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1 INTRODUCTION 

Bovine milk is a whole food able to cover the nutritional needs of calves and is moreover 

consumed by humans as a valuable source for high quality protein and calcium. Its lipid 

fraction accounts for about 50 % of the energy in milk and is the most complex of all natural 

lipids, as it contains more than 400 different fatty acids (FA; Patton & Jensen, 1975). Milk is 

naturally rich in saturated FA (SFA) and epidemiological studies have shown that some SFA 

impair cardio-vascular health if consumed in excess (German et al., 2009; Micha & 

Mozaffarian, 2010). Consequently, efforts in research have tried to address this issue by 

manipulating the FA profile of milk to make it healthier for human consumption (Shingfield et 

al., 2013). The composition of FA in milk is strongly influenced by the FA of the cow’s feed 

and perceptions of milk lipid healthfulness could be improved by feeding dietary supplements 

that lead to a healthier milk FA profile (Stamey et al., 2012). 

Microalgae (MA) are a fairly new feed supplement in dairy cow feeding, but they have been 

long established in other areas such as aquafarming (Becker, 2007). Microalgae are small 

single cell photosynthetic organisms rich in essential polyunsaturated FA (PUFA) and 

omega-3 (n-3) FA with a high protein quality, making them a possible alternative protein 

supplement, whilst additionally supplying essential FA to the animal (Ratledge, 2004; Becker, 

2007). Due to their promising potential as a source for health promoting FA, recent research 

has focused on implementation of MA into dairy cow feeds to increase the amount of 

beneficial PUFA and n-3 FA in milk (Lum et al., 2013). 

However, increasing the content of PUFA in milk can have negative consequences for the 

oxidative stability of the product (O’Connor & O’Brien, 2006). Oxidation of FA in dairy 

products leads to undesired taste deficiencies and therefore refusal of the product by 

consumers. An increased amount of PUFA and increasing degree of unsaturation of FA in 

milk promotes conditions for oxidative attacks and increases chances of a premature spoilage 

of the end product (Halliwell & Chirico, 1993).  

In addition to an altered FA composition, manipulating the cow’s diet can have an influence 

on the mechanism of milk fat secretion and contents of phospholipids in the milk fat. Milk fat 

is secreted in the form of differently sized globules, which are made up of a globule core and a 

milk fat globule membrane (MFGM) that is derived from the cell wall of the mammary 
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epithelial cell (MEC; Mather & Keenan, 1998). The MFGM is rich in phospholipids (PL) 

which can be used as natural emulsifiers and are additionally considered to be bioactive 

molecules with beneficial effects for human health (Contarini & Povolo, 2013). The amount of 

MFGM is a function of the core-to-membrane ratio of the globule, i.e. globule size, and the 

membrane’s PL content is under influence of the feed (Lopez et al., 2008). Moreover, the 

characteristics of these globules and their size distribution are of particular interest, as the size 

of milk fat globules (MFG) is responsible for the characteristics of many dairy products 

(Michalski et al., 2003, 2004, 2007) and might also play a role in the digestion of milk fat in 

the human gastro-intestinal tract (Garcia et al., 2014).  

Given the relatively new discovery of MA as a feed supplement for dairy cows and the broad 

diversity of MA species, research on milk FA composition of cows fed MA species used in 

this study is rather limited. Although several studies have investigated the effect of feed on 

MFG size distribution, milk PL content and oxidative stability, data obtained with MA as a 

feed supplement is scarce. This work is meant to identify and describe the effects of different 

MA supplements on milk FA composition, oxidation stability, MFG size and PL content of 

bovine milk. This can provide the animal feed industry and dairy industry with valuable 

information about characteristics of milk and milk fat produced from cows fed MA 

supplements. 
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2 LITERATURE REVIEW 

2.1 Bovine milk and its lipids 

2.1.1 Non-polar lipids 

Milk and milk products are a food with high nutrient density that make up an important part of 

the human diet. Milk has an important role as a source of macronutrients and in Europe 8-9 % 

of total energy intake comes from milk and it accounts for 19 % of the daily protein intake and 

11-14 % of daily lipid intake (Wijesinha-Bettoni & Burlingame, 2013). On average, bovine 

milk consists of approximately 87.0 % water, 4.0 % lipids, 3.3 % protein, 4.6 % lactose and 

0.7 % mineral substances (Walstra et al., 2006). Among the macronutrients, milk lipids are 

most sensitive to dietary influences compared to protein and lactose and therefore offer the 

biggest potential for manipulation (Jenkins & McGuire, 2006). 

Milk lipid is a very complex entity regarding not only its colloidal structure but also its FA 

composition, which includes over 400 different FA and therefore makes milk fat the most 

complex of all natural fats (Lopez, 2011; Patton & Jensen, 1975). Triacylglycerols (TAG), 

which consist of three FA esterified to a glycerol, make up 97-98 % of the milk lipid, while 

PL, cholesterol and cholesteryl esters, diacylglycerols, monoacylglycerols and free fatty acids 

(FFA) represent the remaining 2-3 % (Jensen, 2002). Of the 400 FA that are found in the milk, 

only 12-15 FA are present in a concentration of 1 % or higher, as seen in Table 1 (Jensen, 

2002; Parodi, 2004). The FA composition of bovine milk can vary markedly depending on 

animal factors such as the stage of lactation, the cow breed, differences between individual 

cows and their health status, but also on the season and region, which determines the 

composition and type of available feed (Parodi, 1974; Palmquist et al., 1993). There are, 

however, limits, as to how drastically the FA composition can change. For example, milk fat 

has to remain liquid at physiological conditions, which is an important prerequisite in the 

biosynthesis of milk lipids (Jensen, 2002).  

Bovine milk is naturally rich in SFA (65-70 wt. %) and comparatively low in unsaturated FA 

(30-35 wt. %). Of the SFA fraction, on average 10.9 wt. % (15-20 mol %) are short chain FA 

of carbon chain length 4:0-10:0. The major FA among the unsaturated fraction is oleic acid 

(cis-9 18:1) accounting for 20 wt. % of total milk FA or 70 wt. % of total unsaturated FA 

(Jensen & Newburg, 1995; Walstra, 2006; Lindmark-Månsson, 2008). From a quantitative 
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point of view, myristic acid (14:0), palmitic acid (16:0) and stearic acid (18:0) are most 

important, with 11, 30 and 12 wt. % on average, respectively (Lindmark-Månsson, 2008).  

PUFA make up on average 2.3 wt. % (range 0-7 wt. %) of total milk FA of which the essential 

PUFA linoleic acid (18:2n-6) and α-linolenic acid (18:3n-3) account for about 1.2-2.5 wt. % 

and 0.5-1.2 wt. %, on average, respectively (Jensen & Newburg, 1995; Lindmark-Månsson, 

2008; Halmemies-Beauchet-Filleau et al., 2011). 

 

Table 1: Composition of the major FA, essential FA and collective 

FA groups in bovine milk. Adapted from Jensen (2002). 

FA or collective term 

Average/range of 

FA in total lipids 

(wt. %) Reference 

4:0 2-5 
1
 

6:0 1-5 
1
 

8:0 1-3 
1
 

10:0 2-4 
1
 

12:0 2-5 
1
 

14:0 8-14 
1
 

15:0 1-2 
1
 

16:0 22-35 
1
 

16:1 1-3 
1
 

17:0 0.5-1.5 
1
 

18:0 9-14 
1
 

18:1 20-30 
1
 

trans 18:1 2.3-3.9 
2,3

 

18:2 1-3 
1
 

18:2 CLA 0.3-1.5 
2,3

 

18:3 0.5-2.0 
1
 

20:5n-3 < 0.1 
4
 

22:6n-3 < 0.1 
4
 

Σ trans-FA 0.6-3.9 
2
 

Σ SFA 65-75 
2,5,7

 

Σ MUFA 20-26 
6,7 

Σ PUFA 0-7 
2,7,8

 

FA = fatty acid; CLA = conjugated linoleic acid; SFA = saturated 

fatty acid; MUFA = monounsaturated fatty acid; PUFA = 

polyunsaturated fatty acid. 
1
Jensen (2002) 

2
Lindmark-Månsson (2008) 

3
MacGibbon & Taylor (2006) 

4
Lock & Bauman (2004) 

5
Walstra et al. (2006) 

6
Givens & Shingfield (2006) 

7
Lock et al. (2004) 

8
Halmemies-Beauchet-Filleau et al. (2011) 
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In summer time when cows are grazing, the content of SFA is lowest and that of unsaturated 

FA is highest, while in winter time the opposite trend can be observed due to the feed 

influence of indoor feeding (Lindmark-Månsson, 2008). There are on average about 2.7 wt. % 

trans-FA in milk and the most abundant one is vaccenic acid (trans-11 18:1), which is a 

product of incomplete biohydrogenation of dietary PUFA in the rumen (Bauman et al., 2003a; 

Lindmark-Månsson, 2008; see chapter 2.5.1 ). However, the range of trans-FA that escape 

ruminal fermentation is broad and thus many other trans-FA isomers can be observed in lower 

concentrations in milk (Bauman et al., 2003a; Shingfield et al., 2010). Milk lipids also contain 

conjugated linoleic acids (CLA), whose isomers occur in a broad variety in milk fat. 

Mohammed et al. (2009) reported a CLA content in milk from grass silage fed cows of 0.5 wt. 

% and of 2.1 wt. % in that of grazing cows. The CLA fraction is dominated by rumenic acid 

(cis-9, trans-11 CLA) which accounts for approximately 75-90 wt. % of total CLA (Bauman 

et al., 2003b) or about 0.4 wt. % of total FA (Lindmark-Månsson, 2008). cis-9, trans-11 CLA 

originates largely from endogenous production in the mammary gland where trans-11 18:1 is 

desaturated by ∆
9
-desaturase to cis-9, trans-11 CLA (Bauman et al., 2003b; see chapter 2.2.1 

and 2.5.1). CLA are said to confer beneficial health effects (see chapter 2.7.4), and are most 

notably found in ruminant-derived food, with dairy products contributing to about 75 % of the 

total CLA intake in humans (Ritzenthaler et al., 2001). 

2.1.2 Polar lipids 

Beside the non-polar TAG in milk, the polar lipids, which comprise glycerophospholipids and 

sphingolipids, or collectively called PL, make up another important fraction of milk lipids 

with 0.2-1.0 wt. % of total lipids (Lopez, 2011). PL, defined as “lipids containing phosphorus” 

have a hydrophobic tail and a hydrophilic head and are found in the MFGM, a bilayer 

membrane that envelops the fat globule core (see chapter 2.2.3) and also contains cholesterol. 

In the membrane, PL function as stabilizers by maintaining an emulsion of milk fat droplets in 

the aqueous phase of the milk (Dewettinck et al., 2008; Contarini & Povolo, 2013). 

Glycerophospholipids are made up of a glycerol backbone, with FA esterified to the sn-1 and 

sn-2 position and a phosphate residue attached to different organic groups at the sn-3 position. 

According to the type of organic group, glycerophospholipids are called phosphatidylcholine 

(PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI) and phophatidylserine (PS). 

The major sphingolipid in milk is sphingomyelin (SM), a molecule consisting of a ceramide 
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(sphingoid base + FA) attached to a phosphorylcholine (phosphoric acid + choline; Contarini 

& Povolo, 2013). The organic choline residue can be found in PC and SM, which together 

account for approximately 50 wt. % (60 mol %) of total PL (Jensen, 2002; Table 2). Assays 

that determine the total PL content based on the detection of choline-degradation products 

therefore have to be corrected for the proportion of PC and SM of total PL, as otherwise the 

PL content will be underestimated. An overview on the composition of PL classes in bovine 

milk condensed from 15 studies is provided in Table 2. Among PL, PE (26.4-72.3 % of total 

PL), PC (8.0-45.5 %) and SM (4.1-29.2 %) are the most abundant, while amounts of PS 

(2.0-16.1 %) and PI (1.4-14.1 %) are typically lower. The variation among studies in the 

composition can be explained by differing diets and breeds or the differences in the extraction 

and analysis (Contarini & Povolo, 2013). Other minor PL can be found in trace amounts in 

milk, such as glucosylceramide, lactosylceramide and gangliosides (Rombaut et al., 2005).  

The FA composition of the non-polar lipid fraction is markedly different to that of TAG. In 

glycerophospholipids, short chain and medium chain FA are almost absent and a mixture of 

saturated and unsaturated long chain FA dominates. PE is particularly rich in unsaturated FA, 

while PC contains relatively more SFA than other PL classes, but Fong et al. (2007) found 

only low amounts of very long chain FA in PC, PE, PI and PS. 

 

Table 2: Polar lipid content (g/100 g fat) and phospholipid composition of total phospholipids (in 

percentage) in liquid bovine milk. Adapted from Contarini & Povolo (2013). 

Polar lipids PE PI PS PC SM Reference 

0.69 38.6 - - 32.2 29.2 Fagan & Wijesundera (2004) 

0.36 32.3 9.3 10.5 27.3 20.5 Avalli & Contarini (2005) 

0.96 33.2 5.2 9.3 27.4 25.1 Rombaut et al. (2006) 

0.70 46.4 5.3 7.4 21.1 19.8 Rombaut et al. (2007) 

- 32.6 7.6 5.3 33.2 21.3 Fong et al. (2007) 

- 36.4 7.6 6.5 32.1 17.3 Fauquant et al. (2007) 

0.25-0.30 26.8 13.6 16.1 22.0 21.6 Lopez et al. (2008) 

0.48 28.5 14.1 
1
 32.7 23.0 Sanchez-Juanes et al. (2009) 

0.36 38.5 6.5 7.7 25.9 21.4 Rodríguez-Alcalá & Fontecha (2010) 

- 26.4 3.4 2.0 42.8 25.5 Gallier et al. (2010) 

0.69 36.9 6.1 6.1 27.0 23.7 Le et al. (2011) 

- 72.3 1.4 11.5 8.0 7.9 Donato et al. (2011) 

- 33.8 3.9 10.6 30.5 21.2 Garcia et al. (2012) 

0.65-0.89 34.2 7.7 8.6 45.5 4.1 Kiełbowicz et al. (2013) 

Average  

0.58 36.9 7.1 8.5 29.1 20.1  

PC = Phosphatidylcholine, PE = Phosphatidylethanolamine, PI = Phosphatidylinositol PS = 

Phophatidylserine, SM = Sphingomyelin. 
1
Percentage of PI includes also PS 
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The opposite picture is the case for SM, whose FA composition is dominated by 16:0, 18:0, 

cis-9 18:1, 22:0, 23:0 and 24:0, and is therefore highly saturated (Fong et al., 2007).  

PL constitute about 25 wt. % of the MFGM (Walstra et al., 2006), making the MFGM an 

object of interest for the dairy industry, because of its technological properties and potential 

benefits for human health. Due to the amphiphilic nature of PL, the use of MFGM as a natural 

emulsifier is being explored (Kanno et al., 1991; Corredig & Dalgleish, 1997). Additionally, 

Kasinos et al. (2014) indicated an improved heat stability after addition of PL enriched dairy 

by-products to recombined evaporated milk emulsions, while other studies investigated the 

potential of milk PL as a delivery system for labile liposoluble compounds to enhance their 

stability and bioavailability (Bezelgues et al., 2009; Farhang et al., 2012; Gülseren et al., 

2012). Besides their technological functions, PL have gained considerable attention for their 

nutritional benefits to human health. Being bioactive compounds involved in cell growth 

regulation, PL have been studied for their ameliorating effects on cardiovascular diseases, 

inflammation and cancer, extensively reviewed by Contarini & Povolo, (2013), Dewettinck et 

al. (2008) and Kuchta et al. (2012). According to Vesper et al. (1999), dairy products appear to 

be a major source of SM in the U.S. 

 

2.2 Synthesis, transit and secretion of lipid droplets in the mammary cell 

2.2.1 Synthesis of fatty acids and lipid droplets 

Fatty acids in milk lipids originate from two sources, either from synthesis in the MEC or 

from preformed FA circulating in the blood. Approximately 40.0 wt. % (60.0 mol %) of FA in 

milk arise from de novo synthesis, while those from the blood constitute the remaining 60 wt. 

% (Bauman & Davis, 1974). The MEC utilizes acetate and β-hydroxybutyrate as substrates for 

FA synthesis. All FA of carbon chain length 4:0-12:0, most of 14:0 (95 %) and half of 16:0 are 

synthesized de novo, but FA of chain length ≥18:0 derive from circulating blood plasma lipids 

(Chilliard et al., 2000). Two key enzymes mediate FA synthesis in the MEC, acetyl-CoA-

carboxylase and fatty acid synthetase. After acetate is converted to acetyl-CoA it is catalyzed 

by acetyl-CoA-carboxylase to malonyl-CoA and then serves for elongation of FA mediated by 

fatty acid synthetase. β-hydroxybutyrate is incorporated into FA by fatty acid synthetase as 

butyryl-CoA and contributes to about 15 % of the carbon content (Chilliard et al., 2000). 
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Fatty acids in milk TAG that are longer than 16:0 carbons arise from blood-derived 

non-esterified FA (NEFA), chylomicra or very low density lipids (VLDL), although 

measurable uptake of NEFA is dependent on high concentrations in blood, which occurs often 

during negative energy balance in the early weeks of lactation, when lipids in form of NEFA 

are mobilized from adipose body tissues (Palmquist, 2006). After Chylomicra and VLDL dock 

onto the endothelium of the MEC, lipoprotein lipase (LPL), an enzyme residing in the 

epithelial cell wall, hydrolyses primarily long chain FA off the TAG present in the blood 

plasma lipoproteins. This action releases FA and glycerol into the MEC, which are henceforth 

used in TAG synthesis (Palmquist, 2006). The amount of preformed FA available for 

incorporation into TAG is dependent on the activity of LPL, which is a limiting factor 

(Chilliard et al., 2000). However, the exact mechanisms and the involved enzymes for the 

transfer of FA across the endothelium remains to be discovered (Palmquist, 2006).  

The enzyme ∆
9
–desaturase in the MEC contributes to the pool of unsaturated FA. This 

enzyme desaturates de novo or blood-derived FA by introducing a double bond between 

carbon atoms 9 and 10 (Shingfield et al., 2010). ∆
9
–desaturase is located in the rough 

endoplasmic reticulum (rER) and its primary substrates are stearoyl-CoA and palmitoyl-CoA. 

