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Abstract: This study aimed to assess the effects of parity and lactation stage on the content and
conversion rate of DHA in milk from dairy cows fed ruminally protected algae powder. A total of
800 cows were blocked by parity and divided into eight groups (n =100, three groups of primiparous
cows and five groups of multiparous cows) in a six-month experimental period. The lactation period
was divided into three stages: 16-100 d, 101-200 d, and 201-305 d. All cows were fed 100 g of DHA-
rich algae powder twice a day, with the DHA content > 13%. Milk samples were collected monthly,
and daily milk yield and dry matter intake were recorded. Using infrared spectroscopy, we
determined the content of protein, fat, lactose, and total solids in milk and calculated the DHA
conversion rate. The results showed that parity and lactation stage had no significant effects on milk
composition. However, milk yield and dry matter intake were higher in multiparous cows than in
primiparous cows. The DHA content and conversion rate in milk were not significantly different
between parity groups but were positively correlated with lactation stage and negatively correlated
with milk fat content.

Keywords: DHA-biofortified milk; parity; lactation stage; DHA content; conversion rate

1. Introduction

Docosahexaenoic acid (DHA), an omega-3 polyunsaturated fatty acid with six double bonds [1],
is present in marine ecosystems such as fish and algae. DHA plays an irreplaceable role in the human
body as an important nutrient for infants” brain and eye development, which can promote growth
and maintain the function of the nervous system. DHA can also reduce the risk of cardiovascular
diseases and improve the cognitive function of adults [2-4]. DHA, an important component of the
human brain and retina, is about 20% in the brain and 50% in the retina. In the human body, there
exists a synthetic pathway for DHA that utilizes a-linolenic acid (ALA) as the precursor; however,
the efficiency of this pathway is too low to meet the daily requirement of DHA, necessitating
supplementation through the daily diet [5]. DHA dietary sources are classified into two categories:
daily diet and DHA nutritional supplements. In the human diet, the main contributors of DHA are
fish oil [6] and algae oil [7,8]. Various formats of DHA-enriched products and supplements are
available in the market, such as capsules, oral liquids, gummies, and dairy products. The application
of DHA in dairy products is also not uncommon. The traditional method is adding DHA-rich fish oil
and algae oil into dairy products exogenously [9,10]. The fortified milk produced in this way is called
DHA exogenous fortified milk or exogenous DHA milk. However, due to the physical and chemical
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properties of fish oil and algae oil, DHA exogenous fortified milk exhibits certain shortcomings,
including a strong fishy smell, reduced palatability, and a high propensity for DHA oxidation [11].

DHA-biofortified milk has been proposed as a potential solution to the issue. DHA-rich
substances (such as algae powder) are added to the feed of dairy cows. Through the metabolism in
dairy cows, these substances are enriched in milk, resulting in the acquisition of endogenous DHA.
In the majority of studies that have attempted to improve the health attributes of milk, the main
dietary source of DHA has been fish oil [12]. However, the primary producer of DHA at the base of
the food chain is microalgae [13]. Feeding algae has therefore been proposed as a more effective
means of manipulating the FA composition of ruminant products, partly due to its high concentration
of DHA but also due to its lower extent of biohydrogenation in the rumen compared with fish oil
[14]. Studies have shown a significant increase in the DHA content of milk in this way, in addition to
an improved n-6: n-3 ratio [15]. More importantly, the original taste and flavor of milk may be
maintained by supplementing the feed of dairy cows with algae powder [16]. Other studies have
previously reported a broad range of DHA transfer efficiencies from feed to milk, about 1-21.6% [17],
and algae supplementation increases the milk DHA content by approximately 7.08% (1.09% to 14.0% )
[18].

