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ABSTRACT

Although “zero waste” valorization concepts are 
gaining increasing attention, colostrum, a byproduct 
of milk production, remains underused due to techno-
logical challenges. Information about the fat fraction 
and the size of fat globules is needed to address these 
challenges, but such information is currently lacking. 
This study aimed to fill this gap in the knowledge by 
measuring the size distribution of bovine colostrum 
fat globules (CFG) and analyzing its relationships 
with postpartum milkings, parity, and fatty acids (FA) 
profile. Four sequential postpartum colostrum samples 
were collected from 44 cows and analyzed for the above-
mentioned parameters. The results indicated that CFG 
size increases almost twice during postpartum milkings 
(from ~5 to ~10 µm), whereas lactation has little, if 
any, effect on CFG size. The FA profile analyses showed 
that the content of most FA in the fourth postpartum 
milking was different from the previous milkings. The 
correlation analyses between CFG size and FA profile 
also demonstrated that the fourth milking was clearly 
distinguishable from the first 3 postpartum milkings. 
For example, the saturated FA content from the first 3 
milkings had a positive correlation with smaller CFG 
(and a negative correlation with larger CFG), whereas 
the fourth milking demonstrated no correlations. Based 
on these CFG size and FA profile analyses, the results 
of this study suggest that the first 3 postpartum milk-
ings can be considered as colostrum, whereas the fourth 
milking represents transition milk. Information about 
CFG size distribution enables modification of the FA 
profile of colostrum products and the ability to create 
better valorization technologies for colostrum-based 
food and feed supplements.

Key words: colostrum, fat globule size, polyunsaturated 
fatty acid, transition milk, parity

INTRODUCTION

Rapid human population growth and increasing 
food demands have made the “zero waste” and “full 
valorization” production concepts critical. Together 
with other essential nutrients, the need for animal-
origin fatty acids (FA) is increasing. Due to improved 
breeding and farming practices, the individual milk 
production of cows has increased over the past cen-
turies, whereas the consumption of milk by newborn 
heifers has remained the same. As a result, large-scale 
milk production inevitably leads to the production of 
considerable amounts (about 1% of annual milk pro-
duction) of colostrum and transition milk. Colostrum 
composition differs significantly from milk (Playford 
and Weiser, 2021), containing higher levels of proteins 
(especially immunoglobulins; Kehoe et al., 2007; Sats 
et al., 2020), vitamins, minerals (Kehoe et al., 2007; 
Duplessis et al., 2015), antioxidants (Przybylska et al., 
2007), and PUFA (Contarini et al., 2014). Due to the 
thermal sensitivity of proteins and FA profile-related 
cream separation issues (e.g., fat melting point), the 
utilization of colostrum using milk valorization tech-
nologies is complicated. As a result, traditional dairy 
industries do not collect colostrum and transition milk 
for further processing.

Colostrum is a valuable source of proteinaceous 
bioactive factors and essential nutrients (Playford and 
Weiser, 2021) that are mostly marketed as protein 
products. At the same time, bovine colostrum is also 
a source of PUFA (Contarini et al., 2014), which are 
associated with cancer prevention (Baum et al., 2012). 
The FA profile of colostrum differs from that of mature 
milk (Laakso et al., 1996; Contarini et al., 2014). How-
ever, despite an increasing number of studies address-
ing colostrum, its FA profile has gained little attention.

The diameter of milk fat globules (MFG) deter-
mines the thermal and physiological properties of 
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milk (Michalski et al., 2004) and its lipid composition 
(Michalski, et al., 2005). Moreover, MFG size affects 
the physicochemical and functional properties of dairy 
products (Logan et al., 2014; Edén et al., 2016) as well 
as the digestion and bioavailability of FA (Garcia et al., 
2014; Singh and Gallier, 2017; Uken et al., 2021). The 
colostrum fat fraction also plays an important role from 
a herd reproduction point of view, as energy reserves 
of the newborn calves are scarce, and fat consumption 
increases their thermoregulation ability (Murray and 
Leslie, 2013). In this regard, the FA composition and 
size distribution of fat globules are essential parameters 
that determine the effective metabolism of fat. Using 
“whole milk,” it has been shown that these 2 parame-
ters, MFG size and composition, are related (Martini et 
al., 2016; Couvreur and Hurtaud, 2017). However, there 
is currently no information about the size distribution 
of bovine colostrum fat globules (CFG).