In fact, more than 50 % of cis-9 18:1 in milk fat originates from the desaturation of 18:0 

through this enzyme, while the rest of cis-9 18:1 stems from preformed FA (Enjalbert et al., 

1998, Shingfield et al., 2010). Quantitatively, the biggest actions of this enzyme account for 

the desaturation of trans-11 18:1 to cis-9, trans-11 CLA, the major CLA in milk, which arises 

to 64-97 % from endogenous synthesis (Shingfield et al., 2010). Additionally, 90 % of 

cis-9-14:1 and 51 % of cis-9 16:1 are a product of ∆
9
–desaturase activity (Mosley & McGuire, 

2007; Halmemies-Beauchet-Filleau et al., 2013b). The esterification of FA with glycerol 

presumably takes place at the rER, whose cytosolic surfaces are associated with enzymes for 

TAG synthesis (Coleman et al., 2000). Glycerol is provided through glycolysis of glucose in 

the MEC and small amounts of glycerol are taken up from the blood through lipolysis by LPL 

(Palmquist, 2006). 

2.2.2 Transit of lipid droplets 

In accordance with Coleman et al. (2000), but already in 1967, Stein & Stein (1967) provided 

electron microscopic pictures that show the accumulation of lipid droplets around the rER, 

made visible by radiographic staining, suggesting that the rER is the site of TAG synthesis. 
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This hypothesis was supported by other studies, which found that primarily TAG lipids 

concentrate between the inner and outer halves of the rER bilayer membrane and are 

enveloped by the outer half of the rER membrane before budding off into the cytosol as micro 

lipid droplets with a diameter < 0.5 µm (Zaczek, & Keenan, 1990; Keenan et al., 1992).  

During their transit to the apical cell membrane, some micro lipid droplets fuse to form bigger 

droplets called cytoplasmic lipid droplets (CLD). However, because lipid droplets in milk are 

distributed over a range of approximately 0.5-10.0 µm (Konokhova et al., 2014), it appears 

that some micro lipid droplets do not fuse at all, while others grow significantly in size 

(Mather & Keenan, 1998). Dylewski et al. (1984) observed a fusion between two micro lipid 

droplets or micro lipid droplets with CLD, but cytoplasmic droplets > 1 µm did not appear to 

fuse with each other indicating that lipid fusion might not be entirely random. Recently, 

Russell et al. (2011) have compared adipophilin (ADPH) deficient mice with wild type mice 

to investigate the role of ADPH, an essential regulator of lipid metabolism in CLD growth. 

Because CLD were present but failed to grow in size in mammary cells of ADPH deficient 

mice, they concluded that ADPH is involved in droplet maturation, probably through 

inhibition of triglyceride lipases, but ADPH is not required for the formation of CLD (Russell 

et al., 2011). The entire ensemble of regulatory forces behind fusion of lipid droplets during 

their transit remains unknown, however, as indicated by Russell et al. (2011), who admitted 

that their ADPH theory can only explain fusion of smaller droplets, but not that of droplets 

exceeding a few micrometers.  

The forces responsible for the migration of the CLD towards the apical cell membrane from 

where it will be secreted have been discussed. There is a vague hypothesis that cytoplasmic 

microtubules guide the CLD on their way to the apical pole, as the microtubules become more 

abundant in late pregnancy and the first half of lactation in guinea pigs (Guerin & Loizzi, 

1980). A reversible inhibition of lipid secretion was achieved by intramammary infusion of 

alkaloids or colchicine (Patton, 1974), agents that disturb the build-up of microtubules, but this 

failed to be repeated by others (Daudet et al., 1981), leaving the role of microtubules in lipid 

migration unanswered. Another theory that involved a contractile apparatus formed by 

actin-containing microfilaments responsible for CLD migration (Mather & Keenan, 1998) is 

backed up by a recent study with transgenic mice. In knockout mice, where the expression of 

the actin-filament associated protein 1 (AFAP1) has been disabled, an accumulation of CLD in 
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the MEC was observed, indicating that AFAP1 is somehow involved either in the migration of 

CLD or the release of droplets into the alveolar lumen (Cunnick et al., 2015). Further research 

is needed to elucidate the role of microtubules or AFAP1 and other possible mechanisms 

involved in CLD migration and maturation. 

2.2.3 Secretion of lipid droplets 

After the transit of CLD to the apical pole of the epithelial cell, the CLD is secreted with a 

coat of cellular membrane that forms the MFGM. There are two possible mechanisms that 

explain the secretion and envelopment of the CLD with membrane material. In 1973, 

Wooding (1973) published a theory that explains the secretion of CLD without direct 

involvement of the cell membrane. He proposed that vesicles derived from the Golgi apparatus 

adhere to the surface of the migrating CLD and that neighboring vesicles progressively fuse, 

leading to an intracytoplasmic vacuole containing the CLD, as well as caseins that were 

transported in the vesicles. The vacuole would then approach the apical cell membrane and its 

contents are simultaneously released by exocytosis into the alveolar lumen, leaving the lipid 

droplet enveloped with a membrane derived from the secretory vesicles (Wooding, 1973). 

However, a theory that is more broadly accepted nowadays is that developed in the pioneering 

works of Bargmann & Knoop (1959) and later elaborated by Mather & Keenan (1998). They 

proposed that CLD approach the apical pole and are enveloped by the cell membrane until 

they form a narrow neck of membrane and cytoplasm. After merging of the membrane in the 

neck, the lipid droplet will detach and is released into the lumen. In this case, the MFGM 

would be entirely derived from the apical cell membrane. The latter mechanism received 

support from studies, which provide evidence that butyrophilin (BTN) and xanthine 

oxidoreductase (XOR), two of the major proteins found in the MFGM (Dewettinck et al., 

2008), are associated with the apical surface membrane and are required for functional milk 

lipid secretion (Vorbach et al., 2002; Ogg et al., 2004). Because in vitro secretion of lipid 

droplets in epithelial cell lines is currently not possible, the use of proteomics as employed by 

Jeong et al. (2013) for further investigation of the role of BTN and XOR can shed light on the 

mechanisms behind fat globule secretion. It cannot be ruled out, however, that there is a 

combination of both mechanisms, one involving secretory vesicles and the other one involving 

envelopment with the apical cell membrane. Lopez (2011) speculated about a different 
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secretive pathway depending on the size of the CLD, while Kralj and Pipan (1992) proposed 

an influence of the stage of lactation. 

 

2.3 Milk fat globule size distribution 

After their secretion by the MEC, MFG are released in various sizes into the lumen of the 

alveoli. The characteristics of these globules and their size distribution have received 

considerable attention in the past years. The modification of FA composition and 

core-to-membrane ratio in differently sized MFG could be exploited due to the role that milk 

fat and its various components play in human health (Parodi, 2004). Additionally, the size of 

MFG is responsible for the characteristics of many dairy products and is an important 

determinant in phenomena such as creaming (Ma & Barbano, 2000; Huppertz & Kelly, 2006).  

There are numerous studies that have investigated and described MFG size distribution 

(Walstra, 1969; Wiking et al., 2004; Couvreur et al., 2007; Lopez et al., 2008; Ménard et al., 

2010; Konokhova et al., 2014; Logan et al., 2014). In unprocessed raw milk, MFG appear in a 

range of 0.1 to 15.0 μm and a typical average size distribution of MFG can be seen in Figure 

1. The group comprising the smallest MFG (< 1 μm) accounts for 80 % of the total number of  

 

 

 

Figure 1: Globule size distribution patterns in bovine raw milk. (A) Size distribution (volume) determined by 

confocal microscopy; adapted from Lopez (2011). (B) Number frequency distribution (N/∆d) in a diluted Friesian 

milk sample and size distribution (volume) of lipid globules. Adapted from Walstra et al. (2006). 
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globules present in milk, but represents only 2 % of the mass (or volume) of all globules, 

whereas the fraction of globules from 1-8 μm accounts for 94 % of the mass (or volume) of all 

globules (Walstra, 1969 in Logan et al., 2014). Globules > 10 μm are rare and presumably 

arise through coalescence between smaller globules that occurs before or after milking 

(Walstra et al., 2006; Evers, 2004).  

Several methods have been used to analyze individual fat globules or to determine globule 

sizes and their size distribution in milk, for example holographic video, confocal microscopy, 

dynamic light scattering, ultrasound, small-angle light scattering, electrical impedance and 

scanning flow cytometry. A list of studies applying the respective methods can be seen in 

Konokhova et al. (2014). Currently, the most commonly used method to determine the MFG 

size distribution is small-angle light scattering, resolved in a laser diffraction particle size 

analyzer (Konokhova et al., 2014). The results are often expressed as volume-weighted mean 

diameter d4,3, which makes it possible to describe the volume of a spherical object (or the 

average volume of several objects) with one number (Rawle, 2015). Despite the broad use of 

the small-angle light scattering method, Konokhova et al. (2014) have pointed out the 

limitation that this method does not take into account the asphericity of the MFG, which 

compromises the precision of the method. Instead, they provided MFG size distribution and 

surface area profiles with nanometer precision based on scanning flow cytometry especially 

adapted for analysis of MFG. Due to its high precision and the fact that this method 

overcomes the limitations of small-angle light scattering, they proposed this method as the 

new reference method for analysis of MFG characteristics. 

The size distribution of MFG is closely linked to the biosynthesis of lipid droplets and their 

secretion (see chapter 2.2.2 & 2.2.3), but the mechanisms behind this and the purpose of a 

specific size distribution are not well-documented (Lopez, 2011). The milk fat content 

(El-Zeini, 2006) and diurnal fat production (Wiking et al., 2004) appear to be positively 

correlated with average MFG size. This could be explained by a limited activity of the MEC to 

synthesize membrane material, and that by secreting larger fat globules that require less 

MFGM per unit of fat compared to smaller globules, the MEC can save membrane material 

(Wiking et al., 2004). 
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2.3.1 Factors that alter milk fat globule sizes and its fatty acid composition 

Some researchers have investigated, if there are differences in the FA composition of different 

MFG size groups. In a recent review, Lopez (2011) summarized that small MFG (diameter 1-2 

μm) contain less 18:0, less or similar short chain FA (4:0 to 10:0), higher concentration of 

12:0 and 14:0 and higher amounts of cis-9, trans-11 CLA and trans-18:1 compared to larger 

MFG (diameter 4-7 μm). A relationship between lactation stage and FA composition of 

specifically sized MFG was established by Mesilati-Stahy & Argov-Argaman (2014). They 

argued that the cow’s energy balance, which changes markedly during lactation, activates 

different lipid metabolism pathways, thus altering the FA composition of the milk. Such 

compositional changes are not evenly applied across all globules though, therefore resulting in 

MFG size related compositional changes (Mesilati-Stahy & Argov-Argaman, 2014). 

The MFG size distribution is also under influence of the feed. Couvreur et al. (2007) 

compared the response of cows to either corn silage or pasture based feed. They concluded 

that cows fed pasture produced significantly smaller globules (-0.29 μm) with a higher surface 

area (+0.14 m
2
/g) but lower fat content and therefore overall lower MFGM material in the 

milk (-0.15‰) compared to cows fed corn silage. Consequently, Argov-Argaman et al. (2014) 

observed that mean MFG diameter also changes with a different concentrate/forage ratio. 

Their findings indicate that the concentrate/forage ratio dictates availability of cell membrane 

based PL, and the altered supply in PL causes remodeling of the membrane, which in turn 

affects MFG size distribution. In addition to that, Avramis et al. (2003) reported a decrease in 

mean MFG size in cows fed fish meal supplements compared to a control diet without 

supplements, suggesting an influence of diet on MFG size distribution. 

Results that indicate a relationship between milking frequency and average MFG size were 

published by Wiking et al. (2006). In milk from udder halves milked four times compared to 

the other half milked two times daily, they showed a shift of globules towards larger diameters 

specifically for medium to large globules, while production of small MFG remained constant. 

Unlike in their previous study (Wiking et al., 2004), where higher fat yield resulted in bigger 

mean MFG diameter, the increase in MFG size could not be explained by an increase in fat 

yield in their newer study (Wiking et al., 2006), as the fat yield remained constant. 

Other factors such as a genetic predisposition to produce relatively smaller or larger globules 

for individual cows have been investigated (Logan et al., 2014), as well as an increase in MFG 
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size through coalescence of globules in the milk duct or after milking, influenced by the 

melting point (and hence FA composition) of the lipids in the globule (Evers, 2004; Walstra et 

al., 2006). Specific differences and distinct MFG size distribution patterns for several other 

species such as human (Michalski et al., 2005), goat (Attaie & Richter, 2000), sheep (Park et 

al., 2007), buffalo (Ménard et al., 2010) and camel (Farah & Rüegg, 1991) have been reported 

in several studies. For example, buffaloes typically produce a milk with fat contents higher [on 

average 8.3 % fat; Varricchio et al., (2010)] than that of bovine milk and mean MFG 

diameters are significantly larger in buffaloes’ milk compared to bovine milk (El-Zeini, 2006; 

Ménard et al., 2010). This finding and similar observations in other species urged El-Zeini 

(2006) to the previously mentioned hypothesis, that species with higher milk fat contents will 

produce bigger average MFG diameters, which is in agreement with Wiking et al. (2004). 

However, literature on MFG properties of species other than cows is scarce and new 

investigations could provide more insight in the mechanisms of MFG synthesis. 

Apparently, no single factor can be held responsible for the regulation of MFG size and its 

distribution. More research is needed to elucidate the exact mechanism behind the secretion of 

differently sized MFG and the role that the size distribution of MFG plays. What is important 

to remember is that with altered globule size distributions also the ratio of core-based TAG to 

membrane-based PL and the FA profile change, and thus manipulation of MFG size could 

directly or indirectly promote healthfulness of milk fat (Argov-Argaman et al., 2014). 

2.3.2 Technological and physiological implications of MFG size 

The importance of the macrostructure and size distribution of MFG extends also to 

technological aspects, where variations in globule size can be used to manipulate product 

characteristics. In their review, Argov et al. (2008) acknowledge the importance of the 

macrostructure of milk lipids and how the matrix of milk or food in general plays a vital role 

in the delivery of nutrients and bioactive molecules. Beyond that they explored the numerous 

implications of MFG size and distribution for properties of dairy products. One such 

implication was investigated by O’Mahony et al. (2005), who examined the effect of native 

(i.e. non-homogenized) MFG size on the properties of Cheddar-type cheeses. By gravity 

separation, they produced milk with MFG of smaller (d4,3=3.45 µm) or larger (d4,3=4.68 µm) 

mean diameter, compared to a control (d4,3=3.58 µm). After ripening for 1, 60 or 120 d, they 

observed a significantly higher total FFA concentration in cheeses made from milk with larger 
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MFG globules compared to the control. FFA are an important quality parameter in some 

cheese types, as they are involved in flavor development of those cheeses (Woo & Lindsay, 

1984). Although O’Mahony et al. (2005) expected higher FFA values in cheeses made from 

milk with smaller globules, due to a higher surface area of the globules that would facilitate 

lipolysis, this was not the case. Instead, they explained the higher FFA values in large-globule 

cheeses based on a reduced globule stability that made larger globules more vulnerable to 

lipolysis.  

Similar studies that examined the effects of globule size on cheese properties were conducted 

by Michalski et al. (2003, 2004, 2007), who observed the physico-chemical and functional 

properties of Emmental and Camembert cheese, produced from milk with either small 

(d4,3≈3.30 µm) or large (d4,3≈4.50-6.00 µm) MFG diameters. The separation of milks with 

different MFG size profiles was achieved by a microfiltration. They concluded that both 

cheese types feature a higher moisture content and a better melting texture when produced 

from milk with smaller globules compared to cheese produced from larger globules, which 

could give rise to new products with enhanced technological and functional properties 

(Michalski et al., 2003, 2004, 2007). Additionally, sensory characteristics of small-globule 

Emmental cheese were improved (Michalski et al., 2007). 

A completely different implication of MFG size was recently investigated by Garcia et al. 

(2014), who conducted a study to determine of the influence of MFG sizes on in vitro 

digestion by human gastric and/or pancreatic lipases. Isolated native MFG fractions of 

differing mean diameters (d4,3=1.7 µm vs. 4.2 µm) were injected each into preparations of 

digestive juices at physiological human conditions and lipolysis efficiency measured by means 

of FFA liberation was analyzed. For better comparison, lipolysis of lipid globules from 

homogenized milk was additionally tested. Their findings demonstrated that a breakdown of 

lipids by gastric and pancreatic lipases is highly sensitive to MFG sizes, as indicated by a 

significantly higher degree of hydrolysis of smaller compared to larger lipid globules. They 

explained their results by referring to a larger relative surface area of milk fat dispersed as 

smaller globules, which facilitates contact to lipases and increases the number of binding sites 

for digestive enzymes, therefore allowing a higher digestive efficiency. Interestingly, MFG 

from homogenized milk were more efficiently hydrolyzed than large globules, but less 

efficiently compared to smaller globules, even though homogenized milk fat has by far the 
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largest relative surface area. This is probably due to the forces that disrupt the native MFGM 

during homogenization (Garcia et al., 2014), after which MFG globules are covered by a 

mixture of native MFGM fragments and casein micelles (and whey proteins, if heated; Lee & 

Sherbon, 2002), indicating that the native layer of MFGM with its unique PL fingerprint has a 

regulatory function when it comes to lipid digestions (Garcia et al., 2014). It seems that the 

large relative surface area of homogenized MFG is outweighed by the benefits that a native 

intact MFGM can provide for digestion (Garcia et al., 2014). Additionally, they indicated a 

globule size dependent liberation of FFA with different carbon chain length that needs to be 

further explored. However, it needs to be kept in mind that these results are based on an in 

vitro model and that similar tests in humans need to be conducted to verify potential effects 

and behavior of differently sized MFG fractions.  

Apparently, the macrostructure and size distribution of MFG has major implications for the 

cheese manufacture and offers various possibilities for improving manufacturing processes 

and product characteristics. Beyond that, MFG size and surface layer appear to be important in 

the regulation of lipid digestion and further studies could reveal the influence of 

homogenization on lipid digestion. 

 

2.4 Lipid oxidation in milk 

Milk fat is an important component that attributes to flavor and texture of milk and milk 

products (Frøst et al. 2001), yet it can be the culprit in some processes that decrease the quality 

of food, such as during oxidation. Oxidation of lipids is a basic chemical reaction that can lead 

to the deterioration of sensory and nutritional quality of food (O’Connor & O’Brien, 2006). 

Spoilage of milk through oxidative processes can occur already in raw milk and cause a 

spontaneous oxidative flavor leading to disposal of the milk (Granelli et al., 1998). More 

commonly however, oxidation of milk lipids occurs during processing or storage, in which 

processing just accelerates the processes that started in the raw milk (Hedegaard et al., 2006). 

