerably, and levels from 

0.5 up to 29 mg CLA/g fat have been reported (El-Salam and El-Shibiny, 2014). 

In various types of commercial cheeses, the average concentration of CLA has 

been 4–8 mg/g fat (Jiang et al, 1997; Dhiman et al, 2005), in which the 

proportion of c9,t11-CLA, about 80–90% of all CLA, is on average at the same 

level as found in other dairy products. The type of milk, dietary feeding of 

lactating animals and geographical origin have the most significant effects on 

the CLA content of cheeses (Dhiman et al., 2005; El-Salam and El-Shibiny, 

2014. Surprisingly, ripening of cheese has no significant effect on CLA content, 

although the activities of starter bacteria could be expected to produce free LA 

and further CLA from the cheese during ripening and storage (Jiang et al., 1997; 

Sieber et al., 2004; Gnäding et al., 2004; El-Salam and El-Shibiny, 2014).  

In order to microbially increase the CLA content of cheeses, known CLA-

producer strains of propionibacteria, lactobacilli and bifidobacteria have been 

investigated in cheese making. However, the increases in CLA content obtained 

have mostly been moderate or absent. Gnädig et al. (2004) studied the effects 

of two P. freudenreichii strains, with low and high lipolytic activity, on CLA 

content in ripened Emmental cheese. The P. freudenreichii strains were 

individually included in the thermophilic starter culture during cheese 

manufacture from milk with a fat content of 3%. However, the initial 

concentration of CLA in milk, 10 mg/g fat, remained unaltered during the 

processing and 4–6 weeks ripening of the cheeses with or without either of the 

P. freudenrichii strains. Furthermore, in washed-curd, dry-salted cheese, the 

presence of P. freudenreichii ssp. shermanii strains capable of efficient CLA 

formation from free LA in laboratory media did not result in elevated levels of 

CLA (Das et al., 2005). In addition to P. freudenrichii strains, milk had been 

inoculated with two lipolytically active yeasts, Geotrichum candidum and 

Yarrowia lipolytica, together with a lactococcal starter culture and two non-

starter lactobacilli cultures. During cheese ripening, LA in cheese fat TAG was 

liberated by the yeast lipolytic activity and up to 0.5 mg free LA/g cheese was 

detected. However, no conversion of free LA to CLA during the two-month 

ripening period was observed. The free c9,t11-CLA detected in cheeses (0.3–0.4 

mg/g cheese) was shown to originate from milk TAG fatty acids released by 

yeast lipolytic activity. According to the authors, the low pH and low water 

activity in the cheese environment may have adversely affected the isomerizing 

activity of the propionibacteria strains (Das et al., 2005). The accessibility of 

free LA to propionibacteria cells may also have been inadequate in cheese 

matrix. 

Ares-Yebra et al. (2019) studied the formation of CLA by 129 lactic acid 

bacteria strains isolated from artisanal Spanish raw-milk cheeses. In cow milk 

cheeses prepared with and without CLA-producing L. plantarum L200, the 

content of c9,t11-CLA was 11 and 6.9 mg/g fat, respectively, indicating a 

significant increase in the CLA content of the cheeses. 
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Microbial enrichment with CLA has also been investigated in cheeses made 

from buffalo and sheep milk. Van Nieuwenhove et al. (2007) studied the effect 

of four CLA-producing bacteria and sunflower oil addition on CLA content in 

buffalo cheese. Lactobacillus casei CRL431, L. rhamnosus C14, S. thermophilus 

CRL728 and B. bifidum CRL1399 were individually used together with a 

commercial starter culture. The CLA content of the raw buffalo milk used was 

4.4 mg/g fat and the CLA content of ripened cheeses manufactured with the four 

CLA-producing strains was 4.6–6.3 mg/g fat. When milk was supplemented 

with sunflower oil, corresponding to 0.20 mg LA/ml, no increase in the CLA 

content of milk and ripened cheeses was detected with the four bacterial strains. 

El-Salam et al. (2011) prepared Egyptian hard Ras cheese made from a mixture 

of buffalo and cow milks and a fat content of the mixture standardized to 4%. 

Two CLA-producing strains, L. casei and L. acidophilus, were added to the milk 

mixture with a yoghurt culture. Supplementation of the milk mixture with 

sesame oil to give a LA content of 0.8 mg/ml was also tested, either as such or 

hydrolyzed with Aspergillus lipase. The c9,t11-CLA content after a three-month 

ripening period in control cheese without L. casei and L. acidophilus and in 

cheese with the lactobacilli strains was 7.9 and 8.4 mg/g fat, respectively. 

Addition of sunflower oil resulted in cheeses with CLA content of 8.5 and 8.4 

mg/g fat, respectively. Thus, no significant increase in CLA was observed in this 

case either. Recently, Renes et al. (2019) investigated the utilization of CLA-

producing adjunct cultures of L. plantarum and L. casei ssp. casei together with 

a commercial starter culture in sheep milk cheese production. The c9,t11-CLA 

content in cheeses prepared with and without the CLA-producing adjunct 

cultures was 5.8 and 4.8 mg/g fat, respectively. 

1.3.2 Fermented meats 

In ruminant meat and commercial meat products, levels of 1–11 mg c9,t11-

CLA/g fat have been detected (Dhiman et al., 2005; Schmid et al., 2006). The 

CLA content of meat is stable under normal cooking and storage conditions 

(Schmid et al., 2006; Dhiman et al., 2007; Juárez et al., 2009). Microbial 

enrichment of fermented meat products with CLA was investigated by Gorissen 

et al. (2012b). Strain L. sakei LMG 13558, able to produce CLA from free LA in 

laboratory medium, was added to pork meat batter together with a meat starter 

culture of Staphylococcus equorum. The LA content was 22 mg/g meat batter 

and the estimated concentration of free LA was 0.5 mg/g meat. The c9,t11-CLA 

content of the meat product remained at 0.15 mg/g meat throughout the 

fermentation, and no increase in CLA was observed. According to the authors, 

this was probably due to the low pH created in the acidified meat (Gorissen et 

al., 2012b). Özer et al. (2016) studied the CLA-forming ability of L. plantarum 

strains AA1-2 and AB20-961 in production of sucuk, a traditional Turkish 

fermented sausage. The LA content of the meat batter was not reported. The 

amount of CLA obtained in fermented sausages with or without the utilization 

of the L. plantarum strains was 4.8 mg/g fat, and no increase in CLA was 

observed. 
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1.4 Plant-based materials for CLA production 

As presented above, LA-rich plant oils such as sunflower, safflower, soybean and 

sesame oils have been used as external sources of LA in milk-based 

fermentations for enrichment with CLA (Ekinci et al., 2008; Xu et al., 2005; El-

Salam et al., 2010; Andrade et al., 2012). Instead, utilization of plant-based 

materials as production matrices for CLA has rarely been studied. The results 

on CLA-fermentations of soy milk supplemented with sucrose (Li et al., 2012b) 

and hydrolyzed soy milk supplemented with sucrose and safflower oil (Lee et 

al., 2018) are discussed in Section 1.3.1 and presented in Table 2. A recent review 

on biotechnological production of conjugated fatty acids by Andrade et al. 

(2017) contains a chapter on microbial enrichment of plant materials with CLA. 

In that chapter only four publications are reviewed from which three are 

included in the present doctoral dissertation. In addition to these publications, 

a study of Schlörmann et al. (2016) on fermentation of walnuts by fecal 

microbiota is presented. 

    The low research activity in this field is somewhat surprising since the plants 

are the primary source of LA. The reason for the present situation can, however, 

be evaluated from a few viewpoints. One of these reasons may lie in the early 

studies on microbial enrichment of milk-based matrices with CLA. The amounts 

of CLA obtained in these studies were often only moderate which may not have 

inspired for expanding the search towards new starting materials. These studies 

also showed that when LA was esterified in neutral lipids its microbial 

isomerization into CLA was inefficient or did not occur at all. To obtain free LA 

in food materials, hydrolytic operations are required. However, then the 

increase in free fatty acid concentration increases the risk of off-flavors in foods 

(Adamczak et al., 2008). 

    Lipid-containing plant materials, e.g. ungerminated cereal grains and rice, 

contain various levels of endogenous lipolytic activities. In non-inactivated oats, 

this activity is especially high (O’Connor et al., 1992) and fatty acids are rapidly 

liberated from oat neutral lipids, when oat grains are crushed and subjected to 

aqueous conditions. In processing of lipolytically active cereals, such as oats and 

rice, inhibition of lipases has been the major practical challenge (Liukkonen et 

al., 1992). In early studies on application of oat lipolytic activity, hydrolysis of 

vegetable oils (soybean, rice bran and corn oil), tallow and other fats has been 

demonstrated by moistened, ground oat seeds, oat flour, and lipase 

preparations from oat seeds (Parmar and Hammond, 1994; Kaur et al., 1993; 

Piazza, 1991). 

    A majority of plant materials either lack endogenous lipolytic activity or then 

it is inactivated in industrial processes. Nevertheless, they may still from 

economic, environmental or health aspects represent feasible materials for CLA 

production. In contrast to hydrolysis of oils, the use of lipase enzymes or lipase-

active plant materials for obtaining free LA becomes more complicated e.g. due 

to the presence of excess water or heterogeneity of the material (Lehtinen and 

Laakso, 2004). With the use of non-inactivated materials, all their endogenous 

enzymic potential and microflora is also brought to the lipolytic system. Overall, 
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the applicability of noninactivated plant materials as lipolytic biocatalysts is so 

far poorly elucidated and remains one of the central issues to be solved in the 

present study. 

1.5 Biotechnological esterification of CLA 

In a microbial isomerization process, free LA is converted into free CLA. Free 

long-chain FAs including CLA have the disadvantage that they may cause off-

flavors and poor taste in foods (Adamczak et al., 2008; Chae et al., 2009; 

Refsgaard et al., 2000). Decrease in palatability has been demonstrated e.g. in 

a yoghurt-type preparation and in ground beef patties supplemented with free 

CLA. However, off-flavors were no longer detectable when CLA was added 

bound to TAG (Fernie et al., 2004; Chae et al., 2009). Therefore, there is a need 

for esterification of the free CLA in neutral lipids of food products.  

1.5.1 Enzymatic synthesis of structured TAGs rich in CLA 

Currently, the biotechnological esterification of CLA into neutral lipids is based 

on the use of commercial microbial lipases (Adamczak et al., 2008; Kavadia et 

al., 2018). The main reactions used for the enzymatic synthesis of structured 

TAGs rich in CLA are acidolysis and transesterification, by which one or more 

of the fatty acids acylated in TAG can be replaced by CLA. The substrate 

materials used include various plant and fish oils and milk fat. The esterification 

reactions have been catalyzed by microbial lipases from e.g. fungal species 

Candida antarctica, C. rugosa, Rhizomucor miehei and Thermomyces 

lanuginosus. The proportion of CLA reported in structured TAGs has been 17-

48 % (Torres et al., 2001; Garcia et al., 2001; Jørgensen et al., 2010; Alim et al., 

2008; Goli et al., 2008; Busch et al., 2011). 

    The weaknesses of enzymatic synthesis of structured TAGs include the cost of 

commercial lipases, low yields due to reverse hydrolytic reactions and formation 

of mono- and diglycerides and need for extensive separation of by-products 

(Kavadia et al., 2018). Therefore, alternative methods for biotechnological 

esterification of microbially produced free CLA would be welcome. 

1.5.2 Incorporation of fatty acids into microbial TAG 

Yeasts are known to take up free long-chain fatty acids from their environment 

and incorporate them in cellular TAG (Dyer et al., 2002; Guo et al., 1999; 

Papanikolaou et al., 2001; Jaakola et al., 2005). The ability of yeasts to take up 

endogenous fatty acids has been studied especially with Saccharomyces 

cerevisiae ja Yarrowia lipolytica in the presence of multiple carbon sources or 

fatty acids alone. These studies have been conducted both with growing and 

non-growing yeast cultures (Kohlwein and Paltauf, 1983; Dyer et al., 2002; 

Papanikolaou and Aggelis, 2003). In oleaginous organisms the high cellular 

lipid contents reported are mainly based on de novo synthesis of fatty acids from 

carbohydrates and not on accumulation of free fatty acids from extracellular 
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sources (Papanikolaou and Aggelis, 2011; Beopoulos et al, 2009). Instead, the 

non-oleaginous S. cerevisiae has been shown to increase its lipid content and to 

accumulate elevated levels of storage lipids upon supplementation with 

exogenous fatty acids (Dyer et al., 2002; Kamisaka et al, 2006; Jaakola et al., 

2006). 

    The endogenous fatty acids taken up by yeasts are predominantly esterified 

in cellular TAG as energy storage. In that way cellular lipotoxicity of free fatty 

acids is also reduced (Sorger and Daum, 2003; Beopoulos et al., 2011). The 

ability of Y. lipolytica to selectively take up fatty acids and use them for synthesis 

of TAGs with new fatty acid composition has been investigated for production 

of value-added lipids (lipid biomodification) (Papanikolaou et al., 2001; 

Papanikolaou and Aggelis, 2003, 2011). 

    Uptake and incorporation of CLA isomers in cellular TAG in growing cultures 

of S. cerevisiae has been studied by Jaakola et al. (2005, 2006). The total 

cellular fatty acid content with 0.2 mg c9,t11-CLA/ml of growth medium 

increased by 6% to 120 mg/g d.m. and the proportion of c9,t11-CLA in TAG fatty 

acids was up to 48%. Based on their results, Jaakola et al. (2005) proposed that 

a yeast cultivation stage could be added after the microbial isomerization as a 

possible means for esterification of the free CLA formed. 

1.6 Summary 

In light of the present literature survey the spectrum of materials so far used for 

fermentative CLA-enrichment trials have mainly consisted of milk and 

fermented dairy products. A more comprehensive picture of the potential of the 

fermentation techniques in CLA production may be obtained if the starting 

materials are selected on a broader basis. Plants in different forms represent a 

rich source of materials which typically contain LA in their lipids. In addition, 

plant-based materials probably offer more freedom for using process conditions 

which are not adaptable to processing of animal-based materials. Moreover, the 

production of LA in plant materials might provide then added value as bioactive 

ingredients. 
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2. Aims of the Study 

 

The objective of the thesis was to develop a novel bioprocess for valorization of 

plant-based materials that arise from food manufacturing processes as low-

value side streams. Specifically, the objective included that the lipid-containing 

plant residues are enriched with conjugated linoleic acid (CLA) as a value-added 

component with beneficiary health effects. The objective essentially included 

that the bioprocess to be developed represents minimal and sustainable 

processing principles and is adaptable to a wide variety of different plant-based 

materials. 

To fulfil this objective, the research targets were divided into the following 

sub-targets: 

• Development of a bioprocessing technique for liberation of linoleic acid 

into the free acid form from lipids of plant materials in a micro-

biologically safe manner, i.e. without proliferation of the potentially 

harmful indigenous microflora. 

• Development of a fermentation process catalyzed by a food-grade 

bacterium for isomerization of free linoleic acid stereospecifically into 

the desired CLA isomer directly in plant material slurries. 

• Development of harvesting methods based on passive phase distribution 

for recovery of CLA-enriched materials either in particulate form or as 

aqueous suspensions. 

• A final development stage for binding of the free CLA produced back into 

neutral lipids in order to avoid the possible off-flavors caused by non-

esterified free long-chain fatty acids. 

It is anticipated that successful integration of the different research targets 

into a process entity will fulfil the overall objective. Then, the plant-based 

formulations will consist of CLA-containing lipids, other healthy plant 

components and possibly probiotic microorganisms.  
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3. Materials and Methods 

The materials and experimental methods used in this research work are 

presented in this section. More detailed information can be found in the 

publications I–IV. 

3.1 Plant materials 

Non-inactivated (non-heat treated), dehulled oat groats, cultivars Belinda, 

Lisbeth and Fiia, were obtained from Finn Cereal Ltd (Finland), Raisio Ltd 

(Finland) and Korpela Mill Ltd (Finland). The groats were milled just prior to 

use. Sunflower seed oil was from Sigma (St. Louis, MO). Soy okara and camelina 

meal were obtained from Raisio Ltd. Okara was freeze-dried and ground before 

use. Freeze-drying has been shown to be suitable for dewatering of okara and 

this method retains well e.g. the emulsifying capacity of okara (Guimarães et al., 

2020).  

The total FA content, proportion of LA and α-LNA in total FAs, and proportion 

of TAG-originated fatty acids in total FAs in the plant materials are presented 

in Table 3, and the FA profiles of the materials in Figure 4. 