For a more complete understanding about colostrum 
component size distribution, studies need to focus 
simultaneously on multiple parameters (Sats et al., 
2020). In this study, the aim was to describe the bovine 
colostrum FA profile and CFG size. In addition, the 
relationships between FA profile, CFG size distribu-
tion, parity, and immediate postpartum milkings were 
analyzed.

MATERIALS AND METHODS

Sampling

Colostrum samples were collected from 44 Holstein 
cows from the experimental farm of the Estonian Uni-
versity of Life Sciences between 2015 and 2017. The 
average (± SE) milk, fat, and protein production of 
previous lactation of sampling cows was 9,524 ± 159.2, 
372 ± 6.2, and 313 ± 4.6 kg, respectively. The average 
lengths of the lactation and dry periods were 300 ± 1.1 
and 60 d, respectively. All cows included in this study 
were in good health. To prevent suckling, calves were 
separated from dams. Cows were milked with a por-
table milking machine 30 to 120 min after calving and 
thereafter twice per day at regular milking times (at 12 
± 1 h intervals). Four sequential postpartum samples 
were collected from each cow (n = 4 × 44 = 176). After 
milking, the colostrum of each animal was stirred, and 
the sample (50 mL) was collected. Sampled cows were 
selected according to their lactation number (10 in the 
first, 9 in the second, 10 in the third, 8 in the fourth, 
3 the in fifth, 2 the in sixth, and 2 in the seventh). 
Two cows were sampled in 2 yr (1 in its fourth and 
fifth and 1 in its fifth and sixth lactations). Samples 
were frozen at −20°C and stored. During the dry period 
and after calving, cows were fed ad libitum. Daily diets 

were based on hay and grass silage with the addition 
of a concentrate feed (barley flour, rapeseed cake) and 
Rindavital VK mineral feed (Schaumann Agri Interna-
tional GmbH). The ingredients, chemical composition, 
and nutritional value of the feed during the dry period 
and after calving are presented in Table 1. The farming 
conditions were constant in all lactations.

Determination of FA Profile

Extraction of FA was performed according to the 
boron trifluoride method described by Yurchenko et 
al. (2016). Fatty acid methyl esters were analyzed on 
a Varian 3900 gas chromatograph equipped with a 
flame ionization detector and autosampler CP-8400. 
Chromatographic separation of FAME was performed 
using a Supelco ionic liquid column SLB-IL111 (100m 
× 0.25 mm i.d., 0.20 μm film thickness). Tridecanoic 
acid methyl ester (C13:0) as internal standard and 
CRM47885 standard mixture as external standard were 
used. A more detailed method description has been de-
scribed by Yurchenko et al. (2018).

The following sums and indices were calculated: SFA, 
MUFA, PUFA, atherogenic index, desaturase index 
(DI), and ratio of n-6 and n-3 FA (n-6/n-3). The ath-
erogenic index was calculated as has been proposed by 
Ulbricht and Southgate (1991) as follows: atherogenic 
index = (C12:0 + 4 × C14:0 + C16:0)/(MUFA + n-6 
+ n-3), and n-6/n-3 as n-6/n-3 = (C18:​2n​-6 + C20:​2n​
-6 + C18:​3n​-6)/C18:​3n​-3. The DI was defined as fol-
lows: product of desaturase/substrate of desaturase and 
calculated for 3 pairs of FA (DI14 = C14:1 cis-5/C14:0; 
DI16 = C16:1 cis-7/C16:0; DI18 = C18:1 cis-9/C18:0).