Milk that developed flavor defects through oxidation in its raw state, after processing or 

during storage has a low consumer acceptance and reduces the shelf life of the end product. 

Consequently, farmers and dairy companies seek to reduce spoilage through oxidation to a 

minimum. 
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Reviews on the mechanisms behind lipid peroxidation have been published by Halliwell & 

Chirico (1993), O’Connor & O’Brien (2006) and Walstra et al. (2006). Briefly, lipid 

peroxidation is initiated by the formation of a free radical due to promoting factors such as 

enzymes, traces of metal ions from equipment, irradiation or reactive oxygen species (e.g. 

OH
•
). The radical is formed by removing an electron (typically in form of a hydrogen atom) 

from a molecule. The radical interacts with an unsaturated lipid by removal of a hydrogen 

atom from the methylene group adjacent to a double bond, therefore transforming the radical 

into a non-radical and simultaneously creating a new lipid radical (Figure 2A). The newly 

formed lipid radical reacts with ground-state oxygen (
3
O2) and forms a radical lipid peroxide 

(Figure 2B). The latter will react with another unsaturated lipid by absorbing a hydrogen (now 

being called hydroperoxide; Figure 2C), thus forming a new lipid radical that will continue the 

chain reaction and propagate the formation of more hydroperoxides. Hence, a single radical 

initiation can cause the transformation of numerous lipids to lipid hydroperoxides through a 

chain reaction that keeps itself going, giving this form of oxidation the name autoxidation. 

Eventually the chain reaction can be terminated when two radicals interact with each other 

forming a covalent bond or by the donation of a hydrogen from an antioxidant (Figure 2D).  

Another pathway through which hydroperoxide can arise is that involving a singlet oxygen 

(
1
O2). A singlet oxygen readily reacts with a double bond of a lipid, thereby creating a lipid  

 

 

 

Figure 2: Typical profile and sequence of a radical peroxidation process in its three stages. L-H = unsaturated 

lipid, L
•
 = lipid radical, R

• 
= radical, LOO

•
 = radical lipid peroxide, LOOH = hydroperoxide. Adapted from 

O’Connor & O’Brien (2006). 
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hydroperoxide, but with the difference, that this does not abstract a hydrogen to initiate a chain 

reaction. However, according to Halliwell & Chirico (1993) this pathway accounts only for a 

minor fraction of lipid hydroperoxides formed.  

Lipid hydroperoxides as such have no flavor, but are unstable and are decomposed to several 

carbonyl products, of which many contribute to off-flavors even at threshold concentrations of 

10
-3

 ppm. Aldehydes are the major breakdown product next to ketones, hydrocarbons, alcohols 

and epoxides (Halliwell & Chirico, 1993; O’Connor & O’Brien, 2006) and the flavor defects 

caused by these breakdown products are often describes as tallow, fishy, fatty, metallic and 

cardboard-like (Walstra et al., 2006). Some of these breakdown products are also referred to as 

volatile secondary oxidation products. 

The oxidation stability of a food is also a function of net balance of antioxidants to 

pro-oxidants. Natural antioxidants such as α-tocopherol (Vitamin E) or β-carotene can stop the 

autocatalytic chain reaction by providing a hydrogen atom or disable singlet oxygen, 

respectively, thus providing a natural protection against oxidation (Walstra et al. 2006). Lipid 

soluble antioxidants are derived from the feed and secreted into the milk and concentrations in 

the milk are highest around spring and summer when cows receive fresh pasture rich in 

vitamins (Jensen et al., 1999). Concentrations of fat soluble antioxidants in milk depend 

markedly on their abundance in the feed. In milk, levels of α-tocopherol and β-carotene may 

range between 7-32 mg/kg fat and 2-9 mg/kg fat, respectively (Schingoethe et al., 1978; 

Barrefors et al., 1995; Jensen et al., 1999; Butler et al., 2008). As long as antioxidants are 

abundant, the natural protection against oxidation of the milk is activated, but with ongoing 

age and storage, antioxidants are gradually consumed. When all antioxidants are spent, 

oxidation products accumulate and rancidity develops. The period of stability against 

oxidation is referred to as the lag phase. The more antioxidants are available to extend the lag 

phase, the longer the onset of oxidative spoilage can be delayed (O’Connor & O’Brien, 2006).  

So far, numerous methods have been employed to determine the degree of oxidation in food, 

and because of the complex reactions during oxidation and the diversity of products, there is 

not a single test that gives satisfactory results over all lipid oxidation stages (O’Connor & 

O’Brien, 2006). Because of its simplicity, a method commonly used today is the determination 

of thiobarbituric acid reactive species (TBARS; Guillen-Sans & Guzman-Chozas, 1998). Early 

analytical studies to quantify oxidation products using TBARS were attempted by Dunkley & 
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Jennings (1951) on milk and by King (1962) on MFGM. During the TBARS assay, 

thiobarbituric acid (TBA) is added to the sample and it reacts with other molecules, mostly the 

secondary oxidation product malonaldehyde (MDA), to form a red colored pigment that can 

be measured with a spectrophotometer or colorimeter at wavelengths of 532 nm. Therefore, 

values represent only the concentration of secondary oxidation products, but not any preceding 

oxidation products. King (1962) indicated that the values determined with the TBARS assay 

correlate well with organoleptic perception of oxidative spoilage and van Aardt et al. (2005) 

confirmed in a more recent study the positive relationship between TBARS values and sensory 

description. A limitation of the TBARS assay is that other compounds than MDA in milk can 

interact with TBA forming a red pigment too, and therefore leading to an overestimation of 

MDA (Papastergiadis et al., 2012). Especially when applied to milk, King (1962) criticized an 

interference of lactose with TBA under appearance of a brownish-red color that can lead to 

distorted results. 

Milks that are rich in PUFA or milk products with an enriched MFGM content in its lipid 

fraction (e.g. buttermilk or skim-milk) or products with a high fat content (e.g. butter, cheese, 

cream) are particularly susceptible to peroxidation and flavor defects. In a study by Kristensen 

et al. (2004) two groups of cows were either fed with a diet promoting de novo FA synthesis 

and thus a high content of saturated FA, or with a diet resulting in a high content of 

unsaturated FA. Subsequently, buttermilk was produced from milk of each cow group and 

stored for 11d at 4 °C. Oxidative stability, measured as formation of peroxides, was better in 

buttermilk made from milk of cows that had a higher saturated FA content, compared to 

buttermilk of milk with a higher content of unsaturates. The authors additionally concluded 

that oxidation stability is not only affected by the content of unsaturated FA in the milk, but 

also by the degree of unsaturation. This is in agreement with Halliwell & Chirico (1993) who 

remarked that the more double bonds are present in a FA, the easier is the removal of a 

hydrogen atom by a radical. 

Glover et al. (2012) investigated the effect of feeding cows a MA supplemented diet enriched 

in docosahexaenoic acid (22:6n-3), together with a differing basal diet of either pasture or total 

mixed ration (TMR), that provide a higher or lower natural antioxidant supply, respectively. 

The resulting milk and butter were analyzed for their TBARS content as well as content of 

volatile secondary oxidation products. They reported that the TBARS level tended to increase 
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in butter from cows receiving rumen protected MA supplements compared to treatments 

without MA and that this effect was pronounced in butter made from milk of cows provided 

TMR, indicating that milk from those cows contains lower antioxidants compared to milk 

from pasture fed cows. Additionally, they found that levels of volatile oxidation products were 

elevated in milk and butter from cows fed a TMR enriched with MA compared to pasture fed 

cows. Hence, the basal diet appears to have an influence on the oxidative stability of enriched 

milk and butter, probably due to a modified antioxidant supply. The study of Kristensen et al. 

(2004) as well as that of Glover et al. (2012), backed up by similar findings of Havemose et al. 

(2004) and Focant et al. (1998), substantiate the perception that oxidation stability is affected 

by diet and that feed including components rich in PUFA and poor in antioxidants (seed oils, 

fish oil or MA) can decrease oxidative stability of milk. 

 

2.5 Potential of feed to alter milk fat composition 

The fact that milk fat contains considerable amounts of saturated FA (65-70 wt. %) and 

relatively low amounts of unsaturated FA appears slightly paradox at first sight, taking into 

consideration that dairy cows’ feed is abundant in unsaturated FA and less rich in saturated 

FA. The reason why the milk FA profile does not mirror that of the feed is firstly due to 

extensive biohydrogenation of dietary unsaturated FA in the rumen, and secondly due to the 

fact that de novo synthesis, which produces exclusively saturated FA, accounts for about half 

(molar basis) of the FA found in milk (Lock & Bauman, 2004; Shingfield et al., 2013). 

Biohydrogenation is a process exerted by ruminal bacteria to protect themselves from the toxic 

effects that unsaturated FA have on them. In conventional dairy cow diets, unsaturated FA 

occur mainly as cis-9 18:1, 18:2n-6 or 18:3n-3 (Lock & Bauman, 2004), but when fish meals 

or MA are supplemented, unsaturated FA can also appear as 22:6n-3 or eicosapentaenoic acid 

(20:5n-3). 

2.5.1 Biohydrogenation 

The first step in the biohydrogenation of dietary unsaturated FA is the lipolysis during which 

ester linkages of TAG, PL and galactolipids are hydrolyzed by the action of extracellular 

bacterial lipases and possibly also plant-derived lipases (Lourenço et al., 2010). Some 85 % of 

the dietary unsaturated FA are hydrolyzed, resulting in the release of FFA into the rumen. The 
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second step in the transformation of unsaturated FA is the biohydrogenation during which 

double bonds are shifted, transformed (cis-trans) and eliminated. This step requires FFA and 

because of that the rate of biohydrogenation is always less than lipolysis (Lock & Bauman, 

2004). Two groups of bacteria differing in their metabolic pathways are involved in the 

biohydrogenation. The first group hydrogenates 18-carbon unsaturated FA to trans 18:1 while 

the second group hydrogenates trans 18:1 to 18:0, therefore requiring both groups for a 

complete hydrogenation. However, according to Palmquist et al. (2005) an exceptional strain 

that is able to perform the whole biohydrogenation from 18-carbon unsaturated FA to 18:0 has 

been discovered. The first transformation that 18:2n-6 undergoes is the isomerization of the 

cis-12 double bond to trans-11 and in this step cis-9, trans-11 CLA is formed (Figure 3). In 

the next step the cis-9 double bond is reduced yielding trans-11 18:1 (or two reductions in the 

case of 18:3n-3), followed by a further reduction to 18:0. The reduction of trans 18:1 to 18:0 

is considered to be the limiting factor, leading to an accumulation of trans FA that can flow 

out of the rumen, before they are completely hydrogenated (Bauman & Lock, 2006). The 

extent of biohydrogenation of 18:2n-6 and 18:3n-3 ranges between 70-95 % and 85-100 %, 

respectively, leaving 18:0 as the major long chain FA to leave the rumen (Bauman & Lock, 

2006). Besides the described pathway with cis-9, trans-11 CLA and trans-11 18:1 as 

 

 

Figure 3: Pathways and intermediate steps for ruminal biohydrogenation of linoleic and linolenic acid. Adapted 

from Bauman and Lock (2006). 
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intermediates, there are many more biohydrogenation pathways as the presence of numerous 

other CLA and trans-18:1 isomers suggests (Bauman & Lock, 2006; Shingfield et al., 2010). 

This mechanism demonstrates that biohydrogenation significantly alters the FA composition 

of the feed towards a more saturated one, with only a few intermediate FA (primarily cis-9, 

trans-11 CLA and trans-11 18:1) that manage to leave the rumen and avoid a reduction to 

18:0. Thus, biohydrogenation constitutes the first phenomenon that reduces the transfer 

efficiency of FA from feed into milk. 

2.5.2 Transfer efficiencies of fatty acids from feed to milk 

Several authors have reviewed the fate and transfer efficiencies of dietary FA after passage of 

the rumen (Vernon & Flint, 1988; Chilliard et al., 2000; Lock & Bauman, 2004; Shingfield et 

al., 2013). Once dietary FA pass the rumen and duodenum, they reach the intestine where they 

are absorbed by enterocytes, packaged as TAG, PL or cholesterol esters into chylomicra and 

then transported over the lymph into the blood via the thoracic duct (Vernon & Flint, 1988). 

There appears to be a regulation behind the partitioning of certain PUFA into specific lipid 

classes (Lock & Bauman, 2004). Saturated FA are generously partitioned into chylomicra and 

VLDL, lipid classes that are readily used for lipid synthesis by the lactocyte (see chapter 

2.2.1), while 20:5n-3 and 22:6n-3 are preferentially partitioned into cholesterol esters or PL. 

The latter lipid classes are sparely used by the lactocyte and instead they serve other body 

functions than lactation. Hence, the selective partitioning into different plasma lipids and the 

limited uptake of certain plasma lipids by the lactocyte is another phenomenon that reduced 

transfer efficiency of FA (Lock & Bauman, 2004). In fact, the transfer efficiency of 20:5n-3 

and 22:6n-3 from feed supplemented with fish oil is about 2-4 % (Chilliard et al., 2001). Only 

when biohydrogenation of PUFA is circumvented by post-ruminal infusion of fish oil, transfer 

efficiencies of 20:5n-3 and 22:6n-3 can reach 30 % and 25 %, respectively. Similar transfer 

efficiencies of PUFA have been obtained with ruminally protected fish oil (Lock & Bauman, 

2004). 

In any case, ruminal biohydrogenation of unsaturated FA and a preferential partitioning of 

long chain PUFA into plasma lipids that are sparely used for mammary lipid synthesis are the 

two major phenomena, which reduce the degree to which dietary manipulation can alter milk 

FA composition. 
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2.6 Microalgae in animal nutrition 

The strong reliance on a few plant crop species (mainly soya) as a source for protein, coupled 

with repeated anticipations of their shortage in the future and their competing allocation for 

human and animal consumption, have driven efforts to find alternative protein sources to 

replace some of the more common protein feedstuffs. Additionally, protein is the most 

expensive nutrient in feed and therefore contributes considerably to feed costs (Rezaei et al., 

2013). In such endeavours, marine MA have presented themselves as a potential alternative 

due to their high nutritional quality and richness in micronutrients (Becker, 2007). In fact, 

besides their macronutrients, MA are good suppliers of pigments, antioxidants, vitamins and 

growth factors (Kotrbáček et al., 2015) 

Because of their lipid accumulation potential and their ability to remove nutrients from waste 

water, MA have received considerable interest in the production of biofuels, from where algal 

biomass can be subsequently processed and used as a carbon neutral animal feed (Lum et al., 

2013). Additionally, culture systems uncoupled from biofuel production such as in open 

ponds, photobioreactors or hybrid systems are available (Juneja et al., 2013). In the case of a 

production in an open pond, MA are grown in wastewater or a nutrient solution and form a 15-

30 cm thick algal layer on the surface which is continuously mixed with rotating paddles to 

circulate nutrients and facilitate sunlight exposure. After filtering from their growth medium, 

MA are spray dried to a powder that can be pelleted or directly mixed to the feed (Borowitzka, 

1999; Kotrbáček et al., 2015). 

In animal nutrition, the majority of algae as a source of pigments and nutrients are used in the 

aquaculture of fish, mollusks and crustaceans, which amounted to some 1000t of algal 

biomass in 1999 (Spolaore et al., 2006). Microalgae as animal feed are available intact or 

defatted, whereas the latter has been favourably used as a protein source. Their nutritional 

profile varies considerably among species and is under strong influence of the environment 

(temperature, light, pH, salinity) and nutrient availability, but compares generally well with 

conventional feeds (Lum et al., 2013; Juneja et al., 2013). Nutritional profiles of common 

feeds compared to three MA species can be seen in Table 3. The amino acid profile of algal 

protein is characterized by high levels of lysine, but deficiencies in cysteine, methionine and 

histidine, therefore mixing MA with other protein sources to balance amino acid supply is 
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Table 3: Nutrient profiles of common feedstuffs and microalgae (values as % of DM). Modified after 

Becker (2013). 

Component Protein Carbohydrate Lipid Reference 

Maize 10 85 4 Lum et al. (2013) 

Soyabean 37 30 20 Becker (2013) 

Chlorella vulgaris 51-58 12-17 14-22 Becker (2007) 

Nannochloropsis spp. 28.8 35.9 18.4 Rebolloso-Fuentes et al. (2001) 

Schizochytrium sp. 39 13 32 Barclay & Zeller (1996) 

Spirulina platensis 61.3 15.1-15.8 7.1-8.0 Tokusoglu & Ünal (2003) 

 

recommended (Becker, 2007; Lum et al., 2013). It should be noted that protein quantification 

in MA is prone to overestimation, as up to 12 % of nitrogen can be bound as non-protein 

nitrogen (NPN; Becker, 2007). This is an important consideration for diet formulations in 

species that are not able to utilize NPN, but of less importance for ruminants, where ruminal 

microorganisms are capable of utilizing NPN for protein synthesis (Johnson et al., 1944). 

In addition to their suitability as a protein source, some MA have also been recognized for 

their high contents in n-3 FA, particularly 22:6n-3, 20:5n-3 and 18:3n-3 that are widely 

considered to be beneficial for human health (see chapter 2.7.5). Naturally, oily fish have high 

contents of n-3 FA, because they either feed directly on MA or feed on smaller fish which 

themselves were eating MA, but since global fish stocks are being depleted (Pauly et al., 

2002), some researchers have made efforts to increase n-3 FA content in animal products by 

directly supplementing MA to animal diets. Several studies have been conducted where either 

intact MA have been administered or their oil after extraction. Boeckaert et al. (2008) 

supplemented 43 g/kg dry matter intake (DMI) of 22:6n-3 enriched MA (Schizochytrium sp.) 

directly through a rumen fistula. Compared to a control diet, they observed increased 

concentrations of some CLA isomers, trans-11 18:1 and 22:6n-3 (for 22:6n-3: 0.09 vs. 1.10 

g/100 g of FA) in milk of cows fed MA, with concomitant significant decreases in DMI (45 

%), milk yield (23.5 vs. 13.0 kg/d) and fat yield (0.94 vs 0.42 kg/d) in algae fed cows. A 

second experiment where algal (Schizochytrium sp.) inclusion in the feed was reduced to 9.35 

g/kg DMI resulted in similar changes of the milk FA profile and a reduced milk fat percentage 

(4.79 vs. 2.20 wt. %), while DMI and milk yield were depressed by some 10 % (Boeckaert et 

al. 2008) compared to control cows.  

