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Impact of inclusion 
of post‑spermatic ejaculate 
fraction in boar seminal doses 
on sperm metabolism, quality, 
and interaction with uterine fluid
Chiara Luongo 1, Pedro José Llamas‑López 2, Gabriela Garrappa 1,3, 
Ernesto Rodríguez‑Tobón 1,4, Paulina Grudzinska 1 & Francisco Alberto García‑Vázquez 1,5*

Boar ejaculate is composed of sperm cells and seminal plasma (SP) and is emitted in different 
fractions (pre-sperm fraction; spermatic-rich fraction; intermediate fraction; post-spermatic fraction), 
with different composition of SP and volume, which could influence the sperm quality during 
seminal doses preparation, conservation, and interaction with the female reproductive tract. In 
artificial insemination (AI) centers, seminal doses are usually prepared with the spermatic-rich and 
intermediate fractions, but the inclusion of other ejaculate fractions, although controversial, is 
beginning to be applied. The objective was to evaluate the synergic effect of accumulative ejaculated 
fractions on sperm functionality during seminal doses preparation, throughout storage and after 
incubation with uterine fluid (UF). For this purpose, a total of 57 ejaculates were collected, and the 
following experimental groups were prepared (n = 19 per group): (F1) spermatic-rich fraction; (F2) F1 
plus intermediate fraction; (F3) F2 plus post-spermatic fraction. Each group was stored for 5 days at 
∼16 °C, and the following parameters were evaluated: sperm metabolism of pure and diluted semen 
(day 1), sperm quality parameters (days 1, 3, 5), thermal-resistance test (TRT) and incubation with 
uterine fluid (UF) (day 5). Sperm metabolic rates between accumulative ejaculate fractions from pure 
and diluted semen did not show differences. Also, sperm quality parameters were not affected by the 
ejaculate fraction during storage. However, sperm subjected to TRT showed similar results except for 
progressive motility, which was better in F2 and F3 than F1. When sperm were incubated with UF, the 
quality decreased in each group, but sperm from F2 and F3 were less affected than those from F1. In 
conclusion, the post-spermatic fraction can be included in seminal doses for their use in AI-centers, 
with functionality of sperm of different SP origins not being impaired throughout the storage, and 
responding better to thermal and UF stress. However, further research in AI-centers is necessary to 
test the sperm behaviour under presented conditions.

Over the years, the swine industry has been one of the most important agriculture-related businesses around 
the globe1. Most pigs are produced by artificial insemination (AI), a widespread reproductive technique, cur-
rently used in 90% of farms2. In fact, the boar ejaculate has a high volume (200–300 ml) with a concentration 
of ~ 30 × 109 sperm/ml3, allowing to prepare numerous doses and bringing an economic advantage to AI-centers 
and farms. The ejaculate, composed of sperm cells and seminal plasma (SP), is emitted in different fractions: 
the first one, the pre-spermatic fraction, is composed of urethral content and secretions from bulbourethral 
glands and prostate, but usually without sperm cells; the second one, the spermatic-rich fraction, contains most 
of the sperm cells and SP (derived from testes, epididymis, seminal vesicles and prostate); the third one, the 
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intermediate spermatic fraction, is considered a transition phase, containing lower sperm cell number and SP 
than spermatic-rich fraction; and finally, the fourth and last one, the post-spermatic fraction, contains few sperm 
cells and a high volume of SP (derived from seminal vesicles, prostate and bulbourethral glands)4,5. The common 
semen collection method has been the manual or gloved-hand method, with which only the rich fraction was 
collected for seminal doses preparation, avoiding mixing the SP from the subsequent fractions of the ejaculate6. In 
fact, by collecting the bulk ejaculate, sperm are mixed with the SP, proceeding from all of the ejaculated fractions 
at the same time, not respecting the physiological conditions, which explains the controversial effect of SP on 
sperm functionality7. Nevertheless, automatic methods are being used more frequently because of their efficiency 
and reduced time-consuming8. These methods do not allow to discern between fractions, so the bulk ejaculate is 
collected. This fact became the subject of discussion since the role of the SP and its components (which depend on 
the ejaculate fractions included)9 during storage is not fully elucidated. In this respect, a previous study4 showed 
similar reproductive performance (piglet health and development between sows inseminated with seminal doses 
prepared by using only the spermatic-rich fraction or the whole ejaculate and stored for 3 days). Sperm function-
ality during storage is gradually diminishing as the extended storage period increase (reviewed by10), although 
this fact has not yet been evaluated using the synergic effect of SP from accumulative ejaculate fractions during 
a period of storage beyond 3 days4, which is the time farms sometimes are required to store seminal doses for.