Compared to DHA exogenous fortified milk, DHA-biofortified milk has higher bioaccessibility.
Various in vitro static and dynamic models are used to assess the bioaccessibility of the nutrients.
Studies have shown that endogenous DHA enriched in milk after biological transformation in cows
had a higher potential for intestinal absorption than exogenously fortified DHA. The superior
absorbability of the endogenous DHA was highly related to its more easily digestible and absorbable
chemical binding form, resistance to oxidative loss during digestion, as well as the more easily
hydrolyzable lipids in DHA-biofortified milk. In addition, after simulated gastrointestinal digestion,
DHA-biofortified milk contained more LPC-DHA in the micelle area, which could be directly
absorbed by the brain, suggesting that DHA-biofortified milk had a greater potential to promote
brain development and function. The supplementary effect mainly depends on the DHA content in
milk, which is determined by the rate of conversion of DHA from microalgae in the animal. Therefore,
the conversion rate of DHA may be calculated from the ratio of milk DHA content to dietary DHA
intake.

Moreover, it is necessary to increase the intake of n-3 PUFAs in the diet to maintain a reasonable
dietary ratio of n-6 and n-3 PUFAs. PUFA, particularly the n-6 and n-3 series, constitute crucial
nutrients in the diet. As a result of the absence of n-3 desaturase in the body, the conversion of these
two series of fatty acids into one another is impossible, and they must therefore be sourced from the
diet. Balancing the ratio of n-6/n-3 is crucial throughout the life process for maintaining internal
environment stability, promoting normal growth and development, preserving health, and
preventing and treating chronic diseases. Nowadays, the human diet typically contains a high ratio
of n-6 to n-3 polyunsaturated fatty acids (PUFAs), ranging from 10 to 30:1. Excessive n-6 fatty acids
or a high ratio of n-6/n-3 PUFAs can contribute to various modern-day diseases, while a low ratio of
n-3 PUFAs may also predispose individuals to these same conditions. The ratio of n-6/n-3 is not
constant across various diseases, and the severity of the diseases may determine the need for n-3 fatty
acids.

Maintaining a consistent DHA content in dairy products is essential. However, DHA content
and conversion rate can be affected by various factors including the lactation stage. The lactation
period of dairy cows is typically divided into three stages: early lactation (1-100 d), middle lactation
(101-200 d) and late lactation (more than 200 d). The energy balance of dairy cows varies during
different lactation stages, resulting in changes in fatty acid metabolism activities that lead to
differences in the composition of fatty acids in milk [19]. During the initial lactation period,
particularly in the initial few days, dairy cows experience a negative energy balance. As a result, their
bodies mobilize limited nutrients for milk synthesis, which leads to increased decomposition of body
fat and release of free fatty acids, primarily LCFA such as C18:1-c9, for breast or liver metabolism
[20]. An increase in the free fatty acid content of the blood enhances the uptake of LCFA by the
mammary gland and impedes the activity of acetyl coenzyme A carboxylase, ultimately impacting
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the de novo synthesis of fatty acids [21]. With the improvement of energy balance or the increase of
dietary intake during lactation, dairy cows have gradually changed from a negative energy balance
state to an energy balance state around 21 weeks after lactation, and the activity and metabolic
function of mammary epithelial cells are fully exerted, and the fatty acid composition in milk tends
to be stable [22]. Therefore, the content of fatty acids derived from de novo synthesis, such as SCFA
and MCFA, was low in the early lactation period and increased significantly with the extension of
the lactation period, reaching the highest in the late lactation period. The content of LCFA is high in
the early lactation period, and it decreases significantly with the prolongation of the lactation period,
reaching the lowest in the late lactation period [23,24].

Other research has shown that milk composition is affected by the lactation stage, with milk fat
content decreasing during peak lactation and increasing during early lactation [25-27]. In addition,
there are notable changes in the composition and content of saturated and unsaturated fatty acids in
milk due to variations in the lactation characteristics of the mammary tissue [28]. The total content of
unsaturated fatty acids decreases at first and subsequently increases across different lactation stages.
Moreover, the lactation capacity of cows varies with different lactation stages, dry matter intake, and
feed conversion rate. These factors contribute to changes in milk yield and total milk solids.
Therefore, the conversion rate of DHA in milk varies with the lactation stage [29,30].