In a similar experiment conducted by Franklin et al. (1999), cows were fed 910 g/d (39.7 g/kg 

DM) of Schizochytrium sp. for seven weeks either unprotected or protected against ruminal 
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biohydrogenation and they compared results with milk from cows fed a control diet. In 

agreement with Boeckaert et al. (2008), they reported that a treatment with MA reduced DMI 

and milk fat percentage, but milk yields and energy-corrected milk yield were unaffected. 

Reduced DMI for diets containing MA might be due to lower palatability. Concentrations of 

22:6n-3 in milk from cows fed unprotected and protected algal diets were 0.46 and 0.76 g/100 

g FA, respectively, and control diets resulted in 22:6n-3 concentrations below detection level. 

Additionally, algal treatments produced milk with significantly higher amounts of total CLA 

and trans-11 18:1, but total 18:1 was unaffected due to a 40 % decrease in cis-9 18:1. A 

similar trade-off between total trans-18:1 and cis-9 18:1 was reported by Singh et al. (2004) 

who observed a surge in total trans 18:1 (3.28 vs. 15.49 g/100 g FA) and 22:6n-3 (0.00 vs. 

0.46 g/100 g FA) for control diet vs. algae supplemented diet respectively. Unlike previous 

studies, Stamey et al. (2012) reported no influence of MA biomass or MA oil inclusion (8.2-

14.4 g/kg DMI; Schizochytrium sp.) on DMI and milk yield or milk fat content and fat yields 

when compared to a control diet without MA, probably because of lower proportions of MA in 

the diet. 

Although MA are established in some feed rations of commercial aquaculture and also occupy 

a niche in poultry feed (Becker, 2007), their use as feed for large farm animals is still in its 

infancy. The reason for that is partly due to its novelty as a feed and comparably little 

knowledge on how and to which extent it can be integrated into commercial diets. However, 

as reported above, ongoing research is striving to fill this gap. Much more than that, the 

constraints for wide-spread use of MA trace back to the economy of MA production. Low cost 

systems (e.g. open pond systems) that are easily established and widely used are characterized 

by low efficiencies (Borowitzka, 1997, 1999; Kotrbáček et al., 2015). Algal growth in these 

systems depends strongly on sunlight, making it less efficient in areas with few sunlight, 

which do not allow year round production. Additionally, due to their shallow layout (< 50 cm), 

high-yielding cost-efficient open ponds require huge areas and in regions where land is 

expensive or scarce, this can be a considerable constraint. Due to their open design, there is 

also a risk of contamination by other algae or organisms (Borowitzka, 1999). Closed systems 

(e.g. photobioreactor) overcome some of those constraints, but with the sacrifice of much 

higher installation costs (Borowitzka, 1999). Until MA may be widely used in the animal feed 

industry, much improvement has to be made regarding production efficiency and processing, 
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as recent prices (40-60 US $ per kg dried Chlorella powder) are uneconomic for farmers and 

generate not enough attraction to substitute conventional feeds (Kotrbáček et al., 2015). 

Despite its promising potential as a novel feed ingredient, concerns over possible heavy metal 

contamination have been raised. MA are known to quickly accumulate heavy metals in 

concentrations several factors higher than that of their culture medium. Naturally, the intensity 

of heavy metal build-up depends largely on the abundance of contaminants in the culture 

medium or on contamination pressure during processing (Becker, 2013). Moreover, some MA 

species are able to produce toxins, which is an important consideration in the selection of algal 

species for animal consumption (Becker, 2013). To ensure good animal health and prevent 

poisoning or accumulation of heavy metals in animal-derived products, production of MA has 

to be controlled and regularly analyzed for contaminants. 

 

2.7 Milk fat in human nutrition and health 

The history of milk consumption in the last century is one of drastic changes. While in the first 

half of the 20
th

 century milk consumption was promoted particularly among children as a 

valuable source for energy, protein and micronutrients, consumption of liquid and especially 

full fat milk has declined during the second half of the 20
th

 century, at least in developed 

countries (Dewhurst, 2005). Since the 1960s, public health authorities have issued dietary 

guidelines to improve cardio-vascular health that promote lower intakes of SFA, trans-FA and 

cholesterol, and those recommendations are still valid today (Dewhurst, 2005; Lichtenstein et 

al., 2006; WHO, 2007). As milk fat is known to be relatively rich in SFA (see chapter 2.1.1), 

the decrease in full fat milk consumption and the advancement of low-fat or fat free milk 

products appears to be a logical reaction to such dietary guidelines. The rationale behind those 

recommendations are based on the diet-heart paradigm: excessive consumption of total fat, 

SFA and cholesterol raises total cholesterol (TC) levels in the blood serum, which in turn is 

associated with a higher risk of cardiovascular diseases (CVD; Mozaffarian, 2008).  

2.7.1 Biomarkers for cardio-vascular disease risk 

Blood serum lipid concentrations, particularly TC levels, are used as biomarkers to assess the 

risk of developing CVD in an individual, because those lipids are involved in the onset of the 

disease. Because cholesterol is hydrophobic, it needs to be bound to a transport protein which 
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in the blood occurs as either low-density lipoprotein (LDL) or high-density lipoprotein (HDL). 

High levels of LDL cholesterol (“bad” cholesterol), as well as low levels of HDL cholesterol 

(“good” cholesterol) have been associated with an increased risk of CVD, while high levels of 

HDL cholesterol are associated with a decreased risk (German et al., 2009). The ratio of TC to 

HDL cholesterol (TC/HDL-C) is often used as a tool to predict risks for the onset of diseases 

(Micha & Mozaffarian, 2010). However, the risk for onset of CVD is not only associated with 

blood cholesterol levels, but also with non-lipid risk factors such as inflammation, insulin 

sensitivity, blood pressure and obesity, to only mention a few (German et al., 2009). The 

following paragraphs will give a short overview of dairy products and specific FA therein on 

their contribution to development of CVD risk factors. 

2.7.2 Dairy products and human health 

The impact of dairy foods on cardio-vascular health has been intensively studied and 

discussed, but because milk and its lipids are very complex, data is often conflicting. A recent 

meta-analysis by German et al. (2009) evaluated the evidence of 12 prospective cohort studies 

that were investigating the effect of dairy food consumption on heart health. Although they 

ascertained that dairy foods contribute to the intake of SFA, and that excessive SFA 

consumption is a risk factor for development of coronary heart disease (CHD; one of the most 

common types of CVD), they did not find consistent evidence that consumption of dairy foods 

is associated with an elevated risk of CHD. Additionally, they contrasted the effects of intake 

of fermented vs. non-fermented dairy products on blood plasma LDL cholesterol. Some of the 

reviewed studies stated that eating cheese does not increase LDL cholesterol levels as much as 

eating butter or drinking milk, and others have related yoghurts to a decrease in plasma TC 

compared to non-fermented products, but overall results were not conclusive (German et al., 

2009). Similarly, other recent reviews report that dairy food consumption is poorly related to 

CVD, weight gain or diabetes and that there is an apparent mismatch between scientific 

evidence and the public perception of dairy foods and dairy fats (Elwood et al., 2010; Dougkas 

et al., 2011; Kratz et al., 2013). 

2.7.3 SFA and human health 

As previously mentioned, milk fat is known to be rich in SFA which are regarded as a risk 

factor of development of CVD. In fact, most SFA (particularly 12:0, 14:0 and 16:0), but not 

short chain FA and 18:0, raise blood plasma LDL cholesterol, therefore increasing the risk of 
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CVD (German et al., 2009). In spite of that, the position on the glycerol backbone plays a 

considerable role when assessing the harmful potential of SFA, as the specific position of a FA 

determines its metabolism in the body (Mu & Porsgaard, 2005; German et al., 2009). 

Moreover, it appears that the unfavorable effect of 16:0 on blood serum lipids can be 

ameliorated by simultaneous consumption of 18:2n-6 (Clandinin et al., 2000). Importantly, 

Micha & Mozaffarian (2010) emphasize that when trying to reduce intake of SFA, the 

replacement nutrient is important to consider. While replacing SFA with PUFA (which 

include PL) decreases the risk of CVD, replacement of SFA with carbohydrates or 

monounsaturated FA (MUFA) has no benefits or is uncertain, respectively. Thus, guidelines 

that simply advocate a reduction in SFA intake without specifying the replacement nutrient are 

only of limited use to improve cardio-vascular health, considering that carbohydrates are the 

most common replacement in populations (Micha & Mozaffarian, 2010). 

2.7.4 Trans-FA and human health 

Trans-FA make up another class of FA whose intake should be reduced according to dietary 

guidelines. It is important to distinguish between industrially produced (mostly plant based) 

and naturally occurring (e.g. in ruminant products) trans-FA, as well as between conjugated 

and non-conjugated trans-FA. The body of current scientific evidence seemingly confirms the 

harmful potential of industrial non-conjugated trans-FA (Mozaffarian et al., 2006; Park, 

2009), while the effects of ruminant trans-FA on CHD risk are inconclusive (Mozaffarian et 

al., 2006; German et al., 2009). It is noteworthy, that CLA belongs to the class of conjugated 

trans-FA and has been said to have beneficial effects on health (Lock & Bauman, 2004). 

However, many of these beneficial effects have been observed in the animal model and recent 

appraisal of evidence from epidemiologic studies in humans could not unanimously verify 

these effects, therefore describing the effects of CLA on human health as inconclusive 

(German et al., 2009; Park, 2009; McCrorie et al., 2011). 

2.7.5 Omega-3 FA and human health 

Contrary to other FA classes, 20:5n-3 and 22:6n-3 appear to be unequivocally beneficial for 

human health. A daily consumption of 250 mg of 20:5n-3 + 22:6n-3 has been shown to reduce 

the risk of CHD and sudden cardiac death when compared to no consumption of those FA, 

whilst even a modest consumption can confer benefits (Mozaffarian, 2008). Since 

concentrations of 20:5n-3 and 22:6n-3 in conventionally produced milk are extremely low 
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(< 0.1 g/100 g FA or < 35 mg/l milk with 3.5 % fat), it hardly contributes to the supply of 

these FA, unless the milk has been enriched in these n-3 FA through nutritional manipulation 

(see chapter 2.6). 

Looking at the scientific evidence, it appears that FA found in milk have mixed effects on 

cardio-vascular health. Dramatic alterations in the diet by reducing consumption of dairy 

products to meet dietary recommendations might be counterproductive, as it ignores the 

nutritive value of milk (German et al., 2009; Shingfield et al., 2013). Rather, current trends in 

human nutrition and public health could be used by farmers and researchers to enhance the 

nutritional quality of milk, without people having to change their dietary habits. The influence 

of feed and managing system of dairy cows has been recognized as a tool to improve the 

healthfulness of the animal product. Moreover, making collective recommendations based on 

FA groups (e.g. SFA, trans-FA, etc.) is an oversimplification and overlooks the diversity of 

FA isomers and their potentially different effects on human health within those groups 

(Mozaffarian, 2008). Lastly, even scientifically confirmed effects of isolated FA on isolated 

disease markers should be interpreted with care. After all, humans consume whole foods and 

not single nutrients, thus making it is essential to evaluate nutrients in the matrix of the whole 

food, rather than in its isolated state (Dewhurst, 2005; Micha & Mozaffarian, 2010; Kratz et 

al., 2013).  
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3 EXPERIMENTAL RESEARCH 

3.1 Objectives 

The objective of the current study was to examine the effects of four different protein 

supplements (soya, Spirulina platensis, Chlorella vulgaris, Nannochloropsis gaditana) 

varying in their lipid contents and composition in dairy cow feed on: 

 the FA profile of milk  

 oxidative stability of milk 

 MFG size distribution in terms of number and volume 

 the PL content in milk  

We hypothesized that treatments including MA (especially Nannochloropsis gaditana) will 

increase the content of PUFA in milk fat compared to soya and thus reduce the oxidative 

stability of the milk. Moreover, a relationship between MFG size and PL content might be 

observed. 
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3.2 Materials and Methods 

3.2.1 Animals and study design 

The feeding experiment was conducted at the University of Helsinki research farm in Viikki, 

Finland from 14.6.2014 to 5.9.2014. The study included four multiparous Finnish Ayrshire 

cows averaging 112 days in milk (DIM) and producing 30-35 kg of milk per day and per cow 

at the beginning of the study. The animals were allocated randomly in a 4 x 4 Latin square to 

four different experimental feeds over four periods each lasting 21 d (Table 4). The first 14 d 

of each period were the adaptation period and the last seven days the sampling period during 

which samples for the analysis were collected.   

3.2.2 Feeds 

The basal feed in this study consisted of Timothy meadow-fescue as grass silage and a 

concentrate including cereal pulp mixture (A-rehu, Seinäjoki, Finland), molassed sugar beet 

pulp, sugar beet molasses (Suomen Rehu Ltd., Hyvinkää, Finland), minerals and vitamins 

(Raisio Feed Ltd., Raisio, Finland). An experimental feed consisting of soya concentrate 

(A-rehu, Seinäjoki, Finland) or MA powder was added to the basal feed (Table 4). Microalgae 

powder was from three different types of algae: Spirulina platensis, Chlorella vulgaris and 

Nannochloropsis gaditana (Duplaco, Hengelo, The Netherlands). The MA are henceforth 

referred to by their genus name. Grass silage was prepared from the second cut grass sward of 

the previous year and was harvested in Viikki to round bales on 2.8.2013 and was preserved 

with a formic acid based additive (AIV 2 Plus, Kemira, Helsinki, Finland). Silage was offered 

 

Table 4: Latin square design of the study with periods (I-IV), cows 

(A-D) and supplemented feed component(s) in the concentrate (1-4). 

  Cow 

Period A B C D 

I (14.6.-4.7.) 1 2 3 4 

II (5.7.-25.7.) 2 3 4 1 

III (26.7.-15.8.) 4 1 2 3 

IV (16.8.-5.9.) 3 4 1 2 

1 = Soya 

    2 = Spirulina platensis 

   3 = Chlorella vulgaris 

   4 = Chlorella vulgaris + Nannochloropsis gaditana 
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ad libitum and was provided three times daily (0900, 1330 and 1800h) using forage intake 

control feeding stations (Insentec, Marknesse, The Netherlands). Feeding troughs were 

emptied daily in the morning. A total of 12.5 kg concentrate was given 5 times per day (0600, 

1030, 1430, 1700, 1930h) in separate concentrate troughs. Algae powder, sugar beet molasses 

and minerals were first mixed with water and then added to the other components. In three out 

of the four experimental diets, soya concentrate was substituted by one of the MA, thereby 

replacing the protein from soya concentrate with algal protein in such a way, that the crude 

protein supply from the protein feed remained constant over all experimental diets 

(isonitrogenous protein supplements). Final amounts of algae included in the diet were 

1.2-kg/d of Spirulina, 1.4 kg/d of Chlorella and 1.7 kg/d (0.85 kg + 0.85 kg) of Chlorella + 

Nannochloropsis. Molassed sugar beet pulp and sugar beet molasses that were contained in the 

soya concentrate were compensated by adding them to the algae rations in corresponding 

amounts, so that the daily supply of sugar beet pulp and sugar beet molasses from concentrate 

remained approximately the same over all experimental diets. Cereal pulp mix in the 

concentrate was the component that was altered to adjust the concentrate ration to 12.5 kg/d. 

Minerals and vitamins were fed at 300 g/d. Silage and concentrate intakes were recorded every 

day. 

3.2.3 Sampling of milk and feeds 

Cows were milked twice daily (0600 and 1700h) and milk yield was measured and noted 

every day after each milking. During the sampling week, milk samples were taken at four 

consecutive milkings (starting on day 18 at 1700h). Representative sub-samples were pipetted 

after every milking into a separate bottle (100 ml) assigned for each cow, which was stored at 

-20°C. Sample size was proportionate to milk yield. These samples were used for all 

laboratory analyses (milk FA composition, oxidation stability, MFG size distribution, 

phospholipid content). Another sub-sample was taken after each milking for the determination 

of milk composition. The sub-sample was treated with a preservative (Bronopol) and was then 

sent to Valio Ltd. (Helsinki, Finland) for analysis of fat content. 

Silage samples were collected daily in connection with silage distribution during the sampling 

period and then frozen at -20°C. Samples from one period were combined to a single sample 

representing each period, freeze-dried, milled and then stored at -80°C. Concentrate 

components were collected daily during every sampling week and multiple samples from one 
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period were combined, except for minerals, which were combined as one sample for the whole 

study. 

Feed DM was determined after drying the feed in a furnace at 102°C for 20-24 h. Silage DM 

was corrected for the loss of volatiles according to Huida et al. (1986). 

3.2.4 Oxidation stability 

The experiment was set up in order to determine the quantity of oxidative products that 

accumulated in samples after a 5 d exposure to air compared to a control with no exposure to 

air at refrigerated temperatures. 

Prior to the exposure of the raw milk samples an antibacterial agent mixture was prepared to 

inoculate the milk. The antibacterial agent should prevent microbial growth during the 

exposure period to make sure that the presence of bacteria will not confound the final 

measurement. The microbial agents used were Ceftazidime (Sigma-Aldrich, Steinheim, 

Germany) and Levofloxacin (Sigma-Aldrich, Steinheim, Germany), which were stored as a 

dry powder. Ceftazidime (800 mg) was dissolved in 0.1 M phosphate buffer (pH 7.0) and then 

further diluted to one liter with deionized water. Levofloxacin (200 mg) was dissolved in a 

minimum volume of 0.1 M NaOH and then deionized water was added to a final volume of 

one liter. The antibiotics’ minimum inhibitory concentration (MIC) against pseudomonads, i.e. 

the lowest concentration of an antimicrobial agent needed to inhibit visible growth of a 

microorganism, was 8 mg/l and 2 mg/l, respectively (European Committee for Antimicrobial 

Susceptibility Testing, 2000). Thus, both agents were prepared to have a 100-fold MIC. 

