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Abstract

The impact of omega-3 nutritional manipulation on semen cryosurvival and quality post

thawing is controversial. Our aim was to examine how feeding bulls with omega-3 supple-

mentation from different sources affects the spermatozoa quality parameters. Fifteen Israeli

Holstein bulls were fed for 13 weeks with a standard ration top-dressed with encapsulated-

fat supplementation: fish or flaxseed oil or saturated fatty acids (control). Ejaculates were

collected before, during, and after the feeding trial. Frozen–thawed samples were evaluated

by a flow cytometer for spermatozoa viability, mitochondrial membrane potential, the level of

reactive oxygen species (ROS), acrosome membrane integrity, DNA fragmentation, phos-

phatidylserine translocation, and membrane fluidity. Both fish and flaxseed oil treatment

resulted in lower ROS levels vs. control groups, during and after the feeding trial. Fewer

spermatozoa with damaged acrosomes were observed in the fish oil group after the feeding

trial. The spermatozoa membrane fluidity was altered in both the fish and flaxseed oil groups

throughout the feeding trial, but only in the flaxseed oil group after the feeding trial. The pro-

portion of spermatozoa with fragmented DNA was lower in the flaxseed oil group after the

feeding trial. The spermatozoa fertilization competence did not differ between groups how-

ever, blastocyst formation rate was higher in the fish and flaxseed oil groups relative to the

control. This was associated with differential gene expression in the blastocysts. Overall,

the omega-3-enriched food improved the spermatozoa characteristics; this was further

expressed in the developing blastocysts, suggesting a carryover effect from the spermato-

zoa to the embryos.

Introduction

Nutrition manipulation has been shown to improve bull welfare [1] and to induce a beneficial

impact on semen quality. Feed enrichment with polyunsaturated fatty acids (PUFAs) altered
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the fatty acid composition of bull spermatozoa and improved the semen quality [2]. Among

the PUFAs, the essential fatty acids cannot be synthesized de novo and need to be supple-

mented in the diet. For instance, omega-3 and omega-6 families, which make up 30–50% of

the total fatty acid content of the mammalian spermatozoa membrane [3], can be found in veg-

etable oils such as flaxseed oil and soybean oil, eggs, fish oil, seafood, and more [4]. Consump-

tion of omega-3 as a nutraceutical product has been found to affect semen in stallions [5],

boars [6, 7], bovine [8, 9], rams [10], and humans [11, 12]. In rams, dietary intake of fish oil

increased the ejaculate concentration and the proportion of motile spermatozoa [13–15], as

well as the proportion of normal spermatozoa with intact acrosome [15]. Feeding pigs with

tuna oil increased the proportion of progressively motile spermatozoa and reduced the propor-

tion of spermatozoa with abnormal morphology [16]. In addition, feeding young male goats

with a fish oil-enriched diet improved testes development, reflected by the increased seminifer-

ous tubule diameter and the number of Leydig and Sertoli cells, spermatogonia, spermatocytes,

and spermatid cells [17]. Feeding Friesian bulls with flaxseed oil for 7 weeks improved the

semen characteristics, as reflected in a higher percentage of live and motile spermatozoa, a

higher concentration of spermatozoa, and a lower proportion of spermatozoa with abnormal

morphology [18]. Omega-3 supplementation for 12 weeks to Holstein bulls exposed to heat

stress improved the motility parameters of their fresh semen, with no effect on the frozen–

thawed semen [9]. Feeding a flaxseed oil-enriched diet to Holstein bulls increased the sperma-

tozoa progressive motility and velocity in fresh semen [8]. In contrast, in a recent study, PUFA

enrichment of diets fed to young Nellore bulls for 10 months had a negative impact on their

spermatozoa quality characteristics, including motility, membrane integrity, and lipid propor-

tions [19].

The spermatozoa membrane composition is critical for capacitation [20], acrosome reac-

tion [21], and spermatozoa–oocyte fusion through fertilization [22]. In mammalians the sper-

matozoa membrane is rich in PUFA, mainly docosahexaenoic acid and docosapentaenoic acid

[22]. The membrane also contains high amounts of cholesterol and sphingomyelin, which are

involved in membrane fluidity regulation [23]. A previous study suggested that PUFA supple-

mentation can change the proportion of membrane phospholipids, thereby affecting the sper-

matozoa functionality [24]. This nutritional approach might be highly relevant for intensive

reproductive management, i.e., artificial insemination, in which cows are inseminated with

cryopreserved semen from high merit bulls [25]. Through cryopreservation, spermatozoa

undergo physiological and structural alterations in their membrane composition, which might

affect their viability and functionality [26, 27]. In light of this, it was resonable to hypothesize

that feeding bulls with flaxseed oil or fish oil would change the membrane fatty acid composi-

tionand would consequently improve spermatozoa cryosurvivel. In our previous study, we

reported that feeding bulls with flaxseed oil or fish oil for 13 weeks increases the proportion of

docosahexaenoic acid, α-linolenic acid, and total omega-3 fatty acids in fresh semen samples

[8]. In the current study, using the same samples [8], we examined the effects of omega-3 sup-

plementation on the spermatozoa viability and characteristics post thawing. In addition, we

examined spermatozoa fertilization competence in vitro. We hypothesized that omega-3 sup-

plementation would improve the spermatozoa cryosurvival and further affect fertilization

capacity and embryonic development. The findings reported herein provide new information

and enhance our understanding regarding omega-3 supplementation and its impact on cryo-

preserved-spermatozoa characteristics and fertilization capacity. Moreover, the study provides

new evidence for paternal carry over effects from the spermatozoa to the developing

blastocyst.
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Materials and methods

All chemicals were purchased from Sigma-Merck (Rehovot, Israel) unless otherwise indicated.

All culture media were prepared in the laboratory as previously reported [28, 29].

Feeding groups

Ejaculates were collected in our previous feeding trial as described by Moallem et al. (2015)

and as presented in Fig 1. The study was approved by the Volcani Center Animal Care Com-

mittee (approval no. IL 427/13); it involved 15 Israeli Holstein (6 mature bulls, aged 6.0 ± 1.3

years and 9 young bulls aged, 2 ± 0.3 years) working bulls from SION–Israeli Company for

Artificial Insemination and Breeding Ltd., which participates in the breeding program of the

Israeli Cattle Breeders Association. The bulls were housed in individual stalls and individually

fed the basal total mixed ration that is routinely fed at SION [68.4% (w/w) dry matter, 7.2%

(w/w) protein, 36.2% (w/w) neutral detergent fiber, 20% (w/w) acid detergent fiber, 1.45 net

energy Mcal/kg, and 3.5 g minerals/kg (NaCl, Ca and P)]. Bulls were divided into three experi-

mental dietary groups (n = 5 bulls each); each treatment group included two mature and three

young bulls, which were fed with fatty acid supplement (SILA, Venice, Italy): (1) saturated

fatty acids (the control group)– 360 g/day per bull with encapsulated fat from vegetable oil

consisting of 64.2% palmitic acid (C16:0) and 34.8% stearic acid (C18:0); (2) the flaxseed oil

group– 450 g/day per bull with encapsulated fat from flaxseed oil providing 84.2 g/day of

alpha-linolenic acid; (3) the fish oil group– 450 g/day of encapsulated fat from fish oil provid-

ing 8.7 g/day eicosapentaenoic acid and 6.5 g/day docosahexaenoic acid. The amounts of sup-

plement were adjusted based on the percentage of fat and ash; the saturated fatty acids diet

contained 99% fat, and the flaxseed oil and fish oil diets contained 80% and 19% ash, respec-

tively. The supplements were individually delivered and hand-mixed with the offered total

mixed ration. Since the duration of spermatogenesis in bulls is about 61 days [30], the feeding

period lasted for 13 weeks (i.e., 91 days); thus, it affected both the earlier and the later develop-

mental stages through spermatogenesis and thereafter, through testis storage.

Ejaculate collection

Ejaculates were collected once a week (from the first collection of each week) from each bull,

starting 1 week before initiation of the feeding trial, through the feeding period (13 weeks),

and 2 weeks after the feeding trial ended. Bulls were mounted on a live teaser, and semen was

collected into a disposable tube using a sterile heated (38˚C) artificial vagina. Ejaculates were

immediately transferred to the laboratory and subjected to the cryopreservation procedure

routinely conducted at SION [31]. Briefly, collected ejaculates were diluted (1:10 v/v at room

temperature) with extender [10% (v/v) glycerol, 20% (w/v) egg yolk, 20 mg lactose, 1000 IU

penicillin, and 500 mg streptomycin]. Then the samples were chilled for 3 h to 4˚C and

inserted into 0.25-mL chilled straws. Straws were cooled for 10 min to -95˚C in a programmed

box with a vapor nitrogen-saturated atmosphere, and then plunged into liquid nitrogen.

In-vitro analysis

The analysis was conducted on samples that were collected 1 week before (-1 week), during

(weeks 3, 7, and 11), and 2 weeks after (+2 weeks) the feeding trial (Fig 1A). The selected time

points for analysis were based on our previous study [8] in which alterations in the fatty acid

composition were first detected on week 7 of feeding and lasted until week 13, 2 weeks after

the feeding trial ended.
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The first examination included cell-based assessments of frozen–thawed samples: viability,

mitochondrial membrane potential, reactive oxygen species (ROS) level, damaged acrosomal

membrane, membrane fluidity, phosphatidylserine translocation, and the DNA fragmentation

index (Fig 1B). All evaluations were conducted using a flow cytometer with specific fluorescent

probes. Samples from each individual bull were analyzed; therefore, each bull represented one

replicate within an experimental group (n = 15; 5 replicates per group). In addition, pooled

samples, consisting of 5 straws/group, were examined for the maintained parameters. For each

group, data recorded from the pooled samples were compared to a calculated average, i.e., an

average of five bulls within each group for each of the examined parameters. Based on this

comparison and due to a technical problem, DNA fragmentation and fertilization competence

were conducted using pooled samples of two time points: before the feeding trial (-1 week)

and +2 weeks after the trial ended. For each experimental group (i.e., saturated fatty acids, fish,

or flaxseed oil), the pool consisted of one straw from each bull (n = 5).

Fig 1. A schematic illustration of the experimental design. (A) Bulls (n = 15) were fed for 13 weeks (feeding period) with saturated fatty acid (SFA;

control) or fish oil (FO) or flaxseed oil (FLX), as previously described by our group [8]. Semen was collected before (-1 week), during (3, 7, and 11

weeks) and after (+2 weeks) the feeding period. Collected semen was frozen in straws and stored in liquid nitrogen until further analysis. Samples were

thawed, subjected to the swim-up procedure, and then evaluated for cell-based assessment of spermatozoa (B) and fertilization competence and

embryonic development (C). (B) Cell-based assessment of spermatozoa (n = 25,000 spermatozoa/group) was evaluated by flow cytometry and included

plasma membrane integrity, mitochondrial membrane potential, acrosomal membrane integrity, phosphatidylserine translocation, reactive oxygen

species (ROS) level, membrane fluidity and DNA fragmentation index. (C) Fertilization competence and embryonic development were examined by

in-vitro production of embryos. Cumulus oocyte complexes (COCs) were divided into three groups and in-vitromatured for 22 h, then fertilized with

pooled SFA, FO, or FLX samples collected before the feeding period (-1 week; 3 replicates) and after the feeding period (+2 weeks; 3 replicates).