There is little information available on the variation in DHA content and conversion rate in
DHA-biofortified milk during different lactation stages. The purpose of this study was to investigate
the DHA content and conversion rate in DHA-biofortified milk during lactation. The results can be
useful for the production of DHA-biofortified milk.

2. Materials and Methods

2.1. Animals, feeding, and experimental design

Cows were housed in the same barn at Wuchuan pasture, Wuchuan County, Hohhot City, Inner
Mongolia. A total of 800 cows were selected and divided into eight groups with 100 cows per group,
of which three groups were primiparous cow herds and five groups were multiparous cow herds.
The lactation period was divided into three stages: 16-100 d, 101-200 d, and 201-305 d.

The cows were fed a basal diet (% DM) consisting of 29.71% corn silage, 19.72% corn grain flaked,
13.88% soybean meal, 11.96% alfalfa hay, 5.25% brewers’ grain wet, 4.55% soybean hulls ground,
3.71% cottonseed fuzzy, 3.60% corn grain ground fine, 2.05% premix, 1.31% DHA seaweed powder,
0.47% bergafat, and 3.79% mineral mix. In addition, the DHA content in algae powder was > 13%.
The cows were fed three times daily at 7:00, 13:00 and 19:00 and had ad libitum access to feed and
water.

2.2. Milk sample collection

Milk samples were collected monthly from November 2021 to May 2022 from each group of
cows. The samples obtained from a single collection of each group of cows were considered a group
of milk samples. Milk samples were not collected during lactations other than those belonging to 16—
300 d. A total of 40 groups of milk samples were obtained, including 16 groups from the primiparous
cows and 24 groups from the multiparous cows, generating a gradient of the average lactation stage
in two parity cow herds separately. Milk samples were collected at four different times daily: 6:00,
12:00, 18:00, and 24:00. The milk samples collected from the same barn four times were mixed at a
1:1:1:1 ratio and stored at 4°C. The average lactation days and milk yield of each barn were recorded
on the day of sampling.

2.3. Milk composition analysis

Milk yield was measured using an integrated milk meter, and the contents of milk protein, ether
extract, lactose, and total solids were determined following the national standard method [31].

The DHA content in samples was determined using the external standard method with some
modifications [32]. In short, approximately 0.2 g of freeze-dried powder was weighed and transferred
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into 2 mL of toluene. Next, 2.4 mL of acetyl chloride-methanol (1:9, v/v) solution was added to the
sample, and the tube was filled with nitrogen gas and shaken well. The mixture was incubated at 80
°C using a water bath for 2 h. After incubation, the tube was removed and cooled to room temperature
(25 °C). The reaction solution was transferred to a 15 mL centrifuge tube and washed thrice with 3.6
mL of sodium carbonate solution. The washing liquid was mixed thoroughly with the reaction
solution in the centrifuge tube. The mixture was centrifuged at 5,000 rpm for 5 min, and the
supernatant was used as the test solution to determine DHA content using gas chromatography-
flame ionization detection (GC-FID). The chromatographic conditions were as follows: an SP-2560
capillary column (100 m x 0.25 mm inner diameter, 0.25 um film thickness, Sigma-Aldrich, MO, USA),
an injector temperature of 270 °C, and a detector temperature of 260 °C. The temperature program
was set as follows: initial temperature of 130 °C for 5 min, followed by an increase in temperature at
a rate of 4 °C/min until it reached 240 °C and held for 20 min; the carrier gas was nitrogen with a split
ratio of 100:1, and the injection volume was 1.0 uL. The DHA methyl ester standard curve was used
to quantify the DHA in the samples.

