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Abstract

Spirulina (SP) is rich in bioactive compounds (B-carotene, y-linoleic acid, vitamins, etc.) with
antioxidants properties. However, its impact on the oxidative status of ewes’ organism and milk,
as well as on milk’s quality has not been extensively studied. Forty-eight dairy Chios ewes were
divided into four homogenous groups (n = 12) and were fed individually. The concentrate of the
control group (CON) had no SP, while in the concentrates of the treated groups, SP was added to
obtain a daily supply of 5 (SP5), 10 (SP10), and 15 (SP15) g per animal. The milk yield and
chemical composition were not affected by the addition of SP. The proportion of short-chain fatty

acids was increased in the milk of SP5 and SP10 ewes while those of medium-chain fatty acids
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were reduced in the milk of SP10 compared with the CON animals. The SP addition enhanced the
proportion of polyunsaturated fatty acids and reduced the thrombogenicity index in milk, while its
highest level tended to decrease the milk’s atherogenicity index. A rise in the activity of superoxide
dismutase (SOD) in the blood plasma of SP-fed ewes was found. The same was observed for the
activities of catalase (CAT), glutathione peroxidase (GSH-Px), and glutathione transferase in the
blood plasma of SP10, SP15, and SP5 fed ewes respectively. On the contrary, the protein carbonyls
content (PC) in ewes’ s blood plasma declined by the dietary inclusion of SP. The oxidative
stability of ewes’ milk improved by the dietary addition of SP as indicated by the rise in the
activities of SOD, CAT, and GSH-Px and the total antioxidant capacity (measured by FRAP and
ABTS assays) as well. Finally, the highest level of SP caused the sharpest drop in PC content of
milk. In conclusion, the highest amount of SP improved ewes’ organism oxidative status as well
as their milk quality and its oxidative stability.

Keywords: Spirulina, milk, fatty acids, enzymes, antioxidants, ewes

Abbreviations: ABTS, 2,2'-azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid; ADFom, acid
detergent fibre expressed exclusive of residual ash; aNDFom, neutral detergent fibre assayed
with a heat-stable amylase; Al, atherogenicity index; CAT, catalase; CP, crude protein; DM, dry
matter; ECM, energy corrected milk yield; FA, fatty acids; FCMe, fat corrected (6%) milk
yield; FRAP, ferric reducing ability of plasma; GR, glutathione reductase; GSH-PXx, glutathione
peroxidase; GST, glutathione transferase; HPI, health-promoting index; LCFA, long-chain fatty
acids; MCFA, medium-chain fatty acids; MDA, malondialdehyde; MUFA, monounsaturated
fatty acids; OM, organic matter; PC, protein carbonyls; PUFA, polyunsaturated fatty acids; SCC,
somatic cell counts; SCFA, short-chain fatty acids; SFA, saturated fatty acids; SOD, superoxide

dismutase; SP, Spirulina; TI, thrombogenicity index; UFA, unsaturated fatty acids.
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1. Introduction

Over the past decades, targeted nutrition responded to the increasing consumer demands for
functional and highly nutritional dairy products. Supplementing ruminant diets with microalgae is
a direct way to promote animal health as well as enrich dairy products with bioactive compounds,
such as polyunsaturated fatty acids (PUFA) and antioxidants.

Spirulina (SP) is an edible blue-green microalga, a filamentous spiral-shaped cyanobacterium,
and is considered as feedstuff with high nutritional potential and has been mentioned as “food of
the future”. SP contains up to 70% protein and has a remarkably balanced amino acid profile
(Holman and Malau-Aduli, 2012). In addition, SP is rich in vitamins, minerals, antioxidants, and
y-linolenic acid, which have well-known health benefits (Howe et al., 2006), while owing to its
essential phytochemical properties it is considered a potent immunostimulant (Wu et al., 2016).
Interestingly, of the different SP production systems, a second sorting product may arise, which is
destined for usage in animal diets. Notwithstanding, high genetic merit dairy animals are
susceptible to an oxidative imbalance due to their greater energy level requirements (Wullepit et
al., 2009). The supplementation of ruminant diets with microalgae was previously linked with
remarkable results regarding the oxidative status of ruminants (Tsiplakou et al., 2017a; Tsiplakou
et al., 2017b; Tsiplakou et al., 2018; Mavrommatis et al., 2018; Mavrommatis and Tsiplakou,
2020). For this purpose, the inclusion of SP in ruminant diets is expected not only to be beneficial
toward developing dairy products with strong shelf-life longevity but also in fortifying animals’
organisms with several beneficial bioactive compounds.

Several studies investigated the effect of SP in ruminant’s performance (Kulpys et al., 2009;
Bezzeraet al., 2010; Shimkiene et al., 2010), productivity (Simkus et al., 2007; Kulpys et al., 2009;

Zhang et al., 2010) and product’s quality (Simkus et al., 2007; Kulpys et al., 2009; Christaki et al.,
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2012, Poti et al., 2015; Liang et al.,, 2020; Manzocchi et al., 2020). More specifically,
supplementing 2 g/d of SP to dairy cattle, resulted in greater average milk fat, protein, and lactose
(Simkus et al., 2007; Simkus et al., 2008) and reduced somatic cells count (Simkus et al., 2007).
Furthermore, Christaki et al. (2012) reported decreased content of saturated fatty acids (SFA) in
milk and increased monounsaturated fatty acids (MUFA) and PUFA when 40 g/d of SP were
offered to crossbred Holsteins.

However, there is a lack of evidence on which extent the supplementation of different levels of
SP would affect ewes’ performance, oxidative status, and milk quality. In favor of the
abovementioned, up to our knowledge, this is the first study that evaluates the effect of
supplementing three different levels of SP in dairy ewes’ milk performance, milk FA profile, as
well as milk and organism oxidative stability.

2. Materials and methods
2.1. Experimental design and dietary treatments

Forty-eight dairy Chios ewes were divided into 4 homogeneous groups (n = 12) based on body
weight (BW; 54.0 £ 6.0 kg), fat corrected (6%) milk yield (FCMeo; 1.85 + 0.3 kg/d), days in milk
(67 £ 8), and age (2 to 4 years old). Ewes were housed at the Research Institute of Animal Science,
ELGO-DIMITRA (Giannitsa, Greece; 40°44' N, 22°27" E). Housing and care of the animals
conformed to Ethical Committee guidelines of the Faculty of Animal Science (EU 63/2010;
Council of the European Union 2010).

Animals were kept in a common stall, divided in different blocks for each group and at feeding
time they were transferred to individual pens to achieve individual feeding. The ration consisted
of alfalfa hay, wheat straw, and concentrate. The forages were provided separately from the

concentrates as usually happens in traditional feeding system. The concentrates were prepared
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every two weeks and administered twice per day, after milking at 07:00 and 17:00 h (Table 1).
Each ewe was fed individually based on its maintenance and lactating requirements and the
average amount of the concentrates, alfalfa hay, and wheat straw were 1.5, 1.0, and 0.2 kg/ewe/day,
respectively, independently from the groups (Table 1). The concentrates consisted of maize grain,
barley, wheat middling, sunflower meal, soybean meal, and mineral and vitamin premix (Table 1).
Following an adaptation period of one week, mostly to adapt to the new environment of the
individual feeding, ewes were offered concentrates with the inclusion of three different levels of
SP. In particular, the concentrate of the control group (CON) had no inclusion of SP, while in the
three following groups (SP5, SP10, and SP15) SP was included at the three different levels of 5,
10, and 15 g, per day, respectively (Table 1). Chemical composition (g/kg dry matter; DM) as well
as the main fatty acids (g/100 g total fatty acids) of the forages (alfalfa hay and wheat straw), of
the concentrate, and of the SP are presented in Table 2. The daily nutrients (g/ewe/day), and main
fatty acids (g/ewe/day) intake are presented in Table 3. All the animals had free access to fresh
water. The whole experimental period lasted 60 days.
2.2. Sample collection

At the beginning of the trial as well as at every time a new concentrate batch was produced,
feed samples from alfalfa hay, wheat straw, concentrate, and SP were collected and were subjected
to chemical analysis. Ewes were milked twice per day at 07:00 and 17:00 h by a milking machine.
At 0, 15, 30, 45, and 60 experimental days, milk samples were collected individually from each
ewe after mixing the evening sample with the morning one, on a 5% volume, for chemical
composition analysis. Furthermore, at 15, 30, 45, and 60 days, individual milk samples (n = 192)
were collected, stored at - 80°C, and later subjected to FA, antioxidant enzyme activity, antioxidant

capacity, and oxidative stress biomarkers analysis. Individual blood samples (n = 192) were
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collected at the same intervals from the jugular vein of each ewe after the milking and before
feeding time. Approximately 10 mL of whole blood were directly transferred to heparin-containing
tubes (170 units heparin; BD Vacutainer, Plymouth, UK). Afterward, the blood samples were
centrifuged (SL16R, Thermo Fisher Scientific, Waltham, MA, USA) at 2500 rpm for 15 min at
4°C to separate plasma from the cells. Blood plasma samples were also stored at - 80°C, before
FA, antioxidant enzyme activity, antioxidant capacity, and oxidative stress biomarkers analysis.
2.3. Sample analysis
2.3.1. Feed samples