Size Distribution of Fat Globules

Size distribution was determined with a laser dif-
fraction analyzer (Malvern Mastersizer 3000, Malvern 
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Table 1. The ingredients, chemical composition, and nutritional value 
in feed during the dry period and after calving

Item Dry period After calving

Ingredient, g/kg    
  Grass-clover silage 687 696
  Barley 229 232
  Heat treated rapeseed cake 62 63
  Mineral-vitamin feed 9 9
  Anion mineral feed 13  
Chemical composition, g/kg    
  CP 154 154
  Crude fat 35 35
  Crude fiber 211 211
Nutritional value    
  ME, MJ 10.3 10.3
  MP, g/kg 90 90
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Instruments Ltd.). Samples were frozen at −20°C after 
collection to store samples until more detailed measure-
ments (below). Preliminary experiments in our labora-
tory have confirmed that freezing-thawing cycles have 
no significant effect on milk fat globule size distribu-
tion when measured by the Mastersizer 3000 (Table 2). 
Thawed colostrum samples were gently vortexed before 
transfer into an analyzer dispersion tank containing 
reverse osmosis water (grade 2, conductivity 0.055 
µS/cm). The material (lipid, refractive index 1.6) and 
dispersant (water, refractive index 1.33) were selected 
as proposed by Mastersizer software, and the speed of 
the stirrer was 2,000 rpm. The size distribution of the 
fat globules was measured after sufficient amount of 
sample was added to obtain an obscuration of 5 to 8%. 
Size by volume distribution–based percentiles (Dv10 as 
the first decile, Dv50 as the median, Dv90 as the last 
decile), means (D[4,3], volume moment mean; D[3,2] 
surface moment mean), and mode were derived from 
Mastersizer software. D[4,3] and D[3,2] were defined by 
the following equation:

	 D k z
N d
N d
i i
k

i i
z,   ,[ ] = ∑

∑
	

where Ni is the number of globules in a size class of di, k 
= 4 and z = 3 for D[4,3], and k = 3 and z = 2 for D[3,2].

Statistical Analyses

For statistical analyses, the bovine CFG size distri-
bution in the form of frequency tables obtained from 
Malvern Mastersizer 3000 software were used. In these 
tables, CFG sizes from 0.1 to 3,500 µm were divided 
into 100 intervals on a log10 scale, and the CFG vol-
ume percentage in each size interval was presented. 
Therefore, 100 relative frequencies of CFG size groups 
that summed 100% were obtained for each sample. The 
mean CFG size distributions for postpartum milkings 
and lactation numbers were obtained by calculating 
the mean frequencies of CFG size intervals by milkings 
and lactation numbers. Additionally the bovine CFG 

size mode, D[4,3], D[3,2], first decile, median, and last 
decile were evaluated for each sample from Malvern 
Mastersizer 3000 software.

The postpartum milking and lactation numbers were 
considered as categorical factors, and their effects on 
bovine CFG size first decile, median, and last decile 
and on the colostrum FA content and FA sums and 
ratios were analyzed by fitting a general linear mixed 
model. In this model, fixed effects of the above factors, 
their interactions, and random effect of cow were con-
sidered. The marginal means (alias least squares means 
with 95% confidence interval) were estimated and 
compared by milkings and lactation numbers, applying 
the Tukey test for multiple testing. The magnitude of 
the cow effect was estimated using the intraclass cor-
relation coefficient. Initially analyses were made with 
5 parity groups. However, as there were no systematic 
differences between later lactations, especially in bovine 
colostrum fat globule size distribution, it was decided 
to consider all later lactations (>3) together.

The relationships between CFG size and colostrum 
FA content were studied with Pearson correlation anal-
ysis. First, the correlation coefficients between median 
CFG size and FA content were calculated at each milk-
ing and lactation combination. Second, to study the 
dynamics of the relationships over the whole CFG size 
distribution, the correlation coefficients between FA 
content and CFG frequency in each size interval were 
calculated. To discover common CFG size distribution 
patterns, principal component analysis (PCA) was 
performed. To analyze to what extent these patterns 
reflected the differences between milkings and lactation 
numbers, general linear mixed models with principal 
components as dependent variables; milkings, lactation 
numbers, and their interactions as fixed effects; and 
cow as a random effect were fitted. The relationships 
between PCA patterns and colostrum FA content were 
studied with Pearson correlation analysis. In correla-
tion analysis and PCA, only CFG size distribution in 
the interval of 1 to 100 µm was used.