After melting the frozen raw milk samples in a water bath of 37°C, samples of 1.5 ml were 

filled into separate 10 ml tubes and each sample was enriched with 150 µl of each of the 

aforementioned antimicrobial solutions to a final volume of 1.8 ml. From this medium (M1) 

720 µl as the control sample were pipetted into small PCR tubes, a volume that was sufficient 

to prevent the formation of a headspace in the PCR tube after closing the lid so that there was 

no milk-air surface. Another 100 µl of M1 were used for the TBARS assay, leaving a volume 

of 980 µl M1 in the 10 ml tube. The tube was subsequently closed with a lid and sealed with 

parafilm to prevent loss through evaporation. The 10 ml tubes, which represent the sample 

with exposure to air and the PCR tubes representing the sample with no exposure to air were 

placed in a rack and stored at 4°C for five days (DAY 0 to DAY 5) in a dark refrigerator room. 
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Degree of autoxidation in the milk was determined with the QuantiChrom TBARS assay kit 

(BioAssay Systems, Hayward, CA). By help of this kit, TBARS that form during the oxidative 

processes are used as a marker. When TBARS react with TBA they form a pink colored 

product and the color intensity of the sample can be measured spectrophotometrically at 

535 nm. The color intensity is proportional to the TBARS concentration in the sample, which 

in turn indicates the degree of oxidation of the sample. Quantification of TBARS was 

conducted before the exposure on DAY 0 and on DAY 5 after the exposure. Reagents of the 

TBARS kit were defrosted in room temperature and stored on ice during the analysis. On 

DAY 0 100 µl of M1 from all samples were pipetted into Eppendorf tubes to determine the 

starting amount of TBARS. 200 µl of 10 % trichloroacetic acid were added and the sample 

was incubated on ice for 5 min. Afterwards, the Eppendorf tubes were centrifuged (Centrifuge 

5415 D, Eppendorf AG, Hamburg, Germany) for 5 min at 14000 x g and 200 µl of supernatant 

was pipetted into a new separate safe-lock Eppendorf tubes. To each of the samples 200 µl of 

TBA reagent was added, the tubes were vortexed and then incubated at 100°C for 60 min in a 

heat block. After incubation and letting the tubes cool down to room temperature, they were 

vortexed, briefly centrifuged and 600 µl of distilled water were added to yield 1 ml of sample, 

as the spectrophotometer (Novaspec II, Pharmacia Biotech, Sweden) requires a volume of 

1 ml for its analysis. The content of the Eppendorf tubes was then filled into disposable 

cuvettes for measurement of absorbance at 535 nm in the spectrophotometer. 

Standards containing 18, 9, 4.5 and 0 µM MDA were prepared using the standard solution 

included in the kit. Following the protocol, the standard solution in the kit (15 mM MDA) was 

sequentially diluted with distilled water to a final concentration of 30 µM MDA in the 

working standard solution. The ratio of working standard solution and distilled water to 

prepare standards with concentrations of 18, 9, 4.5 and 0 µM MDA can be seen in Appendix 

1. The negative control with 0 µM MDA was used as the background during the reading of the 

absorbance. After preparation of the standard concentrations, 200 µl of TBA were added and 

after this step the standards were treated the same way as the milk samples. The standard 

curve can be seen in Appendix 2. 

To validate that the reaction between the kit’s reagents and the TBARS in the milk is not 

disturbed by constituents of the milk, additional standards were prepared containing MDA, but 

instead of distilled water the diluent used was milk. Standards were prepared in the same 
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concentrations as described above and as seen in Appendix 3, with distilled water substituted 

by milk. 

Degree of bacterial contamination of the raw milk samples was determined on DAY 0 and 

during the exposure on DAY 3 and DAY 5. Bacterial content on DAY 0 was measured in 

absence of antibiotics, while assays from DAY 3 and DAY 5 were done with samples 

containing antibiotics. The milk sample used as a representative for all other samples was 

from cow B (period II). On each measurement day, two times 5 µl of raw milk were diluted 

with distilled water by a factor of 10
-1

 and 10
-2

, vortexed and then applied on a plate count 

agar (PCA plate) as 20 µl drops in duplicates. The plate was incubated aerobically at 30°C for 

72 hours after which bacterial growth was observed and the colonies were counted. After 

counting, a mean value of the duplicates was calculated for each dilution. The mean number of 

colonies was used to calculate the amount of bacterial contamination of the original sample 

(cow B, period II). The amount of cfu/ml of the undiluted sample was calculated as: 

𝑐𝑓𝑢

𝑚𝑙
= �̅�Colony ×

1

𝐹Dilution
×

1000

𝑉Sample
 

where �̅�colony is the mean number of colonies on the respective plates, FDilution the dilution 

factor (10
-1

 and 10
-2

) and VSample the volume in µl of the inoculated sample per drop. 

3.2.5 Milk fat globule size distribution 

The size distribution of MFG was measured with the PAMAS Syringe Bottle Sampling 

System (SBSS, Partikelmess- und Analysesysteme GmbH, Rutesheim, Germany), a particle 

counting system for liquids equipped with a HCB-LD-25/25 sensor (Partikelmess- und 

Analysesysteme GmbH, Rutesheim, Germany) that measures particles across 16 channels for 

a range between 1-100 µm. The system works according to the principle that a particle passes 

the sensor’s light ray and casts a shadow, causing a decrease in voltage at the detector. The 

decrease of voltage is proportional to the particle’s size (Laine et al., 2011).  

Sample preparation started by melting the frozen milk in a water bath of 40°C. A stepwise 

dilution with 0.9 % NaCl solution was done of every sample by mixing first 100 µl of milk 

with 9.9 ml of NaCl, from which again 100 µl was pipetted and mixed with 99.9 ml NaCl in 

an Erlenmeyer glass beaker to a final dilution of 10
-5

. Before and after each dilution step the 
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liquids were vortexed briefly (3-5 s) in order to homogenize the sample. A control containing 

only NaCl was prepared and used as a background for the analysis. 

After placing the beaker containing the sample into the system, a vacuum is created for 30 s to 

remove air bubbles from the sample which could be falsely detected as particles. Afterwards, 

two times 5 ml of the sample are flushed into the system to remove possible residues of the 

previous sample from the system, after which a volume of 10 ml is sucked into the system at a 

speed of 10 ml/min with three technical repeats, which represents the measured sample. The 

16 channels of the system were set from 1.0 µm to 8.5 µm with intervals of 0.5 µm and the 

last channel was set from 8.5-100.0 µm. The last channel was not considered for statistical 

analysis, because of its non-proportional range. The ASD (Analysis and Size Distribution) 

software provided by PAMAS was used to operate the system and save the results. 

The volume-weighted mean diameter d4,3 was calculated as: 

d4,3 =
∑(di × ni)4

∑(di × ni)3
 [µ𝑚] 

where d is the mean value in µm (1.25 µm of size class 1.0-1.5 µm, 1.75 µm of 1.5-2.0 µm, 

etc.) of each size class i, and n the number of globules found in size class i (adapted from 

Rawle, 2015). 

3.2.6 Crude lipid and fatty acid composition 

Crude lipid content was determined in petroleum benzene extraction after HCl-hydrolysis 

(Foss Soxtec 8000, SoxCap 20471, Suzhou, China) according to European Commission 

(2009). 

The fatty acid content and composition of milk and feeds was determined in a gas 

chromatograph (GC; model Shimadzu QP2010, Shimadzu, Kyoto, Japan) coupled with a 

flame ionization detector. The GC was equipped with a 100 m silica capillary column of 

0.25 mm in diameter, coated with a 0.2 µm film of cyanopropyl polysiloxane (CP-SIL 88, 

Agilent J&W, Santa Clara, CA), and helium as a carrier gas. The GC was operated at a 

temperature gradient program (70°C hold for 4 min; increase with 30°C min
-1

 to 170°C, hold 

for 30 min; increase with 15°C min
-1

 to 220°C, hold for 45 min) at linear velocity of 16.5 cm/s 

and injection and detection temperatures were kept at 240°C. Identified peaks were compared 
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to retention times of reference FA (GLC463, Nu-Chek Prep, Elysian, MN; 10-2800-7, 

10-2100-9, 10-2600-12, 21-1600-8, 21-1412-7, 21-1614-7, 21-141-7, 21-1615-7 Larodan, 

Malmö, Sweden) 

The extraction of fat from the milk samples started by melting the frozen samples in a water 

bath of 40°C. When at 40°C, 1 ml of milk from every sample was pipetted into separate 10 ml 

culture tubes that could be sealed with a screw cap. First, 0.2 ml of 25 % ammonium 

hydroxide were added and then vortexed for 20 s. Then 1 ml of ethanol was added and 

vortexed for 20 s. Afterwards, 2.5 ml of diethyl ether and 2 ml of hexane were added and after 

addition of each of the two reagents the sample was vortexed for 1 min. The sample was then 

centrifuged (Type 4-15, B.Braun, Melsungen, Germany) for 5 min at 2164 x g, and the same 

centrifugation conditions were applied throughout the whole procedure. From the centrifuged 

samples, the upper layer (hexane plus dissolved fats) was transferred carefully with a Pasteur 

pipette into new separate 10 ml culture tubes which were then placed in a heating block 

(40°C), under flux of gaseous nitrogen to prevent oxygen from altering the fatty acid chain 

during evaporation of hexane. The second extraction step began by addition of 0.5 ml ethanol 

to the original milk sample and vortexing for 20 s. After this, 2.5 ml diethyl ether and 2 ml 

hexane were added while vortexing for 1 min after addition of each of the two reagents. In a 

centrifuge the solvents were separated and the upper layer of each tube was transferred into 

corresponding 10 ml culture tubes that were under evaporation, followed by evaporation of 

hexane in the heating block. The third extraction step was done by pipetting 2.5 ml diethyl 

ether and 2 ml hexane into each original milk sample tube, while vortexing for 1 min between 

addition of each reagent, followed by centrifugation and transfer of the upper layer into the 

same 10 ml culture tube as earlier (under evaporation). After complete evaporation of 

solvents, the extracted pure fat was then dissolved by vortexing with 2 ml of hexane. For the 

methylation a sodium methoxide methylation reagent was prepared daily by mixing 0.4 ml 

Na-methoxide and 1.75 ml methanol.  

The methylation of fatty acids started by pipetting 40 µl of sodium methoxide methylation 

reagent and 40 µl of methyl acetate into each culture tube. Methylation occurred at room 

temperature for 5 min while vortexing, followed by addition of 60 µl ending solution into each 

tube and 20 s of vortexing to stop the reaction. The ending solution was prepared by drying 

1 g of oxalic acid at 150°C in the oven for 2h and then creating a saturated solution by 
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addition of diethyl ether, so that not all of the oxalic acid can be dissolved. CaCl2 was used to 

remove all possible water residues and the mixture was then vortexed. The sample was left to 

rest for 30 min, centrifuged and then 400 µl were pipetted together with 800 µl of hexane into 

labelled GC-vials, capped tightly and stored at -20°C until analysis. 

Prior to FA analysis, samples of the same feed from two successive periods (I+II, III+IV) were 

combined. This was done for cereal pulp, molassed sugar beet pulp, sugar beet molasses and 

soya concentrate, but not for silage and the MA species, where the analysis was conducted for 

each period separately. For the determination of FA content in feeds an internal standard was 

prepared by dissolving Tridecanoic acid (13:0 FFA; Sigma-Aldrich, St. Louis, MO) in 

absolute ethanol at a concentration of 0.67 mg/ml. Tridecanoic acid in esterified or 

non-esterified form has a low abundance in feeds and the elution of its methyl esters during 

GC analysis does not interfere with other FA methyl esters (Halmemies-Beauchet-Filleau et 

al., 2013a). Internal standard (0.75 ml) was pipetted into 10 ml tubes and then evaporated 

under nitrogen in a heating block (40°C), before 100 mg of sample and 1 ml of deionized 

water were added. The pH was adjusted to 2.0 by adding 14 drops of 2 M HCl to each tube, 

followed by vortexing and then placing the tubes into an ultrasound for 5 min. To extract the 

lipids, a mixture of hexane and isopropanol (Radin-eluent; 3:2 v/v) was prepared of which 4 

ml (8 ml for Spirulina, to avoid gel formation) were added to every tube, followed by 

vortexing and placing the samples for 5 min in the ultrasound. The tubes were centrifuged 

(2164 x g) and the upper hexane layer pipetted into new 10 ml tubes. Through addition of 

0.5 ml deionized water and 4 ml Radin-eluent the lipids were extracted again, followed by 

vortexing, ultrasound treatment and centrifugation, ending with the transfer of the upper 

hexane to the tube that already contains the hexane of the previous extraction. After washing 

the combined hexane phases with 2 ml of deionized water, vortexing and centrifuging, the 

upper hexane layer was pipetted to clean 10 ml tubes containing Na2SO4 to remove residual 

water. Following a resting period of 15 min, the tubes were centrifuged and the hexane phase 

was transferred to clean tubes and then evaporated under nitrogen.  

During the first out of two methylations ester bonds were methylated to protect them from 

further isomerization and the procedure was the same as performed for methylation fatty acids 

in milk. After separating the sample from CaCl2 at the end of the methylation procedure, the 

hexane phase was pipetted into a new 10 ml tube and evaporated under nitrogen. The second 
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methylation, during which FFA are methylated, started by addition of 1.5 ml 2 % methanolic 

sulphuric acid, after which the tubes were capped, vortexed, and incubated for 30 min in a 

water bath at 50°C. Afterwards, 3 ml 5 % NaCl solution and 2 ml hexane were added, the 

tubes vortexed and centrifuged and the upper layer transferred to clean tubes. Following the 

addition of 1.5 ml 2 % NaHCO3 solution and centrifugation, the upper layer was transferred to 

a new tube containing Na2SO4, put aside for 15 min, centrifuged and the translucent phase was 

pipetted to a GC vial and stored at -20°C until analysis.  

For the quantification of FA in feeds a standard solution consisting of 16:0 FFA (Sigma-

Aldrich, St. Louis, MO) dissolved in ethanol (3:2 mg/ml) was prepared to produce a standard 

curve together with internal standard. Into tubes containing 0.75 ml internal standard that has 

been evaporated under nitrogen in a heating block (40°C), 0.05, 0.1, 0.25, 0.5, 1.0, 1.5 and 2 

ml of external standard were added, before the content was evaporated again. Afterwards, the 

standard samples were methylated according to the second methylation procedure described 

above, as the sample contained only FFA, which could not be methylated by the first 

methylation method. From the standard samples the weight ratio of 16:0/13:0 was compared 

with the area ratio 16:0/13:0 that was determined by the GC and a standard curve was plotted 

based on that (Appendix 4). As the area ratio of 16:0/13:0 in the feed samples (internal 

standard 13:0 was added) is known through GC and the weight of 13:0 is known, the weight of 

16:0 can be calculated from that. 

3.2.7 Phospholipid content 

Contents of phospholipids in milk samples were determined using the EnzyChrom 

Phospholipid Assay kit EPLP-100 (BioAssay Systems, Hayward, CA). Most phospholipids 

contain choline in their phosphate side group. The phospholipase-D in this assay hydrolyses 

phospholipids to choline, which in turn are broken down by choline oxidase and O2 to betaine 

aldehyde and H2O2 (Rozwadowski et al., 1991). A pink color reaction between H2O2 and a 

H2O2-specific dye alters the absorbance of the product that can be read under a 

spectrophotometer and the intensity of the color reaction is proportional to the phospholipid 

content in the sample. 

Frozen milk samples were melted in a water bath at 37°C and diluted 3-fold or 9-fold. A 

working reagent consisting of an assay buffer, phospholipase-D enzyme, enzyme mix and dye 
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reagent (85:1:1:1 v/v) was prepared. Samples were analyzed in four replicates, three with 

3-fold and one with 9-fold dilution. Into Eppendorf tubes, 20 µl of milk and 80 µl of working 

reagent were pipetted, shortly vortexed and then incubated at room temperature for 30 min. 

After incubation, 900 µl of deionized water were added to each Eppendorf tube to reach a 

volume of 1 ml which was the required volume for the spectrophotometer (Novaspec II, 

Pharmacia Biotech, Sweden). Absorbance was measured at 570 nm. Readings were compared 

to a standard curve, which was plotted against standards containing phosphatidylcholine in 

concentrations of 0, 60, 120, 200, and 400 µM (Appendix 5). The control sample without 

standard was used as background. 

3.2.8 Statistical analysis 

Experimental data was analyzed by ANOVA with SAS (version 9.3, SAS Institute Inc. Cary, 

NC) in a model that included (i) the fixed effects of treatment and period and random effect of 

cow, when the effect of treatment was analyzed or (ii) fixed effects of treatment, period and 

cow, when the effect of individual cows was analyzed. Sum of squares were separated into 

single-degree-of-freedom contrasts to test for the significance of (i) soya vs. algae, 

(ii) Spirulina vs. Chlorella and Chlorella + Nannochloropsis, and (iii) Chlorella vs. Chlorella + 

Nannochloropsis. Least square means are reported and treatment effects were declared 

significant when P ≤ 0.05, and a trend was declared when 0.05 < P ≤ 0.10. Cow D had to be 

excluded from the experiment after period II due to health reasons (unclear if related to 

treatment), which is why period III and IV only have data from three cows (A, B, and C). 

 

3.3 Results 

3.3.1 Feed fatty acid composition 

Microalgae differed markedly in their crude fat and FA contents, as well as in their FA 

composition (Table 5; Figure 4). Crude fat was highest in Nannochloropsis with 192.0 g/kg 

DM and lowest in Spirulina with 51.6 g/kg DM, with Chlorella ranging in between with 123.0 

g/kg DM. Total FA, which is one component of crude fat was 29, 33 and 29 g/kg DM, which 

corresponds to 56 %, 27 % and 15 % of crude fat for Spirulina, Chlorella and 

Nannochloropsis, respectively.  
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The FA profile in MA showed abundance of a few FA that reached levels of 20-50 % differing 

between species, while the remaining FA were present only in minor concentrations. Spirulina 

is abundant in 16:0, 18:2n-6 and γ-linolenic acid (18:3n-6) at approximately 46, 23 and 

20 g/100 g FA, respectively, with 16:0 accounting for almost the entire SFA fraction and 

18:2n-6 and 18:3n-6 accounting for almost the entire PUFA fraction. Spirulina appeared to  

 

Table 5: Feed crude lipid content, total fatty acid (FA) content and FA composition. 