Feed samples were analyzed for dry matter (DM; Official Method 934.01), ash (Official Method
942.05), and ether extract (EE; Official Method 920.39) according to AOAC (1984), and for crude
protein (CP; Official Method 988.05) according to AOAC (2001). They were also analyzed for
neutral detergent fibre (aNDFom), assayed with a heat-stable amylase and acid detergent fibre
(ADFom), expressed exclusive of residual ash according to Van Soest et al. (1991) (Table 2).
Samples were also collected for the determination of FA profile according to the method of O’
Fallon et al. (2007) (Table 2).
2.3.2. Milk chemical composition

Individual milk samples were analyzed for fat, protein, lactose, and solids-not-fat using infrared
spectroscopy (Milkoscan 6000; FOSS, Hillerad, Denmark) following the method 972.16
of AOAC (2012) as well as forsomatic cell counts (SCC) using a Fossomatic 400
cell counter (FOSS, Hillergd, Denmark). Fat corrected (FCMsx)- and energy corrected (ECM)-
milk yield were calculated using the following formulas:

Fat corrected milk (FCM) in 6%:

FCMey = (0.28 + 0.12xmilk fat concentration (%))xmilk yield (kg/d)
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Energy corrected milk (ECM) yield:
ECM = milk yield (kg/d)x(0.071xmilk fat concentration (%) + 0.043xmilk protein concentration
(%) + 0.2224).

2.3.3. Fatty acid (FA) determination

Blood plasma fatty acid (FA) analysis was carried out in individual samples following the
method of Bondia-Pons et al. (2004). Furthermore, FA analysis in individual milk samples were
performed following the method described by Mavrommatis and Tsiplakou (2020). For this
purpose, an Agilent 6890 N gas chromatograph equipped with an HP-88 capillary column (60
mx0.25 mm i.d. with 0.20 pm film thickness, Agilent) and a flame ionization detector (FID) was
used. The steps and the conditions adopted in the method are comprehensively described in
Christodoulou et al. (2021). The identification and quantification of each observed peak was
followed using a 37 component FAME mix standard (Supelco, Sigma-Aldrich Co., St. Louis, MO,
USA). Extra standards were used for the Cis:2 cis-9, trans-11, and Cig:1 trans-11 FA (Sigma-Aldrich Co.,
St. Louis, MO, USA). Finally, a tricosanoic acid (C23:0) and a tridecanoic acid (C13:0) were used as
internal standards for the chromatographic analysis of milk and blood samples, respectively
(Fluka, Sigma Aldrich Co., St. Louis, MO, USA). The different groups of FA as well as the indexes
were calculated as:

Short Chain Fatty Acids (SCFA) = Ca:0 + Ce:0 + Cg:0 + C10:0 + C110
Medium Chain Fatty Acids (MCFA) = C12:0 + C14:0 + C15:0 + C16:0
Long Chain Fatty Acids (LCFA) = C17:0 + Cig:0 + C20:0 + C22:0

Monounsaturated Fatty Acids (MUFA) = C14:1 + C15:1 + Ci16:1n-7 + C17:1n-7 + C18:1 trans + C18:1 trans-

11 + C1g:1 cis-9
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Polyunsaturated Fatty Acids (PUFA) = Cig:2 cis-9, trans-11 + C18:2n-6 cis + C18:2n-6 trans + C18:3n-3 +
Cis:an-6 + C203n-3
Saturated Fatty Acids (SFA) = SCFA + MCFA + LCFA
Unsaturated Fatty Acids (UFA) = PUFA + MUFA Saturated/Unsaturated (SFA/UFA) = (SCFA
+ MCFA + LCFA)/(PUFA + MUFA)

The atherogenicity index (Al) was defined as: Al = (C12:0 + 4XC1a4:0 + C16:0)/(PUFA + MUFA)
The thrombogenic index (TI) as: Tl = (Cu4:0 + Ci6:0 + C180)/(0.5xMUFA) + (0.5%w-6 PUFA) +
(3xm-3 PUFA) + (o-3 PUFA/w-6 PUFA) as described by Ulbricht and Southgate (1991).
The health promoting index (HPI) as: HPI = (w-6 PUFA + ®-3 PUFA + MUFA)/(C12:0 + 4xCia:0
+ C16:0)

The A—9 desaturase activity indexes were calculated by the following ratios:

C14:1/C1a0
C16:1/Cas:0
C1s:1/Casi0
Cis:2cis-9, trans-11/ C18:1 trans-11.

2.3.4. Antioxidant enzyme activities and oxidative status indicators

The followed assays for the determination of antioxidant enzyme activities, the total antioxidant
capacity, as well as the oxidative stress biomarkers were performed using a UV/V
spectrophotometer (GENESY'S 180, Thermo Fisher Scientific, Waltham, NA, USA). A detailed
description of the assays that were followed for the determination of the antioxidant activity and
total antioxidant capacity is provided in Tsiplakou et al. (2017c¢). Finally, regarding the oxidative

status indicators, malondialdehyde (MDA) was determined according to Nielsen et al. (1997) with
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modifications being previously described by Tsiplakou et al. (2017c), and the protein carbonyls
(PC) were assayed according to the method of Patsoukis et al. (2004).

2.4. Statistical analysis

Statistical analysis was performed using the IBM SPSS Statistics for Windows (IBM Corp.
Released 2016. IBM SPSS Statistics for Windows, Version 24.0. Armonk, NY). A repeated-
measures general linear model (GLM) for repeated measures analysis of variance (ANOVA),
was applied to the daily nutrients intake (g/ewe/day), and fatty acids intake (g/ewe/day) data of
the ewes of the different groups (CON, SP5, SP10, SP15) throughout the experimental period,
considering S as a repeated measure, with fixed effects of the D (CON vs SP5 vs SP10 vs SP15),
S (0, 30, 60 days), and the interactions between them (DxS) according to the model:

Yijk =+ Di + Sj + Ac+ (DxS)ij + €ijk

where Yijk is the dependent variable, p the overall mean, Dj the effect of dietary treatment (i = 4),
Sjthe effect of sampling day (j = 3), A« is the animal’s random effect, and (DxS);j the interaction
between dietary treatment and sampling day and eijjx the residual error. Post hoc analyses were
performed using Tukey's multiple range tests.

Moreover, GLM for ANOVA was also applied to the data for milk yield and milk chemical
composition, considering the sampling time as a repeated measure, with fixed effects of the dietary
treatments (D) (CON vs SP5 vs SP10 vs SP15), sampling time (S) (0, 15, 30, 45, 60 days) and the
interactions between them (DxS) according to the model:

Yijk =+ Di + Sj + Ac + (DXS)jj + €ijk

where Yijk is the dependent variable, p the overall mean, Di the effect of dietary treatment (i = 4),
Sj the effect of sampling day (j = 5), A« is the animal’s random effect, and (DxS);j the interaction

between dietary treatment and sampling day and eij« the residual error.
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In addition, data for milk FA profile as well as antioxidant enzyme activity, antioxidant capacity,
and oxidative stress biomarkers were analyzed using also GLM for ANOVA, considering S as a
repeated measure, with fixed effects the D (CON vs SP5 vs SP10 vs SP15), S (15, 30, 45, 60 days),
and the interactions between them (D x S) according to the model:

Yijk = pu + Di + Sj + Ak + (DxS)jj + €ijk

where Yijk is the dependent variable, p the overall mean, Dj the effect of dietary treatment (i = 4),
Sjthe effect of sampling day (j = 4), A« is the animal’s random effect, and (DxS);j the interaction
between dietary treatment and sampling day and eijjx the residual error. Post hoc analyses were
performed using Tukey's multiple range tests.

The significance threshold was set at P<0.05.

3. Results
3.1. Daily nutrients intake

The experimental diets did not affect the DM, ash, CP, EE, aNDFom, and ADFom intakes,
while significant variations (P=0.003) were observed at the different sampling times. The
proportion of the Cis:3 ne Was significantly linearly increased in the SP groups (P<0.001).
However, there was no significant interaction between the dietary treatments and the experimental
period regarding these parameters.
3.2. Milk yield and its chemical composition

The dietary inclusion of SP in ewes’ diets induced only a numerical increase in milk yield,
FCMsw, ECM, fat yield, and protein yield. (Table 4).

3.3. Blood fatty acid (FA) profile
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The blood plasma FA profile is presented in Table 5. A trend for a rise in the proportion of Cys:0
in the blood plasma of SP15 compared with the CON ewes was found (P = 0.090). On the other
hand, the proportions of Cis:o in the SP5 (P=0.001), the C1s:1 cis-9 in both SP10 and SP15 (P=0.013)
and the Cig:1 trans-11 in all the SP ewes (P=0.001) declined. Moreover, the proportions of Cig:3 n-6
(P<0.001) and C22:6 n-3 (P<0.001) increased while that of C1g:3n-3 (P<0.001) decreased in the blood
plasma of SP fed animals. A significant rise in the proportions of Cz:3n-3 (P = 0.042) and Ci1s:2n-6
cis (P=0.033) in the blood plasma of SP5 and SP15 ewes respectively was observed. The
proportions of Cie0 (P<0.001) was reduced, while that of Cis:0 (P=0.020), C1s:2 n-6 cis (P<0.001),
and Cis:3n-3 (P<0.001) were increased through the experimental period.