Fertilization competence was recorded as the proportion of oocytes that cleaved to 2- to 4-cell-stage embryos 42–44 h post fertilization and the

proportion of embryos that developed to the blastocyst stage on day 8 post fertilization. The embryos’ developmental kinetics was recorded in a time-

lapse incubator, including the timing of the 1st, 2nd, and 3rd division, and blastocyst formation (i.e., the formation of a blastocoel cavity within the

embryo). Twelve blastocysts were individually collected from each experimental group and subjected to mRNA extraction, followed by qRT-PCR, to

examine the long-lasting effects of treatment from the spermatozoa to the developed embryo (i.e., the paternal effect). Fig 1 was created by Dr. Kalo

with Microsoft PowerPoint software.

https://doi.org/10.1371/journal.pone.0265650.g001
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Another set of examinations was performed to evaluate the in-vitro fertilization spermato-

zoa capacity and the developmental competence following fertilization (Fig 1C). Cumulus

oocyte complexes (COCs) were in-vitromatured and randomly divided into three groups, and

fertilized with the pooled spermatozoa (~1x106), described above. Spermatozoa were collected

1 week before the feeding trial started (-1 week). The experiment included 3 IVF runs and 515

COCs in total.

Another set of COCs were in-vitromatured, randomly assigned into three groups, and in-
vitro fertilized with the pooled spermatozoa (~1x106), as described above. Spermatozoa were

collected 2 weeks after the feeding trial ended (+2 weeks). The experiment included 3 IVF runs

and 216 COCs in total. Following fertilization, putative zygotes were cultured in vitro for 8

days. The fertilization rates were determined based on the proportion of oocytes that cleaved

to the 2- to 4-cell-stage embryos at 42–44 h post fertilization. Embryo developmental compe-

tence was determined by the proportion of embryos that developed to the blastocyst stage on

day 8 post fertilization. The kinetics of embryo development was recorded using a time-lapse

system with an incubator, which enables continuous monitoring of embryo kinetics and devel-

opment, as described in detail below. Blastocysts were individually collected from each experi-

mental group (n = 12; 4 replicates) and subjected to mRNA extraction followed by RT-qPCR.

Cell-based assessment of spermatozoa

Spermatozoa evaluation by flow cytometry. For each bull (Fig 1), two straws from five

collection time points were thawed and examined for viability following cryopreservation.

Then, the samples were subjected to the swim-up procedure to ensure that further analysis will

be performed on viable motile spermatozoa [32]. Samples were washed once in prewarmed

(38.5˚C) NKM buffer (pH 7.4; 110 mM NaCl, 5 mM KCl, and 20 nM MOPS [3-N-morpholino

propanesulfonic acid]) by centrifugation at 600xg for 10 min at room temperature, followed by

20 min at 38.5˚C, allowing the viable motile sperm to swim up.

Sperm was evaluated using the Guava EasyCyte microcapillary flow cytometer with Cyto-

Soft software (Guava Technologies, Inc., Hayward, CA, USA) and ready-to-use flow cytometry

kits containing lyophilized fluorochromes in each well (IMV Technologies, L’Aigle, France) as

previously reported [33]. Flow cytometry tests were performed on frozen samples using the

Guava EasyCyte microcapillary flow cytometer with CytoSoft software (Guava Technologies;

distributed by IMV Technologies). The device detects particle-emission properties with three

photomultiplier tubes (green: 525/30 nm, yellow: 583/26 nm, and red: 655/50 nm) and accom-

modated optical filters and splitters. Assessment included plasma membrane integrity, mito-

chondrial membrane potential, acrosomal membrane integrity, and ROS level. In addition, the

DNA fragmentation index, the phosphatidylserine translocation, and membrane fluidity were

examined by flow cytometry using specific probes [acridine orange, merocyanine 540, and

annexin V (AV), respectively]. A signal from 5000 spermatozoa was counted for each sample

within each examined parameter.

Calibration was performed using the EasyCyte Check Kit (ref. 023066; IMV Technologies)

according to the manufacturer’s instructions. Briefly, 10 ΔL of EasyCheck reagent beads was

diluted in 190 ΔL of EasyCheck diluent, mixed thoroughly, and run through the instrument in

three replicates. The obtained results were compared to the intensity information attached to

the kit for green and red lasers. Only runs with adjusted values for all lasers were used for fur-

ther analysis.

Plasma membrane integrity. Plasma membrane integrity was evaluated using the EasyKit

1 Viability and Concentration (ref. 024708; IMV Technologies) according to the manufactur-

er’s instructions and as previously reported [33]. The kit is based on two fluorescent probes:
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SYBR and propidium iodide (PI). SYBR stains nucleic acid and labels all spermatozoon heads

green, whereas PI penetrates only membrane-damaged spermatozoa and labels spermatozoon

heads red (Fig 2A). From each sample, 2 ΔL of homogeneous spermatozoa at 57 x 106/mL was

added into the well of a 96-well plate containing 199 ΔL EasyBuffer B (ref. 023826; IMV Tech-

nologies). The contents of each well were homogenized by pipetting, and the plate was covered

and placed in an oven at 38.5˚C, and protected from light for 10 min. A total of 5000 spermato-

zoa were counted in the flow cytometry reading. The results are expressed as the percentage of

viable spermatozoa.

Mitochondrial membrane potential. The mitochondrial membrane potential of the sper-

matozoa was evaluated using EasyKit 2 (ref. 024864; IMV Technologies) according to the man-

ufacturer’s instructions and as previously reported [33]. The kit is based on the 5,5’,6,6’-tetra-

chloro-1,1’,3,3’-tetraethylbenzimidazolyl carbocyanine iodide (JC-1) probe, which changes

color based on the mitochondrial membrane potential (Fig 2B). A volume of 10 ΔL absolute

ethanol was added into each well to suspend the fluorochrome, followed by the addition of 190

ΔL phosphate buffered saline (PBS). Then, 2 ΔL of homogeneous spermatozoa at 57 x 106/mL

from each sample was added separately into the wells of a 96-well plate, homogenized by

pipetting, and the plate was covered and placed in an oven at 38.5˚C, and protected from light

for 30 min. A total of 5000 spermatozoa were counted. The results are expressed as the ratio

between the percentages of spermatozoa expressing polarized and depolarized mitochondrial

membranes.

Reactive oxygen species level. The level of ROS was evaluated with EasyKit 3 (ref.

025157; IMV Technologies) according to the manufacturer’s instructions and as previously

described by Sellem et al. [34]. The kit is based on the probe dihydrorhodamine 123

Fig 2. Evaluation of spermatozoa using the Guava EasyCyte microcapillary flow cytometer. Scatter plots of (A) viable and

dead spermatozoa, (B) polarized and depolarized spermatozoa, (C) viable spermatozoa with or without ROS and dead

spermatozoa with or without ROS, (D) spermatozoa with damaged, reacted, and intact acrosomal membranes, (E) annexin V

(AV) positive (+) with negative (-) and positive (+) propidium iodide (PI), and AV- with PI- and PI+ spermatozoa, and (F) high-

and low-intensity merocyanine 540 staining of spermatozoa.

https://doi.org/10.1371/journal.pone.0265650.g002
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(DHR123), which evaluates the intracellular level of hypochlorous acids that are ROS (Fig 2C).

A volume of 2 ΔL of homogeneous sperm at 57 x 106/mL was added into each well of a 96-well

plate containing 199 ΔL prewarmed PBS (38.5˚C). The contents of each well were homoge-

nized by pipetting, and the plate was covered and placed in an oven at 38.5˚C, and protected

from light for 20 min. Then, 2 ΔL of 39 mM hydrogen peroxide was added into each well, and

incubated for an additional 40 min in an oven at 38.5˚C, and protected from light. Thereafter,

spermatozoa were washed with 600 ΔL prewarmed PBS at 38.5˚C and centrifuged for 5 min at

300 x g. The pellet was suspended in 200 ΔL PBS, placed in a 96-well plate, and loaded into the

flow cytometer. A signal from 5000 spermatozoa was counted, and the results were expressed

as the distribution of ROS+ viable spermatozoa relative to ROS- spermatozoa.

Acrosomal membrane integrity. The acrosomal membrane integrity was evaluated with

EasyKit 5 (ref. 025293; IMV Technologies) according to the manufacturer’s instructions with

minor modifications, as previously described [33]. The kit is based on fluorescein isothiocya-

nate-labeled peanut agglutinin (FITC-PNA) that binds to the inner surface of the outer acroso-

mal membrane, which is accessible after an acrosome reaction, i.e., after the membrane has

been ruptured [35]. According to the FITC-PNA labeling, a damaged acrosomal membrane

expresses a positive green fluorescence signal, whereas an intact acrosomal membrane does

not (Fig 2D). A volume of 2 ΔL of homogeneous spermatozoa at 57 x 106/mL was added to

each well of a 96-well plate containing 199 ΔL EasyBuffer B (ref. 023826; IMV Technologies)

(38.5˚C). The contents of each well were homogenized by pipetting, and the plate was covered

and placed in an oven at 38.5˚C, and protected from light for 45 min. Then, the plate was

loaded into the flow cytometer for signal reading. A signal from 5000 spermatozoa was

counted, and the results were expressed as the percentage spermatozoa with a damaged acroso-

mal membrane.

Phosphatidylserine translocation and membrane fluidity. Phosphatidylserine translo-

cation and sperm membrane fluidity were evaluated by combined staining with AV–FITC dye

(MACS Miltenyi Biotec GmbH, Bergisch Gladbach, Germany), PI, and merocyanine 540.

Prior to the analysis, fluorescence compensation was conducted to correct the overlap between

the emission spectra of PI and merocyanine 540, thus ensuring that the detected and measured

signal derives from the fluorochrome. A sample of 57 x 106/mL spermatozoa (~ 5 ΔL) was

added to a tube containing 3 ΔL AV–FITC dye and 30 ΔL of binding buffer (MACS Miltenyi

Biotec GmbH) diluted (1:20) with ultrapure water. The tube was incubated for 15 min in the

dark at room temperature; then the contents were washed with 1 mL binding buffer, centri-

fuged, and 200 ΔL of diluted (1:20) binding buffer was added to the supernatant, mixed, and

transferred to the well of a 96-well plate. A volume of 1 ΔL of 540 ΔM merocyanine 540 was

added into the well and the plate was incubated for 10 min, and protected from light at room

temperature. Immediately before reading, 0.3 ΔL PI was added to each well. The use of three

dyes enabled distinguishing between three categories: (1) no changes in phosphatidylserine

translocation corresponding to a non-apoptotic event (a negative fluorescent signal of both

AV and PI), (2) phosphatidylserine translocation corresponding to an early apoptotic event (a

positive AV fluorescent signal combined with a negative PI signal), and (3) phosphatidylserine

translocation combined with membrane damage, corresponding to a late apoptotic event (a

positive fluorescent signal for both AV and PI) as described by Shen et al. [36] (Fig 2E). In

addition, the spermatozoa characterized as non-apoptotic were classified into high- and low-

fluidity membranes corresponding to a high and low fluorescent signal of merocyanine,

respectively (Fig 2F).