Item Soya Spirulina Chlorella Nannochloropsis 

Crude lipid, g/kg DM 11.0 51.6 123 192 

Total FA, g/kg DM 9.86 28.8 33.1 28.9 

% of crude fat 89.6 55.8 26.9 15.1 

FA composition (g/100 g FA)  
   

10:0 - - - 0.15 

12:0 0.04 0.02 0.02 0.33 

14:0 0.13 0.16 0.07 3.02 

15:0 0.05 0.05 0.06 0.32 

anteiso 15:0 - 0.08 0.09 - 

iso 15:0 - 0.24 0.05 - 

16:0 14.7 45.7 15.5 24.2 

cis-9 16:1 0.16 2.76 0.49 35.5 

trans-3 16:1 - 1.20 1.10 1.22 

unidentified 1 - - 26.9 - 

17:0 0.10 0.18 0.04 0.27 

iso 17:0 - 0.16 0.46 - 

cis-9 17:1 - 0.22 0.20 0.23 

18:0 2.95 1.05 0.16 0.71 

cis-9 18:1  20.5 2.70 2.51 5.34 

cis-10 + trans-15 18:1 - 0.28 0.51 - 

cis-11 18:1 2.22 0.62 0.73 0.55 

trans-11 18:1 - 0.20 - - 

18:2n-6 50.5 23.5 48.3 1.40 

cis-9, trans-11 18:2 - 0.06 - - 

18:3n-3 7.45 0.37 2.36 0.03 

18:3n-6 - 19.9 - 0.23 

20:0 0.28 0.07 0.08 0.06 

cis-11 20:1 0.29 - 0.04 - 

unidentified 2 - - - 1.67 

unidentified 3 - - - 1.30 

20:2n-6 - 0.21 0.14 0.11 

20:3n-6 - 0.23 - 1.30 

20:4n-6 - 0.04 - 2.15 

22:0 0.37 - 0.06 0.67 

24:0 0.23 - 0.11 - 

20:5n-3 - - 0.03 19.2 

cis-15 24:1 0.05 0.04 0.02 - 

Σ SFA 18.8 47.7 16.7 29.8 

Σ MUFA 23.3 8.03 5.60 42.8 

Σ PUFA 57.9 44.3 50.8 24.5 

Σ unidentified - 0.00 26.9 2.97 

SFA = saturated FA, MUFA = monounsaturated FA, PUFA = polyunsaturated FA. 

Unidentified FA are not included in SFA, MUFA or PUFA 
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Figure 4: Relative composition of fatty acid groups in three different microalgae species. SFA = saturated fatty 

acids, MUFA = monounsaturated fatty acids, PUFA = polyunsaturated fatty acids. 

 

have similar concentrations of SFA and PUFA, but only little MUFA concentrations with 

about 8 %. In Chlorella, 18:2n-6 was found at 48 g/100 g FA and represents almost the entire 

PUFA fraction, followed by 16:0 which makes up the largest part of total SFA in Chlorella 

with 16 g/100 g FA. An unidentified FA that was unique to Chlorella and quite abundant 

amounted to 27 g/100 g FA. The FA composition of Chlorella was dominated by PUFA, with 

small contributions of MUFA and SFA. Nannochloropsis was particularly rich in 20:5n-3 

(19 g/100 g FA), which is about 80 % of the PUFA fraction. This FA was practically absent in 

the other MA species. The FA 16:0 and cis-9 16:1 made up 24 and 36 g/100 g FA, 

respectively, while 3 g/100 g FA remained unidentified in Nannochloropsis. Nannochloropsis 

was rich in MUFA, while SFA and PUFA made up approx. ⅓ and ¼ of the FA profile, 

respectively. Only a minor fraction remained unclassified. Soya was particularly rich in 

18:2n-6 (50 g/100 g FA) and also contained highest amounts of 16:0, cis-9 18:1 and 18:3n-3 

(Table 5). 

3.3.2 Fatty acid intake, milk yield and composition 

The influence of various protein supplements on DMI and FA intake, milk yield, fat yield and 

fat percentage can be seen in Table 6. DMI was not affected by treatment. Milk yield was  
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Table 6: Effect of various protein supplements on dry matter intake (DMI) and fatty acid (FA) intake, milk yield, 

milk fat yield and milk fat concentration. 

  Treatment   Significance 

 
 

Control 

(Soya) 
Spirulina Chlorella 

Chlorella

+ Nanno SEM 

Soya 

vs. 

algae 

Spirulina 

vs. 

Chlorella 

Chlorella vs. 

Chlorella + 

Nanno 
n 4 3 3 4 

DMI kg/d 21.5 22.0 20.9 21.6 1.29 0.973 0.383 0.501 

FA intake g/d 
        

16:0 76.0 86.8 78.8 78.8 6.01 0.035 0.017 0.993 

cis-9 16:1 0.76 1.12 1.16 7.36 0.765 0.024 0.020 0.003 

cis-9 18:1 58.7 52.8 54.2 49.9 5.33 0.077 0.829 0.292 

18:2n-6 154 145 159 141 14.3 0.503 0.631 0.134 

18:3n-3 95.8 111 97.0 110 4.93 0.099 0.271 0.105 

18:3n-6 0.06 5.40 0.16 0.10 0.451 0.015 0.001 0.920 

20:5n-3 <0.01 <0.01 0.11 3.46 0.33 0.025 0.008 0.002 

Total 416 437 432 431 30.7 0.304 0.806 0.963 

Milk 
        

Yield, kg/d 29.7 32.1 29.9 30.8 1.86 0.517 0.459 0.715 

Fat, g/d 1215 1484 1261 1287 98.2 0.186 0.098 0.818 

Fat, % 4.10 4.50 4.14 4.22 0.16 0.073 0.028 0.475 

SEM = standard error of the mean. For treatments control and Chlorella + Nannochloropsis SEM must be 

multiplied by 0.8306; Nanno = Nannochloropsis. 

 

lowest for cows fed soya (29.7 kg/d) and highest for cows fed Spirulina (32.1 kg/d), but the 

variations in yield were not significant for any of the tested contrasts. There appeared to be a 

slight effect of treatment on daily fat production. Fat production in cows fed algae compared 

to soya was insignificantly higher, but between algae species there was a tendency (P=0.098) 

to produce more fat when cows were fed Spirulina, compared to Chlorella or 

Nannochloropsis. A constant milk yield with concurrent increases in fat production 

significantly (P=0.028) affected the fat percentage of milk from cows fed Spirulina, while 

other algae could not enhance fat production. The trend of MA diets to increase fat percentage 

of the milk is largely based on the effects observed in Spirulina, because neither Chlorella nor 

Nannochloropsis enhanced fat percentage or fat yield. 

The effect of individual cow on milk fat percentage can be seen in Figure 5. Milk from cow B 

had a significantly higher fat percentage (4.6 %) than milk from cow C and D (4.1 % and 

4.0 %, respectively). 
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Figure 5: Effect of individual cow (A-D) on milk fat percentage. Error bars represent standard error of the mean. 

Letters over the bars indicate significant (P≤0.05) differences between cows. For A, B, C n=4; for D n=2. 

 

3.3.3 Milk fatty acid composition 

Treatment effects on milk fatty acid composition can be seen in Table 7. Inclusion of MA in 

the diet decreased (P=0.038) SFA content in milk compared to soya supplementation. 

Supplementing diet with MA vs. soya tended to increase MUFA (P=0.089) and PUFA 

(P=0.055) concentrations in milk at the expense of SFA. The diet containing Chlorella 

enhanced PUFA content in milk over the Spirulina diet (P=0.015), while substituting parts of 

Chlorella with Nannochloropsis weakened this effect. Relative to soya, inclusion of MA to the 

diet increased the concentration of 4:0 and 6:0 (P≤0.040) in milk and a similar tendency could 

be observed for 5:0, 17:0, cis-9 18:1 + trans-15 18:1, 18:3n-3 and 18:3n-6 (P≤0.092). 

Conversely, feeding MA decreased the concentration of 14:0 and 16:0 (P≤0.029) compared to 

soya. However, among algae treatments, milk produced from diets containing Spirulina was 

richer in 14:0 (P=0.026) and 16:0 (P=0.099) than milk produced from diets containing 

Chlorella. The FA 14:0 and 16:0 were also numerically higher in milk from Spirulina 

treatments compared to Chlorella + Nannochloropsis. 

Among algae treatments, Chlorella led to a higher increase in 18:2n-6 over other algae species 

(P≤0.030), while Spirulina lead to higher (P=0.003) concentrations of 18:3n-6 in milk (Table 

7) compared to Chlorella. Inclusion of Chlorella + Nannochloropsis significantly increased the  
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Table 7: Effect of various protein supplements on milk fatty acid composition (g/100 g fatty acid) in lactating 

dairy cows. 

 Treatment  Significance 

 
Control 

(soya) 
Spirulina Chlorella 

Chlorella 

+ Nanno SEM 
Soya vs. 

Algae 

Spirulina 

vs. 

Chlorella 

Chlorella vs. 

Chlorella + 

Nanno 
n 4 3 3 4 

4:0 3.60 3.74 3.70 3.69 0.050 0.040 0.391 0.803 

5:0 0.03 0.02 0.02 0.02 0.004 0.082 0.900 0.749 

6:0 2.28 2.33 2.29 2.34 0.088 0.002 0.032 0.002 

7:0 0.02 0.02 0.01 0.01 0.003 0.022 0.636 0.734 

8:0 1.38 1.40 1.38 1.42 0.077 0.288 0.877 0.137 

9:0 0.03 0.03 0.02 0.02 0.005 0.465 0.299 0.702 

10:0 3.07 3.10 2.97 3.06 0.265 0.777 0.393 0.418 

11:0 0.36 0.36 0.33 0.36 0.031 0.573 0.301 0.274 

12:0 3.53 3.53 3.32 3.43 0.309 0.313 0.196 0.409 

13:0 0.08 0.05 0.06 0.06 0.009 0.010 0.492 0.845 

anteiso 13:0 0.08 0.09 0.07 0.08 0.008 0.675 0.121 0.478 

iso 13:0 0.03 0.03 0.02 0.02 0.004 0.237 0.766 0.660 

14:0 11.6 11.5 10.7 11.1 0.660 0.021 0.026 0.096 

iso 14:0 0.08 0.09 0.09 0.09 0.006 0.134 0.976 0.279 

cis-9 14:1 0.85 0.91 0.75 0.87 0.050 0.932 0.187 0.133 

15:0 0.97 0.86 0.85 0.87 0.053 0.056 0.971 0.644 

anteiso 15:0 0.46 0.42 0.40 0.38 0.032 0.035 0.299 0.518 

iso 15:0 0.21 0.20 0.18 0.19 0.010 0.042 0.068 0.448 

16:0 30.6 29.7 27.9 28.7 0.867 0.029 0.099 0.294 

iso 16:0 0.22 0.24 0.22 0.23 0.017 0.287 0.157 0.435 

cis-9 16:1 1.04 1.16 1.12 1.65 0.206 0.078 0.183 0.028 

trans-6+7+8 16:1 0.03 0.02 0.02 0.02 0.002 0.375 0.821 0.391 

trans-9 16:1 + iso 17:0 0.36 0.34 0.38 0.36 0.016 0.907 0.110 0.343 

trans-10 16:1 <0.01 <0.01 0.01 0.01 0.002 0.062 0.031 0.722 

trans-11 16:1 0.01 0.01 0.03 0.03 0.004 0.049 0.035 0.327 

trans-12 16:1 0.11 0.13 0.14 0.14 0.018 0.014 0.252 0.827 

trans-13 16:1 0.002 0.005 0.013 0.015 0.003 0.140 0.047 0.680 

17:0 0.58 0.63 0.57 0.58 0.011 0.061 0.004 0.446 

anteiso 17:0 0.34 0.32 0.31 0.26 0.023 0.086 0.142 0.101 

cis-6+7 17:1 0.02 0.02 0.02 0.01 0.003 0.623 0.186 0.343 

cis-8 17:1 0.04 0.04 0.05 0.05 0.005 0.118 0.421 0.261 

cis-9 17:1 0.14 0.18 0.16 0.18 0.035 0.081 0.570 0.499 

18:0 12.0 10.6 11.9 10.9 0.579 0.214 0.391 0.204 

iso 18:0 0.04 0.04 0.04 0.04 0.008 0.324 0.829 0.853 

10-O-18:0 0.03 0.04 0.03 0.04 0.007 0.066 0.360 0.106 

13-O-18:0 0.01 0.02 0.02 0.02 0.005 0.366 0.584 0.941 

15-O-18:0 0.01 0.01 <0.01 <0.01 0.003 0.936 0.103 0.926 

cis-9 18:1 + trans-15 18:1 17.2 19.1 19.0 18.6 1.894 0.092 0.830 0.737 

cis-11 18:1 0.50 0.50 0.56 0.55 0.118 0.156 0.084 0.765 

cis-12 18:1 0.24 0.22 0.26 0.22 0.024 0.802 0.326 0.099 

cis-13 18:1 0.07 0.08 0.09 0.09 0.022 0.189 0.604 0.804 

cis-15 18:1 0.03 0.02 0.03 0.02 0.003 0.458 0.084 0.047 

trans-4 18:1 0.012 0.008 0.011 0.009 0.001 0.085 0.296 0.219 

trans-5 18:1 0.06 0.03 0.11 0.07 0.027 0.688 0.156 0.258 

trans-6+7+8 18:1 0.18 0.17 0.18 0.17 0.014 0.579 0.872 0.950 

trans-9 18:1 0.16 0.16 0.16 0.17 0.007 0.466 0.563 0.914 

trans-10 18:1 0.17 0.16 0.18 0.16 0.025 0.647 0.726 0.525 

trans-11 18:1 1.00 1.00 0.88 1.06 0.089 0.807 0.686 0.093 

trans-12 18:1 0.23 0.23 0.24 0.26 0.023 0.393 0.100 0.320 

trans-13+14 18:1 0.41 0.41 0.34 0.36 0.051 0.186 0.143 0.588 

        Continues 
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Table 7 (continued): Effect of various protein supplements on milk fatty acid composition (g/100 g fatty acid) in 

lactating dairy cows. 

 Treatment  Significance 

 
Control 

(soya) 
Spirulina Chlorella 

Chlorella 

+ Nanno SEM 
Soya vs. 

Algae 

Spirulina 

vs. 

Chlorella 

Chlorella vs. 

Chlorella + 

Nanno 
n 4 3 3 4 

trans-16 18:1 + cis-14 18:1 0.39 0.37 0.51 0.44 0.047 0.310 0.130 0.300 

18:2n-6 2.14 1.92 3.41 2.41 0.310 0.124 0.022 0.030 

cis-9,trans-11 18:2 0.40 0.44 0.39 0.45 0.030 0.472 0.602 0.226 

trans-11,cis-15 18:2 0.10 0.13 0.10 0.15 0.015 0.039 0.562 0.024 

18:3n-3 0.43 0.46 0.56 0.53 0.052 0.077 0.132 0.536 

18:3n-6 0.03 0.06 0.03 0.03 0.006 0.061 0.003 0.493 

19:0 0.113 0.119 0.115 0.125 0.007 0.008 0.759 0.007 

20:0 0.20 0.16 0.19 0.29 0.017 0.455 0.020 0.014 

SRR-phytanate 0.09 0.09 0.12 0.11 0.012 0.074 0.130 0.438 

RRR-phytanate 0.02 0.03 0.03 0.03 0.006 0.067 0.533 0.947 

cis-9 20:1 0.15 0.14 0.16 0.25 0.023 0.144 0.072 0.025 

cis-11 20:1 0.06 0.06 0.06 0.06 0.009 0.626 0.838 0.637 

20:2n-6 0.01 0.01 0.01 0.01 0.001 0.488 0.323 0.214 

20:3n-3 0.01 0.01 0.01 0.01 0.001 0.181 0.724 0.062 

20:3n-6 0.08 0.08 0.09 0.08 0.007 0.985 0.357 0.454 

20:4n-6 0.09 0.09 0.10 0.12 0.008 0.112 0.032 0.069 

20:5n-3 0.05 0.04 0.07 0.21 0.029 0.112 0.045 0.018 

21:0 0.02 0.02 0.02 0.03 0.003 0.443 0.151 0.109 

22:0 0.07 0.06 0.07 0.07 0.004 0.326 0.044 0.661 

cis-13 22:1 0.01 0.01 0.01 0.01 <0.001 0.836 0.472 0.816 

22:2n-6 0.03 0.04 0.03 0.04 0.004 0.301 0.988 0.174 

22:5n-3 0.06 0.05 0.07 0.09 0.011 0.319 0.104 0.214 

24:0 0.04 0.03 0.04 0.03 0.003 0.377 0.132 0.049 

cis-15 24:1 0.01 0.01 0.01 0.01 0.002 0.785 0.986 0.821 

26:0 0.05 0.04 0.04 0.04 0.003 0.122 0.636 0.962 

Σ unidentified 0.96 0.96 1.44 1.25 0.118 0.034 0.018 0.159 

Σ SFA 72.2 70.3 68.2 68.7 2.085 0.038 0.211 0.725 

Σ MUFA 23.4 25.5 25.5 25.9 2.246 0.089 0.857 0.782 

Σ PUFA 3.44 3.30 4.85 4.13 0.372 0.055 0.015 0.090 

SEM = standard error of the mean. For treatments control and Chlorella + Nannochloropsis SEM must be 

multiplied by 0.8306. SFA = saturated fatty acids, MUFA = monounsaturated fatty acids, PUFA = 

polyunsaturated fatty acids; Nanno = Nannochloropsis. 

 

concentrations of 6:0, 20:0 and 20:5n-3 (P≤0.045) in milk compared to protein supplements 

containing only Chlorella. 

Overall, milk fat contained only low levels of unidentified FA. Inclusion of MA in the diet 

increased (P=0.034) the abundance of FA that could not be identified compared to soya and 

milk fat from Chlorella diets contained more (P=0.018) unidentified FA than that from 

Spirulina diets (Table 7; Appendix 6). 
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3.3.4 Oxidation stability 

Treatment effects on the oxidation stability of milk are shown in Figure 6. Protein 

supplements did not affect initial MDA concentration or oxidation stability of the milk. Initial 

levels of MDA in milk were 7.0-8.5 µM and decreased in most cases after five days of 

storage. Samples with headspace, i.e. exposure to oxygen during storage, had numerically 

higher MDA concentrations than control samples without headspace.  

The antibiotic treatment of the milk sample gradually reduced the bacterial count during five 

days of storage from 14375 to 125 colony forming units per ml (Figure 7). 

 

 

 

Figure 6: Effect of various protein supplements on the formation of a secondary oxidation product 

(malonaldehyde) over time. Tubes without headspace (no HS) served as control for tubes with headspace (HS). 

Error bars represent standard error of the mean; Nanno = Nannochloropsis; n=3. 
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Figure 7: Total bacterial count (cfu) per ml milk before adding antibiotics (AB) and after three or five days of 

storage; n=2. 