3.4. Milk fatty acid (FA) profile

The concentrations of SCFA increased in the milk of SP5 and SP10 fed ewes compared with
the CON ones (P=0.001) due to the rise in the Ces:0 (P=0.006) and Cg:0 (P=0.001) FAs contents
(Table 6). On the contrary, a reduction in the proportion of Ci6:0 (P<0.001) and consequently in
the MCFA (P = 0.024) in the milk of SP10 fed ewes compared with the CON ones was observed.
The inclusion of SP in ewes’ diets did not affect the proportions of LCFA and MUFA in ewes’
milk, although increased the C22,0 (P=0.006) and Cais:1 trans FAS (P<0.001) contents which belong
to the respective FAs groups. The SP dietary supplementation of ewes enhanced the PUFA
(P=0.027) and ®-3 (P=0.010) contents in their milk, but the results were significant only for the
highest inclusion level (SP15). The increase in the proportions of Cis:2 n-6cis in the SP10 and SP15
fed ewes (P=0.034), that of C2o:3n-3in all the SP fed animals (P=0.003), and the trend for increase
of the Cis:3n-3 content in the milk of SP15 fed ewes (P=0.054) explain these findings.

Additionally, the highest inclusion level of SP (SP15) tended to reduce the Al (P=0.093) and

decreased the T1 (P=0.029) index in ewes’ milk. Finally, the sampling time had also an effect on
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milk FA profile. More specifically, the proportions of MCFA (P=0.016) and SFA (P=0.028), the
SFA/UFA ratio (P=0.015), and both the Al (P=0.001) and TI (P=0.066) indexes were increased
throughout the experimental period.
3.5. Ewes blood plasma oxidative status

The mean antioxidant activity of key studied antioxidant enzymes, oxidative stress biomarkers,
and total antioxidant capacity in ewes’ blood plasma is presented in Table 7. The activity of SOD
increased (P=0.014) in the blood plasma of SP-fed ewes. The same was found for the activities of
CAT, GSH-Px, and GST in the SP10 (P=0.031), SP15 (P<0.001) and SP5 (P=0.026) fed ewes
respectively. The total antioxidant capacity measured by the FRAP assay was lower in the blood
plasma of SP10 fed ewes (P=0.020). Additionally, the dietary supplementation with SP reduces
the PC content in ewes’ s blood plasma (P<0.001). On the 60" compared with the 15%
experimental day, the SOD activity, and the MDA content raised, while the GSH-Px, GR, and
GST activities declined.
3.6. Ewes’ milk oxidative stability

The dietary inclusion of SP increased the activities of SOD, CAT, and GSH-Px in the milk of
ewes, with the results being significant for the SOD in the SP10 and SP15 fed ewes (P<0.007) and
for the CAT in the SP5 and SP15 fed animals (P<0.011) (Table 7). Additionally, an increase in the
total antioxidant capacity, measured either with FRAP (P<0.001) or ABTS (P<0.001) assays, was
observed. Finally, the GSH-Px activity raised (P<0.001) while the total antioxidant capacity

determined by ABTS assay declined (P<0.001) throughout the experimental period.

4. Discussion

4.1. Milk yield and milk chemical composition
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To our best knowledge, no researches are available on the use of SP as a supplement in dairy
ewes’ diet, while some literature can be found concerning its use in dairy cattle feeding.

There are discrepancies about the impact of SP on cow’s milk yield and chemical composition.
More specifically, the milk yield and chemical composition of cows were not affected when 40 g
SP were incorporated daily in the concentrates (Christaki et al., 2012). The same was found, when
soybean was partially substituted (5%) by SP in a hay-based diet of cows (Manzocchi et al., 2020).
On the other hand, an increase in cow’s milk yield and fat content was found, when the animals
consumed 200 g of SP daily (Kulpys et al., 2009). A rise in milk yield, fat, protein, and lactose
content was also observed in cows when 2 g of fresh weed SP were added in a forage-based diet
(Simkus et al., 2007). Further to that, a decrease in milk fat content has been also reported in cows
consumed 7.4 g of dried SP/Kg DMI (Poti et al., 2015). The SP’s chemical composition (protein,
fat, etc.), form (fresh, dried, etc.), and dietary inclusion levels in relation with other dietary
compounds, together with animals’ physiology, as well as the metabolizable energy and proteins
provided with the diet in the different trials, might be responsible for these contradictory findings.
4.2. Milk and blood plasma FA profile

The incorporation of SP in cows’ diet did not change the proportions of Ci4:0, and Cis:o in their
milk (Manzocchi et al., 2020), in contrast to what was observed for the Ci6:0 and consequently
MCFA content in ewes’ milk. A significant decline in the proportion of Ci4.0 in the milk of SP-fed
cows at the 15" experimental day has been found, but this difference disappeared at the following
intervals (35" and 45™ days), becoming consistent with our findings (Christaki et al., 2012).

On the other hand, the dietary inclusion of SP (40 g/day/cow) increased PUFA content in cow’s
milk (Christaki et al., 2012) in agreement with our results concerning the highest inclusion level.

More specifically, Christaki et al. (2012) found a significant rise in the proportion of Cig:2n-6cis in
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the milk of SP fed cows at the 45™ experimental day in accordance with what was observed for
this FA in both blood and milk of the ewes fed with the highest SP inclusion level. From PUFA,
the Cig:3ns is a typical FA of SP (Madeira et al., 2017) which can explain the increment of this FA
content in the blood plasma of treated ewes. Interestingly, this increment was not recovered in the
milk of SP-fed ewes. Accordingly, a limited increase in the Cis:3n-6 Milk content of SP-fed cows
has been also observed (Manzocchi et al., 2020), although it is considered to be desirable in
humans’ nutrition due to its hypocholesterolemic properties (Sugano et al., 1986). However, the
impact of SP in both AI and TI in ewes’ milk can be considered as beneficial from the human
health point of view (Fehily et al., 1994), while it cannot be evaluated with certainty regarding the
Ci1s:1trans FAS content which are still controversially discussed (de Souza et al., 2015). Despite that,
this rise in the proportion of the trans C1s:1 FASs can be further eliminated by the unaffected content
of MUFA among the dietary treatments. On the other hand, Poti et al., (2015) observed higher
MUFA concentrations in the milk of SP-fed cows. These results might show species differences
between cows and small ruminants (ewes, goats). These animal species differences can be also
revealed by the findings of Koufimska et al. (2014) who, in accordance with our results, found a
significant reduction in the Ci6:0 and an increase in the Cis:2 n-6 cis in the milk of goats fed with a
diet supplemented with 10 g of low ether extracts Chlorella vulgaris. Other microalgae with higher
ether extract content (e.g., Schizochytrium sp.) have a stronger impact in modulating the milk FAs
proportions through completely different physiological pathways. In conclusion, the milk FA
profile of small ruminants can be modified by the dietary supplementation with microalgae, but its
degree is strongly related to their ether extract content (Tsiplakou et al., 2017a; Tsiplakou et al.,
2017b; Mavrommatis and Tsiplakou, 2020) and inclusion levels (Mavrommatis and Tsiplakou,

2020).
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4.3. Oxidative status of both organism and milk

The antioxidant properties and therapeutic effects of SP are due to its proteins, polysaccharides,
PUFA, vitamins, carotenoids, and other bioactive compounds (phenols, chlorophyll, etc.) with
antioxidant action (Liestianty et al., 2019; Han et al., 2021). Several in vitro studies have shown
that SP inhibits lipid peroxidation and increases SOD, CAT, and GSH-Px activities in various cell
types after exposure to oxidative stress (Wu et al., 2016). In fact, it has been reported a linear
increase in the activities of SOD, CAT, and peroxidase by increasing the H202 concentrations in
the medium of cultivated cells with SP, which was also accompanied by a rise in the amounts of
cellular antioxidants compounds (lipophilic and hydrophilic) (Abd El-Baky et al., 2009). Findings
from the in vivo studies are also in the same line. More specifically, the MDA content and the lipid
hydroperoxides decreased while the activities of SOD, GSH, and GST increased in the serum of
chronic obstructive pulmonary disease patients that were receiving SP (Ismail et al., 2014).
Accordingly, SP consumption enhanced the activities of GSH-Px, GSH, and GR and inhibited the
lipids peroxidation in the liver of rabbits, which were previously fed with a high-cholesterol diet
(Kim et al., 2010). A rise in the blood GSH activity and a decline in the serum MDA content was
found in fattening lambs when they received SP at a rate of 1 g/ 10 kg BW/day (El-Sabagh et al.,
2014).