 

Table 3. The total FA content, proportion of LA and α-LNA in total FAs, and proportion of TAG-
originated FAs in total FAs in plant materials used in the study (Publications II, III, and          
unpublished results). The values are means ± SD of three measurements.  

 Total FA 

content (mg/g 

d.m.) 

Proportion of  

LA (%) 

Proportion of   

α-LNA (%) 

Proportion of 

TAG-FAs (%) 

Oats (Belinda) 93 ± 4 40.9 ± 2.0 1.1 ± 0.1 77.4 ± 1.0 

Oats (Lisbeth) 97 ± 6 39.0 ± 1.8 1.1 ± 0.1 77.8 ± 0.8 

Sunflower oil 980 ± 20 69.8 ± 2.1 0.4 ± 0.1 95.0 ± 1.3 

Soy okara 240 ± 11 50.7 ± 1.9 5.4 ± 0.3 92.1 ± 0.2 

Camelina meal 143 ± 5 23.6 ± 0.7 39.9 ± 1.9 74.8 ± 1.2 

 



 

25 

                            

Figure 4. FA profiles of the plant materials used in the study (Publications II, III, and            
unpublished results). The values are means of three measurements.  

3.2 Microorganisms and culture conditions 

For microbial production of CLA, bacterial strains Propionibacterium 

freudenreichii ssp. shermanii DSM 7067 and P. freudenreichii ssp. shermanii 

DSM 20270 were used. In this dissertation, the strains are referred to according 

to their present names P. freudenreichii DSM 7067 and P. freudenreichii DSM 

20270. The strains were cultivated without shaking at 30 °C for 48 h in lactate 

medium containing tryptone 10 g/l, yeast extract 5 g/l, 50% sodium lactate 

solution 20 g/l. To get a concentrated cell culture for isomerization 

fermentations, the bacterial strain was cultivated in lactate medium, the cells 

were harvested by centrifugation at 5900g and resuspended in saline. 

For esterification studies, yeast strains Yarrowia lipolytica ATCC 20373, Y. 

lipolytica DSM 70561 and Saccharomyces cerevisiae B-72021 (VTT Culture 

Collection, Finland) were employed. The inocula were cultivated in Difco YM 

broth at 28 °C for 24 h with 250 rpm shaking. 

3.3 Experimental methods 

Combined wet lipid hydrolysis and isomerization 

 

In the preliminary studies, the hydrolysis of oat neutral lipids and the 

isomerization reaction were performed in excess water in slurries containing 5% 

(w/v) of non-inactivated oat flour. The slurries were homogenized with an Ultra 

Turrax for 2 min at 24000 rpm. The combined wet lipid hydrolysis and 

isomerization process was performed in 250 ml Erlenmeyer flasks containing 

100 ml of the oat flour slurry. The wet oat lipid hydrolysis stage used was 

modified from processing methods presented by Liukkonen et al. (1992). To get 

a concentrated cell culture for isomerization reaction, P. freudenreichii DSM 

7067 was precultivated in lactate medium, the cells were harvested by 
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centrifugation at 5900g, resuspended in a small volume of saline and added to 

the oat slurry to yield a viable count of 1·1010 cfu/ml of slurry. The pH of the 

slurries was adjusted to pH 7.0. During the lipid hydrolysis stage, the pH of the 

slurry was not controlled. The incubation temperature was 25 °C. Following the 

hydrolysis stage, the isomerization stage was started by elevation of the pH of 

the slurries to pH 8.5. Then, the pH was maintained there by manual control 

with NaOH solution for 8 hours. The effect of pH on CLA production during the 

isomerization stage was studied at pH values 7.0, 8.0, 8.5, 9.0 and 9.5. 

The combined wet hydrolysis and isomerization process was carried also in a 

Biostat MD 2 fermentor (B. Braun, Germany) in slurries containing 5% (w/v) of 

non-inactivated oat flour. The slurries were homogenized with an Ultra Turrax 

for 2 min at 24000 rpm. To get a concentrated cell culture, P. freudenreichii 

DSM 20270 was precultivated in lactate medium, the cells were harvested by 

centrifugation at 5900g, resuspended in a small volume of saline and added to 

1.5 l of slurry at the beginning of the combined process to yield a viable count of 

1·1010 cfu/ml of slurry. The pH of the slurry was adjusted to pH 7.0. During the 

17-h lipid hydrolysis stage, the pH of the slurry was not controlled, but during 

the isomerization stage the pH was maintained at 8.5 with NaOH solution. The 

experiments were preformed at 25 °C and 100 rpm stirring rate. Samples for 

fatty acid analysis and viable counts were taken at appropriate intervals. Slurry 

samples for fatty acid analysis containing both the oat material and the bacterial 

cells were freeze-dried prior to analysis. 

Dry lipid hydrolysis 

 

For dry lipid hydrolysis stage, oat flour with or without sunflower oil, dried 

okara or camelina meal supplemented with 10% (w/w) oat flour were milled 

(Fritsch Pulverisette 14, sieve ring 0.5 mm, Germany). The role of non-

inactivated oat flour was to catalyse the hydrolysis of the neutral lipids in the 

mixtures. Water activities (aw) of the mixtures were adjusted to 0.70 by 

gradually spraying with deionized water and measuring aw with a water activity 

meter (Testo AG, Germany) during a period of two hours. The mixtures were 

stored in polyethene bags at room temperature. The progress of lipid hydrolysis 

was monitored by taking samples at appropriate intervals. After the lipid 

hydrolysis period, the mixtures were stored at -80 °C. 

Isomerization fermentations 

 

The plant mixtures hydrolysed at aw 0.70 were suspended in water to yield 

slurries containing 5% (w/v) dry material. The slurries were homogenized with 

an Ultra Turrax for 2 min at 24000 rpm before autoclave sterilization for 15 min 

at 121 °C. The isomerization reaction was performed in a Biostat MD 2 

fermentor at 30 °C. To get a concentrated cell culture for isomerization 

fermentations, P. freudenreichii DSM 20270 was precultivated in lactate 

medium, the cells were harvested by centrifugation at 5900g, resuspended in a 

small volume of saline and added to 1.0–1.5 l of sterilized slurry to yield a viable 
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count of 1·1010 cfu/ml of slurry, corresponding to a dry cell mass concentration 

of 1.8 mg/ml. The pH of the slurry was maintained at pH 8.2–8.4 with NaOH 

solution during the isomerization. The stirring rate applied was 150-200 rpm 

depending on the viscosity of the slurry. Samples for fatty acid analysis and 

viable counts were taken at appropriate intervals. Slurry samples for fatty acid 

analysis containing both the plant materials and the bacterial cells were freeze-

dried prior to analysis. 

Harvesting of CLA 

 

The water solubility and therefore the distribution of CLA between the aqueous 

phase and particulate material in plant slurries is strongly dependent on pH. To 

study the distribution of CLA between these two phases, the pH of the 

isomerized slurries was adjusted to pH values of 4.5–9.5 with HCl or NaOH 

solution. The broad pH range was studied to understand this phenomenon 

properly and to utilize it in harvesting of CLA. After pH adjustment, the 

particulate and aqueous phases were separated by centrifugation at 5900g for 

20 min. 

Esterification of CLA 

 

Yeast-based esterification of synthetic c9,t11-CLA was carried out in a 

cultivation medium containing glucose 10 g/l, tryptone 2 g/l, ammonium sulfate 

1 g/l, and Difco yeast nitrogen base (YNB) 1.7 g/l. Cultivations were performed 

in 250 ml Erlenmeyer flasks with 100 ml of medium. Synthetic c9,t11-CLA 

(>98%, Matreya LLC) was added in 0.5 ml of ethanol to reach a concentration 

of 0.5 mg/ml of cultivation medium. Same amount of ethanol was added to 

control cultivations without CLA supplementation. Yeast-catalyzed 

esterification of c9,t11-CLA was studied using actively growing and stationary 

phase cultures. In cultivations for growth-associated esterification, cultivation 

medium with or without c9,t11-CLA was inoculated with 1% (vol/vol) of yeast 

culture and incubated at 28 °C for 66 h with 250 rpm shaking. When stationary 

phase cultures were used for esterification, the glucose concentration of the 

cultivation medium was 20 g/l. Yeast strains were first cultivated in medium 

without c9,t11-CLA  for 42 h into early stationary phase, c9,t11-CLA  in ethanol 

was added to reach a concentration of 0.5 mg/ml and incubation was continued 

for 24 h. The samples taken during cultivations were centrifuged at 4300g and 

the supernatants were freeze-dried prior to fatty acid analysis. 

Yeast-based esterification of bacterially produced CLA was performed in 

supernatants of okara slurries isomerized by P. freudenreichii DSM 20270. At 

the end of the isomerization fermentation, the pH of the okara slurry was 

adjusted to 9.0, the slurry was heated to 50 °C to futher enhance the water-

solubility of free c9,t11-CLA and the slurry was aseptically centrifuged at 5900g 

for 15 min. For the esterification stage, the okara supernatant was supplemented 

either with glucose (low nutrient) or with glucose plus the same nutrients used 

in the esterification of synthetic c9,t11-CLA (high nutrient). The level of free 
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c9,t11-CLA in these media was adjusted to 0.5 mg/ml and the concentration of 

glucose was 10 g/l. The experiments were performed in 250 ml Erlenmeyer 

flasks with 90–100 ml of medium. The media were inoculated with 1% yeast 

culture and incubated at 28 °C for 66 h with 250 rpm shaking. Samples for fatty 

acid and dry matter analyses, and yeast viable counts were taken at appropriate 

intervals. The yeast cell mass during cultivations was calculated from the 

increase in total dry matter. 

3.4 Analytical methods 

Lipid analyses 

 

In FA analysis, the FAs in samples of plant mixtures or in freeze-dried slurry 

samples were subjected to the methylation procedure described by Suutari et al. 

(1990). The FAs were saponified with NaOH in 49% methanol at 100 oC for 30 

min and then methylated with HCl in 48% methanol at 80 oC. The methyl esters 

(FAME) were extracted in hexane/methyl-tert-butyl ether solution, and the 

extract was washed with aqueous alkali. Analysis of the FAME was performed 

by a Hewlett-Packard model 6890 gas chromatograph using an HP-FFAP 

column (25 m, 0.2 mm inner diameter, 0.33 µm film thickness) with a flame 

ionization detector. Split ratio was 15:1 and injection volume 1 µl. The column 

temperature was raised from 70 to 200 oC at a rate of 25 oC/min and the total 

run time was 30 min. Nonadecanoic acid methyl ester (Sigma) was added to the 

samples as an internal standard. 

To analyze the FA amount and composition of major lipid classes, the lipids 

were extracted from samples in dichloromethane/methanol (2:1) twice for 2 h. 

The extracts were combined and evaporated to dryness under nitrogen. The 

lipids were separated into the major classes by thin-layer chromatography as 

described by Liukkonen et al. (1992). A mixture containing known amounts of 

triheptadecanoin (Sigma), dipentadecanoin (Sigma), heptadecanoic acid 

(Sigma), and dipentadecanoyl phosphatidylcholine (Sigma) was used as an 

internal standard. The separated lipid classes were scraped off from thin-layer 

plates and used for FA analysis as described above. The degree of TAG 

hydrolysis (DH) was calculated as the proportion of free FA from the sum of FA 

in TAG and free FA. 

Further analyses of lipids in the plant slurries were performed in the 

laboratory of Natural Resources Institute Finland (Luke). Lipids were extracted 

from 200 mg of freeze-dried samples and fatty acids were methylated according 

to Honkanen et al. (2016). FAME were quantified using a GC (6890N, Agilent 

Technologies, CA) equipped with a flame-ionisation detector (FID) and a CP-Sil 

88 column (100 m × 0.25 mm i.d., 0.2 µm film thickness, Agilent Technologies). 

GC settings and temperature gradient programme used were as reported by 

Honkanen et al. (2016). Peaks were identified based on comparison of retention 

times with those of the authentic FAME reference compounds (Larodan Fine 

Chemicals AB, Sweden; Nu-Check Prep; and Sigma-Aldrich), such as the 

mixtures of geometric isomers of Δ9,12 18:2, Δ9,12,15 18:3, Δ9,11 and Δ10,12 



 

29 

(Sigma-Aldrich), and geometric isomers of 8,10,12 18:3 and 9,11,13 18:3 

(Larodan Fine Chemicals AB). In addition, fatty acids were identified based on 

GC-MS (5973, Agilent Technologies) spectrometry of FAME and 4,4-

dimethyloxazoline derivatives (Honkanen et al., 2016). 

The distribution of CLA and CLNA isomers was further determined by silver 

ion HPLC system, which consisted of Acquity HPLC instrument equipped with 

a photo diode array detector (Waters Corporation, MA) and four ChromSpher 5 

Lipids columns in series (250×4.6 mm i.d., 5 µm particle size, Agilent 

Technologies). FAME of CLA and CLNA were separated under isocratic 

conditions at 22 °C using 0.1 % (v/v) acetonitrile in heptane, respectively, at a 

flow rate of 1 ml/min. Wavelength 233 nm was used to detect a conjugated diene 

double-bond system and wavelength 268 nm to detect a conjugated triene 

double-bond system (Honkanen et al., 2016). 

Microbial analyses 

 

Viable counts of the Propionibacterium cells were determined by the pour plate 

method on sodium lactate agar. The plates were incubated anaerobically 

(Anaerocult A, Merck) at 30 °C for 6 days. 

   Total viable counts were determined by the pour plate method on plate count 

agar (LabM). The plates were incubated at 30 °C for 72 h. 

   Yeast viable counts were determined by spread-plate method on potato 

dextrose agar. The plates were incubated at 28 °C for 40 h. For analysis of yeasts 

and molds in oat-based slurries, chloramphenicol (Sigma) was used in potato 

dextrose agar as a selective agent at a concentration of 100 mg/ml agar. The 

plates were incubated at 25 °C for 5-6 days. 

Statistical calculations 

 

The results are reported as mean values with standard deviations (SD) of two to 

three independent experiments. The specific number of experiments is 

mentioned in each Figure and Table.  
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4. Results and Discussion 

4.1 Liberation of LA from TAG in plant materials 

4.1.1 Wet and dry lipolysis of non-inactivated oats 

For the microbial production of CLA in slurries of lipid-containing plant 

materials, the substrate, free LA, needs first to be liberated from TAG. Oats was 

chosen as the source for free LA, because its TAG is relatively rich in LA, it has 

high endogenous lipolytic activity (O’Connor et al., 1992), and it has potential 

to serve as a natural plant-based lipolytic catalyst eliminating the need for 

commercial lipolytic enzymes and organic solvent environments. There is also 

long-term research background available on hydrolysis of oat lipids (Liukkonen 

et al., 1993; Lehtinen et al., 2000). Thus, in this study oats became the 

pioneering plant material to be subsequently enriched with CLA.  

The combined wet TAG hydrolysis and isomerization experiments were 

performed in excess water in slurries containing 5% (w/v) oat flour ground from 

non-inactivated oats, i.e. oat groats without heat treatment. Rapid hydrolysis of 

TAG into free fatty acids was observed in the first stage of the combined process 

until the rate attenuated, probably due to decrease in pH of the slurries from the 

initial 7.0 to a final level of 4.8. According to earlier observations, oat lipolytic 

activity has an optimum at pH 7.0–7.5 (Kaur et al., 1993; Liukkonen et al., 

1995). Interestingly, increasing oat flour content in oat slurries from 5% to 10, 

15 and 20% resulted in a higher degree of TAG hydrolysis (DH). After a 17 h 

hydrolysis period the DH values were 50, 61, 72, and 82%, respectively. This 

trend indicates that although water participates in minimal amounts in the 

hydrolysis of ester bonds, the high surplus of water used probably interfered 

adversely by weakening the interaction of the poorly water-soluble LA with the 

catalytic sites in oat. In addition, the increased dry matter content provided 

higher buffering capacity against reduction of pH during the hydrolysis period.  

Based on this reasoning, the lipid hydrolysis step was developed further towards 

low-water processes. 