All statistical analyses (significance was declared at 
P ≤ 0.05) were performed, and all figures were con-
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Table 2. Mean (SE) milk fat globule size (µm) first volume distribution decile (Dv 10), median (Dv 50), last 
decile (Dv 90), and D[4,3] (volume moment mean), according to number of freeze-thaw cycles

Freeze-thaw cycles, 
count Dv 10 Dv 50 Dv 90 D[4,3]

0 2.20 (0.03) 4.21 (0.06) 6.98 (0.15) 4.35 (0.08)
2 2.15 (0.02) 4.09 (0.03) 6.69 (0.06) 4.38 (0.11)
4 2.16 (0.02) 4.10 (0.03) 6.71 (0.06) 4.58 (0.27)
P-value1 0.213 0.077 0.074 0.157
1P-value indicates the statistical significance of the effect of freeze-thaw cycles according to repeated-measures 
ANOVA (n = 6 × 3 = 18, 6 samples and 3 cycles).
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structed with R version 4.0.3 (https:​/​/​www​.r​-project​
.org/​). We used the packages ‘car’, ‘lme4’, ‘emmeans’, 
and ‘multcompView’ for modeling, and we used the 
package ‘ade4’ for PCA.

RESULTS AND DISCUSSION

Fat Globule Size

CFG Size Distribution. The colostrum size dis-
tribution consisted of 2 subdistributions, with the 
majority being around 10 µm and the minority (barely 
noticeable subdistribution) being <0.5 μm (Figure 
1A). The CFG size recorded in this study was larger 
than the mean MFG size (3–6 µm) reported in previ-
ous studies (Ménard et al., 2010; Logan et al., 2014; 
Jaakamo et al., 2019). However, our findings were in 
line with those of Michalski et al. (2005), who stud-
ied human breast milk within first postpartum days 
and reported large (~9 µm) and small (~0.1 µm) size 
populations similarly (Figure 1A). They suggested 
that both subdistributions represent fat globules. Un-
like Michalski et al. (2005), we did not dissociate the 
casein micelles. Therefore, in our case, the smaller 
subdistribution (<0.5 μm, Figure 1A) might have also 
represented casein micelles as the diameter of casein 
micelles is between 0.15 and 0.2 μm (Mootse et al., 
2014). Nevertheless, because the <0.5 µm subdistribu-
tion is barely noticeable (Figure 1A) and far smaller 
than the first decile of size distribution (Table 3), we 
argue that it has no sizing effect.

Postpartum Milking. In samples of first postpar-
tum milking, the CFG median size recorded in this 
study was in a similar range (4.5–5.5 µm) to the MFG 
(3–6 µm) reported in previous studies (Lopez et al., 
2011; Fleming et al., 2017; Jaakamo et al., 2019). Dur-
ing the subsequent 3 postpartum milkings, the CFG 
diameter almost doubled (Figure 1; Table 3), reaching 
10 µm at the fourth postpartum milking. The effect of 
milking was significant (P < 0.001) in all size-describ-
ing parameters (Dv10, Dv50, Dv90, D[4,3], D[3,2] and 
mode, Table 3). There are no reports about bovine CFG 
size available. In a comprehensive review, Martini et 
al. (2016) suggested that characteristics of MFG affect 
milk quality and digestive parameters, although avail-
able data regarding the effects of the MFG diameter 
on digestibility are conflicting. Our results suggested 
that smaller CFG diameter at the first postpartum 
milking can enable efficient fat and energy assimilation 
for calves. It can also relate to the unique ability of 
neonatal enterocytes to absorb protein macromolecules 
(Sangild, 2003). As colostrum fat content decreases 
over time (Elfstrand et al., 2002), the increase of CFG 
size does not support previous reports that state posi-