An increase in SOD activity and the total antioxidant capacity content in the serum and
Longissimus thoracis et lumborum of sheep was observed when their high-energy diet was
supplemented with 3 and not with 1% SP (Liang et al., 2020). Moreover, neither the 15 nor the 30
g of SP had an effect on the oxidative stress during the transition period on grazing dairy cows
(Garcés et al., 2019). It should be pointed out here that the oxidative status of ewes in this study,

improved with all the tested levels of SP despite the fact that the animals were not facing an
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oxidative stress. In accordance with our findings, an increase in the activities of GSH-Px and SOD
by 240 and 60% respectively was shown in healthy rats treated with SP (Guldas et al., 2021). These
findings might show the beneficial effects of SP, in animal’s organism to meet future challenges
including stressors factors. Moreover, since the most intense effects of SP in the oxidative balance
of ewes’ organism were observed with the highest supplementation dose, its dietary inclusion level
needs to be defined in relation to animals’ physiological stage and conditions to ensure its
effectiveness.

Microalgae such as Chlorella and SP have been also used to improve the nutritional value and
the oxidative stability of milk (Tsiplakou et al., 2017a; Tsiplakou et al., 2017b) and yogurt
(Beheshtipour et al., 2012; Barkallah et al., 2017). Indeed, the B-carotene content of cows’ milk
increased even its total oxidative capacity did not change when soybean was partially substituted
by SP (5%) in a hay-based diet (Manzocchi et al., 2020). On the other hand, an improvement of
the total antioxidant capacity, determined by DPPH and FRAP methods, in yogurts in which SP
powder was added at 0.25% has been observed (Barkallah et al., 2017). Moreover, in accordance
with our results a rise in SOD activity and a decline in the PC content of goats’ milk was found,
when the animals consumed 6.18 g of low-fat Chlorella vulgaris daily (Tsiplakou et al., 2017b).
It is well documented that SOD is the first line of defense against ROS, and the first enzyme to
convert oxygen radicals to peroxides. In sequence, CAT and GSH-Px are involved in the
detoxification of H20O», and CAT is secondarily involved in removing the peroxides and converting
them into O2 (Yu, 1994). However, it should be mentioned here that the highest dietary inclusion
level of SP in ewes had the most beneficial impact on the oxidative parameters of milk indicating

again that the inclusion level of microalgae in animals’ diets should be defined.
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5. Conclusion

The highest inclusion level of SP improved the quality of ewes’ milk from a humans’ health
point of view. Moreover, the antioxidant potential of SP in ewes’ organism was also justified.
Finally, the reported modifications in the activity of the studied antioxidant enzymes, and in the
total antioxidant capacity in the milk of SP fed ewes can be an innovation toward developing a

highly nutritional product concerning consumer demands.

Funding
This research did not receive any specific grant from funding agencies in the public,

commercial, or not-for-profit sectors.

CRediT authorship contribution statement

C. Christodoulou: Investigation, Data curation, Methodology, Formal analysis, Visualization,
Writing - original draft. B. Kotsampasi: Participated in the experiment; V. Dotas: Participated in
the experiment; M. Simoni: Investigation; F. Righi: Methodology, editing the draft. E. Tsiplakou:

Conceptualization, Supervision, Project administration, Visualization, Writing - review & editing.

Declaration of Conflict of Interest

The authors declare that they are no conflict of interest to declare.

References
Abd El-Baky, H.H.A., Baz, F.K. El, El-Baroty, G.S., 2009. Production of phenolic compounds

from Spirulina maxima microalgae.pdf. African J. Biotechnol. 8, 7059—-7067.



395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

18

AOAC. Official Methods of Analysis, 1984.14th ed.; Williams, S., Ed.; Association of Official

Analytical Chemists Inc.: Arlington, VA, USA.

AOAC. Official Methods of Analysis, 2001.11. Crude Protein in Animal Feed, Forage, Grain,
and Oilseeds, Block Digestion Using Copper Catalyst, Steam Distillation into Boric Acid,
AOAC INTERNATIONAL, Gaithersburg, MD. Association of Official Analytical

Chemists Inc.: Arlington, VA, USA.

AOAC, Official Method 972.16, 2012. Fat, lactose, protein, and solids in milk. Midinfrared
spectroscopic method, in: Official Methods of Analysis of AOAC International, 19th ed.,

AOAC International, Gaithersburg, MD, USA.

Barkallah, M., Dammak, M., Louati, I., Hentati, F., Hadrich, B., Mechichi, T., Ayadi, M.A.,
Fendri, 1., Attia, H., Abdelkafi, S., 2017. Effect of Spirulina platensis fortification on
physicochemical, textural, antioxidant and sensory properties of yogurt during fermentation
and storage. LWT - Food Sci. Technol. 84, 323-330.

https://doi.org/10.1016/j.Iwt.2017.05.071

Beheshtipour, H., Mortazavian, A.M., Haratian, P., Khosravi-Darani, K., 2012. Effects of
Chlorella vulgaris and Arthrospira platensis addition on viability of probiotic bacteria in
yogurt and its biochemical properties. Eur. Food Res. Technol. 235, 719-728.

https://doi.org/10.1007/s00217-012-1798-4

Bezerra, L. R., Silva, A. M. A, Azevedo, S. A., Mendes, R. S., Mangueira, J. M., Gomes, A. K.
A., 2010. Performance of Santa Ine” s lambs submitted to the use of artificial milk enriched

with Spirulina platensis. Ciencia Animal Brasileira. 11, 258-263.

Bondia-Pons, I., Castellote, A.l., Lopez-Sabater, M.C., 2004. Comparison of conventional and



417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

19

fast gas chromatography in human plasma fatty acid determination. J. Chromatogr. Analyt.

Technol. Biomed. Life Sci. 809, 339-344. https://doi.org/10.1016/j.jchromb.2004.07.002.

Christaki, E., Karatzia, M., Bonos, E., Florou-Paneri, P., Karatzias, C., 2012. Effect of dietary
Spirulina platensis on milk fatty acid profile of dairy cows. Asian Journal of Animal and

Veterinary Advances. 7, 597—604. https://doi.org/10.3923/ajava.2012.597.604

Christodoulou, C., Mavrommatis, A., Mitsiopoulou, C., Symeon, G., Dotas, V., Sotirakoglou, K.,
Kotsampasi, B., Tsiplakou, E., 2021. Assessing the optimum level of supplementation with

camelina seeds in ewes’ diets to improve milk quality. Foods 10, 1-19.

EL-Sabagh, M.R., Abd Eldaim, M.A., Mahboub, D.H., Abdel-Daim, M., 2014. Effects of
Spirulina Platensis Algae on Growth Performance, Antioxidative Status and Blood

Metabolites in Fattening Lambs. J. Agric. Sci. 6. https://doi.org/10.5539/jas.v6n3p92

Fehily, A.M., Pickering, J.E., Yarnell, JW.G., elwood, P.C., 1994. Dietary indices of
atherogenicity and thrombogenicity and ischaemic heart disease risk: the Caerphilly

Prospective Study. Br. J. Nutr. 71, 249-257. https://doi.org/10.1079/bjn19940131

Garcés, C.N., Vela, D., Mullo, A., Cabezas, V., Alvear, A., Ponce, C.H., 2019. Spirulina
supplementation during the transition period by grazing dairy cattle at tropical highland
conditions. Trop. Anim. Health Prod. 51, 477-480. https://doi.org/10.1007/s11250-018-

1691-7

Guldas, M., Ziyanok-Demirtas, S., Sahan, Y., Yildiz, E., Gurbuz, O., 2021. Antioxidant and anti-
diabetic properties of spirulina platensis produced in Turkey. Food Sci. Technol. 41, 615—

625. https://doi.org/10.1590/fst.23920



438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

20

Han, P., Li, Jingjing, Zhong, H., Xie, J., Zhang, P., Lu, Q., Li, Jun, Xu, P., Chen, P., Leng, L.,
Zhou, W., 2021. Anti-oxidation properties and therapeutic potentials of spirulina. Algal

Res. 55, 102240. https://doi.org/10.1016/j.algal.2021.102240

Hashemi Gahruie, H., Eskandari, M.H., Mesbahi, G., Hanifpour, M.A., 2015. Scientific and
technical aspects of yogurt fortification: A review. Food Sci. Hum. Wellness 4, 1-8.

https://doi.org/10.1016/j.fshw.2015.03.002

Holman, B.W.B., Malau-Aduli, A.E.O., 2013. Spirulina as a livestock supplement and animal
feed. J. Anim. Physiol. Anim. Nutr. (Berl). 97, 615-623. https://doi.org/10.1111/j.1439-

0396.2012.01328.x

Howe, P., Meyer, B., Record, S., Baghurst, K., 2006. Dietary intake of long-chain ®-3
polyunsaturated fatty acids: Contribution of meat sources. Nutrition 22, 47-53.

https://doi.org/10.1016/j.nut.2005.05.009

Ismail, M., Hossain, M.F., Tanu, A.R., Shekhar, H.U., 2015. Effect of spirulina intervention on
oxidative stress, antioxidant status, and lipid profile in chronic obstructive pulmonary

disease patients. Biomed Res. Int. 2015, 1-8. https://doi.org/10.1155/2015/486120

Kim, M.Y., Cheong, S.H., Lee, J.H., Kim, M.J., Sok, D.E., Kim, M.R., 2010. Spirulina improves
antioxidant status by reducing oxidative stress in rabbits fed a high-cholesterol diet. J. Med.