Effect of water activity on lipolysis and on indigenous microflora of           
non-inactivated oat flour 

 

Although in excess water the hydrolysis of oat TAG was initially rapid, the high 

water activity (aw) in these slurries was also favorable for the growth of 

indigenous microflora originating from non-inactivated oat groats. Bacteria, 
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yeasts and molds are naturally present on the surface and outer layers of seeds 

of cereal plants (Sauer et al., 1992). During the 17 h wet lipolysis period in 5% 

oat slurries, total viable counts and counts of molds and yeast increased 3.0 and 

2.0 log-units, respectively (Publication II). Therefore, the hydrolysis stage was 

developed towards low-water conditions in which proliferation of indigenous 

microorganisms could not occur, while hydrolysis of neutral lipids could still 

progress at a relatively high rate. This was done separatively from the 

isomerization stage. 

According to literature data, at a water activity of 0.70 the growth of 

microorganisms is inhibited, except in the case of a few xerophilic molds 

(Farkas, 1997; Smith et al., 2004). However, lipases exhibit significant lipolytic 

activity even at very low water activities (Wehtje and Adlercreutz, 1997). 

Therefore, the progress of lipolysis and the possible growth of indigenous 

microflora in oat flour were followed for 14 days after adjusting the non-

inactivated flours used in the present study to aw of 0.70 (moisture content 12%). 

According to the results, no microbial growth occurred during the lipid 

hydrolysis period and these conditions can hence be considered to be 

microbiologically safe, i.e. safe against proliferation of indigenous 

microorganisms (Table 1 in Publication II).  

At aw 0.70, the material transfer was predictably low but the liberation of LA 

from neutral lipids of oat flour was still rapid as compared to the hydrolysis rates 

in oat slurries at aw 1 (Figure 5). In conclusion, an efficient and microbiologically 

safe lipolysis stage for free LA formation in oats was developed. The hydrolysis 

stage can also be performed separately from the aqueous isomerization stage, 

thus considerably reducing the overall volumes of liquid. 

 

 

Figure 5. Progress of free LA formation in aqueous slurries of oat flour (aw about 1) and in 
moistened oat flour at aw 0.70 (Publications I and II). The values are means ± SD of two 
independent experiments (duplicate measurements). 

 

Once suitable conditions for the hydrolysis of endogenous LA in oat flour had 

been established, it was of interest to study how the non-inactivated oat was also 

able to attack the TAG of other oily plant-originated materials when mixed in 



 

32 

oat flour. These experiments provided information whether the amount of free 

LA could be further increased in this way for the subsequent fermentative CLA 

production stage. Therefore, oat flour was supplemented with LA-rich 

sunflower seed oil to 8% (w/w) concentration. The contribution of sunflower 

oil-based LA to total LA content in this mixture was 61%. The oat lipolytic 

activity also hydrolyzed effectively the sunflower oil neutral lipids at aw 0.70. 

The initial rate of hydrolysis in oil-supplemented oat flour during the first day 

was 2.8-fold as compared to the rate in the non-supplemented oat flour. 

Previously, hydrolysis of vegetable oils (soybean, rice bran and corn oil), 

tallow and other fats has been demonstrated by moistened, dehulled oat seeds, 

oat flour, and lipase preparations from oat seeds (Parmar and Hammond, 1994; 

Kaur et al., 1993; Piazza et al., 1992). However, the moisture contents in these 

experiments were considerably higher than in the present method, and the 

aspect of microbial safety was not addressed. 

4.1.2 Dry oat-assisted lipolysis in various plant materials 

The observation that at the microbiologically safe aw of 0.70 oat lipolytic activity 

also hydrolyzed lipids originating from supplementary oily material led to 

testing whether lipids present in other LA-containing plant materials could be 

hydrolyzed by the oat-assisted method. From this point on, oat retained its role 

as a hydrolyzing catalyst. Its content was reduced from the earlier 92 % dry 

weight to 10 % dry weight and the rest of the biomass (90%) consisted of 

material which was meant to be the main source of LA.   

The concept was presumed to be generally applicable over a variety of lipid-

containing plant materials. The presence of catalytic amounts of non-

inactivated oat was designed to compensate for the lack of inherent lipolytic 

activity in the plants to be used. Thereby, a broad-scale use of processed but still 

lipid-containing side streams would become possible for subsequent CLA 

enrichment. For this purpose, two different plant materials were tested in the 

presence of 10% (w/w) non-inactivated oat flour, namely dried soy okara and 

camelina meal. Soy okara originates from tofu and soymilk manufacture and 

camelina meal is an industrial side-stream of camelina seed oil manufacture (Li 

et al., 2012a; Salminen et al., 2006). The total fatty acid contents and fatty acid 

profiles of all the plant materials used are presented in Section 3. 

When oat flour was added to okara and camelina meal to correspond to 10% 

of the total dry weight and the mixtures were incubated at aw 0.70, the rates of 

free LA formation during the first seven days were as high as 46% and 30% of 

the rate obtained in pure oat flour for okara and camelina meal, respectively 

(Table 4). The initial amount of free LA in okara-oat mixture was 1.1 mg/g d.m. 

and in camelina meal-oat mixture 5.1 mg/g d.m. before lipolysis stage (Fig. 1 in 

Publication III). Therefore, weak endogenous lipolytic activity probably was left 

or had been present in camelina meal when it was originally manufactured but 

lipolytic activity was not present in okara. The results in Table 4 support the 

view that the non-inactivated oat is efficient in liberating LA from neutral lipids 

of plant materials which do not have or have only low intrinsic lipolytic activity 
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and in which the lipids may be randomly organized and buried within the matrix 

as a result of previous processing. The hydrolysis of neutral lipids was conducted 

until desired levels of free LA for subsequent isomerization stage experiments 

were reached in the plant materials (Table 5). After a lipolysis period of three 

weeks in LA-rich okara, the reaction was continued for additional three weeks, 

resulting in significantly higher lipolysis values.  

 

Table 4. Rate of free LA and total free FA formation by oat flour lipolytic activity in various plant 
materials at aw 0.70.  The values are from the first six days (unsupplemented and supplemented 
oat flour) or seven days (okara and camelina meal) of the hydrolysis period (Publication I and III 
and unpublished results). The values are presented as means ± SD of two independent 
experiments (duplicate measurements). 

 

Material at aw 0.70 

Free LA formation 

rate (mg g-1 day-1) 

Total free FA formation 

rate (mg g-1 day-1) 

Change in 

DH (%) 

Oat flour 3.7 ± 0.4 9.1 ± 1.0 5.9 -> 70.9 

Oat flour+8% sunflower oil        11.3 ± 1.4            19.3 ± 1.9 5.0 -> 76.3 

Okara+10% oat flour 1.7 ± 0.2 2.2 ± 0.2 1.5 -> 12.6 

Camelina meal+10 % oat flour 1.1 ± 0.1 4.0 ± 0.3 20.3 -> 46.8 

 

Table 5. Characteristics of plant materials after a controlled lipolysis stage at aw 0.70 for liberation 
of free LA (Publications II and III). DH, degree of hydrolysis. The values are means ± SD of two 
independent experiments (duplicate measurements). 

 

Material at aw 0.70 

Duration of 

lipolysis (weeks) 

DH (%) Free LA      

(mg/g d.m.) 

Oat flour 2 90 ± 7 30 ± 3 

Oat flour+8 % sunflower oil 2 92 ± 8 82 ± 7 

Okara+10% oat flour 3 26 ± 3 25 ± 3 

Okara+10% oat flour 6 43 ± 4 41 ± 3 

Camelina meal+10% oat flour 3 66 ± 5 21 ± 1 

 

 

The hydrolysis inevitably also liberates other FAs than LA from TAG. The oat 

lipolytic activity had different material-based specificities for the predominant 

PUFA liberated (Figure 6). In pure oats and okara-oat mixture this was LA and 

in camelina meal-oat mixture it was α-LNA. Previously, FA specificity has not 

been observed in the endogenous lipolysis of oat products (O’Connor et al., 

1992; Heiniö et al., 2002).  However, Piazza et al. (1992) showed that oat seed 

lipase preparation hydrolyzed pure TAG by preferentially removing unsaturated 

FA (oleic acid vs. stearic acid). 
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Figure 6. Proportion of LA and α-LNA in TAG fatty acids and free fatty acids (FFA) of oat flour 
and in soy okara and camelina meal during oat-assisted lipolysis at aw 0.70 (unpublished results). 
The values are means ± SD of two independent lipolysis experiments (duplicate measurements). 

 

The hydrolysis of lipids in plant materials aims at obtaining free LA for the 

microbial isomerization stage. The plant materials were purposefully chosen to 

represent different material compositions, varying from oil to cereal and to two 

plant side streams from highly different industrial processes.The results showed 

that it is possible to control the preceding lipid hydrolysis by selection of plant 

material, the amount of non-inactivated oat flour and hydrolysis time so that a 

suitable DH and therefore also the desired free LA level for subsequent 

isomerization stage is achieved. 

4.2 Microbial production of CLA in plant materials 

4.2.1 Effect of pH on CLA formation 

Microbial isomerization of LA into CLA requires aqueous reaction 

environments in which the prevailing pH presumably dictates the conversion 

efficiency on at least two levels. First, pH determines the ratio of the dissociated 

and non-dissociated forms of LA, thereby affecting the actual concentration of 

the dissociated form of LA in the aqueous slurries. Second, since the non-

dissociated LA has extremely low solubility in water it tends to interact with the 

most hydrophobic components of the complex slurries rather than with the 

catalytic surfaces of the bacterial cells. Therefore, establishment of a suitable pH 

region for the isomerization was one of the preliminary tasks of the present 

work. These studies were performed as combined wet lipid hydrolysis and 

isomerization experiments using 5 % (w/v) aqueous slurries of non-inactivated 

oat flour and precultivated Propionibacterium freudenreichii DSM 7067 cells. 

During a 17-h lipid hydrolysis stage, the pH of the slurries decreased from 7.0 
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to 4.7. Only a minimal amount of CLA was formed in these acidic conditions, 

although free LA was liberated from TAG and P. freudenreichii cells were 

present in the oat slurries. 

In an earlier study by Rainio et al. (2002a), slightly alkaline pH conditions 

supported efficient CLA production by non-growing cells of the same 

propionibacterium strain in aqueous buffer solution supplemented with free 

LA. Therefore, the effect of pH on CLA formation in the oat slurries was further 

studied between pH 7.0 and 9.5. The optimum pH range for the isomerization 

reaction by non-growing cells of P. freudenreichii was found to be 8.0–8.5 

(Figure 1 in Publication I). At pH 9.0–9.5, the formation of CLA was as rapid as 

at pH 8.5 during the first 4 h but ceased thereafter. In the first CLA production 

process developed in this study, based on combined wet lipid hydrolysis and 

isomerization stages in oat slurry, the elevation of pH to the slightly alkaline 

range rapidly initiated the formation of CLA by the propionibacterium cells 

(Figure 7). Thus, the change to slight alkalinity triggered the isomerization 

process, supporting the view that free LA in dissociated form was the preferred 

substrate for the isomerization reaction. 

 

 

Figure 7. The microbial CLA production process based on combined wet lipid hydrolysis and 
isomerization stages in 5% (w/v) oat slurry. PAB, P. freudenreichii DSM 7067 cells (Figure is 
based on data in Publication I). The values are means ± SD of two fermentations (duplicate 
measurements). 

 

The aqueous isomerization slurry is a complex heterogenous mixture of 

dissolved, partly hydrated and insoluble components. The distribution of poorly 

water-soluble long chain fatty acids in such an environment is very difficult or 

almost impossible to evaluate. However, the two physical factors, temperature 

and pH, are the tools with which the phase distribution of these acids can be 

affected. In the present case, maintaining viability of the bacteria takes priority, 

which left limited possibility for changing the temperature. This increases the 

significance of experimental pH optimization. Moreover, there are earlier 
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observations showing that with the same propionibacterium strain up to 50% of 

the CLA formed during isomerization remained adhered to the cells. In these 

experiments pure LA was prepared in advance in micellar form with an anionic 

surface active agent and isomerized with the non-growing bacterial cells at 

slightly alkaline pH (Rainio et al., 2002a). Related arguments concerning the 

complexity involved in distribution of lipids in food matrices has also been dealt 

with earlier e.g. by Lehtinen and Laakso (1997) and Chung and Tsen (1975), who 

also reported the binding of free LA to proteins and other flour components. 

In further experiments of the present study, separate dry lipid hydrolysis and 

isomerization stages were used. In this way the liberation of free LA in various 

plant materials was performed at a controlled aw of 0.70 and wet hydrolysis 

could be avoided. The wet hydrolysis was useful in the early phases of the 

research to get initial information about functionality of the study concept. It 

was considered that moving to the dry lipid hydrolysis was the only way to 

prevent proliferation of the potentially harmful microflora. 

4.2.2 Efficiency of CLA production in plant slurries 

The fermentative isomerization stage for production of CLA was conducted in 

sterilized 5% (w/v) slurries of plant materials which had been earlier subjected 

to controlled lipolysis (Table 5). The isomerization reaction of free LA into CLA 

in the slurries was performed by precultivated, non-growing cells of P. 

freudenreichii DSM 20270. 

According to GC fatty acid analyses, the main CLA isomer formed by P. 

freudenreichii DSM 20270 was c9,t11-CLA, independently of the plant material 

used, and the proportion of this isomer was 80% of the total CLA formed 

(Publications I and II). The distribution of CLA isomers was further determined 

by a silver ion HPLC system. According to these analyses, the total CLA 

produced by P. freudenreichii SDM 20270 consisted of c9,t11 isomer (95%), 

t9,t11 isomer (4%), c9,c11 isomer (0.7%), and t10,c12 isomer (<0.05%) 

(unpublished results).  

The production of CLA began rapidly in slurries containing okara or pure oat 

flour. With camelina meal a short initial lag was observed (Figure 8). The 

maximal volumetric CLA production rates (VPR) are summarized in Table 6. 

The highest VPR values, 0.14–0.20 mg c9,t11-CLA ml-1 h-1,  were obtained in 

okara slurries during 4–6 hours of fermentation. Previously, the highest VPR as 

estimated from published data have been 0.18–0.50 mg CLA ml-1 h-1 when high 

amounts of precultivated, non-growing Lactobacillus cells were used (Lee et al., 

2003; Kishino et al., 2002). 

In oat slurries containing sunflower oil, the time course of CLA formation was 

different from in the other fermentations and the formation of CLA was initiated 

after a lag phase of at least six hours. The presence of pure oil may have 

introduced a separate oily phase into the slurry, which reduced the equilibrium 

concentration of free LA in the aqueous phase. Other investigators have also 

reported the utilization of sunflower oil as an additional source of LA in food 

materials. However, the levels of CLA formed in fermented milks and cheese 
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with added sunflower oil have remained modest, most probably due to the 

unhydrolyzed form of the oil used (Kim and Liu, 2002; Van Nieuwenhove et al., 

2007; Ekinci et al., 2008). 

 

 

Figure 8. Time course of c9,t11-CLA formation by P. freudenreichii DSM 20270 in 5% slurries of 
various plant materials (Publications II and III, and unpublished results). Prior to fermentation, 
hydrolysis of neutral lipids was performed at aw 0.70. The values are means ± SD of two or three 
independent fermentations (duplicate measurements). 

 

Table 6. Maximal volumetric production rates (VPR) and final amounts of c9,t11-CLA produced 
by P. freudenreichii DSM 20270 in 5% slurries of various plant materials. Prior to fermentation, 
hydrolysis of neutral lipids was performed at aw 0.70. The time period of maximal VPR is indicated 
in brackets (Publications II and III, and unpublished results). The values are means ± SD of two 
or three independent fermentations (duplicate measurements). 

Materials in slurries Maximal VPR                

(mg ml-1 h-1) 

c9,t11-CLA produced     

(mg ml-1) 

Oat flour 0.06 ± 0.01 (0 – 4 h) 0.45 ± 0.06 

Oat flour + sunflower oil     0.03 ± 0.01 (20 – 28 h) 0.88 ± 0.14 

Okara, DH=26% 0.14 ± 0.03 (4 – 6 h) 1.2 ± 0.2 

Okara, DH=43% 0.20 ± 0.02 (4 – 6 h) 1.4 ± 0.2 

Camelina meal 0.12 ± 0.02 (6 - 8 h) 0.83 ± 0.10 

 

 

All the isomerizing fermentations contained one of the hydrolyzed plant 

material mixtures at 5 % concentration. The initial concentration of free LA 

varied over a broad range of 0.9–4.1 mg/ml, the slurry of oat flour 

supplemented with sunflower oil predictably representing the maximum. 