DNA fragmentation index. The spermatozoa DNA fragmentation index was evaluated

by chromatin assay using acridine orange dye and a flow cytometer reader as described previ-

ously [37]. A sample containing 1 x 106 spermatozoa was diluted in 147 ΔL Tris/NaCl/EDTA
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buffer (0.01 M Tris-HCl, 0.15 M NaCl, 1 mM EDTA, and pH 7.4) and incubated with 300 ΔL

detergent acid solution (0.17% w/v Triton X-100, 0.15 NaCl, 0.08 N HCl, and pH 1.2) in a

1.7-mL microcentrifuge tube for 30 s at room temperature. Then, 900 ΔL of acridine orange

solution at a final concentration of 6 Δg/mL (0.15 M NaCl, 1 mM EDTA, 0.1 M citric acid, 0.2

M Na2HPO4, and pH 6.0) was added. The tube was loaded into the flow cytometer and read

for 2.5 min. The DNA-compaction level was expressed as the DNA fragmentation index, i.e.,

the percentage of spermatozoa with fragmented DNA.

Fertilization competence and embryonic development

In-vitro production of embryos. In-vitro production of bovine embryos was performed

as previously described [28, 29, 37]. Bovine ovaries were collected at a local slaughterhouse

from multiparous Holstein cows, and transported to the laboratory. COCs were aspirated and

subjected to in-vitromaturation, i.e., incubated for 22 h in humidified air with 5% CO2 for 22

h at 38.5˚C. At the end of maturation, in-vitro fertilization was conducted with pooled samples

(n = 5 straws, one from each bull/experimental group) collected 1 week before and +2 weeks

after the feeding period. In-vitro culture was performed in a conventional incubator or in a

TLS with an incubator (Miri; ESCO Medical, Egaa, Denmark). For the conventional incubator,

putative zygotes were placed in groups of 10 in a 25-μL potassium simplex optimized medium

(KSOM) droplet covered with mineral oil. For the TLS incubator, putative individual zygotes

were placed on a CultureCoin (ESCO Medical) culture slide. Each of the 14 microwells of the

CultureCoin were filled with 25 μL KSOM, covered with mineral oil, and inserted into the TLS

incubator, which enables continuous monitoring of embryo kinetics and development. In

both incubators, embryos were cultured for 8 days at 38.5˚C in a humidified atmosphere of 5%

CO2, 5% O2.

Embryo kinetics and development were recorded for up to 190 h (8 days) post fertilization.

Automatic time-lapse imaging was programmed to take images of each individual embryo

every 5 min throughout the culture period. The images were taken through seven focal planes

by a built-in Zeiss objective (20×) with a numerical aperture of 0.35 designed for 635 nm illu-

mination using red light. The individual time-lapse images were then assembled into AVI

movies by Miri1 TL software. The precise timing of the 1st, 2nd, and 3rd divisions (corre-

sponding to 2-, 4-, and 8-cell-stage embryos, respectively) and blastocyst formation was anno-

tated and expressed in hours post fertilization. The time of fertilization, i.e., the time when

spermatozoa were added to the culture, was defined as time zero (t = 0). The cleavage rate into

2- to- 4-cell-stage embryos and the blastocyst formation rate were evaluated 42 h and after

~190 h post fertilization, respectively.

Blastocyst transcript abundance. Gene expression was analyzed on single in-vitro-

derived blastocysts developed following fertilization with pooled samples (collected at +2

weeks after the end of the feeding trial). Blastocysts were collected on day 8 post fertilization

and stored at -80˚C until mRNA extraction. Poly(A) RNA was isolated using the Dynabeads

mRNA DIRECT Kit according to the manufacturer’s instructions (Life Technologies, Carls-

bad, CA, USA) as previously described [28]. Briefly, samples were lysed and mixed with pre-

washed Oligo (dT)25 Dynabeads. Following mRNA binding, each sample was washed twice

with buffer A, twice with buffer B, and finally, mRNA was eluted with 10 mM Tris–HCl. The

purified mRNA was used as the template in cDNA synthesis with SuperScript1 III Reverse

Transcriptase (Life Technologies).

The qRT-PCR assay was carried out with primers for some marker genes that are essential

for proper development of the preimplantation embryo. These included the Interferon (IFN)-

stimulated gene 15 (ISG15), which is involved in the development of early bovine embryos and
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regulates IFN expression in the developing blastocyst [38]); prostaglandin-endoperoxide

synthase 2 (PTGS2), which is expressed in the embryo trophectoderm and plays a role in

implantation [39]; Actin Alpha 2 (ACTA2), a molecular marker, which in bovine, is associated

with embryo developmental competence [40]; Placenta Associated 8 (PLAC8), which is

involved in placental development [41]; Signal transducer and activator of transcription 3

(STAT3), a quality marker for bovine gametes [42] and is involved in inner cell mass develop-

ment in bovine blastocysts [43]; Sex determining region Y-box 2 (SOX2), a marker for bovine

inner cell mass, which is involved in the developmental capacity regulation of the embryo [44];

POU domain, class 5 transcription factor 1 (OCT4), which is expressed at early developmental

stages and is involved in the differentiation of the inner cell mass and the trophectoderm layers

[45]; DNA methyltransferase 1 (DNMT1) plays a role in the maintenance of hemi-methylated

strands during DNA replication [46] and has an essential role during bovine preimplantation

development [47]; DNA methyltransferase 3B (DNMT3B) is essential for de novo methylation

[48]; Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta

(YWHAZ) and succinate dehydrogenase complex flavoprotein subunit A (SDHA) served as

internal reference genes [28].

The primers were derived from bovine sequences found in Genbank and specific primer

pairs were designed using Primer 3.0 software (Table 1). RT-qPCR was conducted using the

LightCycler1 96 system (Roche, Basel, Switzerland) with the SYBR1 Green qPCRBIO

SyGreen Blue Mix Hi-ROX Kit (PCR Biosystems Ltd., London, UK) in a final volume of 20 μL

containing ultrapure water (Biological Industries), 400 nM of each primer, and 3 μL diluted

cDNA (1:4, v/v). A negative control, without reverse transcriptase, was included to ensure the

absence of DNA template contamination. The reaction efficiency ranged between 90 and

Table 1. Primers used for qRT-PCR analysis.

Gene Primer Accession number Sequence (5’!3’) Size (bp)

ISG15 Forward NM_174366 CTGCTGGTGGTGCAGAACT 84

Reverse CTGCTTCAGCTGGACCTCAT

PTGS2 Forward NM_174445 GAAATGATCTACCCGCCTCA 161

Reverse TCTGGAACAACTGCTCATCG

ACTA2 Forward NM_001034502 CGAGGCTATTCCTTCGTGAC 103

Reverse CAGTGGCCATCTCATTCTCA

PLAC8 Forward NM_001025325 GGCAGACTGGCATCTTTGAC 116

Reverse CCATAGGCAGCATTCATTCA

STAT3 Forward NM_001012671 GTCGGCTACAGCCATCTTTGT 118

Reverse CCTGTCAACCCGTTTGTCTT

SOX2 Forward NM_001040483 GTCCTATGGTGCTGGATGCT 113

Reverse GTTGATGTTCATGGCACAGG

OCT4 Forward NM_174580 GTGAGAGGCAACCTGGAGAG 109

Reverse ACACTCGGACCACGTCTTTC

DNMT1 Forward NM_182651 GCTTTACTGGAGCGATGAGG 103

Reverse GAAGTCCTGGAGGCACTGAG

DNMT3B Forward NM_ 181813 AGAACTGGGCATCAAAGTGG 172

Reverse GCTTCCACCAATCACCAAGT

YWHAZ Forward NM_00174814 GCATCCCACAGACTATTTCC 124

Reverse GCAAAGACAATGACAGACCA

SDHA Forward NM_174178 GGGAGGACTTCAAGGAGAGG 112

Reverse TCAACGTAGGAGAGCGTGTG

https://doi.org/10.1371/journal.pone.0265650.t001
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110% with R2> 0.995. The amplification program included preincubation at 95˚C for 10 s to

activate taq polymerase, followed by 40 amplification cycles of denaturation at 95˚C for 10 s

and annealing–elongation at 60˚C for 15 s. All samples were run in duplicate in 96-well plates.

Melting-curve analysis was performed at the end of the amplification to confirm single-gene

specificity. Fluorescence was recorded to determine the threshold cycle during the log-linear

phase of the reaction in which fluorescence rises above the background. Gene expression was

quantified and analyzed by LightCycler1 96 software ver. 1.1 and the ΔΔCt method was used

to calculate the relative expression of each gene (i.e., the fold change). Normalization was con-

ducted using the geometric mean of two internal reference genes, YWHAZ and SDHA, and

against the control group. The stability of the chosen reference genes was previously assessed

in blastocysts [28, 29, 37, 49], demonstrating stable expression at this embryonic developmen-

tal stage and an independent manner of the experimental group.

Statistical analysis

Data were analyzed by JMP-15 software (SAS Institute, Inc., 2004, Cary, NC, USA). Treat-

ments were compared by repeated measures ANOVA with a pretreatment value of each vari-

able serving as a covariate. Treatment x time (feeding x week) interaction was tested using the

proportion of viable spermatozoa, the proportion of spermatozoa with damaged acrosome

membrane, a mitochondrial membrane potential ratio, and a proportion of spermatozoa with

phosphatidylserine translocation. The proportion of embryos cleaved to the 2- to 4-cell stage,

the proportion of blastocyst formation, and the DNA fragmentation index were analyzed as

variables by one-way ANOVA, followed by the Tukey–Kramer test. Data are presented as the

mean ± SEM. An overall comparison of the oxidation status (the proportion of ROS+ and

ROS- spermatozoa) and the membrane fluidity (viable spermatozoa with high and low fluid-

ity) as well as the distribution for the flaxseed and fish oil groups relative to the saturated fatty

acids group between weeks for incidence data was performed by chi-square, followed by Fish-

er’s exact test, and compared to the saturated fatty acids group. The qRT-PCR data were ana-

lyzed according to the 2-ΔΔCT method, expressing the fold change of each selected gene within

experimental groups. Data were normalized against the saturated fatty acids group (expression

was set to 1). The fold-change data for each gene were subjected to one-way ANOVA, followed

by the Tukey–Kramer test. Data are presented as the mean ± SEM. For all analyses, P< 0.05

was considered significant; P-values between 0.05 and 0.1 were also reported as trends that

might be real and noteworthy. Note, a minimal data set that include the values beyond the

means and values used to build graphs is provided as a Supporting Information file.

Results

Effect of flaxseed and fish oil on cell-based assessment of spermatozoa

Spermatozoa viability. The proportion of viable spermatozoa was similar between experi-

mental groups; it was about 30–40% for all groups throughout the entire experimental period

when examined immediately after thawing. Following the swim-up procedure, considering the

treatment x time interaction effect, the proportion of viable spermatozoa remained similar

(~53% viable spermatozoa) between and within experimental groups throughout the entire

experimental period (P = 0.5; Fig 3).