The DHA conversion rate was determined as follows,

DHA conversion rate =

Oml

[Milk DHA content (2 )xMa‘Ik Yield (kg)]+-100 ; (1)
X
Algae powder DHA content(16g /100 g)xalgae powder content (g /kg)xDMI(kg) 00

2.4. Statistical analysis

Data analysis was performed using IBM SPSS Statistical 27.0 (SPSS Inc., Chicago, IL, USA). We
determined data normality using Shapiro-Wilk’s test and homogeneity of variance using Levene’s
test. For the data that were normally distributed, we applied one-way analysis of variance (ANOVA)
and Fisher’s LSD test (homoscedasticity) or Dunnett T3 test. For non-normally distributed data, we
conducted non-parametric Kruskal-Wallis 1-one ANOVA and Dunn test. Statistical significance was
set at p <0.05.

3. Results and Discussion

3.1. Effects of parity and lactation stage on dry matter intake, milk yield, and milk composition

The data revealed that the daily dry matter intake was slightly lower in the primiparous cow
herd than in the multiparous cow herd during lactation (Table 1). According to the Hoka et al. [33]
study, the main reason for this result may be that the feed competition for growth is lower in the
multiparous cow herd than the primiparous cow herd. This is coupled with greater dry matter intake
in older cows than in young ones.

The dry matter intake of the primiparous cow herd increased with lactation, while the dry matter
intake of the multiparous cow herd increased during the early and middle stages of lactation before
declining in the later stages. Meale et al. [34] showed that DMI of 1%, 2%, and 3% DHA-rich algae
increased in the diet, which was consistent with the increase of dry material intake in newborn dairy
cows with lactation. Numerous studies have demonstrated that the inclusion of microalgae-rich DHA
can influence microbial digestion in the rumen, leading to a direct reduction in the dry matter intake
(DMI) of ruminants . It is widely acknowledged that this reduced intake is attributed to the increased
concentration of metabolites in the blood caused by the increased levels of rumen unsaturated fatty
acids (UFA), which in turn activates the hypothalamic satiety center receptor, thereby suppressing
the appetite of ruminants and ultimately reducing the DMI [35]. The decrease in dry matter intake
during late lactation may be the result.

Milk yield was significantly affected by parity. The milk yield in the primiparous cow herd did
not show significant changes during lactation. In contrast, the milk yield in the multiparous cow herd
decreased significantly with lactation but remained significantly higher than in the primiparous cow
herd in both the early and middle stages of lactation. This result was in accordance with the findings
of Hoka et al. [33] who reported that milk yield showed a significant increasing trend with increasing
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parity. The udder is physiologically more developed in the multiparous cow herd than in the
primiparous cow herd.

The content of milk protein significantly increased with lactation, but there was no major
difference with parity. The fat, lactose, and total solids contents of milk showed no major differences
among cows of different parity or lactation stages. The lactose content in multiparous cow milk was
lower in the late lactation stage, possibly due to a lower milk yield.

Table 1. Effects of parity and lactation stage on milk yield and milk composition of dairy cows.

Primiparous Multiparous
(n=300) (n=500)
16-100d 101-200d  201-305d 16-100d 101-200d  201-305d

Dry matter intake ) 10,5 s5c 01 45:0.800 22.601032b 23.88:2.75% 26164204 23.52+1.60°

(kg/d)

Mzggﬁ‘;ld 31.79+1.54  32.65+4.25¢ 30.02+2.85¢< 43.77+5.152 39.04+3.68> 27.95+2.83d
Milk protein %  3.28¢0.07¢  3.49+0.08>  3.68+0.08°  3.30+0.12<¢ 3.40+0.09  3.70+0.08
Milk fat % 4.03+0.232  3.97+0.122  4.1020.132  4.01+0.312=  3.97+0.132  3.92+0.36°

Lactose content %  5.29+0.10=  5.27+0.092  5.28+0.032=  5.25+0.062  5.25+0.05=  5.09+0.08
Solid content% 13.07+0.32>  13.18+20a> 13.52+0.152 13.02+0.32> 13.08+0.19> 13.20+0.353>

Means + SD within a column with different superscripts differ (p <0.05).