However, in the other materials used, free LA contents fell within a narrower 

concentration range of 0.9–1.9 mg/ml. Within this region the isomerization 

process yielded widely varying c9,t11-CLA concentrations (0.45–1.4 mg/ml), 

reflecting the fact that the plant material itself is the primary factor in 

determining the isomerization efficiency (Figure 9). The highest levels of c9,t11-
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CLA, together with the highest rates of production, were obtained in slurries of 

okara. This suggests that especially in okara slurries, free LA was either available 

in larger quantities for the propionibacterium cells, or its antimicrobial activity 

was attenuated by this material. Such a material component may have been the 

emulsifying lecithine, a natural component of okara (Schved and Hassidov, 

2010). 

In a previous study concerning the enrichment of fermented soymilk with CLA 

by strains of Lactobacillus plantarum, the highest level was 0.12 mg CLA/ml 

(Li et al., 2012b). This low level probably reflects the fact that the soymilk fat 

had not been hydrolyzed and the concentration of free LA was therefore very 

low. In milk-based matrices, microbial CLA production has been studied with 

free LA concentrations up to 5 mg/ml (Xu et al., 2005; Xu et al., 2006) by 

supplementing the milk with chemically hydrolyzed soybean oil. Despite this, 

only 0.03 mg c9,t11-CLA/ml of yoghurt was obtained when P. freudenreichii 

strains were co-cultured with traditional yoghurt cultures. 

 

       

Figure 9. The effect of initial free LA on the final amount of c9,t11-CLA produced in various plant-
based slurries in fermentor cultivations by P. freudenreichii DSM 20270. Prior to fermentation, 
hydrolysis of neutral lipids was performed at aw 0.70. For comparison, data from Erlenmeyer flask 
isomerizations with different amounts of hydrolyzed oat flour are also presented (Publications I–
IV). The values are means ± SD of two or three independent fermentations (duplicate 
measurements). 

 

By relating the amounts of c9,t11-CLA formed to total lipids of the plant 

material, a different picture emerges. The data in Figure 10 shows that the 

values are within a narrow range of 100–110 mg/g of total FA (10–11%) in all 

plant slurry fermentations in which the amount of free LA was not a limiting 

factor for the isomerization reaction. Thus, at least under the production 

conditions used in the present study, the total lipid content in the plant material 

appears to be the limiting property determining the CLA concentration that can 

be obtained. Interestingly, the material-based differences in the proportion of 

LA amongst total fatty acids appear to play only a minor role.  
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Figure 10. The effect of initial free LA on the amount of c9,t11-CLA in total fatty acids in various 
plant-based slurries in isomerizing fermentations by P. freudenreichii DSM 20270. Prior to 
fermentation, hydrolysis of neutral lipids was performed at aw 0.70. Data from fermentations in 
which free LA was not totally consumed (Publications II–IV). The values are means ± SD of two 
or three independent fermentations (duplicate measurements). 

 

The highest previously reported amounts of CLA per total lipids in food 

materials subjected to microbial isomerization have been 67 mg c9,t11-CLA/g of 

lipids in yoghurt (Vieira et al., 2017), 11 mg CLA/g of lipids in yoghurt produced 

from buffalo milk (Yadav et al., 2007) and 14 mg CLA/g of lipids in yoghurt 

supplemented with açai pulp containing LA (do Espirito Santo et al., 2010). In 

these systems, the probiotic bacteria capable of CLA formation most probably 

possessed lipolytic activities, and moderate amounts of free LA were released 

during the acidification process. The higher CLA levels obtained in the present 

study are most probably linked to increased availability of LA substrate due to 

the slightly alkaline conditions used and the tolerance of the non-growing 

bacterial cells to those conditions. 

4.2.3 P. freudenreichii in plant matrices containing free LA 

The isomerization of free LA to CLA in the plant material slurries used in this 

research work was accomplished by precultivated, non-growing cells of P. 

freudenreichii DSM 20270. The initial viable cell count was 1·1010 cfu/ml of 

slurry. As free LA is inhibitory towards various bacterial species including P. 

freudenreichii already at low levels (Boyaval et al., 1995; Rainio et al., 2001), it 

played a contradictory role in being both a substrate for isomerization and a 

metabolic inhibitor. During the isomerization stage, free LA represented a 

potential challenge for the viability of the non-growing cells and thereby their 

efficiency for production of CLA. However, during the isomerization stage, the 

decrease in viability of P. freudenreichii cells was very small, less than 0.3 log-

units, in slurries of oat flour, okara and camelina meal, in which the initial free 

LA concentrations were below 2 mg/ml (Figure 11). Concomitantly, the 

volumetric production rates of CLA by the cells (Table 6) were high. A more 
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revealing measure of the isomerizing capacity of the cells is obtained when 

expressed as specific production rate (SPR) per dry cell mass. In this thesis 

work, the maximal SPR values were very high, 16–74 mg c9,t11-CLA g-1 dry cell 

mass h-1, the highest values obtained in okara slurries during 4–6 hours of 

fermentation. The highest SPR values estimated from previous data of Kishino 

et al. (2002) have been 10–13 mg CLA g-1 dry cell mass h-1 with precultivated 

non-growing cells of L. plantarum. 

 

          

Figure 11. Effect of initial free LA concentration on the viability of precultivated, non-growing P. 
freudenreichii cells in various plant-based slurries during the first 20 or 21 h of fermentation. Prior 
to fermentation, hydrolysis of neutral lipids was performed at aw 0.70 (Publications II and III). The 
values are means ± SD of two or three fermentations. 

 

Therefore, in these plant slurries, the previously reported antimicrobial effect 

of LA (Rainio et al., 2001) was attenuated, probably due to variable associations 

of part of the free LA with soluble, partly soluble and insoluble components of 

oats (Lehtinen and Laakso, 2000), and its mixtures with okara and camelina 

meal, so that the LA pool contacting the cells did not increase to an inhibitory 

level. Furthermore, during harvesting of pre-cultivated cells of P. freudenreichii 

before the isomerization stage, the cell mass had a slightly slimy appearance 

(unpublished information). Previously, it has been reported that some strains 

of P. freudenreichii produce exopolysaccharides (EPS) known to protect 

microbial cells from harsh environments (Nordmark et al., 2005; Thierry et al., 

2011; Belgrado et al., 2018), and the slimy EPS may have protected the 

propionibacterium cells against the potentially inhibitory factors, such as 

presence of free LA in plant slurries.  

In addition to dairy environments and products, strains of P. freudenreichii 

have occasionally been isolated in plant-based matrices such as hay, straw and 

silage (Thierry et el., 2011; Poonam et al., 2012). When included in processing 

of these plant-based matrices, growth of P. freudenreichii is weak or does not 

occur at all, although the cells still maintain their metabolic activity 

(Suomalainen and Mäyrä-Mäkinen, 1999; Merry and Davies, 1999). In fact, P. 

freudenreichii is considered to be a robust microorganism, with the ability to 
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adapt to various stressful conditions e.g. during fermentation processes 

(Thierry et al., 2011; Poonam et al., 2012). Recently, this bacterium has been 

used for in situ production of vitamin B12 in wheat flour and wheat bran (Xie et 

al., 2018). 

In oat slurries supplemented with sunflower oil to increase the initial free LA 

concentration up to 4.1 mg/ml, the viable count of the propionibacterium cells 

decreased during the first six hours by 0.80 log-units. This time range 

corresponds to the initial lag phase in CLA formation shown in Figure 8. The 

slow progress of isomerization indicated that the bacteria clearly suffered from 

the high initial amounts of free LA as compared to the other materials used. 

However, the formation of CLA, once initiated, continued with the adapted 

viable cells for at least 35 h. This time period of CLA formation was considerably 

longer than the periods previously reported for efficient CLA production by non-

growing cells of P. freudenreichii DSM 7067 in fed-batch cultivations in whey-

based medium or in reaction systems in which concentrated cell suspensions 

were incubated in a phosphate buffer solution in the presence of micellar free 

LA (Rainio et al., 2002a,b).  

According to these results, the multiphase slurries of lipid-containing plant 

materials can also be considered favorable with respect to the viability of the 

non-growing cells of P. freudenreichii. In addition, such materials offer a means 

to avoid the use of dispersing or solubilizing agents for free LA, which might 

limit the use of the product as a food or complicate the recovery of CLA after the 

isomerization.   

4.2.4 Isomerization of free α-LNA 

The lipids of camelina meal are rich in α-linolenic acid (α-LNA) (40% of total 

fatty acids, compared to LA 24%, Table 3). When the lipids of camelina meal 

were hydrolyzed and the meal was used for microbial production of c9,t11-CLA, 

in addition to reducing the amount of LA, the amount of α-LNA also rapidly 

deceased in the slurries.  This gave reason to assume that α-LNA may also have 

been isomerized by the propionibacterium used, especially as it has been shown 

that the bacterial linoleate isomerase catalyzing the formation of CLA is also 

able to isomerize other polyunsaturated fatty acids with the c9,c12 double bond 

system (Hennessy et al., 2012). Combining GC and silver ion HPLC revealed 

that concomitantly with the reduction of α-LNA, conjugated α-CLNA was 

formed. A great majority of this was c9,t11,c15-CLNA (87%), the rest being 

t9,t11,c15-CLNA isomer (unpublished results). In slurries of camelina meal, the 

concentration of CLNA became higher than that of CLA, and after 8 h 

fermentation the concentration of c9,t11,c15-CLNA was already 1.2 mg/ml. 

Figure 12 describes the simultaneous conversion of α-LNA and LA into their 

main, bioactive conjugated isomers. At the end of the fermentation, the 

proportion of c9,t11,c15-CLNA of total FAs was 19%. Together, c9,t11,c15-CLNA 

and c9,t11-CLA represented 29% of the total fatty acids (unpublished results). 

It is noteworthy, that although free α-LNA is known to be inhibitory towards 

various bacterial species already at low levels (Lee et al., 2002) and the initial 



 

42 

concentration of free α-LNA in present camelina-containing slurries was high, 

the cells remained active in production of α-CLNA similarly as obverved with 

free LA in okara slurries. 

 

 

  

Figure 12. Time course of α-LNA and LA isomerization in camelina meal slurries by P. 
freudenreichii DSM 20270. Prior to fermentation, hydrolysis of neutral lipids was performed at aw 
0.70 (Publication III and unpublished results). The values are means ± SD of two independent 
fermentations (one or two measurements). 

 

Okara and oat lipids also contain low amounts of α-LNA; 5 and 1 % of total FAs, 

respectively. During the lipid hydrolysis, α-LNA was converted into free acid, 

which in subsequent fermentation was rapidly isomerized into the same 

conjugated isomers as in camelina meal slurries.  In okara slurries the content 

of α-CLNA remained low, about 0.1–0.2 mg/ml, representing less than 15 % of 

the amount of CLA formed. 

4.3 Harvesting and storage stability of CLA produced 

4.3.1 Phase distribution of CLA in plant slurries 

The alkaline isomerization slurries of oat flour, camelina meal and okara were 

dispersions in which the CLA formed, together with other long chain fatty acids 

were distributed between aqueous and particulate phases. As shown in Figure 

13, this distribution is dependent on the substrate material, and is clearly 

different in camelina meal slurries compared to slurries of oat flour and okara 

at the isomerization pH of 8.0.  

The fact that the particulate material in the isomerization slurries was easily 

separable from the aqueous phase by conventional physical means encouraged 

to perform tests for how to control the distribution of CLA between these two 

phases.  For this purpose, the slurries were acidified, thereby decreasing the 

water-solubility of CLA and consequently increasing its adherence to the solid 
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material present in the slurry. At pH 5.5 or below, CLA was completely adhered 

to the particulate or semi-particulate material (Figure 13) and to the 

propionibacterium cells. This material could be harvested by centrifugation at 

low g values. Thus, acidification offers a convenient means to concentrate CLA 

into a particulate phase from aqueous multiphase isomerization slurries. 

Further, the simultaneous migration of the still viable propionibacterium cells 

into the particular phase might increase the value of the particulate CLA 

preparation, since several probiotic characteristics have been attributed to 

various strains of P. freudenreichii (Suomalainen et al., 2008; Ouwehand et al., 

2002; Bougle et al., 1999; Jan et al., 2002). 

 

 

Figure 13. Effect of pH on binding of c9,t11-CLA into particulate material in aqueous isomerized 
slurries of oat flour, camelina meal and okara. The okara slurry at pH 9.0 was heated to 50°C 
before phase separation, otherwise the temperature of the slurries was 30°C. Results are 
expressed as the proportion of c9, t11-CLA in particulate material (%) of the total c9,t11-CLA 
(Publications I, III and IV). The values are means ± SD of three measurements. 

 

Alternatively, changing the pH of the isomerization slurries from pH 8 further 

towards the alkaline direction increased the proportion of dissociated form of 

free CLA and thus its affinity with the aqueous phase. In okara slurries at pH 

9.0, 75% of the CLA produced was detected in the aqueous phase. On the other 

hand, non-hydrolyzed TAG remained practically insoluble in the aqueous 

phase. On this basis the free fatty acids and the TAG species could be divided 

into separate phases. This phase separation was accelerated by combining the 

alkalinization with a mild temperature increase from 30 to 50 oC (Publication 

IV). 

4.3.2 Storage stability of CLA in oat slurries 

When the CLA-enriched oat slurries were stored at 4 oC, only slight if any 

decrease in CLA occurred during 30 days (Publication II). The oat matrix may 

have had a protective effect against the oxidative free radical chain reactions. 

Furthermore, the remaining viable propionibacterium cells in the CLA-
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containing oat slurry may have been capable of slow CLA formation at 4 oC, thus 

possibly masking any loss of preformed CLA. In any case, the results indicate 

that the content of CLA in cold-stored food materials remains relatively stable. 

Previous studies on stability of CLA in milk, yoghurt, cheese and fermented 

soymilk during refrigerated storage showed contradictory results, with reports 

of a decrease, increase, or no effect (Lynch et al., 2005; Rodríquez-Alcalá and 

Fontecha, 2007; Yadav et al., 2007; Serafeimidou et al., 2013; Li et al., 2012b) 

depending on e.g. the length of the storage period and the origin of milk. 

4.4 Esterification of CLA into yeast TAG 

The microbial isomerization of free LA yields CLA also in free acid form. In 

studies were foods have been supplemented with free CLA, decrease in 

palatability has been observed. Instead, when CLA was added bound to TAG, no 

off-flavors were detected (Fernie et al., 2004; Chae et al., 2009). Currently, the 

biotechnological esterification of CLA into neutral lipids is based on the use of 

microbial lipase preparations (Adamczak et al., 2008; Kavadia et al. 2018). 

However, enzymatic esterification in plant slurries is hampered by the presence 

of water and the requirement of an extra dewatering step. Therefore, alternative, 

microbial solutions for esterification of free CLA were studied. 

Yeasts are known to take up exogenous free long-chain FAs from the 

cultivation medium and incorporate them in cellular TAG (Kohlwein and 

Paltauf, 1983; Guo et al., 1999; Papanikolaou et al., 2001). Therefore, it was 

studied whether a yeast-based esterification of free CLA into yeast TAG could 

be carried out directly in the isomerization slurries. First, three yeast strains 

were assessed for their capability to accumulate and esterify free c9,t11-CLA into 

their cellular neutral lipids using both actively growing and nongrowing, early 

stationary phase cultures. The applicability of the method was subsequently 

demonstrated using CLA-enriched okara slurries as the starting material. 

4.4.1 Comparison of yeast strains and accumulation methods 

In the first part of the esterification experiments, the yeast strains Yarrowia 

lipolytica ATCC 20373, Y. lipolytica DSM 70561 and Saccharomyces cerevisiae 

B-72021 were used as test organisms. Both actively growing and stationary 

phase cultures of these yeast strains were compared with regards to their 

efficiency to take up, accumulate, and esterify synthetic c9,t11-CLA in laboratory 

cultivation medium. According to the results, all three strains accumulated the 

exogenous c9,t11-CLA in cells and the total cellular fatty acid contents were 

increased (Figure 14). 

The efficiency with which the three yeast strains were able to esterify the 

incorporated free c9,t11-CLA into cellular neutral lipids was crucial for the goal 

of the present study. All three strains exhibited the common trend that during 

the growth period, increasing proportions of c9,t11-CLA were present in TAG 

(Figure 15), and the proportions of c9,t11-CLA in free fatty acids and polar lipids 

were correspondingly reduced. During the first four hours of incubation of 
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precultivated yeasts, free c9,t11-CLA taken up by the stationary phase cells was 

esterified predominantly in PL and thereafter mainly in TAG. 