tive relationships between daily fat secretion and aver-
age MFG diameter (Wiking et al., 2004; Carroll et al., 
2006). However, Argov et al. (2008) hypothesized that 
as the membrane of the mammary epithelial cell is lost 
to envelop the globule, larger MFG may be secreted to 
reduce membrane loss. This might also be one of the 
explanations for the CFG size increase reported in this 
study. For ewes, the CFG in milk has been found to be 
larger immediately postpartum (10 h) than in subse-
quent days (Martini et al., 2012), and a similar tenden-
cy has been reported for human colostrum (Michalski 
et al., 2005). The MFG mean diameter of cow milk has 
been found to decrease slightly during lactation, being 
close to 5.5 µm at the start of lactation (5–30 d) and 
ending up around 4.5 µm at >305 d (Fleming et al., 
2017). These results, together with our measurements, 
suggest that the MFG mean diameter peaks shortly 
after postpartum (up to 40 h) and decreases relatively 
rapidly after this peak. Further studies are required to 
verify the rapid decrease of fat globule size in transition 
milk (2–5 d postpartum).

Parity. Lactation number had a significant effect on 
volume moment mean (D[4,3], P = 0.034) and larger 
fat globules (Dv 90, P = 0.011). It had a nonsignifi-
cant influence on median CFG size (Dv50, P = 0.194), 
smaller fat globules (Dv10, P = 0.06), and mode (P 
= 0.499; Table 3). However, mode was the only CFG 
size variable that demonstrated a significant milking by 
lactation interaction effect (P = 0.015). Previous find-
ings about the lactation effects on cow MFG size are 
mixed; Walter et al. (2019) reported smaller MFG size 
on first- and second-parity cows (140 individual cows 
from 1 herd), whereas Fleming et al. (2017) showed no 
significant effect of parity (399 individual cows from 44 
herds). Walter et al. (2019) suggested the effect of pari-
ty was relatively small compared with the between-herd 
and between-breed variations in the study by Fleming 
et al. (2017), whereas following the same herd allowed 
capturing the independent effect of parity. Overall, it 
seems that lactation has little effect on CFG size.

Fatty Acid Profile

Altogether, 10 SFA, 4 MUFA, and 3 PUFA were iden-
tified from the colostrum samples used in this study, 
with SFA accounting for 64.9%, MUFA for 31.4%, and 
PUFA for 3.7% of the FA profile. Palmitic acid (C16:0), 
oleic acid (C18:1 cis-9), and linoleic acid (C18:​2n​-6) 
were the main SFA, MUFA, and PUFA, respectively 
(Figure 2; Table 4). These results are in line with FA 
profiles reported in earlier studies (Laakso et al., 1996; 
Contarini et al., 2014; O’Callaghan et al., 2020).

Postpartum Milking. In general, short-chain (C4–
10) SFA concentrations increased with the number of 
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Figure 1. (A) Bovine colostrum fat globule size distribution at the first 4 postpartum milkings depending on lactation number (first lacta-
tion, n = 40; second lactation, n = 36; third and later lactations, n = 111). Each distribution shows the mean globule size distribution and 
globule size axes are presented on a log10 scale; red boxes denote the area of the middle 50% of globule sizes, strong black lines mark the median 
globule size by milkings, and dotted lines indicate the median globule size over 4 milkings. (B) Model-based means (with 95% CI) of bovine 
colostrum fat globule size first decile (Dv 10), median (Dv 50), last decile (Dv 90), D[4,3], D[3,2], and mode depending on milking and lactation. 
Significance of milking (pM), lactation (pL) and milking by lactation interaction (pM × L) effects are presented.
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postpartum milkings (Figure 3), whereas medium-chain 
(C11–15) and long-chain (C16–20) SFA decreased (ex-
cept for second lactation C12:0). These results are in 
line with the dynamics of FA profile in colostrum and 
transition milk described by Contarini et al. (2014) and 
in a comprehensive study by O’Callaghan et al. (2020). 
It is also in agreement with the well-described posi-
tive association between MFG size (greater triglyceride 
to membrane ratio) and shorter-chain FA contents 
(Couvreur and Hurtaud, 2017). There are some dis-
crepancies between the findings of this study and the 
findings of O’Callaghan et al. (2020) in long-chain FA 
(C18:0, C20:0) that can be explained by differences in 
housing and feeding conditions. Indeed, approximately 
half of long-chain FA (≥C18) are derived from the diet, 
whereas the majority of smaller (C4:​0–C14:​0) FA origi-
nate from de novo FA synthesis in the mammary gland 
(Palmquist, 2006).