3.2. Effects of parity on the content and conversion rate of DHA in milk

Parity had no effect on DHA content in milk (Figure 1, 18.41 vs. 18.99 mg/100 mL). Some of the
previous studies have shown that parity has no significant impact on the content of omega-3
polyunsaturated fatty acids in cow milk [36,37]. However, Other studies have suggested that PFA
contains a higher amount of PUFA and a lower amount of SFA, whereas cows with two or more
fetuses have a higher amount of SFA and a lower amount of UFA [38,39]. In a study conducted by
Craninx et al. [40], it was discovered that the milk fat contained a significant decrease in C16:0 when
compared to the milk from lactating cows, whereas the levels of C18:0, C18:1 ¢9, C18:1 t: 1t 19, and
C18:2 ¢9 significantly increased. The aforementioned phenomenon may be attributed to the
alterations in the fatty acid composition of milk in both primary and postpartum dairy cows, along
with the varying activity of enzymes involved in milk fat synthesis, as discussed in reference [41].

In addition, there was no significant difference in the rate of DHA conversion between
primiparous and multiparous cows (Figure 2, 25.64 vs. 26.52 g output/100 g intake). This result was
consistent with previous findings, which showed that conversion rate was mainly affected by
physiological state, hormonal regulation, and other factors of lactation [42].
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Figure 1. Effect of parity on the content of DHA in milk.
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Figure 2. Effect of parity on the conversion rate of DHA in milk.

3.3. Factors affecting milk DHA content and conversion rate

The data revealed a strongly positive correlation between milk DHA content and the lactation
stages in cows (correlation coefficient = 0.873, p < 0.001), highlighting the impact of the formulation
factor in ANOVA (Table 1, Figure 3). Consequently, DHA content increased as cows progressed from
the start to the middle and end of lactation. Previous studies have shown that the energy balance of
dairy cows in different lactation stages differed, and the fatty acid metabolism activities, such as liver,
fatty acid tissue and breast gland, are changed, resulting in the difference of fatty acid composition
in milk [19]. There was a positive correlation between DHA content and dry matter intake (correlation
coefficient = 0.255, p = 0.018). DHA content had a positive correlation with milk protein content
(correlation coefficient = 0.844, p < 0.001) and a negative correlation with milk fat content (correlation
coefficient = -0.355, p = 0.011). This negative correlation with milk fat content may be due to the
competition between DHA and other saturated fatty acids during transport to milk.

The rate of DHA conversion in milk was positively associated with the lactation stage
(correlation coefficient = 0.288, p = 0.087), indicating that the low DHA content of recently calved
cows was likely due to a low efficiency of DHA transport (Table 1, Figure 4). In addition, the rate of
DHA conversion rate was positively correlated with dry matter intake (correlation coefficient = 0.434,
p = 0.003) and milk yield (correlation coefficient = 0.456, p < 0.001). Conversely, the rate of DHA
conversion rate was negatively correlated with milk fat content (correlation coefficient = -0.350, p <
0.001) and total milk solids content (correlation coefficient = —0.245, p = 0.004).

Table 2. Correlation between DHA content and conversion rate with lactation stage, DMI, milk yield,

and milk composition.

DHA content DHA conversion rate
Lati
correlation coefficient p-value corre .aflon p-value
coefficient
Lactation stage (d) 0.873 <0.001 0.288 0.087
DMI (kg/d) 0.255 0.018 0.434 0.003

Milk yield (kg/d) -0.168 0.299 0.456 <0.001
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Solid content% -0.082 0.615 -0.245 0.004
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Figure 4. Changes in milk DHA conversion rate with lactation stage, dry matter intake, milk yield,

and milk composition.

3.4. Correlation between DHA content and lactation stage and milk yield

Correlation analysis showed that DHA content was significantly affected by the lactation stage,
which is evident by the lower DHA content in the milk of newborn cows compared to the high-
yielding cows. The DHA content of milk in early lactation was about 15.34 mg/100 ml, while that was
about 23.28 mg/100 ml in late lactation. This was further confirmed by the correlation between DHA
content and lactation stage (Figure 5), which showed a logarithmic increase in DHA content with
increasing lactation days. However, the rate of increase in DHA content gradually slowed down as
the number of days of lactation increased.