 

     

Figure 14. Effect of c9,t11-CLA on cellular fatty acid concentrations in three yeast strains. The 
strains were cultivated with or without the presence of 0.5 mg c9,t11-CLA/ml (Figure 1 in 
Supplementary material of Publication IV). The values are means of two independent cultivations 
(duplicate measurements). 

 

 

   

Figure 15. Time course of exogenous c9,t11-CLA esterification in cellular TAG by three growing 
yeast strains. The initial concentration of c9,t11-CLA in  the cultivation medium was 0.5 mg/ml 
(Figure from Supplementary material of Publication IV). The values are means ± SD of two 
independent cultivations (duplicate measurements). 
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Comparison of c9,t11-CLA esterification efficiencies by growing and stationary 

phase cultures of Y. lipolytica ATCC 20373, Y. lipolytica DSM 70561 and S. 
cerevisiae B-72021 showed strain-specific and growth phase-dependent 

differences (Figure 16). The highest value for c9,t11-CLA esterified in cellular 

TAG was achieved by growing cultures of S. cerevisiae B-72021 (58 mg c9,t11-

CLA in TAG/g yeast d.m.). Among stationary phase cultures, the incorporation 

of c9,t11-CLA in TAG fatty acids was most efficient by precultivated Y. lipolytica 

ATCC 20373 cells (31 mg c9,t11-CLA in TAG/g yeast d.m.). This value is even 

higher than the value reached by the same strain in growing culture. In fact, also 

other oleaginous yeasts show efficient lipid accumulation in the two stage 

fermentations consisting of separate growth and lipid accumulation periods 

(Slininger et al, 2016). When considering the proportion of c9,t11-CLA in TAG 

fatty acids during growth of the yeasts it was noticed that the values were high 

(40–45%) in the exponential growth phase of all the strains. In stationary phase 

cells, the values achieved were lower (18–30%), suggesting reduced metabolic 

activity in non-growing cells. 

 

 

Figure 16. Comparison of c9,t11-CLA esterification into cellular TAG by growing and stationary 
phase cultures of three yeast strains. Values are presented as mg/g d.m. (a) and % of total TAG 
fatty acids (b). Highest mean values during the experiments are presented (From Table 5 in 
Publication IV). The values are means ± SD of two independent cultivations (duplicate 
measurements). 

 

4.4.2 Yeast-catalyzed esterification of bacterially produced CLA 

Of the three yeast strains used to esterify synthetic c9,t11-CLA in laboratory 

medium without the presence of any plant material, growing cultures of 

S.cerevisiae B-72021 proved to be the most efficient, reaching the highest 

cellular amount of esterified c9,t11-CLA and a high proportion of c9,t11-CLA in 
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TAG fatty acids. Hence, this strain was chosen for further test esterification in a 

complex plant matrix in which free CLA had been a priori produced from plant-

based free LA by P. freudenreichii freudenreichii DSM 20270. Soy okara was 

chosen as the plant material for this combined isomerization-esterification 

bioprocess, based on the rates of c9,t11-CLA production and final levels of 

c9,t11-CLA obtained in previous fermentations (Section 4.2.2).  

Prior to isomerization, partial hydrolysis of okara neutral lipids was 

performed with non-inactivated oat flour. The hydrolysis at aw 0.70 was stopped 

after 17 days, when the amount of free linoleic acid was 34 mg/g d.m. 

corresponding to TAG hydrolysis of 34%. The isomerization stage was 

conducted in 5% (w/v) slurries of this partially hydrolyzed okara by P. 

freudenreichii. At that point, the concentration of free c9,t11-CLA was 0.94 

mg/ml, corresponding to 10% of total fatty acids. Since okara-based CLA-free 

TAG was still left in the slurry, its content was reduced by removing particulate 

material from the slurry at pH 9.0. The yeast-based esterification stage was 

performed in the okara supernatant supplemented either with glucose (low 

nutrient) or with glucose plus nitrogenous nutrients (high nutrient). In 

addition, the free c9,t11-CLA concentration was adjusted to 0.5 mg/ml. 

S. cerevisiae B-72021 grew in both okara supernatant-based media, but the 

viable counts in low nutrient medium were only one fourth of those in the high 

nutrient medium. The growing yeast cells took up the bacterially produced 

c9,t11-CLA from both media, but in very different quantities. In the low nutrient 

medium, 19 % of the initial free CLA was taken up by the yeast cells, whereas in 

the high nutrient medium almost all, 93 %, of the free CLA was incorporated 

into the cells. Owing to the very different amounts of yeast biomass, the cellular 

c9,t11-CLA concentrations per g of total dry matter of okara-yeast mixture 

reached 42 and 29 mg/g d.m. in the low and high nutrient media, respectively.  

Already after 24 h cultivation, at least 90% of the free c9,t11-CLA taken up by 

the yeast cells had been esterified in TAG and polar lipids in both media. At that 

time, 65% of the c9,t11-CLA was in TAG and after 48 h the corresponding value 

was 81%. The highest amount of c9,t11-CLA in TAG per g of total dry matter of 

okara-yeast mixture, 23 mg/g total d.m., was also obtained after 48 h cultivation 

in both media (Figure 17). However, as the amount of cells was higher in high 

nutrient medium, the volumetric concentration of c9,t11-CLA esterified in TAG 

became over four-fold higher than that obtained in low nutrient medium 

(Figure 17). Then, the proportions of c9,t11-CLA in total TAG fatty acids in high 

and low nutrient media were 14% and 7.5%, respectively. These values are lower 

than those obtained with the same yeast in the okara-free laboratory medium 

supplemented with synthetic c9,t11-CLA. This is explained by the fact that 

okara-originated free fatty acids created a dilution effect by competing with CLA 

for uptake into yeast and insertion into the glycerol backbone during yeast TAG 

synthesis. This effect is apparent since the concentration of these free fatty acids 

was reduced from the initial total concentration by 82% during the esterification 

process. However, despite the presence of okara-based free FAs, the highest 

efficiency in CLA esterification, when expressed in volumetric terms, was 

obtained in high nutrient okara-yeast medium. Volumetric productivity is 
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perhaps the most important process parameter in aqueous low dry-matter 

cultivations. Notably, the yeast appeared to have fatty acid selectivity in 

esterification. In the okara supernatant cultivation medium the proportion of 

c9,t11-CLA of total free FAs was 10%, whereas in the cellular neutral lipids its 

proportion was increased to 17% (Figure 17). 

 

 

 

Figure 17. Esterification of c9,t11-CLA into TAG of S. cerevisiae B-72021 growing in low and high 
nutrient okara-based media. Initial concentration of c9,t11-CLA in both media was 0.5 mg/ml. 
Values are after 48 h cultivation (from Table 7 in Publication IV). The values are presented as 
means ± SD of two independent experiments (duplicate measurements). 

 

In general, the present CLA enrichment bioprocess, run through all the process 

stages with okara, did not give out any indications that the application of the 

process for other lipid-containing plant materials or their processed side-

streams would be restricted. Thus, the key outcome of this study is a generally 

applicable plant-based CLA enrichment bioprocess that offers wide freedom for 

development of different product formulations. Feasibility of the present 

enrichment process can also be considered from a quantitative viewpoint. The 

fact that the content of c9,t11-CLA reached up to 14% of all TAG fatty acids 

indicated that the process clearly outperforms the existing natural CLA 

enrichment technologies. In comparison, c9,t11-CLA contents up to 5% in milk 

fat have previously been achieved through ruminant feeding strategies 

(Hennessy et al., 2007; Bell et al., 2006). 

In the light of the experimentally acquired data in this thesis, the bioprocess 

entity developed is expected to be applicable for a wider spectrum of plant 

materials and their processed side streams to increase their value by 

bioconversion of their lipids to contain CLA (Figure 18). Thus, it offers a novel 

plant-based source of CLA as an alternative to CLA in milk fat.  
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Figure 18. The bioprocess developed, representing minimal and sustainable processing 
principles for enrichment of various plant-based materials and side streams with bioactive lipid 
compounds. 
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5. Conclusions and Future Prospects 

In this research work a plant-based bioprocess for microbial production of CLA 

was developed. The volumetric and especially the specific rates of CLA 

production per cell mass were very high. Furthermore, the final amounts of CLA 

in total lipids increased up to 10%. Comparison to data previously reported for 

microbial enrichment of food materials with CLA helps to elucidate the reasons 

behind the high efficiency obtained. One fundamental difference between the 

present and the earlier data is apparent. In this study, the isomerization was 

carried out in plant materials in slightly alkaline conditions. In most of the 

previous studies, CLA enrichment was performed in milk-based dairy products 

with a naturally acidic character. Alkaline conditions would have had a negative 

effect on their sensory properties, whereas in plant-based materials the 

significance of these conditions is expected to be less dramatic. Maintenance of 

the isomerization pH at about 8 brings a clear advantage in that a greater 

proportion of LA is in a dissociated, anionic state which has a higher affinity for 

the aqueous phase of the slurry. This gave a higher apparent substrate 

concentration for the biocatalysis by the non-growing propionibacterial cells. 

In earlier studies, improvement of CLA production in dairy materials has been 

tested by supplementing the acidic fermentation mixture with exogenous free 

LA or LA-rich oils, but the effects of the supplementation were found to be 

modest. Instead, if the oat-assisted hydrolysis of plant lipids is allowed to 

proceed further in order to reach higher concentrations of free LA, it appears in 

the alkaline fermentation process as a higher level of CLA.  

Other factors possibly also contributed to the efficiency of CLA production. 

The isomerizing bacterial cells were precultivated and used in a non-growing 

state, in which their tolerance to the toxicity of free LA was presumably higher 

than in the case of growing cultures. As a result, higher concentrations of free 

LA could be used. The amount of bacterial cells was relatively high, which 

probably also contributed to the high conversion rates reached. 

The duration of the lipolysis stage at aw 0.70 depends on the free LA content 

desired as substrate for the isomerization fermentation stage and therefore the 

amount of free CLA expected to be obtained during isomerization. Lipolysis 

stages of two to three weeks or even six weeks do not make the overall 

bioprocess time-consuming when timely synchronized with the frequency of 

isomerizing fermentations. For example, one fermentation per week means that 

a new hydrolysis batch is also initiated beforehand once a week. After a few sets 

of fermentations there will a situation where the hydrolysis does not form any 

timely delay to the process since there is always a prehydrolyzed batch ready to 
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be used. Alternatively, a larger batch can be hydrolyzed, divided in appropriate 

portions for a single fermentation and stored frozen. The hydrolysis at low aw, 

once initiated, is free from labour and does not consume energy in thermal or 

physical form. 

The novel plant-based bioprocess concept developed in the present research 

work yields two optional major plant-based products, one containing CLA as a 

free acid and the other CLA as a constituent of TAG. This difference is significant 

in priorisation between these products as ingredients in food applications. 

Criteria for priorisation can be obtained by future studies yielding data on 

sensory properties of the CLA products. Based on such data not only the basis 

for formulation of final products becomes possible but also important 

guidelines are obtained for further fine-tuning of the present CLA production 

process. Especially, by enlarging the spectrum of plant materials usable for CLA 

enrichment new organoleptical features could be found for product 

formulation. For example, industrial processing of berries in many cases yields 

seed fractions which are rich in valuable fatty acids but are so far not used for 

microbial CLA enrichment.  

Bioavailability is another aspect to be included in future studies in cases where 

the CLA is incorporated in yeast TAG. Yeasts have a tough cellular core structure 

which might prevent liberation of CLA from yeast TAG in human intestine. In 

this respect, information from a larger number of different yeast strains is 

needed and possibly also food grade molds should be included as candidates for 

esterifying CLA into TAG.   

From technological and feasibility point of view the present bioprocess can be 

further optimized. The isomerizing fermentations are the most costly operations 

in which increment of dry matter concentration and reduction of the amount of 

isomerizing bacteria are the most straightforward operations for improved 

feasibility. The use of precultivated isomerizing bacteria instead of growing 

culture fermentations necessiates an extra preliminary fermentation step for 

production of the cell mass but its cost is counteracted by the fact that the 

precultivated cells can offer the best isomerization efficiency. Solving of this 

discrepancy will probably be the most important challence for optimization.  

Despite the multitude of microbial candidates, the ideal isomerizing organism 

still needs to be found. Such a microorganism would contain both lipolytic and 

isomerizing activities or be capable of isomerizing linoleyl and linolenyl acyl 

moieties in neutral lipids without a preceding hydrolysis stage. 

 
 





53 

References 

Adamczak, M., Bornscheuer, U.T., Bednarski, W., Properties and biotechnological 

methods to produce lipids containing conjugated linoleic acid, Eur. J. Lipid Sci. 

Technol. 110 (2008) 491-504. 

Akalın, A.S., Tokuşoğlu, Ö., Gönҫ. S., Aycan, Ş., Occurrence of conjugated linoleic acid 

in probiotic yoghurts supplemented with fructooligosaccharide, Int. Dairy J. 17 

(2007) 1089-1095. 

Alim, M.A., Lee, J.-H., Akoh, C.C., Choi, M.-S., Jeon, M.-S., Shin, J.-A., Lee, J.-T., 

Enzymatic transesterification of fractionated rice bran oil with conjugated 

linoleic acid: optimization by response surface methodology, LWT Food Sci. 

Technol. 41 (2008) 764-770. 

Alonso, L., Cuesta, E.P., Gilliland, S.E., Production of free conjugated linoleic acid by 

Lactobacillus acidophilus and Lactobacillus casei of human intestinal origin, J. 

Dairy Sci. 86 (2003) 1941–1946. 

Ando, A., Ogawa, J., Kishino, S., Shimizu, S., CLA production from ricinoleic acid by 

lactic acid bacteria, J. Am. Oil Chem. Soc. 80 (2003) 889-894. 

Ando, A., Ogawa, J., Kishino, S., Shimizu, S., Conjugated linoleic acid production from 

castor oil by Lactobacillus plantarum JCM 1551, Enzyme Microb. Technol. 35 

(2004) 40-45. 

Ando, A., Ogawa, J., Sugimoto, S., Kishino, S., Sakuradani, E., Yokozeki, K., Shimizu, S., 

Selective production of cis-9,trans-11 isomer of conjugated linoleic acid from 

trans-vaccenic acid methyl ester by Delacroixia coronata, J. Appl. Microbiol. 

106 (2009) 1697-1704. 

Andrade, J., Ascenção, K., Gullón, P., Henriques, S.M.S., Pinto, J.M.S., Roch-Santos, 

T.A.P., Freitas, C., Gomes, A.M., Production of conjugated linoleic acid by food-

grade bacteria: a review, Int. J. Dairy Technol. 65 (2012) 467-481. 

Andrade, J.C., Rocha-Santos, T.A.P., Duarte, A.C, Gomes, A.M., Freitas, A.C., 

Biotechnological production of conjugated fatty acids with biological properties. 

In Food Bioconversion, Handbook of Food Engineering, Eds. A.M. Grumezescu 

and A.M. Holban, Vol. 2, Elsevier, London, United Kingdom 2017, pp. 127-178. 

Ares-Yebra, A., Garabal, J.I., Carballo, J., Centero, J.A., Formation of conjugated 

linoleic acid by a Lactobacillus plantarum strain isolated from an artisanal 

cheese: evaluation in miniature cheeses, Int. Dairy J. 90 (2019) 98-103.  

Barrett, E., Ross, R.P., Fitzgerald, G.F., Stanton, C., Rapid screening method for 

analyzing the conjugated linoleic acid production capabilities of bacterial 

cultures, Appl. Environ. Microbiol. 73 (2007) 2333-2337. 

Bates, P.D., Browse, J., The significance of different diacylglycerol synthesis pathways 

on plant oil composition and bioengineering, Front. Plant Sci. 3 (2012) 1-11. 

Belgrado, F.D.S., Verçoza, B.R.F., Rodrigues, J.C.F., Hatti-Kaul, R., Pereira Jr, N., EPS 

production by Propionibacterium freudenreichii facilitates its immobilization for 

propionic acid production, J. Appl. Microbiol. 125 (2018) 480-489. 

Bell, J.A., Griinari, J.M., Kennelly, J.J., Effect of safflower oil, flaxseed oil, monensin, 

and vitamin E on concentration of conjugated linoleic acid in bovine milk fat, J. 

Dairy Sci. 89 (2006) 733-748. 



 

54 

Benjamin, S., Spener, F., Conjugated linoleic acid as functional food: an insight into 

their health benefits, Nutr. Metabol. 6 (2009) 36. 