Mitochondrial features. Neither flaxseed nor fish oil affected the mitochondrial mem-

brane potential during or after the feeding period relative to the saturated fatty acids group,

considering the treatment x time interaction effect (P = 0.99; Fig 4A). However, both flaxseed

and fish oil affected the proportion of viable ROS+ spermatozoa (P< 0.0001; Fig 4B). For both

the flaxseed and fish oil groups, the proportion of ROS+ viable spermatozoa was significantly
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reduced throughout the entire feeding period (P< 0.0001). In particular, feeding bulls with

fish oil reduced the proportion of viable ROS+ spermatozoa relative to the saturated fatty acids

group after 3 and 7 weeks of supplementation, and 2 weeks after the end of the feeding trial

(P< 0.05; Fig 4B). Feeding with flaxseed oil resulted in a two-phase effect. After 3 weeks of

supplementation, there was an increase in the proportion of viable ROS+ spermatozoa relative

to the saturated fatty acids group (86.48 vs. 78.26%; P< 0.0001). From 7 weeks of flaxseed oil

feeding up to 2 weeks after the end of the feeding trial, a decrease in the proportion of viable

ROS+ spermatozoa was recorded (P< 0.0001; Fig 4B).

Acrosomal membrane integrity. Overall, treatment x time interaction indicated the sig-

nificant effects of flaxseed and fish oil on acrosomal membrane integrity (P< 0.0001; Fig 5).

Compared to the saturated fatty acids group, the proportion of spermatozoa with damaged

acrosome membrane in the flaxseed oil group was lower at 7 weeks (P< 0.05), and tended to

be lower 2 weeks after the end of the feeding trial (P< 0.06; Fig 5). Similarly, the proportion of

spermatozoa with damaged acrosomal membrane was lower in the fish oil vs. the saturated

fatty acids group 2 weeks after the end of the feeding trial (P< 0.05; Fig 5).

Phosphatidylserine translocation. Overall, treatment x time interaction indicated that

feeding with flaxseed or fish oil only slightly affected the translocation of phosphatidylserine,

corresponding to early apoptotic events (P< 0.05; Fig 6). In particular, a higher proportion of

spermatozoa exhibiting phosphatidylserine translocation at 7 weeks after initiation of the feed-

ing trial was found in the saturated fatty acids group relative to -1, 11, and +2 weeks of the

feeding period (P< 0.05). Feeding with flaxseed oil resulted in the same pattern at 7 weeks,

compared to -1, 11, and +2 weeks of the feeding trial (P< 0.05); it was similar to the saturated

fatty acids group. However, feeding with fish oil resulted in a reduced proportion of spermato-

zoa exhibiting phosphatidylserine translocation events at 7 weeks after the initiation of the

feeding trial relative to the saturated fatty acids and flaxseed oil groups (P< 0.05). There were

no differences between the proportions of spermatozoa exhibiting phosphatidylserine translo-

cation events at +2 weeks (Fig 6).

Membrane fluidity. Feeding bulls with flaxseed or fish oil affected the spermatozoa mem-

brane fluidity relative to the saturated fatty acids group (P< 0.0001; Fig 7). Before initiation of

Fig 3. Effect of omega-3 sources flaxseed and fish oil on spermatozoa viability. The proportion of spermatozoa

classified as viable, i.e., negative for propidium iodide (PI), as examined by flow cytometer. Experimental groups were

fed saturated fatty acid (SFA; control), fish oil (FO), or flaxseed oil (FLX) supplements. Ejaculates were collected before

(-1 week), during (3, 7, and 11 weeks), and after (+2 weeks) the feeding trial. Data are presented as the mean ± SEM

calculated for 5 replicates with 5000 spermatozoa for each replicate.

https://doi.org/10.1371/journal.pone.0265650.g003
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Fig 4. The effect of omega-3 sources flaxseed and fish oil on mitochondrial features. (A) The ratio of mitochondrial

membrane potential (ΔCm; polarized/depolarized) for spermatozoa from each experimental group: saturated fatty

acid (SFA; control), fish oil (FO), and flaxseed oil (FLX), as determined by flow cytometer detection of the fluorescent

probe JC-1 during the experimental period: before (-1 week), during (3, 7, and 11 weeks) and after (+2 weeks) the

feeding trial. (B) The distribution of viable ROS+ and ROS- spermatozoa within each experimental group, as

determined by flow cytometer detection of the fluorescent probe DHR123 during the experimental period. Data are

presented as the mean ± SEM calculated for 5 replicates, 5000 spermatozoa for each replicate. Different letters above

columns indicate significant differences between experimental groups at each time point (P< 0.05).

https://doi.org/10.1371/journal.pone.0265650.g004

Fig 5. The effect of omega-3 sources flaxseed and fish oil on acrosomal membrane integrity. The proportions of

spermatozoa exhibiting damaged acrosomal membrane, as determined by flow cytometer detection of the fluorescent

probe FITC-PNA, are presented. The experimental groups were saturated fatty acid (SFA; control), fish oil (FO), and

flaxseed oil (FLX). Ejaculates were collected before (-1 week), during (3, 7, and 11 weeks), and after (+2 weeks) the

feeding trial. Data are presented as the mean ± SEM calculated for 5 replicates with 5000 spermatozoa for each

replicate. Different letters above the columns indicate significant differences between experimental groups at each time

point (P< 0.05).

https://doi.org/10.1371/journal.pone.0265650.g005
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the feeding trial (-1 week), the ratio between high and low membrane fluidity was similar in all

groups (P = 0.6; Fig 7). Feeding bulls with fish oil increased the proportion of viable spermato-

zoa with high membrane fluidity relative to the saturated fatty acids group at weeks 3 and 11

(P< 0.0001). At +2 weeks, the ratio between high and low membrane fluidity was similar in

the fish oil and saturated fatty acids groups (P = 0.29; Fig 7). Feeding with flaxseed oil increased

the proportion of viable spermatozoa exhibiting high membrane fluidity at 11 weeks relative to

the saturated fatty acids group (P< 0.0001, Fig 7). However, this effect was no longer seen at

+2 weeks (P< 0.0001; Fig 7).

DNA fragmentation index. Owing to technical limitations, the DNA fragmentation

index was evaluated for pooled samples (5 bulls/group). Note that pooling was based on a pre-

liminary comparison in which the calculated average data from individual bulls were

Fig 6. The effect of omega-3 sources flaxseed and fish oil on phosphatidylserine (PS) translocation. The

proportion of spermatozoa with PS translocation within each experimental group: saturated fatty acid (SFA; control),

fish oil (FO), and flaxseed oil (FLX), as determined by flow cytometer detection of the fluorescent probes annexin V

and PI during the experimental period: before (-1 week), during (3, 7, and 11 weeks), and after (+2 weeks) the feeding

trial is presented. Data are presented as the mean ± SEM calculated for 5 replicates with 5000 spermatozoa per

replicate. Different letters above the columns indicate significant differences between experimental groups at each time

point (P< 0.05).

https://doi.org/10.1371/journal.pone.0265650.g006

Fig 7. The effect of omega-3 sources flaxseed and fish oil on membrane fluidity in viable spermatozoa. The

distribution of viable spermatozoa expressing high or low membrane fluidity within each experimental group:

saturated fatty acid (SFA; control), fish oil (FO), and flaxseed oil (FLX) as determined by flow cytometer detection of

the fluorescent probe merocyanine 540 during the experimental period: before (-1 week), during (3, 7, and 11 weeks),

and after (+2 weeks) the feeding trial is presented. Different letters above the columns indicate significant differences

relative to the SFA group at each time point (P< 0.05).

https://doi.org/10.1371/journal.pone.0265650.g007
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compared with the data obtained from their pooled samples. No differences were found

between the average and pooled data (Table 2); therefore, further examinations of DNA frag-

mentation were performed on the pooled samples.

Comparisons were performed on samples collected before (-1 week) and after (+2 weeks)

the feeding period. No differences were found between the average and the pooled data

(Table 2). In light of these findings, further examinations of DNA fragmentation were per-

formed on the pooled samples.

The DNA fragmentation index before the initiation of the feeding trial was similar between

experimental groups. Feeding the bulls with flaxseed oil affected the DNA fragmentation

index, as reflected by a significant decrease at +2 weeks relative to -1 week in the same experi-

mental group (P< 0.05; Fig 8). In addition, a tendency toward a reduction in the DNA frag-

mentation index was recorded at +2 weeks in the flaxseed oil vs. the saturated fatty acids group

(P< 0.06; Fig 8). Feeding with fish oil did not affect the DNA fragmentation index before or

after the feeding trial.

Effect of flaxseed and fish oil on Spermatozoa’s fertilization competence

Owing to the IVF limitations, the fertilization capacity was evaluated for pooled samples (5

bulls/group). Note that pooling was based on a preliminary comparison in which for each

experimental group calculated average data from individual bulls were compared with the data

obtained from their pooled samples. Comparisons were performed before (-1 week) and after

(+2 weeks) the feeding period. No differences were found between the average and the pooled

data (Table 2); therefore, further examinations of fertilization competence were performed on

the pooled samples.

Fertilization with pooled samples collected before the initiation of the feeding trial resulted

in a similar proportion of oocytes that cleaved into 2- to 4-cell-stage embryos, as well as those

that developed into blastocysts (Fig 9A and 9B). Fertilization with samples collected after the

feeding trial (+2 weeks) resulted in a significant increase in the proportion of blastocysts

reported for both flaxseed and fish oil relative to the saturated fatty acids group (P< 0.05; Fig

9B). Further analysis, in which blastocyst formation was calculated relative to the proportion

Table 2. Comparison of the quality parameters from 5 bulls (i.e., the average data) with data of the pooled samples at -1 week and +2 weeks of the feeding period.

Experimental

group

Week of the

feeding period

Viable spermatozoa

(%)

Spermatozoa with damaged

acrosomal membrane (%)

Mitochondrial membrane

potential (ratio)

Viable spermatozoa with

ROS (%)

SFA-average -1 week 60.14 31.86 2.64 81.19

SFA-pool 58.28 35.2 1.03 89.49

FO-average 51.61 23.81 2.41 80.42

FO-pool 51.56 27.04 2.44 83.77

FLX-average 43.61 24.16 3.28 83.07

FLX-pool 29.37 25.02 1.94 86.69

SFA-average +2 weeks 52.59 54.04 1.49 72.79

SFA-pool 54.51 56.04 1.02 80.78

FO-average 54.99 34.46 1.47 64.77

FO-pool 51.02 36.06 2.54 65.24

FLX-average 52.88 43.75 1.91 58.6

FLX-pool 49.71 45.94 1.16 72.41

Comparisons were conducted between each experimental group within each feeding period separately.

SFA = saturated fatty acids; FO = fish oil; FLX = flaxseed oil.

https://doi.org/10.1371/journal.pone.0265650.t002
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of cleaved embryos, revealed similar results (P< 0.05; Fig 9C). Embryo kinetics for the 1st, 2nd,

and 3rd divisions, as well as the timing of blastocyst formation, did not differ between experi-

mental groups (Fig 9D).