Among medium-chain MUFA, only C14:1 cis-5 in-
creased with milking number, with an exception for 
the second-lactation samples where it decreased. Long-
chain MUFA also increased (except for second lactation 
C20:1 cis-9), whereas PUFA decreased. Overall, SFA 
and PUFA decreased, and MUFA increased. Similar 
dynamics in SFA, MUFA, and PUFA have been re-
ported previously (Contarini et al., 2014; O’Callaghan 
et al. 2020), with Contarini et al. (2014) reporting 
distinctive profiles in the longer term (72, 96, and 120 
h postpartum) and not in the short term (24 and 48 h 
postpartum). The fact that PUFA are mainly associ-
ated with the MFG membrane (Couvreur and Hurtaud, 
2017), and that the content of the latter decreases when 
MFG size increases, may provide an explanation for 
the phenomenon of reduced PUFA over time. The ath-
erogenic index decreased, and DI (except for second 
lactation DI14) increased with postpartum milking 
number in this study. The decreasing atherogenic index 
suggests that, in terms of cholesterol content (Poppitt 
et al., 2002) and food production (Bobe et al., 2003), 
transition milk can outperform colostrum.

Differences in FA content are most evident at the 
fourth milking (Figure 2; Table 4). This supports the 
common understanding that colostrum production lasts 
around 24 h postpartum and that the fourth milking 
(36–40 h postpartum) should be considered transition 
milk. This knowledge is useful when considering nutri-
tional and feeding aspects while developing colostrum 
and transition milk valorization technologies.

Parity. The short-chain SFA and C20:​2n​-6 decreased 
with increasing lactation number (Figure 2). Medium-
chain and long-chain SFA, however, did not show clear 
change with increasing lactation number, as the sec-
ond-lactation samples had the highest concentrations 
of C12:0 and C14:0, and lowest of C15:0, C16:0 and 
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C20:0. Lactation number had a significant (P = 0.029) 
effect on overall SFA, with samples from cows in their 
second lactation having the highest values, especially at 
the fourth milking. The short-chain SFA content of the 
first milking of second-lactation samples was similar to 
lactation numbers 3 to 7, whereas the fourth milking 
resembled the first lactation. Thus, it seemed that al-
though the colostrum of cows in the second lactation 
initially had similar quality to colostrum from cows in 
their third milking, this quality was not as persistent 
for cows that were in their third or later lactation. In 
the case of C14:​1n​-5 to C14:1 cis-5, C16:​1n​-7 to C16:1 
cis-7, and C20:​1n​-9 to C20:1 cis-9, colostrum from cows 
in their third to seventh lactations had the highest val-
ues. The same trend was evident for MUFA in the first 
to third milkings.

Our findings are in agreement with earlier studies 
showing that parity has the strongest effect on short-
chain, de novo FA (Mele et al., 2016). The difference 
in colostrum short-chain SFA profile is also evident 
when primiparous and multiparous colostrum samples 
are compared and lactation numbers are not distin-
guished, presumably reflecting individual responses of 
cows to increased energy requirements at the onset of 
lactation (Contarini et al., 2014). O’Callaghan et al. 
(2020) reported nonsignificant effects of parity on co-
lostrum short-chain SFA, which might stem from their 
small sample size (6 cows per lactation) and longer 
sampling period (0–5 d). However, O’Callaghan et al. 
(2020) also demonstrated that parity had a significant 
effect on some medium and long-chain FA (C14:1, 
C15:0, C16:0, C18:0, C18:​2n​-6, C18:​3n​-3, C20:0, CLA, 
and C21:0), most of which are in agreement with our 
findings.