Beopoulos, A., Cescut, J., Haddouche, R., Uribelarrea. J.-L., Molina-Jouve, C., Nicaud, 

J.-M., Yarrowia lipolytica as a model for bio-oil production, Prog. Lipid Res. 48 

(2009) 375-387. 

Beopoulos, A., Nicaud, J.-M., Gaillardin, C., An overview of lipid metabolism in yeasts 

and its impact on biotechnological processes, Appl. Microbiol. Biotechnol. 90 

(2011) 1193-1206. 

van den Berg, J.J.M., Cook, N.E., Tripple, D.L., Reinvestigation of the antioxidant 

properties of conjugated linoleic acid, Lipids 30 (1995) 559-605. 

Bisig, W., Eberhard, P., Collomb, M., Rehberger, B., Influence of processing on the fatty 

acid composition and the content of conjugated linoleic acid in organic and 

conventional dairy products – a review, Lait 87 (2007) 1-19. 

Bougle, D., Roland, N., Lebeurrier, F., Arhan, P., Effect of propionibacteria 

supplementation on fecal bifidobacteria and segmental colonic transit time in 

healthy human subjects, Scand. J. Gastroenterol. 34 (1999) 144-148. 

Boyaval, P., Corre, C., Dupuis, C., Roussel, E., Effects of free fatty acids on propionic 

acid bacteria, Lait 75 (1995) 17-29. 

Boylston, T.D., Beitz, D.C., Conjugated linoleic acid and fatty acid composition of yogurt 

produced from milk of cows fed soy oil and conjugated linoleic acid, J. Food Sci. 

67 (2002) 1973-1978. 

Busch, S., Horlacher, P., Both, S., Westfechtel, A., Schörken, U., Green synthesis routes 

toward triglycerides of conjugated linoleic acid, Eur. J. Lipid Sci. Technol. 113 

(2011) 92-99. 

Campbell, W., Drake, M.A., Larick, D.K., The impact of fortification with conjugated 

linoleic acid (CLA) on the quality of fluid milk, J. Dairy Sci. 86 (2003) 43-51. 

Chae, S.H., Keeton, J.T., Miller, R.K., Johnson, D., Maxim, J., Smith, S. B., 2009. The 

triacylglycerol preparation of conjugated linoleic acid reduces lipid oxidation in 

irradiated, cooked ground beef patties, Meat Sci. 81 (2009) 647-652. 

Chen, Z.Y., Chan, P.T., Kwan, K.Y., Zhang, A., Reassessment of the antioxidant activity 

of conjugated linoleic acids, J. Am. Oil Chem. Soc. 74 (1997) 749-753. 

Chilliard, Y., Glasser, F., Ferlay, A., Bernard, L., Rouel, J., Doreau, M., Diet, rumen 

biohydrogenation and nutritional quality of cow and goat milk fat, Eur. J. Lipid 

Sci. Technol. 109 (2007) 828-855. 

Choi, N.J., Park, H.G., Kim, Y.J., Kim, I.H., Kang, H.S., Yoon, C.S., Yoon, H.H., Park, 

S.-I., Lee, J.W., Chung, S.H., Utilization of monolinolein as a substrate for 

conjugated linoleic acid production by Bifidobacterium breve MLC 520 of human 

neonatal origin, J. Agric. Food Chem. 56 (2008) 10908-10912. 

Chung, S.H., Kim, I.H., Park, H.G., Kang, H.S., Yoon, C.S., Jeong, H.Y., Choi, N.J., 

Kwon, E.G., Kim, Y.J., Synthesis of conjugated linoleic acid by human-derived 

Bifidobacterium breve LMC 017: utilization as a functional starter culture for 

milk fermentation, J. Agric. Food Chem. 56 (2008) 3311-3316. 

Coakley, M., Banni, S., Johnson, M.C., Mills, S., Devery, R., Fitzgerald, G., Ross, R.P., 

Stanton, C., Inhibitory effect of conjugated α-linolenic acid from bifidobacteria of 

intestinal origin on SW480 cancer cells, Lipids 44 (2009) 249-256. 

Coakley, M., Johnson, M.C., McGrath, E. , Rahman, S., Ross, R.P., Fitzgerald, G.F., 

Devery, R., Stanton, C., Intestinal bifidobacteria that produce trans-9, trans-11 

conjugated linoleic acid: a fatty acid with antiproliferative activity against human 

colon SW480 and HT-29 cancer cells, Nutr. Cancer 56 (2006) 95-102. 



 

55 

Coakley, M., Ross, R.P., Nordgren, M., Fitzgerald, G., Devery, R., Stanton, C., 

Conjugated linoleic acid biosynthesis by human-derived Bifidobacterium 

species, J. Appl. Microbiol. 94 (2003) 138-145. 

Collomb, M., Schmid, A., Sieber, R., Wechsler, D., Ryhänen, E.-L., Conjugated linoleic 

acids in milk fat: variation and physiological effects, Int. Dairy J. 16 (2006) 1347-

1361. 

Crumb, D.J., Conjugated linoleic acid (CLA) – an overview, Int. J. Appl. Res. Natur. 

Prod. 4 (2011) 12-18. 

Das, S., Holland, R., Crow, V. L., Bennett, R. J., Manderson, G. J., Effect of yeast and 

bacterial adjuncts on the CLA content and flavour of a washed-curd, dry-salted 

cheese, Int. Dairy J. 15 (2005) 807-815. 

Devillard, E., McIntosh, F.M., Duncan, S.H., Wallace, R.J., Metabolism of linoleic acid 

by human gut bacteria: Different routes for biosynthesis of conjugated linoleic 

acid, J. Bacteriol. 189 (2007) 2566-2570. 

Dhiman, T.R., Nam, S.-H., Ure, A.L., Factors affecting conjugated linoleic acid content 

in milk and meat, Crit. Rev. Food Sci Nutr. 45 (2005) 463-482. 

Dilzer, A., Park, Y., Implication of conjugated linoleic acid (CLA) in human health, 

Critical Rev. Food Sci. Nutr. 52 (2012) 488-513. 

Dubey, V., Ghosh, A.R., Mandal, B.K., Appraisal of conjugated linoleic acid production 

by probiotic potential of Pediococcus ssp. GS4, Appl. Biochem. Biotechnol. 168 

(2012) 1265-1276. 

Dyer, J.M., Chapital, D.C., Kuan, J.W., Mullen, R.T., Pepperman, A.B., Metabolic 

engineering of Saccharomyces cerevisiae for production of novel lipid 

compounds, Appl. Microbiol. Biotechnol. 59 (2002) 224-230. 

EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA); Scientific Opinion – 

Statement on the safety of the “conjugated linoleic acid (CLA)-rich oils” 

Clarinol® and Tonalin® TG 80 as Novel Food ingredients, EFSA J. 10 (2012) 

2700. 

Ekinci, F.Y., Okur, O.D., Ertekin, B., Guzel-Seydim, Z., Effects of probiotic bacteria and 

oils on fatty acid profiles of cultured cream, Eur. J. Lipid Sci. Technol. 110 (2008) 

216–224. 

El-Salam, M.H.A., Hippen, A.R., Assem., F., El-Shafei, K., Tawfik, N.F., El-Aassar, M., 

Preparation and properties of probiotic cheese high in conjugated linoleic acid 

content, Int. J. Dairy Technol. 64 (2011) 64-74. 

El-Salam, M.H.A., El-Shibiny, S., Conjugated linoleic acid and vaccenic acid contents in 

cheeses: an overview from the literature, J. Food Comp. Anal. 33 (2014) 117-126. 

do Espírito Santo, A.P., Cartolano, N.S., Silva, T.F., Soares, F.A.S.M., Gioielli, L.A., 

Perego, P., Conventi, A., Oliveira, M.N., Fibers from fruit by-products enhance 

probiotic viability and fatty acid profile and increase CLA content in yoghurts, 

Int. J. Food Microbiol. 154 (2012) 135-144. 

do Espírito Santo, A.P., Silva, R.C., Soares, F.A.S.M., Anjos, D., Gioielli, L.A., Oliveira, 

M.N., Açai pulp addition improves fatty acid profile and probiotic viability in 

yoghurt, Int. Dairy J. 20 (2010) 415 – 422. 

Farkas, J. Physical methods of food preservation. In Food Microbiology, Fundamentals 

and Frontiers; Eds. M.P. Doyle, L.R. Beuchat, T.J. Montville, ASM Press, 

Washington DC 1997, pp. 497-519. 

Farmani, J., Safari, M., Roohvand, F., Razavi, S.H., Aghasadeghi, M.R., Noorbazargan, 

H., Conjugated linoleic acid-producing enzymes: A bioinformatics study, Eur. J. 

Lipid Sci. Technol. 112 (2010) 1088-1100. 



 

56 

Ferlay, A., Bernard, L., Meynadier, A., Malpuech-Brugere, C., Production of trans and 

conjugated fatty acids in dairy ruminants and their putative effects on human 

health: a review, Biochimie 141 (2017) 107-120. 

Fernie, C.E., Dupont, I.E., Scruel, O., Carpenter, Y.A., Sébédio, J.-L., Scrimgeour, C.M., 

Relative absorption of conjugated linoleic acid as triacylglycerol, free fatty acid 

and ethyl ester in a functional food matrix, Eur. J. Lipid Sci. Technol. 106 (2004) 

347-354. 

Fontes, A.L., Pimentel, L.L., Simões, C.D., Gomes, A.M.P., Rodríguez-Alcalá, L.M., 

Evidences and perspectives in the utilization of CLNA isomers as bioactive 

compounds in foods, Crit. Rev. Food Sci. Nutr. 57 (2017) 2611-2622. 

Fritsche, J., Steinhart, H,, Amounts of conjugated linoleic acid (CLA) in German foods 

and evaluation of daily intake, Z. Lebensm. Unters. Forsch. A 206 (1998) 77-82. 

Fuke, G, Nornberg, J.L., Systematic evaluation on the effectiveness of conjugated 

linoleic acid in human health, Crit. Rev. Food Sci. Nutr. 57 (2017) 1-7. 

Gammill, W., Proctor, A., Jain, V., Comparative study of high-linoleic acid vegetable oils 

for the production of conjugated linoleic acid, J. Agric. Food Chem. 58 (2010) 

2952-2957. 

Gao, H., Yang, B., Stanton, C., Ross, R.P., Zhang, H., Chen, H., Chen, W., Role of 10-

hydroxy-cis-12-octadecenic acid in transforming linoleic acid into conjugated 

linoleic acid by bifidobacteria, Appl. Microbiol. Biotechnol. 103 (2019) 7151-7160. 

Gao, H., Yang, B., Stanton, C., Ross, R.P., Zhang, H., Liu, Z., Chen, H., Chen, W., 

Characteristics of bifidobacterial conjugated fatty acid and hydroxyl fatty acid 

production and its potential application in fermented milk, LWT Food Sci. 

Technol. 120 (2020) 108940. 

Garcia, H.S., Arcos, J.A., Keough, K.J., Hill, C.G., Immobilized lipase-mediated 

acidolysis of butteroil with conjugated linoleic acid: batch reactor and packed bed 

reactor studies, J. Mol. Cat. B 11 (2001) 623-632. 

Gnädig, S., Chamba, J.-F., Perreard, E., Chappaz, S., Chardigny, J.-M., Rickert, R., 

Steingart, H., Sébédio, J.-L., Influence of manufacturing conditions on the 

conjugated linoleic acid content and the isomer composition in ripened French 

Emmental Cheese, J. Dairy Res. 71 (2004) 367-371. 

Goli, S.A.H., Kadivar, M., Keramat, J., Fazilati, M., Conjugated linoleic acid (CLA) 

production and lipase-catalyzed interesterification of purified CLA with canola 

oil, Eur. J. Lipid Sci. Technol. 110 (2008) 400-404. 

Gong, M., Hu, Y., Wei, W., Jin, Q., Qang, X., Production of conjugated fatty acids: a 

review of recent advances, Biotechnol. Adv. 37 (2019) 107454. 

Gorissen, L., De Vuyst, L., Raes, K., De Smet, S., Leroy, F., Conjugated linoleic and 

linolenic acid production kinetics by bifidobacteria differ among strains, Int. J. 

Food Microbiol. 155 (2012a) 234-240. 

Gorissen, L., Leroy, F., De Vuyst, L., De Smet, S., Raes, K., Bacterial production of 

conjugated linoleic and linolenic acid in foods: a technological challenge, Crit. 

Rev. Food Sci. Nutr. 55 (2015) 1561-1574. 

Gorissen, L., Raes, K., De Smet, S., De Vuyst, L., Leroy, F., Microbial production of 

conjugated linoleic and linolenic acids in fermented foods: technological 

bottlenecks, Eur. J. Lipid Sci. Technol. 114 (2012b) 486-491. 

Gorissen, L., Raes, K., Weckx, S., Dannenberger, D., Leroy, F., De Vuyst, L., De Smet, 

S., Production of conjugated linoleic acid and conjugated linolenic acid isomers 

by Bifidobacterium species, Appl. Microbiol. Biotechnol. 87 (2010) 2257-2266. 

Griinari, J.M., Corl, B.A., Lacy, S.H., Chouinard, P.Y., Nurmela, K.V., Bauman, D.E., 

Conjugated linoleic acid is synthesized endogenously in lactating cows by Δ9-

desaturase, J. Nutr. 130 (2000) 2285-2291. 



 

57 

Guimarães, R.M., Ida, E.I., Falcão, H.G., de Rezende, T.A.M., de Santana Silva, J., Alves, 

C.C.F., da Silva, M.A.P., Egea, M.B., Evaluating technological quality of okara 

flours obtained by different drying processes, LWT Food Sci. Technol. 123 (2020) 

109062. 

Guo, X., Tomonaga, T., Yanagihara, Y., Ota, Y., Screening for yeasts incorporating the 

exogenous eicosapentaenoic and docosahexaenoic acids from crude fish oil, J. 

Biosci. Bioeng. 87 (1999) 184-188. 

Heiniö, R.-L., Lehtinen, P., Oksman-Caldentey, K.-M., Poutanen, K., Differences 

between sensory profiles and development of rancidity during long-term storage 

of native and processed oat, Cereal Chem. 79 (2002) 367-375. 

Hennessy, A.A., Barrett, E., Ross, R.P., Fitzgerald, G.F., Devery, R. and Stanton, C., The 

production of conjugated α-linolenic, γ-linolenic and stearidonic acids by strains 

of bifidobacteria and propionibacteria, Lipids 47 (2012) 313-327. 

Hennessy, A.A., Ross, R.P., Devery, R., Stanton, C., Optimization of a reconstituted skin 

milk based medium for enhanced CLA production by bifidobacteria, J. Appl. 

Microbiol. 106 (2009) 1315-1327. 

Hennessy, A.A., Ross, P.R., Fitzgerald, G., Stanton, C., Sources and bioactive properties 

of conjugated dietary fatty acids, Lipids 51 (2016) 377-397. 

Hennessy, A.A., Ross, R.P., Stanton, C., Development of dairy based functional foods 

enriched in conjugated linoleic acid with special reference to rumenic acid. In 

Functional Dairy Products, Ed. M. Saarela, Vol. 2, Woodhead Publishing, 

Cambridge, England 2007, pp. 443-495. 

Honkanen, A.M., Leskinen, H., Toivonen, V., McKain, N., Wallace, R.J. and Shingfield, 

K.J, Metabolism of α-linolenic acid during incubations with strained bovine 

rumen contents: products and mechanisms, Brit. J. Nutr. 115 (2016) 2093-2105. 

Hornung, E., Krueger, C., Pernstich, C., Gipmans, M., Porzel, A., Feussner, I., 

Production of (10E,12Z)-conjugated linoleic acid in yeast and tobacco seeds, 

Biochim. Biophys. Acta 1738 (2005) 105-114. 

Hosseini, E.S., Kermanshahi, R.K., Hosseinkhani, S., Shojaosadati, S.A., Nazari, M., 

Conjugated linoleic acid production from various substrates by probiotic 

Lactobacillus plantarum, Ann. Microbiol. 65 (2015) 27-32. 

Hur, S.J., Kim, H.S., Bahk, Y.Y., Park, Y., Overview of conjugated linoleic acid formation 

and accumulation in animal products, Livestock Sci. 195 (2017) 105-111. 

Irmak, S., Dunford, N.T., Gilliland, S.E., Banskalieva, V., Eisenmenger, M., Biocatalysis 

of linoleic acid to conjugated linoleic acid, Lipids 41 (2006) 771-776. 