Blastocyst transcript abundance. Gene expression was examined in blastocysts devel-

oped from pooled samples of saturated fatty acids, fish and flaxseed oil groups, collected 2

weeks after the feeding trial ended. The expression of ACTA2, DNMT1, and PTGS2 did not

differ between fish oil and saturated fatty acids blastocysts (Fig 10). The expression of SOX2
was lower in fish oil vs. the saturated fatty acids blastocysts (P< 0.05), whereas the expression

of DNMT3B and PLAC8 was higher in fish oil vs. the saturated fatty acids blastocysts

(P< 0.05). The expression of OCT4 and ISG15 tended to be lower in the fish oil vs. the satu-

rated fatty acids blastocysts (P< 0.06 and P< 0.07, respectively). The expression of STAT3
tended to be higher in the fish oil vs. the saturated fatty acids blastocysts (P< 0.1; Fig 10).

The expression of STAT3, ACTA2, DNMT1, DNMT3B, PTGS2, and PLAC8 did not differ

between the flaxseed oil and the saturated fatty acids blastocysts (Fig 10). However, the expres-

sion of OCT4 was higher and that of SOX2 was lower in the flaxseed oil vs. the saturated fatty

acids blastocysts (P< 0.05; Fig 10). The expression of ISG15 tended to be lower in the flaxseed

oil vs. the saturated fatty acids blastocysts (P< 0.07; Fig 10).

Discussion

The effect of omega-3 on spermatozoa quality within and across species is controversial.

Although some studies report beneficial effects [1], others have found no effect [6, 50]. The

current study strengthens some previous findings and explores new aspects regarding the

effect of an omega-3 enriched diet on bovine cryopreserved spermatozoa. Flaxseed oil supple-

mentation to the bull feed increased the proportion of spermatozoa with intact acrosome

membrane and lowered DNA fragmentation, the proportion of ROS+ spermatozoa, and the

proportion of those spermatozoa with high membrane fluidity post thawing. A beneficial effect

Fig 8. The effect of omega-3 sources flaxseed and fish oil on the DNA fragmentation index. The percentage of

DNA fragmentation for pooled samples from each experimental group: saturated fatty acid (SFA; control), fish oil

(FO) and flaxseed oil (FLX) taken from before and after the feeding trial is presented. Data are presented as the

mean ± SEM. Different letters above the columns indicate significant differences relative to the SFA group at each time

point (P< 0.05).

https://doi.org/10.1371/journal.pone.0265650.g008
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was also found for bulls fed with fish oil, expressed by a lower proportion of ROS+ spermato-

zoa, and a reduced proportion of spermatozoa with damaged acrosome. Our findings suggest

that omega-3 supplementation, of both plant and animal origin, can be used to enrich bull

Fig 9. The effect of omega-3 sources flaxseed and fish oil on spermatozoa fertilization competence. (A) The proportion of 2- to 4-cell-stage

embryos following in-vitro fertilization with pooled samples from each experimental group: saturated fatty acid (SFA; control), fish oil (FO), and

flaxseed oil (FLX) taken from before and after the feeding trial. The proportion of embryos that developed into the blastocyst stage on day 8 post

fertilization out of the total oocytes (B) or out of the cleaved oocytes (C). Data are presented as the mean ± SEM. (D) Embryo kinetics throughout

the 1st, 2nd, and 3rd divisions and blastocyst formation timing (hours post fertilization; hpf). Different letters above the columns indicate

significant differences between groups (P< 0.05).

https://doi.org/10.1371/journal.pone.0265650.g009

Fig 10. The effect of omega-3 sources flaxseed and fish oil on gene expression in embryos at the blastocyst stage. At 8 days post fertilization,

the blastocysts developed from each experimental group: saturated fatty acid (SFA; control), fish oil (FO), and flaxseed oil (FLX), taken after the

feeding trial, were collected, snap-frozen, and stored at -80˚C for RNA extraction and qPCR analysis (n = 4 blastocysts per sample; 4 replicates).

Transcript levels of SOX2, OCT4, STAT3, ACTA2, ISG15, DNMT1, DNMT3B, PTGS2, and PLAC8 were normalized against the geometric mean

of YWHAZ and SDHA. Data are expressed relative to the SFA group. Data are presented as the means ± SEM. Different letters above the

columns indicate significant differences relative to the control group (SFA) for each gene (P< 0.05).

https://doi.org/10.1371/journal.pone.0265650.g010
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feed, thereby improving the male fertility and reproductive performance in dairy herds. In

support of this assumption, in both treated groups, the previously mentioned changes were

associated with a higher proportion of embryos that developed to blastocyst following in-vitro
fertilization, relative to the control. In addition, the study provides the first evidence of the

paternal effect, from the spermatozoa to the developed blastocyst, differential gene expression

was recorded in embryos from the flaxseed and fish oil groups. In particular, prominent differ-

ences were recorded in genes involved in early embryonic development. Taken together, feed-

ing bulls with an omega-3-enriched diet, regardless of the source, i.e., flaxseed or fish oil,

meets dairy reproductive management needs, which are based on artificial insemination with

cryopreserved spermatozoa. Note that spermatogenesis lasts ~61 days [30]; therefore, a long-

lasting period of omega-3 feed enrichment is suggested.

Effect of omega-3 on spermatozoa features

Membrane integrity. Integrity of the cell membrane is crucial for cell survival and serves

to evaluate cell viability. In the current study, feeding bulls with flaxseed or fish oil did not

have any beneficial effect on the proportion of viable spermatozoa during or after the feeding

trial. Similarly, feeding boars with omega-3 for 26 weeks did not affect the spermatozoa viabil-

ity in fresh semen [6], and feeding young bulls with fish oil for 12 weeks did not have any bene-

ficial impact on the viability of spermatozoa post thawing [50]. In contrast, feeding Zandi rams

with fish oil for 8 weeks increased the proportion of viable spermatozoa in freshly collected

semen [14]. In addition, feeding buffalo bulls with flaxseed oil for 12 weeks improved the pro-

portion of live spermatozoa, expressed from 8 to 12 weeks of treatment [51]. Similarly, feeding

with flaxseed oil for 7 weeks enhanced spermatozoa viability in fresh samples from Friesian

bulls [18]. Feeding Holstein bulls subjected to environmental heat stress with omega-3 for 12

weeks increased the proportion of viable spermatozoa at the end of the feeding trial using fresh

semen, with no effect observed on frozen–thawed semen [9]. Alterations in the composition of

the spermatozoa membrane via the process of cryopreservation [25–27] might at least partially

explain the discrepancies between fresh and cryopreserved samples.

Mitochondrial features. The mitochondrion is the energy-producing apparatus, through

the complex mechanism of oxidative phosphorylation [52], in which the mitochondrial mem-

brane potential plays a pivotal role. Given the high correlation between mitochondrial mem-

brane potential and spermatozoa motility, any changes in mitochondrial function might lead

to physiological dysfunction, including male infertility [53]. In our previous study, feeding

with flaxseed oil increased spermatozoa motility in fresh semen [8]. Therefore, we expected to

find an increase in mitochondrial membrane potential. However, feeding with either flaxseed

oil or fish oil had no beneficial effect on the mitochondrial membrane potential of spermato-

zoa examined post thawing. Similarly, feedings rams with fish oil for 16 weeks did not affect

the mitochondrial membrane potential in frozen–thawed spermatozoa [54]. In humans, sup-

plementation of docosahexaenoic acid (0.5, 1.0 or 2.0 g/day) for 1 and 3 months did not have

any significant effect on spermatozoa mitochondrial membrane potential [55].

Although feeding with flaxseed or fish oil did not affect mitochondrial membrane potential,

it positively affected the spermatozoa oxidation status, manifested by a lower proportion of via-

ble ROS+, 3 weeks after the beginning of the feeding trial, throughout the entire feeding

period, and 2 weeks after the feeding trial was terminated. These findings suggest that both

treatments improve the spermatozoa oxidative status, i.e., the balance between the ROS level

and antioxidant factors, such as glutathione peroxidase and superoxide dismutase [56].

Although moderate levels of ROS in spermatozoa are required for proper physiological func-

tion, including capacitation, acrosome reaction and interaction with the oocyte [57, 58], high
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ROS production, exceeding physiological levels, can induce oxidative stress, resulting in DNA

and lipid damage [59]. In support of this, a significant correlation between omega-3 concen-

tration and antioxidant activity was found in human seminal fluid [11]. In addition, a signifi-

cant increase in antioxidant concentration was recorded in human seminal plasma following

feeding with omega-3 supplement [60]. It is therefore suggested that enrichment with omega-3

sources (fish or flaxseed oil) enables maintaining the balance between ROS and antioxidant

levels, most likely due to the increased proportion of PUFA. Although higher amounts of

PUFA in the spermatozoa membrane can increase the risk of lipid peroxidation [22], a higher

proportion of docosahexaenoic acid [8] can make this membrane more resilient to oxidative

stress [61]. In support of this, culturing human aortic endothelial cells with 100 nM docosahex-

aenoic acid attenuated oxidative stress, expressed by a reduction in intracellular ROS levels

[62]. In addition, fluctuation in ROS levels during the feeding trial, from 3 to 11 weeks, corre-

sponded to alterations in the spermatozoa membrane fatty acid composition found 7 weeks

into the feeding trial [8]. Similarly, feeding boars with cod liver oil for 9 weeks induced alter-

ations in the semen fatty acid composition (i.e., increased docosahexaenoic acid) only at weeks

4–5 [63]. With spermatogenesis lasting ~61 days in bulls [30], these results imply that feeding

bulls with fish or flaxseed oil for 13 weeks had an impact on the spermatozoa membrane fatty

acid composition, presumably at an early phase of spermatogenesis. In support of this assump-

tion, the effects on the ROS level, as well as on DNA fragmentation, membrane fluidity, phos-

phatidylserine translocation, and fertilization competence lasted for 2 weeks after the feeding

trial ended, and these spermatozoa were most likely affected earlier.

Acrosome membrane integrity. Acrosome membrane integrity in mammalian sperma-

tozoa, mainly in bulls and humans, is critical for the acrosome reaction. The acrosome mem-

brane integrity and the acrosome reaction have been suggested to predict fertilization

competence [64]. Thus, alterations in these features might result in reduced fertilization ability

[65, 66]. Here we found that feeding bulls with flaxseed or fish oil had a beneficial effect,

expressed by a lower proportion of spermatozoa with damaged acrosomal membrane relative

to the saturated fatty acids group, 2 weeks after the feeding trail ended. In support of this, a

beneficial impact of PUFA on acrosome-membrane integrity has been reported. Feeding

young bulls with fish oil increased the proportion of spermatozoa with intact acrosome mem-

brane at week 10 of feeding, and this effect lasted for up to 12 weeks [50]. In addition, feeding

rams with fish oil for 14 weeks increased the percentage of spermatozoa with a normal acro-

some membrane in fresh semen [15]. In another study, feed supplementation with flaxseed oil

had several beneficial outcomes for Mithun (Bos frontalis) bulls, including a high proportion

of spermatozoa with intact acrosome, in both fresh and frozen semen [67]. In agreement with

this, lack of omega-3 in the diet of fatty acid desaturase-2 knockout mice affected the sperma-

tid maturation and acrosome formation [68]. On the other hand, feeding young bulls with

PUFA increased the proportion of frozen–thawed spermatozoa with damaged acrosomal

membrane [19]. Therefore, the effect of omega-3 supplementation on acrosome membranes

remains an open question.