For short-chain SFA content, second-lactation cows 
had similar values to the third- to seventh-lactation 
cows during the first milking, but increased with milk-
ing number, reaching a similar level as the first lacta-
tion cows by the fourth milking. As the majority of 
short-chain FA originate from de novo FA synthesis 
(Palmquist, 2006), this pattern can reflect the develop-
ment and condition of the mammary gland. Highest 
atherogenic index values are in samples from the second 
lactation; therefore, from a consumer (Poppitt et al., 
2002) and food production aspect (Bobe et al., 2003), 
second-lactation cow colostrum is least desirable.

Correlations Between Fat Globule Size  
and FA Content

CFG Size Median and FA. The correlations be-
tween short-chain SFA content and CFG median size 
(Figure 3) indicated that samples from primiparous 

cows with larger CFG tended to have higher contents 
of C4:0 and C6:0 in the second, third, and fourth milk-
ings, whereas no such positive correlation was found in 
samples collected from cows in the second to seventh 
lactations. Among medium-chain SFA, the clearest 
pattern was evident for C16:0 and C14:0. The samples 
from multiparous cows had a negative correlation be-
tween CFG size and C16:0 content, whereas samples 
from primiparous cows showed a negative correlation 
with C14:0. In first- and second-lactation cows, the 
CFG size was negatively correlated with overall SFA, 
and positively correlated with MUFA and DI14. In pri-
miparous cows, the CFG size was negatively correlated 
with PUFA and omega FA contents, whereas these cor-
relations in multiparous cows were positive.

The correlations reported in this study agree with 
those reported by Lopez et al. (2011). However, here 
we also demonstrated the effect of parity, which was 
not addressed by Lopez et al. (2011). The negative cor-
relation between CFG size and C14:0 was most likely 
driving the positive correlations between CFG size 
and DI14 value. The correlations between DI14, DI16, 
and DI18 and CFG size were not similar to each other 
(Figure 3). The most probable explanation for this is 
the different origin of these FA; <C14 FA originate 
from de novo FA synthesis, ≥C18 FA are derived from 
the diet, and C16 are derived from both (Palmquist, 
2006). Interestingly, in the samples from the primipa-
rous cows, the correlations (Figure 3) of the well-known 
relationships discussed above (larger MFG, more short-
chain FA; smaller MFG, less MFG membrane, fewer 
long-chain FA) were more evident than in the samples 
from multiparous cows. The colostrum of primiparous 
cows has lower quality than that of multiparous cows 
(Dunn et al., 2017). Thus, our results might suggest 
that primiparous and multiparous cows differ not only 
regarding their colostrum and milk composition, but 
also in their metabolism and milk syntheses mecha-
nisms. The mechanisms behind these differences, which 
can lie for example in the metabolism, development, or 
condition of the mammary gland, need to be addressed 
in future studies.

Higher values of DI and MUFA, accompanied by a 
decrease in SFA, have been connected to the prevention 
of the risks of cardiovascular diseases (Reh et al., 2004), 
making the colostrum of first- and second-lactation 
cows especially desirable. Considering the atherogenic 
index, the colostrum with bigger fat globules, originat-
ing from cows in the first and second lactations (Figure 
3), is highly valuable as a product with a lower ath-
erogenic index can decrease both total and low-density 
lipoprotein cholesterol (Poppitt et al., 2002). In addi-
tion, butter produced from milk with lower atherogenic 
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Figure 5. Results of principal component (PC) analysis of bovine colostrum fat globule size distributions in the interval 1 to 100 µm. (A) 
The weights (eigenvectors) of different fat globule size subintervals’ frequencies in the first 2 principal components. (B) Correlations of the 
first 2 PC scores with milk fatty acids and fatty acid indices. (C–E) Location of samples according to their first 2 PC scores sorted by milking, 
lactation number, and cow. Each sample is marked with its group symbol, and samples from the same group are surrounded by a line; higher 
values in boxes mark the groups’ centroids and P-values denote the significance of the factors according to the linear mixed model, considering 
fixed effects of milking and lactation number as well as random effect of cow. For the random cow effect, the proportion of variance of PC scores 
considered by the cow effect (intraclass correlation coefficient) is presented; for both PC, separate models were fitted.
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index is more spreadable and less adhesive (Bobe et al., 
2003).