Food 13, 420-426. https://doi.org/10.1089/jmf.2009.1215

Koutimska, L., Vondrackova, E., Fantova, M., Novy, P., Nohejlovéa, L., Michnova, K., 2014.
Effect of feeding with algae on fatty acid profile of goat’s milk. Sci. Agric. Bohem. 45,

162-169. https://doi.org/10.2478/sab-2014-0103



459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

21

Kulpys, J., Paulauskas, E., Pilipavicius, V., Stankevicius, R., 2009. Influence of cyanobacteria
Arthrospira (Spirulina) platensis biomass additives towards the body condition of lactation

cows and biochemical milk indexes. Agron. Res. 7, 823-835.

Liang, Y., Bao, Y., Gao, X., Deng, K., An, S., Wang, Z., Huang, X., Liu, D., Liu, Z., Wang, F.,
Fan, Y., 2020. Effects of spirulina supplementation on lipid metabolism disorder, oxidative
stress caused by high-energy dietary in Hu sheep. Meat Sci. 164, 108094.

https://doi.org/10.1016/j.meatsci.2020.108094

Liestianty, D., Rodianawati, I., Arfah, R.A., Assa, A., Patimah, Sundari, Muliadi, 2019.
Nutritional analysis of spirulina sp to promote as superfood candidate. IOP Conf. Ser.

Mater. Sci. Eng. 509. https://doi.org/10.1088/1757-899X/509/1/012031

Madeira, M.S., Cardoso, C., Lopes, P.A., Coelho, D., Afonso, C., Bandarra, N.M., Prates,
J.AM., 2017. Microalgae as feed ingredients for livestock production and meat quality: A

review. Livest. Sci. 205, 111-121. https://doi.org/10.1016/j.livsci.2017.09.020

Manzocchi, E., Guggenbihl, B., Kreuzer, M., Giller, K., 2020. Effects of the substitution of
soybean meal by spirulina in a hay-based diet for dairy cows on milk composition and

sensory perception. J. Dairy Sci. 103, 11349-11362. https://doi.org/10.3168/jds.2020-18602

Markiewicz-Keszycka, M., Czyzak-Runowska, G., Lipinska, P., Wéjtowski, J., 2013. Fatty acid
profile of milk - A review. Bull. Vet. Inst. Pulawy 57, 135-139.

https://doi.org/10.2478/bvip-2013-0026

Mavrommatis, A., Chronopoulou, E.G., Sotirakoglou, K., Labrou, N.E., Zervas, G., Tsiplakou,
E., 2018. The impact of the dietary supplementation level with schizochytrium sp, on the

oxidative capacity of both goats’ organism and milk. Livest. Sci. 218, 37-43.



481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

22

https://doi.org/10.1016/j.livsci.2018.10.014

Mavrommatis, A., Tsiplakou, E., 2020. The impact of the dietary supplementation level with
Schizochytrium sp. on milk chemical composition and fatty acid profile, of both blood
plasma and milk of goats. Small Rumin. Res. 193, 106252.

https://doi.org/10.1016/j.smallrumres.2020.106252

Mavrommatis, A., Sotirakoglou, K., Kamilaris, C., Tsiplakou, E., 2021. Effects of Inclusion of
Schizochytrium spp. and Forage-to-Concentrate Ratios on Goats’ Milk Quality and

Oxidative Status. Foods 10, 1322. https://doi.org/10.3390/fo0ds10061322

Nielsen, F., Mikkelsen, B.B., Nielsen, J.B., Andersen, H.R., Grandjean, P., 1997. Plasma
malondialdehyde as biomarker for oxidative stress: Reference interval and effects of life-

style factors. Clin. Chem., 43, 1209-1214. https://doi.org/10.1093/clinchem/43.7.1209

O'Fallon, J.V., Busboom, J.R., Nelson, M.L., Gaskins, C.T., 2007. A direct method for fatty acid
methy| ester synthesis: Application to wet meat tissues, oils, and feedstuffs, Journal of

Animal Science, 85, 1511-1521. https://doi.org/10.2527/jas.2006-491

Parodi, P.W., 2009. Has the association between saturated fatty acids, serum cholesterol and
coronary heart disease been over emphasized? Int. Dairy J. 19, 345-361.

https://doi.org/10.1016/j.idairyj.2009.01.001

Patsoukis, N., Zervoudakis, G., Panagopoulos, N.T., Georgiou, C.D., Angelatou, F., Matsokis,
N.A. 2004. Thiol redox state (TRS) and oxidative stress in the mouse hippocampus after
pentylenetetrazol-induced epileptic seizure. Neurosci. Lett., 357, 83-86.

https://doi.org/10.1016/j.neulet.2003.10.080


https://doi.org/10.2527/jas.2006-491

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

017

518

519

520

521

522

23

Péti, P., Pajor, F., Bodnar, A., Penksza, K., Koles, P., 2015. Effect of micro-alga
supplementation on goat and cow milk fatty acid composition. Chil. J. Agric. Res. 75, 259—

263. https://doi.org/10.4067/S0718-58392015000200017

Sagara, T., Nishibori, N., Kishibuchi, R., Itoh, M., Morita, K., 2015. Non-protein components of
Arthrospira (Spirulina) platensis protect PC12 cells against iron-evoked neurotoxic injury. J.

Appl. Phycol. 27, 849-855. https://doi.org/10.1007/s10811-014-0388-1

Shimkiene, A., Bartkevichiute, Z., Chernauskiene, J., Shimkus, A., Chernauskas, A., Ostapchuk,
A., Nevitov, M., 2010. The influence of Spirulina platensis and concentrates on lambs’

growth. Zhivotnov’dni Nauki. 47, 9-14.

Simkus, A., Oberauskas, V., Laugalis, J., Zelvyté, R., Monkeviciené, 1., Sederevicius, A.,

Simkiené, A., Pauliukas, K., 2007. The effect of weed. Vet. Ir Zootech. 38, 47181.

Simkus, A.; Oberauskas, V., Zelvyte, R., Monkeviciene, |., Laugalis, J., Sederevicius, A.,
Simkiene, A., Juozaitiene, V.; Juozaitis, A., Bartkeviciute, Z., 2008. The effect of the
microalga Spirulina platensis on milk production and some microbiological and

biochemical parameters in dairy cows. Zhivotnov’dni Nauki 45, 42-49.

Soxhlet, F., 1879. Die gewichtsanalytische Bestimmung des Milchfettes. Dinglers Polytech.

J., 232, 461-465.

Sugano, M., Ide, T., Ishida, T., Yoshida, K., 1986. Hypocholesterolemic Effect of Gamma-
Linolenic Acid as Evening Primrose Oil in Rats. Ann. Nutr. Metab. 30, 289-299.

https://doi.org/10.1159/000177206

Tsiplakou, E., Kominakis, A., Zervas, G., 2008. The interaction between breed and diet on CLA



523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

24

and fatty acids content of milk fat of four sheep breeds kept indoors or at grass. Small

Rumin. Res. 74, 179-187. https://doi.org/10.1016/j.smallrumres.2007.06.008

Tsiplakou, E., Abdullah, M.A.M., Alexandros, M., Chatzikonstantinou, M., Skliros, D.,
Sotirakoglou, K., Flemetakis, E., Labrou, N.E., Zervas, G., 2017a. The effect of dietary
Chlorella pyrenoidosa inclusion on goats milk chemical composition, fatty acids profile and
enzymes activities related to oxidation. Livest. Sci. 197, 106-111.

https://doi.org/10.1016/j.livsci.2017.01.014

Tsiplakou, E., Abdullah, M.A.M., Mavrommatis, A., Chatzikonstantinou, M., Skliros, D.,
Sotirakoglou, K., Flemetakis, E., Labrou, N.E., Zervas, G., 2017b. The effect of dietary
Chlorella vulgaris inclusion on goat’s milk chemical composition, fatty acids profile and
enzymes activities related to oxidation. J. Anim. Physiol. Anim. Nutr. (Berl). 102, 142-151.

https://doi.org/10.1111/jpn.12671

Tsiplakou, E., Mitsiopoulou, C., Mavrommatis, A., Karaiskou, C., Chronopoulou, E.G.,
Mavridis, G., Sotirakoglou, K., Labrou, N.E., Zervas, G. 2017c. Effect of under- and
overfeeding on sheep and goat milk and plasma enzymes activities related to oxidation. J.

Anim. Physiol. Anim. Nutr., 102, e288-€298. https://doi.org/10.1111/jpn.12741

Van Soest, P.J.; Robertson, J.B.; Lewis, B.A. 1991. Methods for Dietary Fiber, Neutral
Detergent Fiber, and Nonstarch Polysaccharides in Relation to Animal Nutrition. J. Dairy

Sci. 74, 3583-3597, doi:10.3168/jds.S0022-0302(91)78551-2.

Wu, Q., Liu, L., Miron, A., Klimova, B., Wan, D., Kuca, K., 2016. The antioxidant,
immunomodulatory, and anti-inflammatory activities of Spirulina: an overview. Arch.

Toxicol. 90, 1817-1840. https://doi.org/10.1007/s00204-016-1744-5



545

546

547

548

549

550

551

552

553

25

Waullepit, N., Raes, K., Beerda, B., Veerkamp, R.F., Fremaut, D., De Smet, S., 2009. Influence of
management and genetic merit for milk yield on the oxidative status of plasma in heifers.