From ejaculation until seminal doses preparation and conservation, sperm are exposed to different environ-
ments. During this process, sperm functionality is influenced by several factors such as substrates (coming from 
SP and commercial extender), which can cause changes in sperm metabolism11. Energetic metabolism consists 
of the production of adenosine triphosphate (ATP) from the oxidation of biological molecules to simpler ones11. 
Specifically, sperm can obtain energy by two pathways: glycolysis and/or oxidative phosphorylation (OXPHOS), 
processes that take place in the principal piece and the midpiece (mitochondria electron transport chain) respec-
tively (reviewed by12). In the case of porcine species, sperm were thought to use more glycolysis than OXPHOS 
(reviewed by12. However, research done by Nesci et al., 2020 demonstrated a correlation between sperm motility 
and mitochondrial activity, two functions dependent on OXPHOS, highlighting that boar sperm need ATP pro-
duced by this pathway to support their functionality. Although sperm mitochondria produce maximum energy 
in physiological conditions, this production of ATP by sperm cells may be affected by the environment, being 
able to switch the metabolic pathway depending on the substrates available14. In fact, SP composition differs 
between ejaculate fractions for proteins (mainly present in SP from the rich fraction), lipids, and metabolites that 
adhere to sperm surface and influence sperm functionality during storage and within the female genital tract15–17.

When seminal doses are deposited within the female reproductive tract and reach the uterus, SP plays a 
two-fold role. On one side SP protects spermatozoa from the inflamed uterine environment, helping with the 
maintenance of sperm motility and acrosome integrity, as shown in mouse and pig18,19. On the other side, SP 
regulates the immune response by SP immunoregulatory components interacting with the uterine environment20. 
Moreover, within the uterus, sperm encounter a complex female reproductive fluid-uterine fluid (UF), where an 
interaction between sperm and proteins proceeded from SP and UF is established16. Nevertheless, the effect of UF 
on boar sperm subjected to different SP fractions still needs to be elucidated. Based on the current knowledge, this 
effect could depend on the protein composition which varies between the fractions9. For instance, the spermatic-
rich fraction is abundant in AWN spermadhesins involved in preventing early capacitation, allowing sperm 
to reach the site of fertilization21. Besides, the post-spermatic fraction is rich in PSP-I/PSP-II heterodimer22, a 
spermadhesin also involved in the prevention of sperm capacitation and immune response inducing the reduc-
tion of polymorphonuclear granulocytes within the female tract16,23.

Since sperm are subjected to a milieu conditioned by differential composition of ejaculate fractions, their 
behavior may be modified during seminal doses production and conservation, before being used in AI programs, 
and during sperm interaction with the female environment. Therefore, considering the important role of SP from 
each ejaculate fraction, the aim of the study was to evaluate the behavior of sperm from seminal doses prepared 
with different accumulative ejaculate fractions on metabolism, storage for 5 days, and incubation with UF.