In addition, the correlation between DHA content and milk yield indicated that during periods
of low milk yield (early lactation), the DHA content of milk was below the normal range. During
periods of milk production at a high level (peak lactation), the DHA content in milk was below
normal. This is due to the dilution effect of milk. When milk yield increases, the concentration of milk
components decreases, resulting in a decrease in DHA content per unit volume [43]. As shown in the
figure, the DHA content of milk increases with increasing milk yield and is highest when it reaches
28-32 kg/d.
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4. Conclusions

Supplemental DHA intake is necessary, particularly for infants and children. Unfortunately,
many countries and regions have per capita levels of DHA intake below the recommended levels
(100-300 mg/d) established by major international health and nutrition organizations. DHA-
biofortified milk’s higher bioaccessibility and potential brain-promoting effects make it an effective
dietary source of DHA. Furthermore, the acceptability, palatability, and sensory characteristics of
DHA-biofortified milk ensure their successful integration into the diet and promote widespread
consumer adoption.

Ruminants typically obtain their n-3 polyenoic fatty acids from the forage portion of their diet.
However, feeding these fatty acids in an unprotected form reduces fibre digestion, dry matter intake,
milk yield, fat and protein content. This is because the energy value of fat is higher than that of
cellulose and protein, and its palatability is lower, thus decreasing the animals’ feed intake.
Furthermore, adding fat to the diet has been observed to decrease the digestibility of cellulose, and
the yield of volatile acid in the rumen, resulting in reduced milk fat and protein. The nature of lipid
digestion by the animal plays a major role in the transfer of fatty acids from the diet into the animal
product. Microbial enzymes in the ruminant digestive system are responsible for the isomerisation
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and hydrolysis of dietary lipid and the conversion of UFA to various partially and fully saturated
derivatives, such as CLA (C18:2cis-9, t-11) (c), trans vaccenic acid (C18:1 t-11) (VA) and stearic acid
(C18:0). Therefore, this experiment utilized the rumen protection of algae powder.

Rumen bypass fat, also referred to as rumen protection fat, is a type of fat that shields the fat
(fatty acid) from certain degradation processes in the rumen, allowing it to pass straight into the
rumen for digestion, absorption, and utilization in the digestive system. The incomplete degradation
of rumen-bypass fat in the rumen does not affect rumen fermentation. However, after treatment, the
degradation speed of rumen-bypass fat in the rumen is slowed down, and a significant amount of it
remains undegraded, thereby diminishing its impact on rumen microorganisms. The perfect fat for a
rumen bypass should possess the qualities of high total energy content, high digestibility, moderate
saturation, no impact on the feed's palatability, effortless storage, and consistent performance. This
type of fat can effectively prevent the negative impact of fat on rumen microorganisms, provide
additional energy, and reduce the requirement of body fat.

The parity and lactation stage mainly determines the milk production performance of dairy
cows, so we studied the effect on DHA content and conversion rate in milk. By collecting the data,
we found that Dry matter intake and milk yield were significantly affected by parity and lactation
stage. The content of milk protein increased significantly with lactation, but there was no major
difference with parity. In addition, no major differences were observed in the content of milk fat,
lactose, and total solids among cows of different parity or lactation stages. DHA content and
conversion rate were positively associated with lactation stage and dry matter intake. DHA content
had a positive correlation with milk protein content and a negative correlation with milk fat content
while the rate of DHA conversion was negatively correlated with both milk fat content and total milk
solids content. The implications of these findings for human nutrition and the development of
functional food products are significant. By observing the physiological conditions of cows at
different stages of lactation, we can adjust the feed formula of cows in time and optimize the nutrient
supply, ensuring cows achieve optimal lactation performance, while increasing the DHA content and
conversion rate in milk. This will provide the theoretical basis and technical guidelines for the
production of high DHA functional cow milk.
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