CFG Size Distribution and FA. The strengths 
and directions of correlations between FA and CFG size 
fluctuated between positive and negative values (Fig-
ure 4). This suggested that the FA concentration was 
dependent on the size of the CFG (or vice versa). In 
general, the first to third milkings showed similar cor-
relations to each other, whereas milk from the fourth 
milking was clearly different for SFA, MUFA, and ath-
erogenic index. This provided further support to our 
previous suggestion that the fourth milking should be 
considered transition milk. The associations between 
the CFG size and FA also have practical value as this 
information enables the modification of the FA profile 
of colostrum products by manipulating the size distri-
bution. For example, colostrum with bigger fat globules 
should be preferred to achieve lower atherogenic index 
value and SFA content.

Principal Component Analysis. The PCA 
analyses indicated that most of the variation in CFG 
size distribution [the first principal component (PC1) 
explained 68.3% of the variation] was caused by the 
contrast between particle size frequencies below and 
above 10 µm. (Figure 5A). The PC1 considered mainly 
the differences between postpartum milkings (Figure 
5C); at the first milkings, the frequency of smaller (10 
µm) globules was higher. The random cow effect ex-
plained 53.9% of the variability of PC1, indicating that 
the particle size ranges related to PC1 were strongly 
animal-specific (Figure 5E). The PCA addressing the 
correlations between all measured FA simultaneously 
had stronger positive relationships (higher FA con-
centration, smaller CFG) with atherogenic index, me-
dium- and long-chain SFA, omega FA, and PUFA, and 
negative relationships (higher FA concentration, larger 
CFG) with DI16, DI18, short-chain SFA, and MUFA 
(Figure 5B). These relationships are in line with the 
correlations between individual FA and CFG size dis-
cussed above and with well-established associations be-
tween MFG size, FA chain length, and MFG membrane 
(Couvreur and Hurtaud, 2017). These relationships 
are in agreement with the results of the correlations 
between individual FA and CFG size discussed above. 
The second PCA (explaining 21.1% of the globule size 
variability) contrasted the frequency of particles with 
sizes around 10 µm and <4 or >20 µm (Figure 5A). It 
distinguished the samples according to lactation (Fig-
ure 5C); the samples from higher lactation numbers 
had a slightly higher frequency of fat globules of a size 
around 10 µm. This finding is in agreement with Walter 
et al. (2019), who reported smaller MFG size in first- 

and second-parity cows. However, no significant effect 
of parity has also been reported (Fleming et al., 2017), 
indicating that the lactation effect on MFG size is not 
yet fully clear.

CONCLUSIONS

This study provided the first evidence about bovine 
colostrum CFG size distribution. We showed that the 
CFG size almost doubled during the first 4 postpartum 
milkings, whereas lactation number had little effect on 
CFG size. The FA profile was similar in the first 3 
milkings and became distinctive in the fourth milking. 
Correlation analyses between CFG size and FA showed 
medium strength relationships, and these also indicated 
that the fourth milking differed from previous milkings. 
Our results suggested that up to the third postpartum 
milking, milk can be considered colostrum; however, at 
the fourth milking, the milk should be considered tran-
sition milk. This knowledge enables more efficient and 
targeted production of colostrum-based foods and food 
supplements. Furthermore, our study suggested that 
size-based segregation of CFG allows for the modifica-
tion of colostrum products FA profile.
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