Membrane fluidity. The proportion of PUFA in the spermatozoa membrane has been

suggested to underlie its flexibility and fluidity [69, 70]. In-vitro culturing with docosahexae-

noic acid was found to increase membrane fluidity in endothelial cells [71] and atheroscle-

rotic-like model membranes [72]. In boar, dietary supplementation with omega-3 for 75 days

increased spermatozoa membrane fluidity in fresh semen [73]. In buffalo, omega-3 supple-

mentation (linseed oil) for 12 weeks increased spermatozoa membrane fluidity [74]. In our

previous study, feeding bulls with flaxseed oil increased the proportion of α-linolenic acid,

docosapentaenoic acid, and docosahexaenoic acid in the spermatozoa [8]. We therefore

expected higher membrane fluidity within spermatozoa followed by treatment with flaxseed
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oil. The findings of the current study indicated a gradual increase in membrane fluidity from 7

to 11 weeks after feeding initiation with both fish and flaxseed oil. However, this effect did not

last once the feeding treatments ended. Although spermatozoa expressed high levels of docosa-

hexaenoic acid 2 weeks after the end of the feeding period, the proportion of spermatozoa with

high membrane fluidity decreased to the level recorded before initiation of the feeding treat-

ment. Although not entirely clear, Stillwell and Wassall [75] suggested only a weak association

between membrane fluidity and docosahexaenoic acid content.

Membrane phosphatidylserine translocation. The phospholipids phosphatidylethanol-

amine, phosphatidylcholine, and phosphatidylserine contribute to membrane fluidity, fusion,

fission, and flexibility [76]. Phosphatidylserine, located in the inner leaflet of the membrane

[77], is likely to temporarily translocate from the inner to outer membrane [78] upon capacita-

tion [79] or acrosome reaction [80]. In the present study, we utilized the AV assay; AV is a pro-

tein that binds selectively to phosphatidylserine [81]. The proportion of spermatozoa that were

AV+ (i.e., cells with a scrambled membrane) was relatively low (2%) and did not differ

between groups throughout the feeding period. Similar findings have been recorded in

canines, for both fresh and frozen–thawed samples [82]. In the current study, during the feed-

ing trial, an increase in the proportion of spermatozoa exhibiting phosphatidylserine translo-

cation was observed at 7 weeks in the saturated fatty acids and flaxseed oil groups; however,

this did not last beyond the feeding period, suggesting a short-term effect of feeding. The effect

of omega-3-enriched diet on phosphatidylserine translocation thus remains unclear.

DNA fragmentation. DNA integrity, for instance, is considered a marker for fertility

assessment [83]. Spermatozoa with intact DNA are associated with high fertilization compe-

tence and early embryonic development [84], whereas spermatozoa with fragmented DNA are

associated with low fertility and a low blastocyst formation rate [85–88]. In the current study,

feeding bulls with flaxseed oil had a positive impact on spermatozoa DNA fragmentation,

which is associated with blastocyst formation, but not with the cleavage rate as discussed

below. On the other hand, reduced DNA fragmentation in the flaxseed-treated group was asso-

ciated with a reduced proportion of ROS+ spermatozoa. In humans, supplementation of doco-

sahexaenoic acid reduces spermatozoa DNA fragmentation and increases the concentration of

antioxidants in the seminal fluid [60], suggesting an improved oxidative status [89]. Previous

studies conducted with infertile men demonstrated that combined treatment with antioxidants

and essential fatty acids reduces the seminal ROS levels and the spermatozoa DNA damage

[90]. Although the mechanism by which omega-3 protects spermatozoa DNA is not yet clear,

a strong correlation between phosphatidylserine translocation and DNA damage has been

reported in human [91] and bovine [37] spermatozoa.

Effect of omega-3 on fertilization competence and blastocyst gene

expression

Fertilization competence. Feeding bulls with flaxseed or fish oil improved the spermato-

zoa physiological parameters, such as a reduction in the ROS level and the DNA fragmentation

index; however, this was not reflected in higher fertilization capacity, since the proportion of

oocytes that fertilized and cleaved into 2- to 4-cell-stage embryos did not differ between

groups. In contrast, feeding Zandi rams with fish oil increased the cleavage rate 48 h after in-
vitro fertilization [92]. Nonetheless, feeding with flaxseed oil and fish oil had a beneficial

impact on embryonic development, as discussed below.

Paternal effect on the developing blastocysts. Accumulating data emphasize the contri-

bution of spermatozoa to the developing embryo. Here we report that feeding bulls with fish

and flaxseed oil had a beneficial effect on embryonic development, expressed by a high
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proportion of in-vitro-derived blastocysts, suggesting a paternal effect on the formed embryo.

Supporting this, a previous study on dairy cows indicated the beneficial impact of a flaxseed

oil-enriched diet on the developing blastocyst, expressed by a high number of blastomeres in

the developing embryos [93], and reduced incidence of pregnancy loss [94]. In contrast, Bastos

et al. [19] did not find any effect on cleavage or the blastocyst-formation rate following PUFA

supplementation to young bulls. The difference between findings might be related to differ-

ences in bull age or genotype, the source of supplement, or the duration of the feeding trial.

In the current study blastocysts that developed from fish and flaxseed oil spermatozoa

exhibited a low expression of SOX2. In bovine, SOX2 expression is highly associated with

inner cell mass formation, but overexpression of SOX2 at the blastocyst stage has a negative

effect on the embryo’s developmental potential [44]. In addition, an increase in the expression

of OCT4 was recorded for blastocysts developed from flaxseed oil spermatozoa. Bovine blasto-

cysts with higher expression of OCT4 have better morphology, with a higher number of blasto-

meres [95]. It has been suggested that blastocysts with certain threshold levels of OCT4 and

SOX2 expression are most likely to reach the elongation stage [95]. In addition, blastocysts

developed from the fish oil group exhibited higher expression of DNMT3B, a gene required for

de-novomethylation and for establishing new DNA-methylation marks [48]. Interestingly, in

bovine, DNMT3B is differentially expressed between genders, with higher expression in male

vs. female blastocysts [96]. It is therefore possible that feeding bulls with omega-3 might have

some effect on the ratio between X and Y spermatozoa through spermatogenesis. This point

requires further investigation. Blastocysts developed from the fish oil group exhibited higher

expression of PLAC8, which plays a crucial role in embryo development [97]. In bovine blasto-

cysts, PLAC8 expression is suggested as a biomarker for pregnancy outcome [98]. Therefore, a

higher expression of PLAC8might imply a higher chance for these embryos to hatch and

implant.

Conclusions

The present study supports the notion that an omega-3-enriched diet can affect not only fatty

acid composition in the spermatozoa but also their quality, as expressed by decreased acro-

some damage, ROS levels, and DNA fragmentation. Moreover, these effects are not limited to

the feeding period; they are also expressed up to 2 weeks afterwards. A differential effect of

omega-3 sources (flaxseed oil vs. fish oil) on the spermatozoa was further associated with

embryo development and gene expression in the formed blastocysts, suggesting a carry-over

effect. Overall, it can be generally implied that an omega-3-enriched diet, whether supple-

mented with flaxseed oil (a plant source) or fish oil (an animal source), can be used to improve

bull fertility.

Supporting information

S1 Data.

(XLSX)

Acknowledgments

The authors would like to thank the SION–Israeli Company for Artificial Insemination and

Breeding Ltd. (Hafetz-Haim, Israel) for their help and cooperation as well as Sabine Camugli

and Li Na (IMV Technologies, L’Aigle, France) for assistance with the membrane fluidity and

Annexin V procedure setup.

PLOS ONE Omega-3 supplement affects bull spermatozoa

PLOS ONE | https://doi.org/10.1371/journal.pone.0265650 March 24, 2022 20 / 26

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0265650.s001
https://doi.org/10.1371/journal.pone.0265650


Author Contributions

Conceptualization: Zvi Roth.

Data curation: Dorit Kalo, Dan Reches, Alisa Komsky-Elbaz, Zvi Roth.

Formal analysis: Dorit Kalo, Dan Reches.

Investigation: Zvi Roth.

Methodology: Dan Reches, Noam Netta, Uzi Moallem.

Resources: Yoel Zeron.

Supervision: Zvi Roth.

Writing – original draft: Dorit Kalo.

Writing – review & editing: Dorit Kalo, Alisa Komsky-Elbaz, Yoel Zeron, Uzi Moallem, Zvi

Roth.

References
1. FAO. Impact of animal nutrition on animal welfare—Expert consultation. Rome; 2011 Sep. Available:

http://www.fao.org/3/i3148e/i3148e.pdf

2. Khoshvaght A, Towhidi A, Zare-shahneh A, Noruozi M, Zhandi M, Dadashpour Davachi N, et al. Dietary

n-3 PUFAs improve fresh and post-thaw semen quality in Holstein bulls via alteration of sperm fatty acid

composition. Theriogenology. 2016; 85: 807–812. https://doi.org/10.1016/j.theriogenology.2015.10.023

PMID: 26549123

3. Poulos A, Darin-bennett A, White IG. The phospholopid-bound fatty acids and aldehydes of mammalian

spermatozoa. Comp Biochem Physiol B. 1973; 46: 541–549. https://doi.org/10.1016/0305-0491(73)

90094-1 PMID: 4754770

4. Covington MB. Omega-3 fatty acids. American Family Physician. Am Fam Physician; 2004. pp. 133–

140. https://doi.org/10.2165/01197065-200301010-00008 PMID: 15259529

5. Brinsko SP, Varner DD, Love CC, Blanchard TL, Day BC, Wilson ME. Effect of feeding a DHA-enriched

nutriceutical on the quality of fresh, cooled and frozen stallion semen. Theriogenology. 2005; 63: 1519–

1527. https://doi.org/10.1016/j.theriogenology.2004.07.010 PMID: 15725455

6. Yeste M, Barrera X, Coll D, Bonet S. The effects on boar sperm quality of dietary supplementation with

omega-3 polyunsaturated fatty acids differ among porcine breeds. Theriogenology. 2011; 76: 184–196.

https://doi.org/10.1016/j.theriogenology.2011.01.032 PMID: 21458051

7. Castellano CA, Audet I, Bailey JL, Laforest JP, Matte JJ. Dietary omega-3 fatty acids (fish oils) have lim-

ited effects on boar semen stored at 17˚C or cryopreserved. Theriogenology. 2010; 74: 1482–1490.

https://doi.org/10.1016/j.theriogenology.2010.06.020 PMID: 20708242

8. Moallem U, Neta N, Zeron Y, Zachut M, Roth Z. Dietary α-linolenic acid from flaxseed oil or eicosapen-

taenoic and docosahexaenoic acids from fish oil differentially alter fatty acid composition and character-

istics of fresh and frozen-thawed bull semen. Theriogenology. 2015; 83: 1110–1120. https://doi.org/10.