Livest. Sci. 123, 276-282. https://doi.org/10.1016/j.livsci.2008.11.013

Yu, B.P., 1994. Cellular defenses against damage from reactive oxygen species. Physiol. Rev.

74, 139-162. https://doi.org/10.1152/physrev.1994.74.1.139

Zhang, J., Miao, S., Huang, S., Li, S., Zhang, J. Z., Miao, S. J., Huang, S., Li, S. L., 2010. Effect
different levels of Spirulina on ruminal internal environment and degradation of fibre in

dairy cows. China Cattle Science. 36, 32—-36



554  Table 1
555  Average feed offered (g/ewe/day) and concentrate ingredients (g/kg) of the four dietary treatment groups (CON, SP5, SP10, SP15)
556

Dietary treatments?

CON SP5 SP10 SP15
Average feed offered (g/ewe/day)
Wheat Straw 200 200 200 200
Alfalfa Hay 1000 1000 1000 1000
Concentrate 1500 1500 1500 1500
Concentrates
CON SP5 SP10 SP15
Ingredients (g/kg)
Spirulina - 5 10 15
Maize grain 344 344 344 344
Barley 200 200 200 200
Wheat middling 100 100 100 100
Sunflower meal 160 160 160 160
Soybean meal 155 155 155 155
Premix mineral and vitamins 41 41 41 41

557

558  2CON = control treatment; SP5 = dietary treatment with 5 g Spirulina; SP10 = dietary treatment with 10 g Spirulina; SP15 = dietary treatment
559  with 15 g Spirulina.
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Table 2

Chemical composition (g/kg DM), and fatty acids (g/100 g total fatty acids) of the forages (alfalfa hay and wheat straw), the

concentrate, and Spirulina (SP)

Chemical composition (g/kg DM)

Alfalfa hay Wheat straw CON? SpPP
DM¢ 894 928 902.4 931.5
Ash 93 76 60 164.3
CpPd 200 48 200.3 571.0
EE® 2.8 1.6 23.6 4.2
aNDFomf 366 728 153 224
ADFom¢ 325 493 52.9 40
Main fatty acids
(/100 g total fatty acids) Alfalfa hay Wheat straw SP CON
Cuo 2.35 6.16 0.49 0.18
Ciso 0.68 0.83 - -
Cie0 43.53 33.38 10.06 0.22
Cis:1n7 2.99 - - 0.21
Ciro 0.83 - - 0.41
Cuso 6.79 4.28 8.76 2.94
Cig:1cis-9 3.01 9.00 0.57 20.83
Cis:2 n-6 cis 16.34 26.74 18.34 54.14
C18:3 n-6 = - 001 001
Cao0 0.70 1.12 20.97 -
Cigans 18.59 11.22 - -
Ca0:1n-9 - - - 341
Ca02n-6 - - - 0.59
Ca0:3n6 - - - 0.40
Ca20 1.48 3.99 - -
Caso 2.71 1.94 - 0.27
4 CON = control treatment.
b SP = Spirulina.

¢ DM = dry matter.
d CP = crude protein.
¢ EE = ether extract.

faNDFom = ash free neutral detergent fiber.
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9 ADFom = acid detergent fiber.
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571 Table 3
572  Daily nutrients intake (g/ewe/day), and main fatty acids intake (g/ewe/day) from ewes fed diets (CON, SP5, SP10, SP15) with
573  different levels of Spirulina (5, 10, and 15 g of concentrate) throughout the experimental period

574
Dietary treatment (D)? Sampling time (S) Effects®
CON SP5 SP10 SP15 SEM® 0 30 60 SEM® D S DxS
Daily nutrients intake
(g/ewe/day)
DM 2433.20 2437.71 244222 2446.72 2155  2442.15% 241139 2466.35% 37.40 0.999 0.003 0.760
Ash 198.20  199.02  199.84 200.67  1.76 199.618 197.10% 201.598 3.06 0.993 0.003 0.759
CpPe 510.10 51291 515.76 518.62  4.55 514.808 508.30% 519.908 7.89 0.983 0.003 0.757
EEf 38.52 38.54 38.56 38.58 0.34 38.598 38.10% 38.978 0.60 1.000 0.003 0.761
aNDFom? 740.95  742.07  743.19 74431  6.56 743.308 733.944 750.66° 11.38 1.000 0.003 0.761
ADFom" 502.95 503.15 503.35 50355 4.45 503.708 497.36" 508.69° 7.71 1.000 0.003 0.762
Dietary treatment (D)? Sampling time (S) Effects®
CON SP5 SP10 SP15 SEM® 0 30 60 SEM® D S DxS
Main fatty acids intake
(g/ewel/day) of the total
diet
Ciso 0.228 0.228 0.228 0.228 0.002  0.228% 0.225% 0.2308 0.004 1.000 0.003 0.762
Ciso 0.032 0.032 0.032 0.032 0.0003 0.032°B 0.0324 0.0328 0.0005 1.000 0.003 0.762
Ciso 7.314 7.322 7.329 7.337 0.064 7.338 7.247 7.41B 0.113 1.000 0.003 0.761
Cis1n7 0.162 0.164 0.166 0.168 0.003  0.165° 0.163* 0.1678 0.001 0.835 0.003 0.751
Ci7o 0.023 0.023 0.023 0.023 0.0002 0.0248 0.023* 0.0248 0.0004 1.000 0.003 0.762
Ciso 1.041 1.043 1.044 1.046 0.009  1.0448 1.0317 1.0558 0.02 0.999 0.003 0.760
Cis:1cis-9 7.602 7.602 7.602 7.603 0.067  7.609® 7.513% 7.6848 0.49 1.000 0.003 0.762
Cis:2n-6.cis 20.05 20.06 20.06 20.06 0.177  20.077® 19.8244 20.276" 0.31 1.000 0.003 0.762
Cigans 0.000? 0.004° 0.009° 0.013¢ 0.0004 0.007® 0.007% 0.0078 0.0007 <0.001 0.008 0.143
C200 0.119 0.119 0.119 0.119 0.001  0.119"® 0.118* 0.1208 0.002 1.000 0.003 0.762
Cissns 1.907 1.907 1.907 1.907 0.017  1.909® 1.885% 1.9288 0.029 1.000 0.003 0.762
C20:1n9 0.209 0.209 0.209 0.209 0.002  0.209" 0.206 0.2118 0.003 1.000 0.003 0.762
C20:2n6 0.163 0.163 0.163 0.163 0.001 0.163" 0.1614 0.1638 0.003 1.000 0.003 0.762
C203n-3 0.142 0.142 0.142 0.142 0.001 0.142" 0.140% 0.1438 0.002 1.000 0.003 0.762
C220 0.105 0.105 0.105 0.105 0.0009 0.105" 0.1044 0.1068 0.002 1.000 0.003 0.762
Caso 0.203 0.203 0.203 0.203 0.002  0.203"® 0.200* 0.2058 0.003 1.000 0.003 0.762
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Means with different superscript letters (A, B, C, D) between sampling time points differ significantly.

2CON = control treatment; SP5 = dietary treatment with 5 g Spirulina; SP10 = dietary treatment with 10 g Spirulina; SP15 = dietary treatment
with 15 g Spirulina.

b SEM: Standard error of the means.

¢ Effect: The dietary treatment (D), sampling time (S), and the interaction between dietary treatmentxsampling time (DxS) effects were
analyzed by ANOVA using a general linear model (GLM) for repeated measures, and post-hoc analysis was performed with appropriate use
of Tukey's multiple range test.

¢ DM = dry matter.

f CP = crude protein.

9 EE = ether extract.

haNDFom = ash free neutral detergent fiber.

" ADFom = acid detergent fiber.
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Table 4
Milk yield and chemical composition from ewes fed diets (CON, SP5, SP10, SP15) with different levels of Spirulina (5, 10, and 15
g of concentrate) throughout the experimental period (0, 15", 30", 45" and 60" experimental days)

31

Dietary treatment (D)? Sampling time (S) Effect®

CON SP5 SP10 SP15 SEMP 1stday 15" day 30"day 45"day 60"day SEMP D T DxS
Milk yield (kg/d) 1.71 174 1.86 1.85 0.03 1.97¢ 1.848 1.848 1.61° 1.68~ 0.05 0.486 <0.001 0.322
FCMgo! (kg/d) 168 173 1.77 1.86 0.03 1.85¢ 1.86°¢ 1.788¢ 1.7078 1.634 0.07 0.529 <0.001 0.298
ECMe (kg/d) 1.47 153 1.57 1.63 0.02 1.658 1.63%8 1.5748 1.478 1.448 0.04 0.510 <0.001 0.255
Fat (%) 589 6.02 5.66 6.07 0.17 5.57A 6.078 5.724 6.48¢ 5.724 0.11 0.342 <0.001 0.007
Fat yield (g/d) 99.76 104.01 104.38 111.79 1.48 107.95%¢  111.60° 105.07® 103.82®% 96.48" 3.25 0.495 <0.001 0.155
Protein (%) 522 548 5.16 5.39 0.11 5.244 5.338 5.29%8  539¢ 5.31"8  0.06 0.152 0.004 0.429
Protein (g/d) 89.15 9469 9581 9954 1.30 102.81° 98.288  97.23*®  86.60  89.06"  2.80 0.496 <0.001 0.127
Lactose (%) 494 5.00 5.06 5.00 0.05 5.04 4.99 5.00 4.95 5.00 0.03 0.300 0.042  0.008
SCCf(1000/mL)  349.7 5928 2954 5815 1954 262.8 563.1 417. 7 475.6 555.2 140.89 0.603 0.406  0.659
Total solids (%) 16.73 17.06 16.48 17.01 0.25 16.42 16.95 16.61 17.39 16.73 0.14 0.316 <0.001 0.540
Solids not fat (%) 10.84 11.04 10.82 1094 0.10 10.85 10.89 10.89 10.91 11.01 0.07 0.411 0.207  0.002

Means with different superscript letters (A, B, C, D) between sampling time points differ significantly.