Jaakola, S., Vahvaselkä, M., Laakso, S., Effect of CLA on the cellular lipids of 

Saccharomyces cerevisiae, J. Am. Oil Chem. Soc. 82 (2005) 745-748. 

Jaakola, S., Vahvaselkä, M., Laakso, S., Positional distribution of conjugated linoleic 

acid in triacylglycerol of Saccharomyces cerevisiae, J. Agric. Food Chem. 54 

(2006) 5611-5616. 

Jaglan, N., Kumar, S., Kumar Choudhury, P., Tyagi, B, Kumar Tyagi, A., Isolation, 

characterization and conjugated linoleic acid production potential of 

bifidobacterial isolates from ruminal fluid samples of Murrah buffaloes, 

Anaerobe 56 (2019) 40-45. 

Jain, V.P., Proctor, A., Photocatalytic production and processing of conjugated linoleic 

acid-rich soy oil , J. Agric. Food Chem. 54 (2006) 5590-5596. 

Jan, G., Leverrier, P., Proudy, I., Roland, N., Survival and beneficial effects of 

propionibacteria in the human gut: in vivo and in vitro investigations, Lait 82 

(2002) 131-144. 



 

58 

Jiang, J., Björck, L., Fondén, R., Conjugated linoleic acid in Swedish dairy products with 

special reference to the manufacture of hard cheeses, Int. Dairy J. 7 (1997) 863-

867. 

Jiang, J., Björck, L., Fondén, R., Production of conjugated linoleic acid by dairy starter 

cultures. J. Appl. Microbiol. 85 (1998) 95-102. 

Jørgensen, H., Hørup Hansen, C., Mu, H., Jakobsen, K., Protein and energy metabolism 

of young male Wistar rats fed conjugated linoleic acid as structured 

triacylglycerol, Arch. Animal Nutr. 64 (2010) 322-336. 

Juárez, M., Marco, A., Brunton, N., Lynch, B., Troy, D.J., Mullen, A.M., Cooking effect 

on fatty acid profile of pork breakfast sausages enriched in conjugated linoleic 

acid by dietary supplementation or direct addition, Food Chem. 117 (2009) 393-

397. 

Jutzeler van Wijlen, R.P., Long-term conjugated linoleic acid supplementation in 

humans – effects on body composition and safety, Eur. J. Lipid Sci. Technol. 113 

(2011) 1077-1094. 

Kamisaka, Y., Noda, N., Tomita, N., Kimura, K., Kodaki, T., Hosaka, K., Identification 

of genes affecting lipid content using transposon mutagenesis in Saccharomyces 

cerevisiae, Biosci. Biotechnol. Biochem. 70 (2006) 646-653. 

Kaur, J., Ramamurthy, V., Kothari, R.M., Characterization of oat lipase for lipolysis of 

rice bran oil, Biotechnol. Lett. 15 (1993) 257-262. 

Kavadia, M.R., Yadav, M.G., Odaneth, A.A., Lali, A.M., Synthesis of designer 

triglycerides by enzymatic acidolysis, Biotechnol. Rep. 18 (2018) e00246. 

Kepler, C.R., Hirons, K.P., McNeill, J.J., Tove, S.B., Intermediates and products of the 

biohydrogenation of linoleic acid by Butyrivibrio fibrisolvens, J. Biol. Chem. 241 

(1966) 1350-1354. 

Kepler, C.R., Tove, S.B., Biohydrogenation of unsaturated fatty acid III. Purification and 

properties of a linoleate ∆12-cis,∆11-trans-isomerase from  Butyrivibrio 

fibrisolvens, J. Biol. Chem. 242 (1967) 5686-5692. 

Kepler, C.R., Tucker, W.P., Tove, S.B., Biohydrogenation of unsaturated fatty acid III. 

Substrate specificity and inhibition of linoleate ∆12-cis,∆11-trans-isomerase from  

Butyrivibrio fibrisolvens, J. Biol. Chem. 245 (1970) 3612-3620. 

Kim, B., Lim, H.R., Lee, H., Lee, H., Kang, W., Kim, E., The effects of conjugated linoleic 

acid (CLA) on metabolic syndrome patients: a systematic review and meta-

analysis, J. Funct. Foods 25 (2016a) 588-598. 

Kim, J.H., Kim, Y., Kim, Y.J., Park, Y., Conjugated linoleic acid: potential health benefits 

as a functional food ingredient, Annu. Rev. Food Sci Technol. 7 (2016b) 221-244. 

Kim, Y.J., Liu, R.H., Bond, D.R., Russell, J.B., Effect of linoleic acid concentration on 

conjugated linoleic acid production by Butyrivibrio fibrisolvens A38, Appl. 

Environ. Microbiol. 66 (2000a) 5226-5230. 

Kim, Y.J., Liu, R.H., Increase of conjugated linoleic acid content in milk by fermentation 

with lactic acid bacteria, J. Food Sci. 67 (2002) 1731-1737.  

Kim, Y.J., Liu, R.H., Rychlik, J.L., Russell, J.B., The enrichment of a ruminal bacterium 

(Megasphaera elsdenii YJ-4) that produces the trans-10,cis-12 isomer of 

conjugated linoleic acid, J. Appl. Microbiol. 92 (2002b) 976-982. 

Kishino, S., Ogawa, J., Omura, Y., Matsumura, K., Shimizu, S., Conjugated linoleic acid 

production from linoleic acid by lactic acid bacteria, J. Am. Oil Chem. Soc. 79 

(2002) 159-163. 

Kishino, S., Ogawa, J., Yokozeki, K., Shimizu, S., Linoleic acid isomerase in 

Lactobacillus plantarum AKU 1009a proved to be a multi-component enzyme 

system requiring oxidoreduction cofactors, Biosci. Biotechnol. Biochem. 75 

(2011) 318-322. 



 

59 

Kishino, S., Ogawa, J., Yokozeki, K., Shimizu, S., Metabolic diversity in 

biohydrogenation of polyunsaturated fatty acids by lactic acid bacteria involving 

conjugated fatty acid production, Appl. Microbiol. Biotechnol. 84 (2009) 87-97. 

Kohlwein, S.D., Paltauf, F., Uptake of fatty acids by the yeasts, Saccharomyces uvarum 

and Saccharomycopsis lipolytica, Biochim. Biophys. Acta 792 (1983) 310-317. 

Kuhl, G.C., and Lindner, J.D.D., Biohydrogenation of linoleic acid by lactic acid bacteria 

for the production of functional cultured dairy products: a review, Foods 5 (2016) 

13. 

Lee, J.H., Kim, B., Hwang, C.E., Haque, M.A., Kim, S.C., Lee, C.S., Kang, S.S., Cho, K.M., 

Lee, D.H., Changes in conjugated linoleic acid and isoflavone contents from 

fermented soymilks using Lactobacillus plantarum P1201 and screening for their 

digestive enzyme inhibition and antioxidant properties, J. Funct. Foods 43 

(2018) 17-28. 

Lee, J.-Y., Kim, Y.-S., Shin, D.-H., Antimicrobial synergistic effect of linolenic acid and 

monoglyceride against Bacillus cereus and Staphylococcus aureus, J. Agric. 

Food Chem. 50 (2002) 2193-2199. 

Lee, K., Lee, Y., Production of c9,t11- and t10,c12-conjugated linoleic acids in humans 

by Lactobacillus rhamnosus PL60, J. Microbiol. Biotechnol. 19 (2009) 1617-

1719. 

Lee, S.-O., Hong, G.-W., Oh, D.-K., Bioconversion of linoleic acid into conjugated 

linoleic acid by immobilized Lactobacillus reuteri, Biotechnol. Prog. 19 (2003) 

1081-1084. 

Lehtinen, P., Laakso, S., Inhibition of linoleic acid oxidation by interaction with a 

protein-rich oat fraction, J. Agric. Food Chem. 48 (2000) 5654-5657. 

Lehtinen, P., Laakso, S., Role of lipid reactions in quality of oat products, Agric. Food 

Sci. 13 (2004) 88-99. 

Leung, Y.H., Liu, R.H., trans-10,cis-12-conjugated linoleic acid isomer exhibits stronger 

oxyradical scavenging capacity than cis-9,trans-11-conjugated linoleic acid 

isomer, J. Agric Food Chem. 48 (2000) 5469-5475. 

Li, B., Qiao, M., Lu, F., Composition, nutrition, and utilization of okara (soybean 

residue), Food Rev. Int. 28 (2012a) 231 – 252. 

Li, H., Liu, Y., Bao, Y., Liu, X., Zhang, H., Conjugated linoleic acid conversion by six 

Lactobacillus plantarum strains cultured in MRS broth supplemented with 

sunflower oil and soymilk, J. Food Sci. 77 (2012b) M330-M336. 

Liavonchanka, A., Feussner, I., Biochemistry of PUFA double bond isomerases 

producing conjugated linoleic acid, ChemBioChem 9 (2008) 1867-1872. 

Liavonchanka, A., Rudolph, M.G., Tittmann, K., Hamberg, M., Feussner, I., On the 

mechanism of a polyunsaturated fatty acid double bond isomerase from 

Propionibacterium acnes, J. Biol. Chem. 284 (2009) 8005-8012. 

Lin, H., Boylston, T.D., Chang, M.J., Luedecke, L.O., Shultz, T.D., Survey of the 

conjugated linoleic acid contents of dairy products, J. Dairy Sci. 78 (1995) 2358-

2365. 

Lin, T.Y., Conjugated linoleic acid production by cells and enzyme extract of 

Lactobacillus delbrueckii ssp. bulgaricus with additions of different fatty acids, 

Food Chem. 94 (2006) 437-441. 

Lin, T.Y., Influence of lactic cultures, linoleic acid and fructo-oligosaccharides on 

conjugated linoleic acid concentration in non-fat set yogurt, Australian J. Dairy 

Technol. 58 (2003) 11-14. 

Lin, T.Y., Hung, T.-H., Cheng, T.-S.J., Conjugated linoleic acid production by 

immobilized cells of Lactobacillus delbrueckii ssp. bulgaricus and Lactobacillus 

acidophilus, Food Chem. 92 (2005) 23-28. 



 

60 

Lin, T. Y., Lin, C. W., Wang, Y. J., Linoleic acid isomerise activity in enzyme extracts 

from Lactobacillus acidophilus and Propionibacterium freudenreichii ssp. 

shermanii, J. Food Sci. 67 (2002) 1502-1505. 

Lin, T.Y., Lin, C.-W., Wang, Y.-J., Production of conjugated linoleic acid by enzyme 

extract of Lactobacillus acidophilus CCRC 14079, Food Chem. 83 (2003) 27-31. 

Lindmark Månsson, H., Fatty acids in bovine milk fat, Food Nutr. Res. 52 (2008) 1821. 

Liukkonen, K., Johnsson, T., Laakso, S., Alkaline sensitivity of lipase activity of oat flour: 

factors contributing to inhibition, J. Cereal Sci. 21 (1995) 79-85. 

Liukkonen, K.H., Montfoort, A., Laakso, S.V., Water-induced lipid changes in oat 

processing, J. Agric. Food Chem. 40 (1992) 126-130. 

Lynch, J.M., Lock, A.L., Dwyer, D.A., Noorbakhsh, R., Barbano, D.M., Bauman, D.E., 

Flavor and stability of pasteurized milk with elevated levels of conjugated linoleic 

acid and vaccenic acid, J. Dairy Sci. 88 (2005) 489-498. 

Maia, M.R.G., Chaudhary, L.C., Bestwick, C., Richardson, A.J:, McKain, N., Larson, 

T.R., Graham, I.A., Wallace, R.J., Toxicity of unsaturated fatty acids to tte 

biohydrogenating ruminal bacterium, Butyrivibrio fibrisolvens, BMC Microbiol. 

10 (2010) 52. 

Macouzet, M., Lee, B.H., Robert, N., Genetic and structural comparison of linoleate 

isomerases from selected food-grade bacteria, J. Appl. Microbiol. 109 (2010) 

2128-2134. 

McIntosh, F.M., Shingfield, K.J., Devillard, E., Russell, W.R., Wallace, R.J., Mechanism 

of conjugated linoleic acid and vaccenic acid formation in human faecal 

suspensions and pure cultures of intestinal bacteria, Microbiol. 155 (2009) 285-

294. 

Merry, R.J., Davies, D.R., Propionibacteria and their role in the biological control of 

aerobic spoilage in silage, Lait 79 (1999) 149-164. 

Moghadam, B.E., Keivaninahr, F., Nazemi, A., Fouladi, M., Mokarram, R.R., Benis, K.Z., 

Optimization of conjugated linoleic acid production by Bifidobacterium animalis 

subsp. lactis and its application in fermented milk, LWT Food Sci. Technol. 108 

(2019) 344-352. 

Mushtaq, S., Mangiapane, E.H., Hunter, K.A., Estimation of cis-9, trans-11 conjugated 

linoleic acid content in UK foods and assessment of dairy intake in a cohort of 

healthy adults, Brit. J. Nutr. 103 (2010) 1366-1374. 

Van Nieuwenhove, C.P., Oliszewski, R., González, S.N., Chaia, A.B.P., Influence of 

bacteria as adjunct culture and sunflower oil addition on conjugated linoleic acid 

content in buffalo cheese, Food Res. Int. 40 (2007) 559-564. 

Nordmark, E.-L., Yang, Z., Huttunen, E., Widmalm, G., Structural studies of the 

exopolysaccharide produced by Propionibacterium freudenreichii ssp. 

shermanii JS, Biomacromol. 6 (2005) 521-523. 

O’Connor, J., Perry, H.J., Harwood, J.L., A comparison of lipase activity in various 

cereal grains, J. Cereal Sci. 16 (1992) 153-163. 

Ogawa, J., Kishino, S., Ando, A., Sugimoto, S., Mihara, K., Shimizu, S., Production of 

conjugated fatty acids by lactic acid bacteria, J. Biosci. Bioeng. 100 (2005) 355-

364. 

Ogawa, J., Matsumura, K., Kishino, S., Omura, Y., Shimizu, S., Conjugated linoleic acid 

accumulation via 10-hydroxy-12-octadecaenoic acid during microaerobic 

transformation of linoleic acid by Lactobacillus acidophilus, Appl. Environ. 

Microbiol. 67 (2001) 1246-1252. 

Oh, D.-K., Hong, G.-H., Lee, Y., Min, S., Sin, H.-S., Cho, S.K., Production of conjugated 

linoleic acid by isolated Bifidobacterium strains, World J. Microbiol. Biotechnol. 

19 (2003) 907-912. 



 

61 

Oliveira, R.P.S., Florence, A.C.R., Silva, R.C., Perego, P., Converti, A., Gioielli, L.A., 

Oliveira, M.N., Effect of different prebiotics on the fermentation kinetics, 

probiotic survival and fatty acids profiles in nonfat symbiotic fermented milk, Int. 

J. Food Microbiol. 128 (2009) 467-472. 

O’Shea, E.F., Cotter, P.D., Stanton, C., Ross, R.P., Hill, C., Production of bioactive 

substances by intestinal bacteria as a basis for explaining probiotic mechanisms: 

bacteriocins and conjugated linoleic acid, Int. J. Food Microbiol. 152 (2012) 189-

205. 

Ouwehand, A.C., Suomalainen, T., Tölkkö, S., Salminen, S., In vitro adhesion of 

propionic acid bacteria to human intestinal mucus, Lait 82 (2002) 123-130. 

Özer, C.O., Kılıç, B., Kılıç, G.B., In-vitro microbial production of conjugated linoleic acid 

by probiotic L. plantarum strains: utilization as a functional starter culture in 

sucuk fermentation, Meat Sci. 114 (2016) 24-31. 

Papanikolaou, S., Aggelis, G., Selective uptake of fatty acids by the yeast Yarrowia 

lipolytica, Eur. J. Lipid Sci. Technol. 105 (2003) 651-655. 

Papanikolaou, S., Aggelis, G., Lipids of oleaginous yeasts. Part I: Biochemistry of single 

cell oil production, Eur. J. Lipid Sci. Technol. 113 (2011) 1031-1051. 

Papanikolaou, S., Chevalot, I., Komaitis, M., Aggelis, G., Marc, I., Kinetic profile of the 

cellular lipid composition in an oleaginous Yarrowia lipolytica capable of 

producing a cocoa-butter substitute from industrial fats, Antonie van 

Leeuwenhoek 80 (2001) 215-224. 