Results
After semen collection and seminal doses preparation, sperm metabolism (Oxygen Consumption Rate-
OCR and Extracellular Acidification Rate-ECAR) from pure and diluted semen of the 3 ejaculate fractions 
was analyzed. The OCR of sperm was not influenced by the fraction of the ejaculate neither in pure semen 
(F1 = 45.15 ± 3.57 pmol/min; F2 = 41.53 ± 3.75 pmol/min; F3 = 41.80 ± 3.70 pmol/min) (P = 0.720) nor in semi-
nal doses (F1 = 36.80 ± 2.15 pmol/min; F2 = 41.35 ± 3.28 pmol/min; F3 = 38.15 ± 4.11 pmol/min) (P = 0.791) 
(Fig. 1a). Also, ECAR did not show significant difference neither for pure semen (F1 = 4.38 ± 0.78 mpH/min; 
F2 = 4.55 ± 0.54 mph/min; F3 = 3.79 ± 0.30 mpH/min) (P = 0.673) nor for seminal doses (F1 = 2.89 ± 0.47 mpH/
min; F2 = 4.12 ± 0.56 mpH/min; F3 = 2.84 ± 0.50 mpH/min) (P = 0.378) (Fig. 1b). Moreover, when each corre-
sponding group was compared with its counterpart (pure semen vs. seminal doses), no significant differences 
were observed neither for OCR (P > 0.05) nor ECAR (P > 0.05). The Seahorse analyzer also allowed to calculate 
basal and maximum respiration, spare respiratory capacity, and ATP production. No significant differences were 
shown for these parameters between the groups, nor when each pure sample was compared with its correspond-
ing seminal doses (P > 0.05) (Fig. 2).

Semen characteristics during preservation (evaluated on days 1, 3 and 5, and analyzed by repeated measures) 
are reported in Fig. 3, Supplementary Table S1 and Supplementary Fig. S1. The fractions of the ejaculate used 
to prepare the seminal doses did not influence total and progressive motility, VSL, VAP, ALH, LIN, STR and 
WOB parameters (Fig. 3, Supplementary Table S1 and Supplementary Fig. S1). However, a significant effect was 
observed for VCL and BCF (Supplementary Table S1). VCL was higher in F1 than in F3 (P = 0.03), whereas F2 
group did not show a significant difference compared to both groups. The BCF was greater in F1 than in F2 and 
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F3 group (P = 0.04), without a significant difference between F2 and F3. Moreover, viability, acrosome integrity, 
mitochondrial activity, and DNA fragmentation of the sperm, did not show significant differences between the 
experimental groups (Supplementary Table S1). Any of the parameters analyzed showed interaction between 
time and treatment (Fig. 3 and Supplementary Fig. S1).

On day 5, the thermo-resistance test (TRT) was performed with spermatozoa from different accumulative 
ejaculate fractions (Table 1). Any of the sperm parameters evaluated showed differences between the groups 
(P > 0.05), except the progressive motility that was higher in F2 and F3 than in F1 (P = 0.04) (Table 1).

When we mimicked the in vivo conditions, sperm were incubated in vitro, after 5 days of storage, with UF 
at 38.5 ºC for 3 h. Sperm quality from each experimental group (F1, F2 and F3) was compared with its cor-
responding after incubation with UF, and they showed significant differences in several parameters (Tables 2, 
3 and 4; Supplementary Fig. S2). In general terms, sperm from F1 fraction was the most influenced having 
6 negatively affected parameters and two tendencies (for a total of 14 parameters evaluated), while F2 had 4 
reduced parameters and one tendency, and F3 had 3 reduced parameters and one tendency (Supplementary 
Fig. S2). Independently of the fraction used, total motility, ALH, LIN, STR, WOB and viability of the sperm 
were always affected (positively or negatively) after UF incubation (Supplementary Fig. S2). Total sperm motility 
significantly decreased for each ejaculate fraction after being incubated with UF (P < 0.001). This reduction was 
more pronounced in the F1 group than in F2 and F3 (37.24%, 29.14% and 27.41%, respectively; the percentage 
was calculated as follows: (UF-motility × 100/F-Motility) -100). Regarding ALH, it also decreased after seminal 
doses incubation with UF (P < 0.01). LIN, STR and WOB were higher in the groups incubated with UF than 
those before the incubation (P < 0.001). Moreover, VCL and BCF were higher in F1 than F1 + UF (P = 0.002 and 
P = 0.007, respectively), but no significant differences were observed for F2 and F3.

The viability of sperm was also reduced after being incubated with UF whichever was the ejaculated frac-
tion used (P < 0.01). Furthermore, acrosome integrity decreased in F1 + UF and F2 + UF with respect to F1 and 
F2 (P < 0.01), and a tendency was observed for the F3 group (P = 0.06). Likewise, sperm mitochondrial activity 
showed a statistical tendency in F1 and F2 groups (P = 0.06) but not for F3 (P > 0.05). DNA fragmentation did 
not show a significant difference after UF incubation in any of the analyzed groups (P > 0.05).