24CON = control treatment; SP5 = dietary treatment with 5 g Spirulina; SP10 = dietary treatment with 10 g Spirulina; SP15 = dietary treatment
with 15 g Spirulina.

b SEM: Standard error of the means.

¢ Effect: The dietary treatment (D), sampling time (S), and the interaction between dietary treatmentxsampling time (DxS) effects were
analyzed by ANOVA using a general linear model (GLM) for repeated measures, and post-hoc analysis was performed with appropriate use
of Tukey's multiple range test.

d Fat corrected milk yield in 6%.

¢ Energy corrected milk yield.

f Somatic Cells Count.



603 Table5

604  The mean individual fatty acids (FA) (% of total FA) in the blood plasma of ewes fed diets (CON, SP5, SP10, and SP15) with
605 different levels of Spirulina (5, 10, and 15 g of concentrate) throughout the experimental period (15", 30", 45" and 60%
606  experimental days)

607
Dietary Treatments (D)? Sampling Time (S) Effect®

Fatty Acids CON SP5 SP10 SP15 SEMP 15"day 30"day 45"day 60"day SEMP D S DxS

Cs0 0.00* 0.13" 0.10® 0.18" 0.03 0.14% 0.024 0.054 0.198 0.02 0.001 <0.001 0.008
Cio0 0.03* 0.11* 0.08* 0.19® 002 0.16® 0.074 0.1248  0.08"8  0.03 0.001 0.026 0.055
Curo 0.29 044" 0.23' 0.23' 0.06 0.548 0.16 0.224 0.29* 0.06 0.060 <0.001 0.209
Ciz20 006 005 0.04 0.02 002 0.11° 0.05%®  0.00* 0.017 0.02 0557 0.006 0.676
Cuso 084 076 077 082 002 0.84 0.78 0.77 0.80 0.04 0.402 0.518 0.706
Ciso 037 028 035 033 002 033 0.41 0.39 0.20 0.04 0.245 0.001 0.011
Ciso 21.46' 2210 22.24 22.78" 0.19 23.47® 21.214 20.83* 23.02® 031 0.090 <0.001 <0.001
Cig1n7 106 137 111 106 0.05 153 1.198 0.86* 1.0248 010 0.121 <0.001 0.100
Curo 240 1.87° 248 343* 012 2617 2.03~ 2.02 3.518 0.16 <0.001 <0.001 <0.001
Cizan7 0.02* 0.09 0.09 0.11' 0.01 0.09%® 0.08*® 0.11% 0.04% 0.03 0.060 0.204 0.402
Ciso 21.10° 18.17¢ 20.72°® 20.38" 0.38 18.44~ 20.59® 20.19® 21158 0.61 0.001 0.020 0.010
Cis:1 trans 015 021 012 015 002 0.21 0.10 0.16 0.15 0.04 0.444 0.227 0.002
Cigrwanssn  1.01°  0.57%  0.44* 0.61* 0.04 0.50° 0.808 0.758 0.58"8  0.09 0.001 0.054 0.006
Cis:1cis-o 16.10° 15.95* 13.27¢ 13.14* 0.39 16.08'  14.87 1349 13.83' 0.80 0.013 0.115 0.044
Cisonewans 0.03  0.028 0.07* 0.028 0.02 0.028 0.01* 0.08"8 0.03"8  0.02 0.080 0.037 0.029
Ca8:2 n-6 cis 19.26% 20.60% 20.72¢ 22.03" 0.27 18994 21528 2297¢ 19.13* 0.52 0.033 <0.001 <0.001
Ciszne 0.11* 0.40° 0.34° 046> 0.02 0.308 0.365¢  0.44° 0.214 0.04 <0.001 <0.001 0.121
Cis:3n3 271 1.81® 173 1.80*° 0.04 1.667 1.938 2.42¢ 1.998 0.11 <0.001 <0.001 0.115
Ca03n-6 018 0.16 0.18 0.18 0.01 0.15%® 0.21® 0.218 0.10* 0.04 0938 0.080 0.257
C20:3n3 3218 3.78" 356%* 3.63* 0.05 3.57° 3.638 3.798 3.38~ 0.10 0.042 0.014 <0.001
C22:2n6 0.84> 0.59® 0.50° 0.52*¢ 0.02 0.55* 0.60"®  0.68° 0.58"8  0.05 0.005 0.168 0.022
Coa1ng 824 9.67 9.85 856 0.27 9.15"8 8.69" 8.46" 10.17® 054 0.200 0.124 0.035
Ca26n-3 0.47® 0.84°> 0.89® 0.91° 0.03 0.52 0.78°% 0.88%¢  0.90°¢ 0.05 <0.001 <0.001 0.034

608

609  Means with different superscript letters (a, b, ¢) between dietary groups and (A, B, C, D) between sampling time points differ significantly. t
610 = tendency towards statistical significance with values ranging between 0.05 and 0.10 (0.05 <t < 0.10).

611  2CON = control treatment; SP5 = dietary treatment with 5 g Spirulina; SP10 = dietary treatment with 10 g Spirulina; SP15 = dietary treatment
612  with 15 g Spirulina.

613  ° SEM: Standard error of the means.
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¢ Effect: The dietary treatment (D), sampling time (S), and the interaction between dietary treatmentxsampling time (DxS) effects were
analyzed by ANOVA using a general linear model (GLM) for repeated measures, and post-hoc analysis was performed with appropriate use
of Tukey's multiple range test.
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617 Table 6

618  The mean individual fatty acids (FA) (% of total FA), grouped FA, FA health indices, and A-9 desaturase indices in the milk of
619  ewes fed diets (CON, SP5, SP10, and SP15) with different levels of Spirulina (5, 10, and 15 g of concentrate) throughout the
620  experimental period (15, 30", 45", and 60" experimental days)

621
Dietary treatment (D)? Sampling time (S) Effect®

Fatty Acids CON SP5 SP10 SP15 SEMP 15"day 30"day 45"day 60"day SEMP D S DxS

Cuo 423" 430° 425 397 0.060 4.10 4.25 4.30 4.10 0.058 0.001 0.032 0.002
Ceu0 3.34* 350" 349 3.35® 0.041 3.36 3.43 3.45 3.43 0.040 0.006 0.427 0.402
Csu0 3.07¢ 333" 337" 3.29° 0.050 3.26 3.27 3.23 3.30 0.044 0.001 0.688 0.960
Cio0 9.53* 10.45° 10.37° 10.23* 0.177 10.04 10.22 9.98 10.34  0.142 0.003 0.208 0.959
Cuo 037 0.38 038 037 0.008 0.35% 0.388¢  0.378  0.40° 0.008 0.859 <0.001 0.615
Ci20 5158 5.64> 549® 549® (0,117 5.26 5.53 5.35 5.62 0.107 0.040 0.061 0.921
Cia0 12.64 1228 1229 1238 0.205 12.13* 12.44"® 12,07 12.95® 0.177 0.584 0.004 0.830
Cu 042 042 042 043 0.007 0.41% 0.458 0.43%® 040 0.007 0518 <0.001 0.014
Ciso 092 091 091 091 0.015 0.89* 0.968 0.92%8  0.89" 0.014 0.986 0.002 0.927
Cisa 028 0.29 030 0.30 0.008 0.315% 0.301® 0.289"® 0.27A4  0.008 0.386 0.003 0.382
Cis0 28.55° 27.12¢ 27.13% 27.17* 0.230 27.17 27.59 27.72 2750  0.248 <0.001 0.468 0.895
Cis:1n7 1.07° 0.97® 0.96* 0.98*% 0.028 0.88* 1.008 1.058 1.058 0.025 0.020 <0.001 <0.001
Cio 052 053 052 053 0.007 0.56¢ 0.528 0.52%8 050  0.007 0.463 <0.001 0.010
Cizin7 025 0.24 0.24 0.26 0.006 0.26° 0.248  0.25"% 0244 0.005 0.079 0.004 <0.001
Ciso 768 7.73 7.65 7.67 0.140 8.13" 7.44% 7.74% 7314 0124 0.856 <0.001 0.321
Cis:1 trans 0.522 0.69® 0.73" 0.69® 0.011 0.69° 0.758 0.60~ 0.58* 0.018 <0.001 <0.001 <0.001
Cis:1 trans-11 0.69 0.66 071 071 0.020 0.79® 0.66* 0.68* 0.63* 0.018 0.324 <0.001 0.121
Ci8:1 cis-9 16.58 16.02 16.07 16.51 0.236 16.63 16.06 16.48 16.00 0.194 0.223 0.037 0.687
C18:2 n-6 trans 019 0.19 0.20 0.20 0.006 0.19 0.19 0.20 0.20 0.005 0.707 0.530 0.732
C18:2 n-6 cis 2.70° 2.78% 291° 292° 0.059 2.83 2.86 2.83 2.80 0.052 0.034 0.884 0.984
Cis:3n-6 0.01 0.02 0.01 0.01 0.007 0.031® 0.002* 0.006* 0.020"® 0.006 0.474 0.005 0.490
C200 011 0.12 011 0.12 0.002 0.12° 0.128 0.128 0.114 0.001 0.069 <0.001 <0.001
Ciszns 0.54* 0.57 0.58 0.60' 0.015 05748  0.55% 0.578  0.608 0.014 0.054 0.049 0.997
Ci8:2 cis-9, trans-11 045 043 045 047 0.012 0.44 0.44 0.46 0.45 0.012 0.219 0491 0.336
Ca20 0.09* 0.12® 0.13* 0.13* 0.009 0.13° 0.11%®  0.13"8  0.094 0.008 0.006 0.014 <0.001
Ca0:3n-3 0.23* 0.25"° 0.25° 0.25"° 0.005 0.26° 0.24# 0.244 0.244  0.004 0.003 0.001 0.409