3.3.5 Milk fat globule size distribution 

The distribution of MFG sizes in terms of globule numbers represented a typical distribution 

profile.  Figure 8 shows the effects of treatment on the size distribution by numbers of 

globules. Because the number of globules was analyzed for 0.5 µm intervals, the mean of each 

interval was used as a representative point for the respective size class. More than half 

(~55 %) of the fat globules in milk had a diameter of 1-2 µm. The fraction from 2-6 µm 

represented approximately 42 %, and the remaining 3 % of globules were bigger than 6 µm. 

With increasing globule size also the number of globules for each size class decreased, except 

for globules ranged from 3.0-4.5 µm, where a small increase in globule numbers could be 

observed.   

Total globule numbers in the milk samples ranged from 5158 to 6396 globules/10
-5

 ml of milk 

(Table 8), depending on the feed supplement. Cows fed algae supplements did not produce 

significantly different numbers of fat globules compared to soya. Although there was no 

significant difference between the control and algae treatment, there were significant 

differences in total MFG numbers among algae species. Cows fed Chlorella supplements 

produced significantly lower total MFG numbers of than cows fed Spirulina or Chlorella + 

Nannochloropsis (P=0.027 and P=0.039, respectively; Table 8 & Figure 8). The treatment  
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Figure 8: Effect of various protein supplements on distribution of differently sized milk fat globules by number 

in 10
-5

 ml milk from lactating dairy cows. For Control and Chlorella + Nannochloropsis n=4; for Spirulina and 

Chlorella n=3. 

 

 

 

Table 8: Effect of various protein supplements on total number of fat globules in milk and on volume weighted 

mean diameter of fat globules.  

  Treatment   Significance 

 

Control 

(soya) 
Spirulina Chlorella 

Chlorella 

+ Nanno SEM 

Soya 

vs. 

Algae 

Spirulina 

vs. 

Chlorella 

Chlorella vs. 

Chlorella + 

Nanno 
n 4 3 3 4 

Total number fat 

globules/10
-5 

ml   6028 6396 5158 5978 547.7 0.418 0.027 0.039 

volume weighted 

mean diameter 

d4,3 (µm) 

4.84 4.81 4.88 4.78 0.035 0.688 0.665 0.101 

SEM standard error of the mean. For treatments control and Chlorella + Nannochloropsis SEM must be 

multiplied by 0.8306. Nanno = Nannochloropsis. 
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with Chlorella led to a decrease in small-sized MFG (1-3 µm), while the production of 

globules bigger than 3 µm remained constant. Globule diameter (d4,3) was not affected by 

treatment and showed only minimal numerical variations with values ranging around 4.80 µm. 

There was an effect of individual cow on total MFG numbers, as can be seen in Figure 9. Cow 

B produced the fewest amount with 4228 MFG per 10
-5

 ml milk, which is significantly lower 

than the numbers of globules produced by cow A, C and D (6904, 5781, and 6647 globules, 

respectively). 

The MFG size distribution by volume is shown in Figure 10. There was no significant effect 

of treatment on the profile of MFG size distribution by volume and distribution profiles 

showed only minimal numerical variation between treatments.  Because the number of 

globules was analyzed for 0.5 µm intervals, the mean of each interval was used as a 

representative point for the respective size class. The majority (>71 %) of milk fat was stored 

within globules with a diameter from 3-6 µm, while the remaining milk fat is distributed in 

globules smaller or larger than that (>11 % or >17 %, respectively). Of all size classes, the 

size class from 4.5-5 µm stored the most fat with approximately 20 %. 

 

 

 
Figure 9: Effect of individual cow (A-D) on total milk fat globule number in 10

-5
 ml milk. Error bars represent 

standard error of the mean. Letters over the bars indicate significant (P≤0.05) differences between cows. For A, 

B, C n=4; for D n=2. 
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Figure 10: Effect of various protein supplements on size distribution of fat globules by volume (%) in 10

-5
 ml 

milk from lactating dairy cows. For Control (soya) and Chlorella + Nannochloropsis n=4; for Spirulina and 

Chlorella n=3. 

 

3.3.6 Phospholipid content 

The phospholipid concentration measured as PC was not significantly affected by treatment, 

as can be seen in Table 9. PC concentrations ranged from 3540-3830 µmol/l milk, 

800-910 µmol/g of fat and 106-117 mmol per day. Although different treatments did not alter 

the PC concentrations in milk fat, a difference between individual cows was observed (Table 

10). Looking at the production of PC per day, cow A produced significantly more PC than 

cow C (122 mmol/d vs. 96 mmol/d, respectively). The same relationship does not apply to the 

concentration per g of fat or per l of milk, though. Additionally it can be seen that cows with a 

lower concentration of PC per g of fat or per l of milk, do not necessarily have the lowest daily 

production of PC and vice versa.  
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Table 9: Effect of various protein supplements on the concentration of choline-containing phospholipids (µmol) 

in milk of lactating dairy cows. 

    Treatment   Significance 

  
Control 

(soya) 
Spirulina Chlorella 

Chlorella 

+ Nanno SEM 
Soya vs. 

Algae 

Spirulina 

vs. 

Chlorella 

Chlorella vs. 

Chlorella + 

Nanno   
n 4 3 3 4 

μmol/l milk 3540 3591 3828 3630 160.5 0.356 0.453 0.338 

μmol/g fat 864 800 911 864 51.6 0.910 0.178 0.465 

mmol/d 106 116 117 111 7.6 0.120 0.749 0.392 

SEM standard error of the mean. For treatments control and Chlorella + Nannochloropsis SEM must be 

multiplied by 0.8306. Nanno = Nannochloropsis. 

 

 

Table 10: Effect of individual cow on the concentration of choline-containing phospholipids in milk. 

  Cow 

SEM 
 

A B C D 

n 4 4 4 2 

μmol/l milk 3834 3625 3416 3760 202.4 

μmol/g fat 904.0 788.0 840.0 940.5 62.37 

mmol/d 122.0
a
 110.0 96.4

b
 123.0 6.5 

SEM standard error of the mean. For cows A, B and C SEM must be multiplied by 0.5573. Values 

with different letters in the same row were significantly (P≤0.05) different. 

 

 

3.4 Discussion 

Feed fatty acid composition 

Crude lipid contents of MA determined in the present study (Table 5) are similar to values 

reported in literature (Ötleş & Pire, 2001; Rebolloso-Fuentes et al., 2001). Interestingly, total 

FA content represents only 15-56 % of crude fat. Crude fat describes a fraction in feed that 

covers all petroleum benzine soluble compounds, which include FA but also other petroleum 

soluble compounds such as pigments (including chlorophyll) and waxes. Those compounds 

have completely different nutritional properties to that of FA and therefore crude fat or lipid 

contents of MA should not be confused with total FA content. For example, in this study 

Nannochloropsis contained almost four times more crude fat than Spirulina, but the actual FA 

content is almost the same (~29 g/kg DM), indicating that Nannochloropsis contains relatively 

more petroleum soluble compounds that are not FA (Table 5). This is an important 

consideration when formulating a feeding ration for livestock that aims for an optimal supply 

of FA to the animal. 
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FA composition of Spirulina (Table 5) compares generally well with values found in literature 

(Ötleş & Pire, 2001). Ötleş & Pire (2001) found similar concentrations of 16:0, cis-9 18:1 and 

18:3n-6, but determined slightly lower values for 18:2n-6 (16-17 g/100 g FA). Fatty acid 

composition of Chlorella in this study differed markedly from those found in literature. Often 

times, the same major isomers have been identified, but with large differences in 

concentration. While in this study, concentrations for 16:0, cis-9 18:1, 18:2n-6 and 18:3n-3 

have been reported with 16, 2.5, 48 and 2.4 g/100 g FA, respectively (Table 5), values in 

literature are reported with 15-25, 1-18, 8-40 and 16-38 g/100 g FA, respectively (Tsuzuki et 

al., 1990; Ötleş & Pire, 2001; Gouveia & Oliveira, 2009). These values indicate a huge 

variation in FA composition between different studies. The FA tagged “unidentified 1”, which 

was present in this study with concentrations of 27 g/100 g FA, showed a peak in the region 

where PUFA with 16 carbons could appear. In fact, other studies (Tsuzuki et al., 1990; Ötleş 

& Pire, 2001; Gouveia & Oliveira, 2009) that determined the FA composition of Chlorella 

identified 16:2, 16:3 and 16:4 in samples. Even though values of these FA never reached 

concentrations as high as in this study, it is possible that “unidentified 1” is a PUFA with 16 

carbon chain length. Due to the high concentration compared to other studies, this peak might 

combine several FA isomers. On the other hand, this peak might also resemble a lipid 

compound other than a FA. In the latter case, the relative concentrations of the other FA 

identified in Chlorella would increase, as their concentration would then refer to a lower 

amount of total FA. 

The FA profile of Nannochloropsis determined in the current study (Table 5; Figure 4) is also 

slightly different from that reported in literature (Dunstan et al., 1993; Borges et al., 2011). 

Concentrations for 20:5n-3 range from 15-39 g/100 g FA, while 16:0 and cis-9 16:1 are 

reported with 16-31 and 19-26 g/100 g FA, respectively (compared to 19, 24, 35 g/100 g FA in 

this study, respectively). Overall, the same major isomers have been detected, but 

concentrations vary slightly between this study and those reported in literature. The lipid 

content and FA composition in MA is known to be under considerable environmental 

influence (Juneja et al., 2013). Factors such as radiation intensity, temperature, pH and 

nutrient availability markedly influence the crude composition and FA composition of MA 

species. Algae of the same species that have been produced under different environmental 

conditions will therefore also differ in their composition. For that reason, FA composition in 

this study agrees only to some extent with values determined by others. When incorporating 
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MA into livestock rations to modify the FA profile of animal products, it is important to 

determine the crude lipid composition and FA composition of the algae of the individual lot, to 

know the exact lipid profile of the algae produced under the given environment. 

 

Fat intake, milk yield and composition 

Dry matter intake and milk yield did not differ with treatment in the present study (Table 6), 

which is in agreement with Stamey et al. (2012) who observed no influence of MA biomass 

(Schizochytrium sp.) or MA oil inclusion (8-14 g/kg DMI) on DMI or milk yield, although 

MA supplements in their study were rumen protected. For comparison, average rations of 

Spirulina, Chlorella and Chlorella + Nannochloropsis in the current study were 44, 52 and 

60 g/kg DMI (data not shown; values obtained with control feeding station, then adjusted for 

daily DMI). However, Boeckaert et al. (2008), who administered 43 g/kg DMI of 

Schizochytrium sp. reported decreases in DMI, milk yield and fat yield and Franklin et al. 

(1999), who fed 910 g/d Schizochytrium sp. reported decreases in DMI, but without effects on 

milk yield. Decreases in DMI were probably due to the high supply of 22:6n-3 in their studies 

(38-76 g/d), which led to a disturbance of ruminal fermentation through high PUFA supply. 

MA used in our study are poor in 22:6n-3, which might be a reason why they did not exert any 

effect on DMI. Although Nannochloropsis is rich in 20:5n-3 (Table 5), intakes of this FA 

(3.5 g/d) were probably too low to disturb ruminal fermentation. Franklin et al. (1999) 

additionally hypothesized that a low palatability of algae could be another reason for a 

decrease in DMI. Indeed, in the present study cow D had to be excluded from the experiment 

after period II, because she refused to eat diets containing MA, indicating that palatability 

could be an issue when incorporating MA into cow feed rations (although refusal of the cow to 

eat could also be due to a bad health status).  

The gas chromatogram of MA contained some small unaccounted for peaks that did not 

correspond to any FA standard used as a reference. Those peaks were disregarded (except for 

“unidentified 1” for Chlorella) and not included in the statistical analysis of FA content and 

FA intake. Disregarding these peaks may have led to a slight underestimation of FA content 

and FA intake, although their contribution would have been rather small. 
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Cows fed with Spirulina had a tendency to produce more milk fat per day while the total daily 

milk production did not differ from that of cows receiving another MA treatment (Table 6). 

The combination of constant milk yield and increase in fat production has resulted in a higher 

fat percentage. The increase in fat production is the result of an elevated mammary de novo 

SFA synthesis (16:0 in particular). Cows fed Spirulina supplements had an increase 

particularly in daily production of de novo FA which covered a large part (up to 72 %) of the 

total increase in fat production. Indeed, the arterial concentration and the uptake by the 

mammary gland of de novo FA synthesis precursors (acetate and β-hydroxybutyrate) was 

higher in cows receiving a Spirulina treatment (data not shown), providing a possible 

explanation for the enhanced de novo FA synthesis. However, the reason why inclusion of 

Spirulina in the diet led to an elevated concentration and uptake of those precursors remains 

unclear. Given that the study had one 4x4 Latin square design with two missing records, 

results like this should be interpreted carefully, however. Additional studies with a higher 

number of animals are needed to verify these findings.  

Addition of MA or marine oil to the feed is often associated with decreases in fat yield and fat 

content. According to Shingfield & Griinari (2007), fish oil and MA oil decrease fat yield and 

content in a dose-dependent manner. In the present study there was no decrease in milk fat 

output, and the FA intake remained rather low (Table 6). Given that the MA supplements 

contained low levels of FA, the intake of FA from MA contributed only a small portion to 

total FA intake and the dose of algae-derived FA included in the feed was low enough to avoid 

any milk fat depression. 

 

Milk fatty acid composition 

The FA profiles of milks were rather typical across all dietary treatments (Table 7) and no 

dramatic alterations compared to conventionally produced milk have been observed. Minor 

differences in FA intake between treatments have caused equally minor differences in milk FA 

profile. Nonetheless, the characteristic FA profile of each individual protein supplements is 

mirrored to a certain extent in the FA profile of milk. Relative to soya, MA treatments 

significantly reduced the concentration of SFA with concomitant numerical increases in 

MUFA and PUFA (Table 7). In terms of human health the shift of FA towards a higher 

unsaturated fraction can be of advantage. Micha & Mozaffarian (2010) have pointed out that 
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substituting the intake of SFA with that of PUFA is effective in reducing the risk of CVD. 

Milk produced from cows fed MA rations similar to those in the present study will therefore 

contribute to a more favorable SFA/PUFA intake ratio and could thus be regarded as healthier.  

Regarding specific FA, MA treatments significantly reduced the concentration of 14:0 and 

16:0 in milk compared to the control, with biggest reductions seen in the Chlorella treatment 

(Table 7). These FA are among the most abundant FA in milk and their consumption is 

frequently associated with an increased risk for the onset of CVD (Shingfield et al., 2013). 

Milk produced from cows fed MA therefore has a preferable FA profile which makes fewer 

contributions to the intake of 14:0 and 16:0. Among all algae species, Spirulina had the 

highest contents of 16:0 (Table 5) and this was also mirrored in the milk composition (Table 

7). Additionally, Spirulina supplementation increased the content of 14:0 in milk compared to 

other algae supplements, although Spirulina contains only traces of 14:0 (Table 5). With 

respect to human health, the increase in those particular FA in milk with Spirulina diets 

compared to other MA diets is unfavorable, although values are still numerically lower than in 

milk from soya treatments. 

Among all MA species, Chlorella was richest in 18:2n-6 with almost 50 % of total FA content. 

Consequently, treatments including only Chlorella led to highest concentrations of 18:2n-6 in 

milk compared to treatments including Spirulina or Nannochloropsis (Table 7). 18:2n-6 

belongs to the group of omega-6 (n-6) FA and is usually the most abundant n-6 FA in milk. In 

a recent review, Simopoulos (2008) has highlighted the importance of n-6/n-3 FA ratio in the 

diet on the risk for development of CVD and other chronic diseases. Because of an excessive 

intake of n-6 FA, today’s Western diets have a n-6/n-3 FA ratio of about 15/1 which is 

promoting the pathogenesis of many diseases, while optimal dose ratios are reported with 

1/1-4/1, depending on the disease in focus (Simopoulos, 2008). Given the drastic imbalance 

between n-6 FA and n-3 FA intake in our diet, producing milk with higher concentrations in 

n-6 FA can be viewed critically, as consumption of this milk would contribute to a greater 

imbalance of n-6/n-3 FA ratio. 

Relative to soya, MA supplements tended to increase the concentration of 18:3n-3 in milk 

(Table 7), even though algae contained only minimal amounts of 18:3n-3 (Table 5). However, 

cows that received a MA supplement tended to eat more grass silage compared to cows with a 

soya supplement (data not shown). According to Dewhurst et al. (2001), grass is abundant in 
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18:3n-3, which was also the case in our study (Appendix 7). Hence, it can be speculated that 

the increase in 18:3n-3 in milk of cows feeding on MA diets is due to the increased intake of 

grass silage and the relatively high amounts of 18:3n-3 therein.  

Inclusion of Spirulina to the diet significantly enhanced the concentration of 18:3n-6 in milk 

compared to other treatments, though the numeric increase remains rather low (Table 7; 

0.06 g/100 g FA compared to 0.03 g/100 g FA in all other treatments). 18:3n-6 is of interest 

because of its potential anti-inflammatory effects (Fan & Chapkin, 1998). Although the exact 

effects of 18:3n-6 on human health are not yet discovered, it is important to acknowledge that 

Spirulina is a potent supplier of 18:3n-6, perhaps also for direct human consumption. 

Nannochloropsis is naturally abundant in 20:5n-3, while the other MA are practically devoid 

of this FA (Table 5). Concentrations of 20:5n-3 in milk were analyzed at 0.21 g/100 g FA 

(Table 7), which translates to a production of 2.54 g/d (daily fat yield is analyzed as TAG, and 

approx. 94 % of TAG are FA; Halmemies-Beauchet-Filleau et al., 2011). Given a 20:5n-3 

intake of 3.46 g/d (Table 6), the transfer efficiency of this FA is approximately 73 %, which is 

several times higher than transfer efficiencies reported in other studies (Chilliard et al., 2001; 

Lock & Bauman, 2004), regardless of whether feed was unaltered, ruminally protected or 

infused into the abomasum. A possible reason for the discrepancy between transfer 

efficiencies in our study and in the literature could be found in the identification of FA peaks 

obtained with the flame ionization detector. Because MA are rich in non-FA lipids, which just 

like FA may produce a peak in the GC analysis, a non-FA peak misidentified as FA could lead 

to a false estimation of 16:0 (used to calculate all other FA contents; Appendix 4) and total FA 

content and further daily FA intake. The true daily 20:5n-3 intake could then actually be 

slightly different than determined in this study, probably leading to a lower and more plausible 

transfer efficiency. The application of mass spectrometry would help in the identification of 

the peaks currently excluded from total FA. Unfortunately, due to technical reasons mass 

spectrometry could not be applied in our analyses.  Nonetheless, inclusion of Nannochloropsis 

to feed of dairy cows shows potential in slightly enhancing the FA profile of healthy n-3 FA, 

even if levels remain rather low. 