1016/j.theriogenology.2014.12.008 PMID: 25617988

9. Gholami H, Chamani M, Towhidi A, Fazeli MH. Improvement of semen quality in holstein bulls during

heat stress by dietary supplementation of omega-3 fatty acids. Int J Fertil Steril. 2011; 4: 160–167.

PMID: 24851176

10. Esmaeili V, Shahverdi AH, Alizadeh AR, Alipour H, Chehrazi M. Saturated, omega-6 and omega-3 die-

tary fatty acid effects on the characteristics of fresh, frozen-thawed semen and blood parameters in

rams. Andrologia. 2014; 46: 42–49. https://doi.org/10.1111/and.12040 PMID: 23157190

11. Safarinejad MR. Effect of omega-3 polyunsaturated fatty acid supplementation on semen profile and

enzymatic anti-oxidant capacity of seminal plasma in infertile men with idiopathic oligoasthenoteratos-

permia: A double-blind, placebo-controlled, randomised study. Andrologia. 2011; 43: 38–47. https://doi.

org/10.1111/j.1439-0272.2009.01013.x PMID: 21219381

12. Falsig AML, Gleerup CS, Knudsen UB. The influence of omega-3 fatty acids on semen quality markers:

a systematic PRISMA review. Andrology. Blackwell Publishing Ltd; 2019. pp. 794–803. https://doi.org/

10.1111/andr.12649 PMID: 31116515

PLOS ONE Omega-3 supplement affects bull spermatozoa

PLOS ONE | https://doi.org/10.1371/journal.pone.0265650 March 24, 2022 21 / 26

http://www.fao.org/3/i3148e/i3148e.pdf
https://doi.org/10.1016/j.theriogenology.2015.10.023
http://www.ncbi.nlm.nih.gov/pubmed/26549123
https://doi.org/10.1016/0305-0491%2873%2990094-1
https://doi.org/10.1016/0305-0491%2873%2990094-1
http://www.ncbi.nlm.nih.gov/pubmed/4754770
https://doi.org/10.2165/01197065-200301010-00008
http://www.ncbi.nlm.nih.gov/pubmed/15259529
https://doi.org/10.1016/j.theriogenology.2004.07.010
http://www.ncbi.nlm.nih.gov/pubmed/15725455
https://doi.org/10.1016/j.theriogenology.2011.01.032
http://www.ncbi.nlm.nih.gov/pubmed/21458051
https://doi.org/10.1016/j.theriogenology.2010.06.020
http://www.ncbi.nlm.nih.gov/pubmed/20708242
https://doi.org/10.1016/j.theriogenology.2014.12.008
https://doi.org/10.1016/j.theriogenology.2014.12.008
http://www.ncbi.nlm.nih.gov/pubmed/25617988
http://www.ncbi.nlm.nih.gov/pubmed/24851176
https://doi.org/10.1111/and.12040
http://www.ncbi.nlm.nih.gov/pubmed/23157190
https://doi.org/10.1111/j.1439-0272.2009.01013.x
https://doi.org/10.1111/j.1439-0272.2009.01013.x
http://www.ncbi.nlm.nih.gov/pubmed/21219381
https://doi.org/10.1111/andr.12649
https://doi.org/10.1111/andr.12649
http://www.ncbi.nlm.nih.gov/pubmed/31116515
https://doi.org/10.1371/journal.pone.0265650


13. Samadian F, Towhidi A, Rezayazdi K, Bahreini M. Effects of dietary n-3 fatty acids on characteristics

and lipid composition of ovine sperm. Animal. 2010; 4: 2017–2022. https://doi.org/10.1017/

S1751731110001308 PMID: 22445376

14. Alizadeh A, Esmaeili V, Shahverdi A, Rashidi L. Dietary Fish Oil Can Change Sperm Parameters and

Fatty Acid Profiles of Ram Sperm during Oil Consumption Period and after Removal of Oil Source. Cell

J. 2014; 16: 289–98. Available: http://www.ncbi.nlm.nih.gov/pubmed/24611147 PMID: 24611147

15. Jafaroghli M, Abdi-Benemar H, Zamiri MJ, Khalili B, Farshad A, Shadparvar AA. Effects of dietary n-3

fatty acids and vitamin C on semen characteristics, lipid composition of sperm and blood metabolites in

fat-tailed Moghani rams. Anim Reprod Sci. 2014; 147: 17–24. https://doi.org/10.1016/j.anireprosci.

2014.03.013 PMID: 24745668

16. Rooke JA, Shao CC, Speake BK. Effects of feeding tuna oil on the lipid composition of pig spermatozoa

and in vitro characteristics of semen. Reproduction. 2001; 121: 315–322. https://doi.org/10.1530/rep.0.

1210315 PMID: 11226056

17. Adibmoradi M, Yousefi AR, Hossein Najafi M. Effect ofdietary soybean oil and fish oil supplementation

on blood metabolites and testis development of male growing kids. Egypt J Sheep Goat Sci. 2012; 7:

19–25. Available: http://www.easg.eg.net

18. El-Hamd MAA, Metwally ASM, Hegazy MM, Ghallab ZR, Elateeqy OA. Effect of supplementation of

omega-3 fatty acids on blood parameters and semen quality of Friesian bulls. Slov Vet Res. 2019; 56:

765–772. https://doi.org/10.26873/SVR-817-2019

19. Bastos NM, Rossi GF, da Silva Leão BC, Negrão F, Ferreira CR, Vrisman DP, et al. Effects of paternal

diet and antioxidant addition to the semen extender on bovine semen characteristics and on the pheno-

type of the resulting embryo. Theriogenology. 2021; 175: 23–33. https://doi.org/10.1016/j.

theriogenology.2021.08.031 PMID: 34481227

20. Van Tran L, Malla BA, Kumar S, Tyagi AK. Polyunsaturated Fatty Acids in Male Ruminant Reproduction

—A Review. Asian-Australasian Journal of Animal Sciences. Asian-Australasian Association of Animal

Production Societies; 2017. pp. 622–637. https://doi.org/10.5713/ajas.15.1034 PMID: 26954196

21. Ahmad S, Ali S, Abbas A, Abbas RZ, Zubair M, Raza MA, et al. Effects of dietary supplementation of lin-

seed oil (Omega-3) on quality parameters of Nili Ravi bull spermatozoa. Livest Sci. 2019; 224: 57–59.

https://doi.org/10.1016/j.livsci.2019.04.007

22. Wathes DC, Abayasekara DRE, Aitken RJ. Polyunsaturated Fatty Acids in Male and Female Reproduc-

tion1. Biol Reprod. 2007; 77: 190–201. https://doi.org/10.1095/biolreprod.107.060558 PMID: 17442851

23. Martı́nez P, Morros A. Membrane lipid dynamics during human sperm capacitation. Front Biosci.

1996;1. https://doi.org/10.2741/a119 PMID: 9159218

24. Shaikh SR, Edidin M. Polyunsaturated fatty acids and membrane organization: elucidating mechanisms

to balance immunotherapy and susceptibility to infection. Chemistry and Physics of Lipids. Chem Phys

Lipids; 2008. pp. 24–33. https://doi.org/10.1016/j.chemphyslip.2008.02.008 PMID: 18346461

25. Barbas JP, Mascarenhas RD. Cryopreservation of domestic animal sperm cells. Cell Tissue Bank 2008

101. 2008; 10: 49–62. https://doi.org/10.1007/s10561-008-9081-4 PMID: 18548333

26. Bailey JL, Bilodeau JF, Cormier N. Semen Cryopreservation in Domestic Animals: A Damaging and

Capacitating Phenomenon Minireview. J Androl. 2000; 21: 1–7. https://doi.org/10.1002/J.1939-4640.

2000.TB03268.X PMID: 10670514

27. Medeiros CMO, Forell F, Oliveira ATD, Rodrigues JL. Current status of sperm cryopreservation: why

isn’t it better? Theriogenology. 2002; 57: 327–344. https://doi.org/10.1016/s0093-691x(01)00674-4

PMID: 11775978

28. Kalo D, Roth Z. Low level of mono(2-ethylhexyl) phthalate reduces oocyte developmental competence

in association with impaired gene expression. Toxicology. 2017; 377: 38–48. https://doi.org/10.1016/j.

tox.2016.12.005 PMID: 27989758

29. Kalo D, Roth Z. Effects of mono(2-ethylhexyl)phthalate on cytoplasmic maturation of oocytes-the

bovine model. Reprod Toxicol. 2015; 53: 141–151. https://doi.org/10.1016/j.reprotox.2015.04.007

PMID: 25900598

30. Staub C, Johnson L. Review: Spermatogenesis in the bull. Animal. Cambridge University Press;

2018. pp. s27–s35. https://doi.org/10.1017/S1751731118000435 PMID: 29882505

31. Orgal S, Zeron Y, Elior N, Biran D, Friedman E, Druker S, et al. Season-induced changes in bovine

sperm motility following a freeze-thaw procedure. J Reprod Dev. 2012; 58: 212–218. https://doi.org/10.

1262/jrd.10-149n PMID: 22186676

32. Volpes A, Sammartano F, Rizzari S, Gullo S, Marino A, Allegra A. The pellet swim-up is the best tech-

nique for sperm preparation during in vitro fertilization procedures. J Assist Reprod Genet. 2016; 33:

765. https://doi.org/10.1007/s10815-016-0696-2 PMID: 26984108

PLOS ONE Omega-3 supplement affects bull spermatozoa

PLOS ONE | https://doi.org/10.1371/journal.pone.0265650 March 24, 2022 22 / 26

https://doi.org/10.1017/S1751731110001308
https://doi.org/10.1017/S1751731110001308
http://www.ncbi.nlm.nih.gov/pubmed/22445376
http://www.ncbi.nlm.nih.gov/pubmed/24611147
http://www.ncbi.nlm.nih.gov/pubmed/24611147
https://doi.org/10.1016/j.anireprosci.2014.03.013
https://doi.org/10.1016/j.anireprosci.2014.03.013
http://www.ncbi.nlm.nih.gov/pubmed/24745668
https://doi.org/10.1530/rep.0.1210315
https://doi.org/10.1530/rep.0.1210315
http://www.ncbi.nlm.nih.gov/pubmed/11226056
http://www.easg.eg.net
https://doi.org/10.26873/SVR-817-2019
https://doi.org/10.1016/j.theriogenology.2021.08.031
https://doi.org/10.1016/j.theriogenology.2021.08.031
http://www.ncbi.nlm.nih.gov/pubmed/34481227
https://doi.org/10.5713/ajas.15.1034
http://www.ncbi.nlm.nih.gov/pubmed/26954196
https://doi.org/10.1016/j.livsci.2019.04.007
https://doi.org/10.1095/biolreprod.107.060558
http://www.ncbi.nlm.nih.gov/pubmed/17442851
https://doi.org/10.2741/a119
http://www.ncbi.nlm.nih.gov/pubmed/9159218
https://doi.org/10.1016/j.chemphyslip.2008.02.008
http://www.ncbi.nlm.nih.gov/pubmed/18346461
https://doi.org/10.1007/s10561-008-9081-4
http://www.ncbi.nlm.nih.gov/pubmed/18548333
https://doi.org/10.1002/J.1939-4640.2000.TB03268.X
https://doi.org/10.1002/J.1939-4640.2000.TB03268.X
http://www.ncbi.nlm.nih.gov/pubmed/10670514
https://doi.org/10.1016/s0093-691x%2801%2900674-4
http://www.ncbi.nlm.nih.gov/pubmed/11775978
https://doi.org/10.1016/j.tox.2016.12.005
https://doi.org/10.1016/j.tox.2016.12.005
http://www.ncbi.nlm.nih.gov/pubmed/27989758
https://doi.org/10.1016/j.reprotox.2015.04.007
http://www.ncbi.nlm.nih.gov/pubmed/25900598
https://doi.org/10.1017/S1751731118000435
http://www.ncbi.nlm.nih.gov/pubmed/29882505
https://doi.org/10.1262/jrd.10-149n
https://doi.org/10.1262/jrd.10-149n
http://www.ncbi.nlm.nih.gov/pubmed/22186676
https://doi.org/10.1007/s10815-016-0696-2
http://www.ncbi.nlm.nih.gov/pubmed/26984108
https://doi.org/10.1371/journal.pone.0265650