A Desaturase Indices
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C141/Cus0 0.03 0.04 0.03 0.03 0.003 0.03 0.04 0.04 0.03 0.002 0.303 0.175 0.606
Ci6:1/Cis0 0.04 0.04 0.04 0.04 0.001 0.03* 0.048 0.048 0.048 0.001 0.361 <0.001 <0.001
Cis:1 cis-o/Cas0 222 211 211 217 0.040 2.06% 2188  2.15%8 2218 0.034 0.196 0.012 0.824
Ca8:2 cis-9. trans-11/ C18:1 trans-11 0.68 0.66 0.65 0.67 0.018 0.56 0.67 0.69 0.74 0.016 0.590 <0.001 0.001
Grouped Fatty Acids

SCFA 20.54% 21.95° 21.86"° 21.21* 0.256 21.10 21.56 21.33 2158 0.221 0.001 0.338 0.401
MCFA 47.28" 45.97* 4589% 46.02* 0.349 45.59* 46.54"% 46.10"® 46.958 0.319 0.024 0.016 0.796
LCFA 8.19 8.0 829 832 0.146 8.83° 8.08* 8.374 7.924 0127 0.793 <0.001 0.192
MUFA 19.78 19.29 19.43 19.88 0.258 20.02® 19.44"% 19.774% 19.16 0.214 0.329 0.018 0.788
PUFA 4,128 426 4.40® 4.45° 0.079 4.34 4.28 4.31 4.30 0.071 0.027 0.948 0.907
SFA 76.01 76.33 76.04 7555 0.289 75.51* 76.17A® 75.80%® 76.45% 0.245 0.299 0.028 0.679
UFA 23.90 2355 23.83 2432 0.289 24.35B 23.72°8 24.07"® 23.46" 0.244 0310 0.037 0.737
SFA/UFA 320 3.26 322 312 0.049 3.117 3.23%B  3.17A8  3.298 0.041 0.217 0.015 0.721
®-3 0.77¢ 0.82® 0.83* 0.85° 0.073 0.83 0.79 0.81 0.84 0.143 0.010 0.063 0.029
®-6 291 3.00 312 313" 0.027 3.05 3.05 3.04 3.02 0.054 0.050 0.968 0.977
®-6/w-3 3.82 3.66 379 371 0.029 3.68* 3.888 3.76%® 364" 0.056 0.194 0.024 0.893
Fatty Acids Health Indexes

Al 3.56' 3.55 346 339" 0.263 3.35" 3.5248 3447 3.648 0.055 0.093 0.001 0.818
TI 3.528 3.43® 338 331° 0.022 3.33* 3.448 3.40%8  3.46° 0.043 0.029 0.066 0.655
HPI 0.28 0.28 0.29 0.29 0.003 0.30°8 0.28%®  0.298 0.27% 0.005 0.556 0.009 0.753

Means with different superscript letters (a, b, ¢) between dietary groups and (A, B, C, D) between sampling time points differ significantly. t

= tendency towards statistical significance with values ranging between 0.05 and 0.10 (0.05 <t < 0.10).
2CON = control treatment; SP5 = dietary treatment with 5 g Spirulina; SP10 = dietary treatment with 10 g Spirulina; SP15 = dietary treatment

with 15 g Spirulina.

b SEM: Standard error of the means.
¢ Effect: The dietary treatment (D), sampling time (S), and the interaction between dietary treatmentxsampling time (DxS) effects were
analyzed by ANOVA using a general linear model (GLM) for repeated measures, and post-hoc analysis was performed with appropriate use

of Tukey's multiple range test.



631
632
633
634
635

636
637
638
639
640
641
642
643
644
645
646

Table 7

Enzyme activities (Units/mL), total antioxidant capacity, and oxidative status biomarkers in blood plasma and milk of ewes fed
diets (CON, SP5, SP10, SP15) with different levels of Spirulina (5 g, 10 g, and 15 g of concentrate) throughout the experimental
period (15", 30", 45™ and 60™ experimental days)

Dietary Treatment (D) Sampling Time (S) Effect
CON SP5 SP10 SP15 SEMP 15 30 45 60 SEM® D S DxS
Blood Plasma

sop¢ 14.44° 16.66° 17.01° 1753 16.39 14.17A 1454 18.39% 18.39® 16.44 0.014 <0.001 <0.001
CAT® 19.37% 21.45% 22.30° 21.32% 0.26  20.92”® 20.48" 21.64® 21.40"® 0.52 0.031 0.178 <0.001
GSH-Pxf 0.24° 0.27¢ 027 031" 027 0.34° 022~ 0.28% 023* 0.27 <0.001 <0.001 <0.001
GR¢ 0.05 0.05 0.05 0.05 0.001 0.049® 0.053° 0.049® 0.046" 0.05 0.820 <0.001 0.001
GSTs" 0.15° 0.18" 0.17* 0.16® 0.16 0.17® 0.16® 0.19° 0.14* 0.16 0.026 <0.001 <0.001
ABTS' 30.10 29.10 29.80 29.34 29.64 30.69 28.62 30.00 30.04 29.64 0.464 0.002 0.001
FRAP'  0.93" 0.90* 0.83% 0.96° 0.015 0.774 0.96° 0.88% 1.00° 0.026 0.020 <0.001 <0.001
MDAK  0.63 0.64 061 061 063 061 058* 0.65"® 0.67® 0.64 0.677 0.049 0.411
PC! 2.45° 1.82° 1.78* 1.60* 1.90 1.8178 2,098 1744 201® 190 <0.001 0.076 0.003
Milk

SOD 131.49%143.13® 144.83°150.80°1.52  136.50" 146.91% 145028 141.81”B2.96 0.007 0.115 0.085
CAT 3.68° 4.72° 3.90*% 4.60° 0.13 4.22 4.29 4.37 4.02 026 0.011 0.736  <0.001
GSH-Px 0.28° 0.55° 058" 0.62° 002 0.29% 035 0.75° 0.65° 0.02 <0.001 <0.001 <0.001
ABTS  48.04% 52,73 51.62" 54.86° 0.60 55.48° 54.398¢ 4437~ 53.008 1.00 <0.001 <0.001 <0.001
FRAP  3.00° 4.63> 451" 518" 030 4.40® 4.34® 360" 496 026 <0.0010.001 0.242
MDA  0.23 0.26 023 019 0.05 0174 027®% 0.28%¢ 0.19"® 0.03 0.114 0.001 0.285
PC 1.71% 190° 1.65® 158 0.04 1.87°¢ 157® 141 2.02° 0.07 0.034 <0.001 <0.001

Means with different superscript letters (a, b, ¢) between dietary groups and (A, B, C, D) between sampling time points differ significantly.
24CON = control treatment; SP5 = dietary treatment with 5 g Spirulina; SP10 = dietary treatment with 10 g Spirulina; SP15 = dietary treatment
with 15 g Spirulina.

b SEM: Standard error of the means.

¢ Effect: The dietary treatment (D), sampling time (S), and the interaction between dietary treatmentxsampling time (DxS) effects were
analyzed by ANOVA using a general linear model (GLM) for repeated measures, and post-hoc analysis was performed with appropriate use
of Tukey's multiple range test.

4 SOD: Superoxide dismutase.

¢ CAT: Catalase.

fGSH-Px: Glutathione peroxidase.
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9 GR: Glutathione reductase.

hGST: Glutathione transferase.

' ABTS: 2,20-Azino-his (3-ethylbenzthiazoline-6-sulfonic acid as % inhibition.

I FRAP: Ferric Reducing Ability of Plasma is expressed as uM ascorbic acid equivalents.
K MDA: Malondialdehyde as uM MDA.

'PC: Protein carbonyls as nmol/mL.
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