According to Mozaffarian (2008), the consumption of 250 mg/d of 20:5n-3+22:6n-3 confers 

health benefits to humans compared to no consumption of these FA. Milk in cows fed the 

Nannochloropsis + Chlorella diet contains 0.21 g of 20:5n-3 per 100 g FA (Table 7), meaning 
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that a consumption of about 120 g of milk fat from this milk would meet the dietary 

recommendations, which can be consumed with e.g. milk, yoghurts, sour milk, butter, cheese 

and ice cream. Epidemiological cohort studies among men (averaged 62 y of age), women 

(55 y) and adolescents (9-14 y) by Berkey et al. (2005) and Wolk et al. (1998, 2001) report an 

average dairy fat intake of about 14-25 g/d and ranges from 6-71 g/d. Although 20:5n-3 intake 

recommendations are unlikely to be covered completely by dairy fats, even minor increases in 

20:5n-3 in milk can contribute moderately to n-3 FA intake. After all, there are more food 

items besides milk that are rich in n-3 FA contributing to total n-3 FA intake. 

 

Oxidation stability 

In the present study the oxidation stability of milk was not affected by different protein 

supplementation (Figure 6). In the literature, a broad range of MDA concentration in milk is 

reported. In milk of cows fed a grass silage/concentrate mix, Al-Mabruk et al. (2004) reported 

an MDA concentration of 97 µM after 4 d of storage at 4°C. Suriyasathaporn et al. (2006) 

determined MDA levels of 22 µM within 24 h after milking, while Yang et al. (2013) reported 

~24-28 µM MDA within 2 h after milking. Values that are comparable to those in the present 

study (7.0-8.5 µM) have been reported by van Aardt et al. (2005), who measured MDA levels 

of 8.0 µM in milk stored at 4°C in cups with headspace and light-protection. However, their 

milk had a fat content of only 2 % and was pasteurized. It is difficult to compare oxidation 

stability of milk between studies, because the treatment of milk differs markedly between 

studies. Some studies include a sensory analysis of milk to evaluate qualitative changes in 

milk and investigate a correlation between oxidation products and sensorial perception of the 

product. Even though van Aardt et al. (2005) pointed out that TBARS results supported 

sensory evaluation, a perception level has not been documented in any reviewed study. 

Differences between MDA concentrations determined in the present study and those in 

literature can be a consequence of different animal feed. Antioxidants in the feed are 

incorporated by the cow into the milk and their concentration has a significant influence on 

oxidation stability of milk (Jensen et al., 1999). Since the reported studies do not always 

specify the cows’ feed in detail, there can be considerable differences in feed-derived 

antioxidant supply between studies. The different antioxidant supply modifies oxidation 

stability of the milk leading to broad ranges of MDA levels. Those limitations complicate 
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comparisons across studies that employed different methods and different feed. In the present 

study, concentrations of common antioxidants (α-tocopherol and β-carotene) were not 

analyzed. Perhaps antioxidant levels were higher than in other studies, thus making the milk 

more stable to oxidation and showing fewer oxidation products. 

According to the protocol of the TBARS assay kit, TBA reacts with MDA to form a pink-red 

colored pigment after incubation at 100°C. In the present study, samples turned reddish-brown 

after incubation. A similar observation was made by King (1962), who noted that development 

of a reddish-brown color is probably due to interference with lactose during heating. To test 

whether milk or lactose negatively influence the reaction, the standard sample (known 

concentration of MDA) prepared with milk instead of water was analyzed (Appendix 3). 

Because absorbance values of the standards prepared with milk did not differ markedly from 

standards prepared with water, we concluded that milk components do not have an inhibitory 

effect on formation of a red colored pigment that would disturb the final measurement.  

Concentrations of MDA were close to the detection level (absorbance values between 

0.018-0.046), partly due to the fact that our working solutions had to be diluted for our 

equipment. Additionally, the employed method could benefit from a longer exposure period or 

an exposure to factors that increase pro-oxidant pressure, such as addition of Cu
2+

 or exposure 

to fluorescent light, as performed by Havemose et al. (2006). Although artificially increased 

pro-oxidant pressure in the milk would not simulate normal industrial milk treatment, it could 

magnify potential differences in oxidation stability of milk produced with different treatments, 

particularly if MDA levels are close to detection limit, as it was the case in this study. 

According to O’Connor & O’Brien (2006), unsaturated PL in the MFGM that envelops the 

globule core are a major target for oxidative attacks, due to their relative proximity to pro-

oxidants in the lipoprotein matrix of the MFGM. In the present study, PL contents in milk did 

not differ between treatments (Table 9). The similarity in PL content offers a part of the 

explanation, why oxidation stability did not differ between treatments. Moreover, the MFGM 

that is still intact in native globules, which was the case in the untreated samples in the current 

study. It could be hypothesized that an intact MFGM provides some kind of protection from 

oxidation of lipids in the globule core, compared to milk that has been homogenized and the 

MFGM structure is destroyed. In milk with an intact MFGM, differences in degree of 

saturation of globule core lipids between samples would therefore not give hugely different 
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oxidation results, because the FA in the core are somewhat protected by the intact MFGM. 

Perhaps homogenized samples would show bigger differences between treatments regarding 

oxidation stability, because of a more vulnerable MFG core. 

 

Milk fat globule size distribution 

Although the device used in the present study has no documented history of being used to 

determine MFG distribution in milk, it appears to produce reliable MFG distribution profiles 

that are comparable to those found in literature (Michalski et al., 2003, 2004, 2007; O’Mahony 

et al., 2005; Lopez, 2011; Garcia et al., 2014). However, the device has a limitation, as it is not 

able to detect globules smaller than 1 µm, which is a disadvantage compared to more 

commonly used methods. Considering that about 80 % of all MFG are smaller than 1 µm 

(Walstra, 1969 in Logan et al., 2014), results represent only a small range of MFG found in 

milk in terms of globule numbers. The small globules < 1 µm contribute to the content of 

MFGM due to their high relative surface area. Treatment effects that influence this particular 

globule fraction would remain undetected with this method. Nevertheless, in terms of volume 

(mass), the method captures > 98 % of the globules. 

Cows fed the Chlorella treatment produced significantly lower globule numbers than cows fed 

Spirulina or Chlorella + Nannochloropsis (Table 8) and the reduction was particularly obvious 

in smaller sized globules (Figure 8). Wiking et al. (2004) hypothesized that MFG size is 

related to diurnal fat production. They speculated that the available MEC membrane material 

to envelop fat globules determines the average globule diameter. An increased fat production 

would therefore require also an increase in MEC membrane synthesis, if the globule size 

distribution should remain constant. If membrane synthesis is a limiting factor, an increase in 

fat production will result in bigger average globule diameter, because bigger MFG require 

relatively less covering material than smaller globules. In the present study, daily fat yield of 

cows fed Chlorella did not differ significantly from that of cows receiving other MA diets 

(Table 6), which is why fat production cannot explain the decrease in fat globule numbers.  

After all, although Chlorella treatment had a minor influence on some globule sub-populations 

(Figure 8), the influence can be regarded as rather weak, since mean diameters (d4,3) showed 

only insignificant variations between treatments (Table 8). Merely, the minor numerical 
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increase in mean diameter of globules from cows fed Chlorella is in accordance with a 

reduced number of smaller globules (Figure 8). 

Moreover, a reduction in the small MFG fraction in milk from cows fed Chlorella compared to 

other MA treatments leads to an overall decrease in MFG membrane/core ratio of the 

globules. As PL are mainly found in the MFGM, it could be assumed that this milk will also 

be characterized by a lower PL content, because of its relatively lower MFG surface area. 

Phosphatidylcholine and SM concentrations which represent PL contents were however not 

affected by treatments and PL concentrations did not differ significantly across treatments. In 

fact, milk from Chlorella treatments had a numerically higher PC content than milk of other 

MA treatments (Table 9). Considering the smaller total surface area of MFG in milk from 

cows fed Chlorella, the membrane probably had a higher PL density than the MFGM of other 

MA treatments. 

The current study has shown that the total number of fat globules may vary among cows. Cow 

B has produced significantly fewer globules compared to other cows (Figure 9), and this 

reduction in globule number was apparent across almost all size classes. As a consequence of 

that, one could expect a fewer total globule surface area, i.e. fewer MFGM area, which in turn 

could hint to a lower PL content. Phospholipid contents per liter of milk was however not 

lower in milk of cow B compared to other cows (Table 10). Perhaps, in animals that tend to 

produce fewer globules the density of PL in the MFGM is adjusted, so that the supply of PL 

for the suckling calf is not compromised, compared to cows that produce higher globule 

numbers. 

The fewer number of globules across almost all size classes in cow B would lead to the 

assumption, that the fat percentage in this milk is also lower. Somewhat contradictory 

however, this is not the case. In fact, cow B has been shown to have significantly or 

numerically higher fat percentage than the other cows (Figure 5). Higher milk fat percentages 

would normally lead to the assumption that there must be more globule numbers, particularly 

in the medium to large-sized classes; or, if the globule numbers are unchanged, the mean 

diameter of the globules has to increase. None of that was the case, however. Most likely, this 

discrepancy could be explained with measurement errors. 
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Phospholipid concentration 

Among the major PL found in milk, PC and SM contain a choline side group, while PS, PI and 

PE do not contain choline (Zeisel et al., 1986). The method employed in the present study 

measures contents of choline and therefore does not correspond to the total PL content of milk. 

Choline-containing PL make up about 50 % of PL in milk, although the proportions of PC and 

SM may vary (Table 2). Under the assumption that PC and SM made up about 50 % of the PL 

in our samples, the values of choline-containing PL have to be multiplied by two to calculate 

the content of total PL. This is however only an estimation, because the true proportion 

between choline-containing and choline-lacking PL has not been determined. 

Moreover, the proportion between PC and SM remains unknown. In recent years, SM has 

received particular attention in research due to its potentially beneficial role in human health 

(Lopez, 2011). Considering that different PL classes have different bioactive properties, a 

method that is able to quantify PL content and additionally differentiate between PL classes 

can provide more conclusive results that allow for a more detailed evaluation of potentially 

health promoting PL.  

Treatments did not have an effect on the content of choline-containing PL (Table 9). The FA 

composition of PL is dominated by long chain FA, while SM is additionally rich in very long 

chain unsaturated FA (Contarini & Povolo, 2013). Taking into account, that the daily intakes 

of those FA did not significantly differ between treatments or that differences were of 

negligible magnitude (Table 6), it is not surprising that treatments did not significantly 

influence PL contents of milk. To observe an influence of diet on PL content, probably 

stronger variations in FA supply have to occur, particularly for those FA that are preferably 

esterified in PL.  

In this study, differences in production of choline-containing PL have been observed between 

cows and they highlight the influence of individual cows and their genetic predisposition to 

produce individually characteristic milk. The individual variation can also be observed in 

other milk fat attributes (Logan et al., 2014). A reason for a higher PL content in milk could be 

a higher surface area of MFG (although not in this study) or an increased density of PL in the 

membrane of the MFG or a combination of both.  
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4 CONCLUSIONS 

Inclusion of microalgae in the diet of dairy cows offered limited potential to alter milk fat 

characteristics. Microalgae fed in this study contained small amounts of fatty acid and 

therefore made only small contributions to total fatty acid intakes. Consequently, differences 

in the fatty acid profile of milk were small, but even the small differences reflected the unique 

fatty acid profile of the microalgae species. Most notably, feeding microalgae effectively 

reduced the content of saturated fatty acids in milk in exchange for polyunsaturated fatty acids 

compared to soya, while Spirulina increased contents of 18:3n-6, Chlorella increased contents 

of 18:2n-6 and Nannochloropsis increased the contents of 20:5n-3 in milk. However, 

alterations in fatty acid composition with each treatment were too small to affect oxidation 

stability of the milk. Feeding Chlorella slightly reduced the numbers of milk fat globules, but 

the mean diameter was not affected by treatments. Furthermore, treatments had no significant 

influence on phospholipid content and a distinct relationship between milk fat globule size 

distribution and phospholipid contents was not observed. Future research should focus on 

implementation of other microalgae species richer in fatty acids and determine threshold levels 

for the inclusion of microalgae to amplify effects on milk fatty acid composition without 

causing adverse effects on feed intake and milk production. 
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APPENDICES 

 

Appendix 1: Ratio of working standard solution (30 µM MDA) and 

distilled water for the preparation of oxidation stability standards. 

Standard 

No. 30 µM MDA + H2O Volume (µl) MDA (µM) 

1 180 µl + 120 µl 300 18.0 

2 90 µl + 210 µl 300 9.0 

3 45 µl + 255 µl 300 4.5 

4 0 µl + 300 µl 300 0.0 

MDA = Malonaldehyde 

 

 

Appendix 2: Standard curve of oxidation stability experiment using malondialdehyde (MDA) standards. 

 
 

Appendix 3: Oxidation stability standards prepared normally 

and with distilled water substituted by milk. 

Standard No. OD535 MDA (µM) 

Normal standard 

  1 0.260 18.0 

2 0.129 9.0 

3 0.064 4.5 

4 0.000 0.0 

Standard with milk 

instead of H2O 

 1 0.280 18.0 

2 0.128 9.0 

3 0.082 4.5 

4 0.023 only native milk MDA 

MDA = Malonaldehyde 
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Appendix 4: Standard curve of plotted for fatty acid content using weight ratio of 16:0/13:0 and area ratio 

16:0/13:0. 

 

 

Appendix 5: Standard curve of phospholipid experiment using phosphatidylcholine (PC) standards. 
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Appendix 6: Effect of various protein supplements on milk fatty acid composition (g/100 g fatty acid) in 

lactating dairy cows. 

  Treatment   Significance 

 

Control 

(soya) 
Spirulina Chlorella 

Chlorella 

+ Nanno SEM 

Soya 

vs. 

Algae 

Spirulina 

vs. 

Chlorella 

Chlorella vs. 

Chlorella + 

Nanno 
n 4 3 3 4 

unid 1 0.08 0.09 0.07 0.08 0.012 0.411 0.132 0.243 

unid 2 0.03 0.03 0.02 0.03 0.003 0.247 0.040 0.174 

unid 3 0.02 0.03 0.03 0.03 0.011 0.176 0.712 0.994 

unid 4 0.01 0.01 0.02 0.02 0.003 0.108 0.085 0.985 

unid 16-carbon 0.01 <0.01 0.43 0.19 0.061 0.024 0.010 0.031 

unid 5 0.04 0.03 0.02 0.01 0.008 0.027 0.061 0.332 

unid 6 0.02 0.02 0.02 0.03 0.002 0.275 0.833 0.070 

unid 7 0.007 0.005 0.006 0.006 0.001 0.081 0.193 0.781 

unid 8 0.12 0.15 0.14 0.16 0.016 0.118 0.821 0.471 

unid 9 0.14 0.12 0.13 0.10 0.021 0.118 0.993 0.195 

unid 10 0.07 0.08 0.08 0.09 0.009 0.116 0.793 0.407 

unid 11 0.06 0.06 0.07 0.07 0.006 0.140 0.028 0.746 

unid 12 0.017 0.014 0.014 0.018 0.002 0.084 0.082 0.006 

unid 13 0.03 0.04 0.05 0.04 0.008 0.094 0.317 0.308 

unid 14 0.03 0.04 0.04 0.04 0.005 0.034 0.147 0.452 

unid 15 0.01 0.02 0.03 0.01 0.004 0.125 0.506 0.057 

unid 16 0.01 0.01 0.01 0.01 0.003 0.312 0.834 0.647 

unid 17 0.011 0.009 0.005 0.007 0.002 0.025 0.044 0.281 

unid 18 0.01 0.01 0.01 0.01 <0.001 0.975 0.692 0.790 

unid 19 0.011 0.006 0.014 0.018 0.003 0.703 0.063 0.400 

unid 20 0.005 0.006 0.006 0.011 0.001 0.021 0.087 0.017 

unid 21 0.01 <0.01 0.01 0.01 0.003 0.986 0.156 0.146 

unid 22 0.01 0.02 0.01 0.03 0.004 0.062 0.919 0.016 

unid 23 0.01 0.007 0.012 0.021 0.003 0.328 0.070 0.126 

unid 24 0.02 0.02 0.02 0.02 0.003 0.425 0.433 0.896 

unid 25 0.007 0.004 0.004 0.006 0.001 0.043 0.426 0.191 

unid 26 0.011 0.008 0.008 0.014 0.003 0.623 0.151 0.053 

unid 27 0.02 0.01 0.01 0.03 0.005 0.776 0.137 0.080 

unid 28 0.027 0.022 0.033 0.031 0.004 0.718 0.045 0.718 

unid 29 0.005 0.003 0.004 0.007 0.001 0.802 0.037 0.017 

unid 30 0.024 0.027 0.026 0.032 0.002 0.114 0.471 0.054 

unid 31 0.003 0.002 0.015 0.008 0.002 0.031 0.008 0.044 

unid 32 0.013 0.012 0.014 0.015 0.001 0.173 0.082 0.120 

unid 33 0.01 0.01 0.01 0.02 0.004 0.843 0.445 0.610 

unid 34 0.009 0.015 0.008 0.005 0.003 0.897 0.077 0.509 

unid 35 0.02 0.02 0.02 0.03 0.003 0.834 0.958 0.402 

SEM standard error of the mean. For treatments control and Chlorella + Nannochloropsis SEM must be 

multiplied by 0.8306. Nanno = Nannochloropsis. 
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Appendix 7: Fatty acid (FA) composition 

of grass silage. 

FA g/100 g FA 

12:0 0.15 

14:0 0.72 

15:0 0.57 

16:0 16.7 

cis-9 16:1 0.24 

trans-3 16:1 1.24 

17:0 0.17 

iso 17:0 0.08 

anteiso 17:0 0.11 

18:0 2.02 

cis-9 18:1  5.06 

cis-11 18:1 0.70 

18:2n-6 18.6 

18:3n-3 48.0 

20:0 0.59 

cis-11 20:1 0.83 

22:0 0.89 

cis-13 22:1 0.04 

20:2n-6 0.53 

20:3n-3 0.15 

24:0 0.67 

cis-15 24:1 0.03 

26:0 0.78 

28:0 1.12 

Σ SFA 24.6 

Σ MUFA 8.14 

Σ PUFA 67.2 

SFA = saturated FA, MUFA = 

monounsaturated FA, PUFA = 

polyunsaturated FA. 

 