33. Komsky-Elbaz A, Roth Z. Fluorimetric Techniques for the Assessment of Sperm Membranes. Jove.

2018. https://doi.org/10.3791/58622 PMID: 30582597

34. Sellem E, Broekhuijse MLWJ, Chevrier L, Camugli S, Schmitt E, Schibler L, et al. Use of combinations

of in vitro quality assessments to predict fertility of bovine semen. Theriogenology. 2015; 84: 1447–

1454.e5. https://doi.org/10.1016/j.theriogenology.2015.07.035 PMID: 26296523

35. Petrunkina A, Harrison R. Fluorescence Technologies for Evaluating Male Gamete (Dys)Function.

Reprod Domest Anim. 2013; 48: 11–24. https://doi.org/10.1111/rda.12202 PMID: 23962211

36. Shen H, Dai J, Chia S, Lim A, Ong C. Detection of apoptotic alterations in sperm in subfertile patients

and their correlations with sperm quality | Human Reproduction | Oxford Academic. Hum Reprod. 2002;

17: 1266–1273. https://doi.org/10.1093/humrep/17.5.1266 PMID: 11980750

37. Komsky-Elbaz A, Kalo D, Roth Z. Effect of aflatoxin B1 on bovine spermatozoa’s proteome and

embryo’s transcriptome. Reproduction. 2020; 160: 709–723. https://doi.org/10.1530/REP-20-0286

PMID: 33065550

38. Zhao S, Wu Y, Gao H, Evans A, Zeng SM. Roles of interferon-stimulated gene 15 protein in bovine

embryo development. Reprod Fertil Dev. 2017; 29: 1209–1216. https://doi.org/10.1071/RD15209

PMID: 27165775

39. Wang H, Wen Y, Mooney S, Behr B, Polan ML. Phospholipase A2 and Cyclooxygenase Gene Expres-

sion in Human Preimplantation Embryos. J Clin Endocrinol Metab. 2002; 87: 2629–2634. https://doi.

org/10.1210/jcem.87.6.8532 PMID: 12050227

40. Orozco-Lucero E, Sirard M-A. Molecular markers of fertility in cattle oocytes and embryos: progress

and challenges. Anim Reprod. 2014; 11: 183–194.

41. Ghanem N, Salilew-Wondim D, Gad A, Tesfaye D, Phatsara C, Tholen E, et al. Bovine blastocysts with

developmental competence to term share similar expression of developmentally important genes

although derived from different culture environments. Reproduction. 2011; 142: 551–564. https://doi.

org/10.1530/REP-10-0476 PMID: 21799070

42. Ghanem N, Salilew-Wondim D, Hoelker M, Schellander K, Tesfaye D. Transcriptome profile and asso-

ciation study revealed STAT3 gene as a potential quality marker of bovine gametes. Zygote. 2020 [cited

9 Jan 2022]. https://doi.org/10.1017/S0967199419000765 PMID: 31928565

43. Meng F, Forrester-Gauntlett B, Turner P, Henderson H, Oback B. Signal Inhibition Reveals JAK/STAT3

Pathway as Critical for Bovine Inner Cell Mass Development. Biol Reprod. 2015; 93. https://doi.org/10.

1095/biolreprod.115.134254 PMID: 26510863

44. Velásquez AE, Veraguas D, Cabezas J, Manrı́quez J, Castro FO, Rodrı́guez-Alvarez LL. The expres-

sion level of SOX2 at the blastocyst stage regulates the developmental capacity of bovine embryos up

to day-13 of in vitro culture. Zygote. 2019; 27: 398–404. https://doi.org/10.1017/S0967199419000509

PMID: 31576792

45. Sakurai N, Takahashi K, Emura N, Fujii T, Hirayama H, Kageyama S, et al. The Necessity of OCT-4

and CDX2 for Early Development and Gene Expression Involved in Differentiation of Inner Cell Mass

and Trophectoderm Lineages in Bovine Embryos. Cell Reprogram. 2016; 18: 309–318. https://doi.org/

10.1089/cell.2015.0081 PMID: 27500421

46. Fatemi M, Hermann A, Gowher H, Jeltsch A. Dnmt3a and Dnmt1 functionally cooperate during de novo

methylation of DNA. Eur J Biochem. 2002; 269: 4981–4984. https://doi.org/10.1046/j.1432-1033.2002.

03198.x PMID: 12383256

47. Uysal F, Cinar O, Can A. Knockdown of Dnmt1 and Dnmt3a gene expression disrupts preimplantation

embryo development through global DNA methylation. J Assist Reprod Genet. 2021; 38: 3135–3144.

https://doi.org/10.1007/s10815-021-02316-9 PMID: 34533678

48. Okano M, Bell DW, Haber DA, Li E. DNA methyltransferases Dnmt3a and Dnmt3b are essential for de

novo methylation and mammalian development. Cell. 1999; 99: 247–57. https://doi.org/10.1016/s0092-

8674(00)81656-6 PMID: 10555141

49. Kalo D, Vitorino Carvalho A, Archilla C, Duranthon V, Moroldo M, Levin Y, et al. Mono(2-ethylhexyl)

phthalate (MEHP) induces transcriptomic alterations in oocytes and their derived blastocysts. Toxicol-

ogy. 2019; 421: 59–73. https://doi.org/10.1016/j.tox.2019.04.016 PMID: 31059758

50. Byrne CJ, Fair S, English AM, Holden SA, Dick JR, Lonergan P, et al. Dietary polyunsaturated fatty acid

supplementation of young post-pubertal dairy bulls alters the fatty acid composition of seminal plasma

and spermatozoa but has no effect on semen volume or sperm quality. Theriogenology. 2017; 90: 289–

300. https://doi.org/10.1016/j.theriogenology.2016.12.014 PMID: 28166982

51. Shah SMH, Ali S, Zubair M, Jamil H, Ahmad N. Effect of supplementation of feed with Flaxseed (Linu-

musitatisimum) oil on libido and semen quality of Nilli-Ravi buffalo bulls. J Anim Sci Technol. 2016;58.

https://doi.org/10.1186/s40781-016-0107-3 PMID: 27375853

PLOS ONE Omega-3 supplement affects bull spermatozoa

PLOS ONE | https://doi.org/10.1371/journal.pone.0265650 March 24, 2022 23 / 26

https://doi.org/10.3791/58622
http://www.ncbi.nlm.nih.gov/pubmed/30582597
https://doi.org/10.1016/j.theriogenology.2015.07.035
http://www.ncbi.nlm.nih.gov/pubmed/26296523
https://doi.org/10.1111/rda.12202
http://www.ncbi.nlm.nih.gov/pubmed/23962211
https://doi.org/10.1093/humrep/17.5.1266
http://www.ncbi.nlm.nih.gov/pubmed/11980750
https://doi.org/10.1530/REP-20-0286
http://www.ncbi.nlm.nih.gov/pubmed/33065550
https://doi.org/10.1071/RD15209
http://www.ncbi.nlm.nih.gov/pubmed/27165775
https://doi.org/10.1210/jcem.87.6.8532
https://doi.org/10.1210/jcem.87.6.8532
http://www.ncbi.nlm.nih.gov/pubmed/12050227
https://doi.org/10.1530/REP-10-0476
https://doi.org/10.1530/REP-10-0476
http://www.ncbi.nlm.nih.gov/pubmed/21799070
https://doi.org/10.1017/S0967199419000765
http://www.ncbi.nlm.nih.gov/pubmed/31928565
https://doi.org/10.1095/biolreprod.115.134254
https://doi.org/10.1095/biolreprod.115.134254
http://www.ncbi.nlm.nih.gov/pubmed/26510863
https://doi.org/10.1017/S0967199419000509
http://www.ncbi.nlm.nih.gov/pubmed/31576792
https://doi.org/10.1089/cell.2015.0081
https://doi.org/10.1089/cell.2015.0081
http://www.ncbi.nlm.nih.gov/pubmed/27500421
https://doi.org/10.1046/j.1432-1033.2002.03198.x
https://doi.org/10.1046/j.1432-1033.2002.03198.x
http://www.ncbi.nlm.nih.gov/pubmed/12383256
https://doi.org/10.1007/s10815-021-02316-9
http://www.ncbi.nlm.nih.gov/pubmed/34533678
https://doi.org/10.1016/s0092-8674%2800%2981656-6
https://doi.org/10.1016/s0092-8674%2800%2981656-6
http://www.ncbi.nlm.nih.gov/pubmed/10555141
https://doi.org/10.1016/j.tox.2019.04.016
http://www.ncbi.nlm.nih.gov/pubmed/31059758
https://doi.org/10.1016/j.theriogenology.2016.12.014
http://www.ncbi.nlm.nih.gov/pubmed/28166982
https://doi.org/10.1186/s40781-016-0107-3
http://www.ncbi.nlm.nih.gov/pubmed/27375853
https://doi.org/10.1371/journal.pone.0265650


52. St. John JC, Sakkas D, Barratt CLR. A Role for Mitochondrial DNA Review and Sperm Survival. J

Androl. 2000; 21: 189–199. https://doi.org/10.1002/J.1939-4640.2000.TB02093.X PMID: 10714811

53. Ramalho-Santos J, Varum S, Amaral S, Mota PC, Sousa AP, Amaral A. Mitochondrial functionality in

reproduction: From gonads and gametes to embryos and embryonic stem cells. Human Reproduction

Update. Hum Reprod Update; 2009. pp. 553–572. https://doi.org/10.1093/humupd/dmp016 PMID:

19414527

54. Dı́az R, Torres MA, Paz E, Quiñones J, Bravo S, Farı́as JG, et al. Dietary inclusion of fish oil changes

the semen lipid composition but does not improve the post-thaw semen quality of ram spermatozoa.

Anim Reprod Sci. 2017; 183: 132–142. https://doi.org/10.1016/j.anireprosci.2017.05.002 PMID:

28606404
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