Park, Y., Conjugated linoleic acid (CLA): good or bad trans fat?, J. Food Comp. Anal. 

22S (2009) S4-S12.  

Park, H.G., Cho, S.D., Kim, J.H., Lee, H., Chung, S.H., Kim, S.B., Kim, H.-S., Kim, T., 

Choi, N.J., Kim, Y.J., Characterization of conjugated linoleic acid production by 

Bifidobacterium breve LMC 520, J. Agric. Food Chem. 57 (2009) 7571-7575. 

Parmar, S., Hammond, E. G., Hydrolysis of fats and oils with moist oat caryopses, J. 

Am. Oil Chem. Soc. 71 (1994) 881-886. 

Peng, S.S., Deng, M.-D., Grund, A.D., Rosson, R.A., Purification and characterization of 

a membrane-bound linoleic acid isomerase from Clostridium sporogenes, 

Enzyme Microbial Technol. 40 (2007) 831-839. 

Penn, M., CLA approved as food ingredient, https://news.wisc.edu/cla-approved-as-

food-ingredient/, 2008. 

Philippaerts, A., Van Aelst, J., Sels, B., Conjugated linoleic acids and conjugated 

vegetable oils: from nutraceutical to bio-polymer, Eur. J. Lipid. Sci.Technol. 115 

(2013) 717-720. 

Piazza, G.J, Generation of polyunsaturated fatty acids from vegetable oils using the 

lipase from ground oat (Avena sativa L.) seeds as a catalyst, Biotechnol. Lett. 13 

(1991) 173-178. 

Poonam, Pophaly, S.D., Tomar, S.K., De, S., Singh, R., Multifaceted attributes of dairy 

propionibacteria: a review, World J. Microbiol. Biotechnol. 28 (2012) 3081-

3095. 

Rainio, A., Vahvaselkä, M., Laakso, S., Cell-adhered conjugated linoleic acid regulates 

isomerization of linoleic acid by resting cells of Propionibacterium 

freudenreichii, Appl. Microbiol. Biotechnol. 60 (2002a) 481-484. 

Rainio, A., Vahvaselkä, M., Suomalainen, T., Laakso, S., Production of conjugated 

linoleic acid by Propionibacterium freudenreichii ssp. shermanii, Lait 82 

(2002b) 91-101. 

Rainio, A., Vahvaselkä, M., Suomalainen, T., Laakso, S., Reduction of linoleic acid 

inhibition in production of conjugated linoleic acid by Propionibacterium 

freudenreichii ssp. shermanii, Can. J. Microbiol. 47 (2001) 735-740. 



 

62 

Refsgaard, H.H.F., Brockhoff, P.M.B., Jensen, B., Free polyunsaturated fatty acids cause 

taste deterioration of salmon during frozen storage, J. Agric. Food Chem. 48 

(2000) 3280-3285. 

Renes, E., Gómez-Gortés, P., de la Fuente, M.A., Linares, D.M., Tornadijo, M.E., Fresno, 

J.M., CLA-producing adjunct cultures improve the nutritional value of sheep 

cheese fat, Food Res. Int. 116 (2019) 819-826. 

Renes, E., Linares, D.M., González, L., Fresno, J.M., Tornadijo, M.E., Stanton, C., 

Production of conjugated linoleic acid and gamma-aminobutyric acid by 

autochthonous lactic acid bacteria and detection of genes involved, J. Funct. 

Foods 34 (2017a) 340-346. 

Renes, E., Linares, D.M., González, L., Fresno, J.M., Tornadijo, M.E., Stanton, C., Study 

of the conjugated linoleic acid synthesis by Lactobacillus strains and by different 

co-cultures designed for this ability, J. Funct. Foods 35 (2017b) 74-80. 

Ribeiro, S.C., Stanton, C., Yang, B., Ross, R.P., Silva, C.C.G., Conjugated linoleic acid 

production and probiotic assessment of Lactobacillus plantarum isolated from 

Pico cheese, LWT Food Sci. Technol. 90 (2018) 403-411. 

Rodríguez-Alcalá, L.M., Fontecha, J., Fatty acid and conjugated linoleic acid (CLA) 

isomer composition of commercial CLA-fortified dairy products: evaluation after 

processing and storage, J. Dairy Sci. 90 (2007) 2083-2090. 

Rosberg-Cody, E., Johnson, M.C., Fitzerald, G.F., Ross, P.R., Stanton, C., Heterologous 

expression of linoleic acid isomerase from Propionibacterium acnes and anti-

proliferative activity of recombinant trans-10,cis-12 conjugated linoleic acid, 

Microbiol. 153 (2007) 2483-2490. 

Salsinha, A.S., Pimentel, L.L., Fontes, A.L., Gomes, A.M., Rodríguez-Alcalá, L.M., 

Microbial production of conjugated linoleic acid and conjugated linolenic acid 

relies on a multienzymatic system, Microbiol. Mol. Biol. Rev. 82 (2018) e00019-

18. 

Salminen, H, Estévez, M., Kivikari, R., Heinonen, M., Inhibition of protein and lipid 

oxidation by rapeseed, camelina and soy meal in cooked pork meat patties, Eur. 

Food Res. Technol. 223 (2006) 461-468. 

Sauer, D.B., Meronuck, R A., Christensen, C.M, Microflora. In Storage of Cereal Grains 

and Their Products, 4th edition; Sauer, D.B., Ed.; American Association of Cereal 

Chemists, St. Paul, MN, 1992, pp. 313-340. 

Schlörmann, W., Birringer, M., Lochner, A., Lorkowski, S., Richter, I., Rohrer, C., Glei, 

M., In vitro fermentation of nuts results in the formation of butyrate and c9,t11 

conjugated linoleic acid as chemopreventive metabolites, Eur. J. Nutr. 55 (2016) 

2063-2073. 

Schmid, A., Collomb, M., Sieber, R., Bee, G., Conjugated linoleic acid in meat and meat 

products: a review, Meat Sci. 73 (2006) 29-41. 

Serafeimidou, A., Zlatanos, S., kritikos, G., Tourianis, A., Change of fatty acid profile, 

including conjugated linoleic acid (CLA) content, during refrigerated storage of 

yogurt made of cow and sheep milk, J. Food Comp. Anal. 31 (2013) 24-30. 

Sieber, R., Collomb, M., Aeschlimann, A., Jelen, P., Eyer, H., Impact of microbial 

cultures on conjugated linoleic acid in dairy products – a review, Int. Dairy J. 14 

(2004) 1-15. 

Slininger, P.J., Dien, B.S., Kurtzman, C.P., Moser, B.R., Bakota, E.L., Thompson, S.R., 

O’Bryan, P.J., Cotta, M.A., Balan, V., Jin, M., da Costa Sousa, L., Dale, B.E., 

Comparative lipid production by oleaginous yeasts in hydrolyzates of 

lignocellulosic biomass and process strategy for high titers, Biotechnol. Bioeng. 

113 (2016) 1676-1690. 



 

63 

Smith, J.P., Phillips Daifas, D., El-Khoury, W., Koukoutsis, J., El-Khoury, A, Shelf life 

and safety concerns of bakery products – a review. Crit. Rev. Food Sci. Nutr. 44 

(2004) 19-55. 

Sorger, D., Daum, G., Triacylglycerol biosynthesis in yeast, Appl. Microbiol. Biotechnol. 

61 (2003) 289-299. 

Suomalainen, T.H., Mäyrä-Mäkinen, A.M., Propionic acid bacteria as protective 

cultures in fermented milks and breads, Lait 79 (1999) 165-174. 

Suomalainen, T., Sigvart-Mattila, P., Mättö, J., Tynkkynen, S., In vitro and in vivo 

gastrointestinal survival, antibiotic susceptibility and genetic indentification of 

Propionibacterium freudenreichii ssp. shermanii JS, Int. Dairy J. 18 (2008) 

271-278. 

Suutari, M., Liukkonen, K., Laakso, S., Temperature adaptation in yeasts: the role of 

fatty acids, J. Gen. Microbiol. 136 (1990) 1469-1474. 

Suzuki, R., Nakao, K., Kobayashi, M., Miyashita, K., Oxidative stability of conjugated 

polyunsaturated fatty acids and their esters I bulk phase, J. Oleo Sci. 50 (2001) 

25-29. 

Szakály, Z., Kovács, B.H., Szente, V., Szakály, S., Conjugated linoleic acid intake of the 

population of the EU-25 – the role of dairy products, Milchwissenschaft 65 

(2010) 258-262. 

Thierry, A., Deutsch, S.-M., Falentin, H., Dalmasso, M., Cousin, F.J., Jan, G., New 

insights into physiology and metabolism of Propionibacterium freudenreichii, 

Int. J. Food Microbiol. 149 (2011) 19-27. 

Torres, C.F., Garcia, H.S., Ries, J.J., Hill, C.G., Esterification of glycerol with conjugated 

linoleic acid and long-chain fatty acids from fish oil, J. Am. Oil Chem. Soc. 78 

(2001) 1093-1098. 

Tsuzuki, T., Igarashi, M., Iwata, T., Yamauchi-Sato, Y., Yamamoto, T., Ogita, K., Suzuki, 

T., Miyazawa, T., Oxidation rate of conjugated linoleic acid and conjugated 

linolenic acid is slowed by triacylglycerol esterification and α-tocopherol, Lipids 

39 (2004) 475-480. 

Verhulst, A., Janssen, G., Parmentier, G., Eyssen, H., Isomerization of polyunsaturated 

long chain fatty acids by propionibacteria. System. Appl. Microbiol. 9 (1987) 12-

15. 

Vieira, C.P., Cabral, C.C., da Costa Lima, B.R.C., Paschoalin, V.M.F., Leandro, K.,C., 

Conte-Junior, C.A., Lactococcus lactis ssp. cremoris MRS47, a potential probiotic 

strain isolated from kefir grains, increases cis-9,trans-11-CLA and PUFA contents 

in fermented milk, J. Functional Foods 31 (2017) 172-178. 

Wallace, R.J., McKain, N., Shingfield, K.J., Devillard, E., Isomers of conjugated linoleic 

acids are synthesized via different mechanisms in ruminal digesta and bacteria, 

J. Lipid Res. 48 (2007) 2247-2254. 

Wang, L.-M., Lv, J.-P., Chu, Z.-Q., Cui, Y.-Y., Ren, X.-H, Production of conjugated 

linoleic acid by Propionibacterium freudenreichii, Food Chem. 103 (2007) 313-

318. 

Wehtje, E., Adlercreutz, P., Water activity and substrate concentration effects on lipase 

activity, Biotechnol. Bioeng. 55 (1997) 798-806. 

Wei, M., Ding, X.-L., Xue, Z.-L., Zhao, S.-G., Production of conjugated linoleic acid by 

permeabilized Lactobacillus acidophilus cells, J. Mol. Catal. B 108 (2014) 59-63. 

Xie, C., Coda, R., Chamlagain, B., Edelmann, M., Deptula, P., Varmanen, P., Piironen, 

V., Katina, K., In situ fortification of vitamin B12 in wheat flour and wheat bran 

by fermentation with Propionibacterium freudenreichii, J. Cereal Sci. 81 (2018) 

133-139. 



 

64 

Xu, S., Boylston, T.D., Glatz, B.A., Conjugated linoleic acid content and organoleptic 

attributes of fermented milk products produced with probiotic bacteria, J. Agric. 

Food Chem. 53 (2005) 9064-9072. 

Xu, S., Boylston, T.D., Glatz, B.A., Effect of inoculation level of Lactobacillus rhamnosus 

and yogurt cultures on conjugated linoleic acid content and quality attributes of 

fermented milk products, J. Food Sci. 71 (2006) C275-C280. 

Xu, S., Boylston, T.D., Glatz, B.A., Effect of lipid source on probiotic bacteria and 

conjugated linoleic acid formation in milk model systems, J. Am. Oil Chem. Soc. 

81 (2004) 589-595. 

Yadav, H., Jain, S., Sinha, P.R., Production of free fatty acids and conjugated linoleic 

acid in probiotic dahi containing Lactobacillus acidophilus and Lactobacillus 

casei during fermentation and storage, Int. Dairy J. 17 (2007) 1006-1010. 

Yang, B., Chen, H., Gu, Z., Tan, F., Ross, R.P., Stanton, C., Chen, Y.Q., Chen, W., Zhang, 

H., Synthesis of conjugated linoleic acid by then linoleate isomerase complex in 

food-derived lactobacilli, J. Appl. Microbiol. 117 (2014) 430-439. 

Yang, B., Chen, H., Stanton, C., Ross, R.P., Zhang, H., Chen, Y.Q., Chen, W., Review of 

the roles of conjugated linoleic acid in health and disease, J. Funct. Foods 15 

(2015) 314-325. 

Yang, B., Gao, H., Stanton, C., Ross, R.P., Zhang, H., Chen., Y.Q., Chen, H., Chen, W., 

Bacterial conjugated linoleic acid production and their applications, Prog. Lipid 

Res. 68 (2017) 26-36. 

Yang, L., Cao, Y., Chen, J.-N., Chen, Z.-Y., Oxidative stability of conjugated linolenic 

acids, J. Agric. Food Chem. 57 (2009) 4212-4217. 

Yang, L., Leung, L. K., Huang, Y., Chen, Z.-Y., Oxidative stability of conjugated linoleic 

acid isomers, J. Agric. Food Chem. 48 (2000) 3072-3076. 

You, Q., Yin, X., Gu, X., Purification, immobilization and characterization of linoleic 

acid isomerase on modified palygorskite, Bioprocess. Biosyst. Eng. 34 (2011) 

757-765. 

Zhang, A., Chen, Z Y., Oxidative stability of conjugated linoleic acids relative to other 

polyunsaturated fatty acids, J. Am. Oil Chem. Soc. 74 (1997) 1611-1613. 

Zhao, H., Lv, J., Li, S., Production of conjugated linoleic acid by whole-cell of 

Lactobacillus plantarum A6-1F, Biotechnol. Biotechnol. Eq. 25 (2011) 2266-

2272. 

 



dna smetsys doof elbaniatsus ,ymonoce ralucricoib fo ecnacfiingis ehT  

laudividni dna labolg ta degdelwonkca ylgnisaercni si steid desab-tnalp  

rof sdohtem noitacfiidom citamyzne dna laiborcim ,siseht siht nI .slevel  

doof morf smaerts edis dna slairetam tnalp gniniatnoc-dipil suoirav  

ssecorpoib a ,tluser a sA .deiduts erew sessecorp gnirutcafunam  

-htlaeh htiw slairetam desab-tnalp eseht gnidargpu rof noitanibmoc

gnidleiy depoleved saw )ALC( dica cielonil detagujnoc laicfieneb  

ot sevitanretla sa stneidergni doof evitcaoib desab-tnalp fo snoitalumrof  

 .ALC fo secruos devired-taem dna klim

-o
tl

a
A

D
D

 
31

1
/

 0
2

0
2

 +h
ihjd

a*GM
FTSH

9

 NBSI 7-8793-06-259-879  )detnirp( 

 NBSI 4-9793-06-259-879  )fdp( 

 NSSI 4394-9971  )detnirp( 

 NSSI 2494-9971  )fdp( 

 

ytisrevinU otlaA  

gnireenignE lacimehC fo loohcS  

smetsysoiB dna stcudorpoiB fo tnemtrapeD  

 fi.otlaa.www

 + SSENISUB
 YMONOCE

 
 + TRA

 + NGISED
 ERUTCETIHCRA

 
 + ECNEICS

 YGOLONHCET
 

 REVOSSORC
 

 LAROTCOD
 SNOITATRESSID

 ä
kl

es
av

ha
V 

at
ta

jr
a

M
de

ta
gu

jn
o

C 
ht

i
w 

tn
e

mh
ci

rn
E 

r
of

 s
ma

er
t

S 
ed

i
S 

dn
a 

sl
ai

re
ta

M 
d

o
o

F 
de

sa
b-

tn
al

P 
f

o 
gn

is
se

c
or

p
oi

B
 

 
di

c
A 

ci
el

o
ni

L
 y

ti
sr

ev
i

n
U 

otl
a

A

 0202

 smetsysoiB dna stcudorpoiB fo tnemtrapeD

-tnalP fo gnissecorpoiB
dna slairetaM dooF desab  

rof smaertS ediS  
htiw tnemhcirnE  

 dicA cieloniL detagujnoC

 äklesavhaV attajraM

 LAROTCOD
 SNOITATRESSID


	Aalto_DD_2020_113_Vahvaselkä_verkkoversio