Figure 1.   Analysis of sperm metabolism. (a) Oxygen Consumption Rate (OCR, pmol/min), and (b) 
Extracellular Acidification Rate (ECAR, mpH/min) (mean ± SEM) of spermatozoa from different accumulative 
ejaculated fractions (pure semen and seminal doses) at day 1: F1 (spermatic-rich fraction); F2 (F1 plus 
intermediate fraction); F3 (F2 plus post-spermatic fraction). (c) Images depicting spermatozoa attachment 
to the bottom of a well of the 96-wells plate, before metabolic measurements (i) and spermatozoa stained 
with Hoechst after metabolic measurements (ii). No statistical differences were observed between the groups 
(P > 0.05).
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Discussion
SP is an important part of the boar ejaculate in both, volume and composition. However, during seminal doses 
preparation for further use in AI, the SP is highly diluted because of the extender added4 to reach an adequate 
sperm concentration and dose volume. The addition of the last fractions of the ejaculate may solve the high rate 
of SP dilution, however, it has been controversial in the swine industry. Our results have demonstrated that sperm 
metabolic rates (day 1) and sperm quality during preparation and storage of the seminal doses (up to 5 days) 
have similar performance independently of the ejaculate fraction included. Although, the presence of SP from 
F2 and F3 fractions in the seminal doses after short-term storage helps the sperm to keep their function when 
subjected to a heat stress (TRT) or after being incubated with UF (mimicking the in vivo conditions).

One of the keys to keep sperm motility high is the presence of energetic compounds in the media surround-
ing the cells24 based on ATP production. Once ejaculated, sperm get in contact with the SP rich in energetic 
substrates such as fructose, glucose, and sorbitol12, which promotes the vigorous movement of the sperm. Our 
results indicate that sperm metabolism after ejaculation (pure semen), analyzed in terms of OCR and ECAR, 
was similar between experimental groups, supporting that SP contains enough energetic compounds to maintain 
similar metabolic sperm rates regardless of the ejaculate fraction during at least the first hours after ejaculation 
(~ 12 h). After semen dilution to prepare the seminal doses, the proportion of SP in each group was different, 
accordingly with a previous study4, so the volume of the extender added differs, being greater in F1 than in F2 
and F3 (the group with the highest rate of SP and lowest volume of extender added). In any case, the metabolic 
rates analyzed were equal between groups and between pure and diluted semen, which indicates that the extender 
supplies the energetic substrates after SP dilution in the same way in all of the groups. Additionally, F2 and F3 
did not show any difference from F1, thanks to the presence of a larger volume of SP, and consequently, a greater 
buffering capacity, equalizing the metabolic activity among the different accumulative fractions of the ejaculate.

Moreover, it was interesting to analyze the OCR during basal and maximal respiration to have a more com-
plete view of sperm metabolism. The OCR during both types of respiration was similar between the groups, 
without difference between pure and diluted semen. Furthermore, basal respiration was close to the maximal 
respiration induced by the FCCP injection, resulting in a low spare respiratory capacity. This could suggest that 
sperm mitochondria from different accumulative ejaculate fractions work at their maximal capacity for ATP 
production. This fact could be supported by the presence of the same metabolites involved in energy production 
and lipid synthesis within the different ejaculate fractions, changing only in concentration25.

According to the sperm metabolism results, our study did not show any differences in sperm quality param-
eters (motility, viability, acrosome status, mitochondrial activity; DNA fragmentation) between the experimental 

Figure 2.   Analysis of sperm respiration. (a) An example of Oxygen Consumption Rate (OCR, pmol/min) 
analysis indicating basal respiration, ATP-linked respiration, and maximal respiration. (b) and (c) represent 
basal respiration, maximal respiration, spare respiratory capacity, and ATP production of spermatozoa from 
different accumulative ejaculated fractions (pure semen and seminal doses) at day 1: F1 (spermatic-rich 
fraction); F2 (F1 plus intermediate spermatic fraction); F3 (F2 plus post-spermatic fraction). No statistical 
differences were observed between groups (P > 0.05).
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groups during semen storage. Although, previous studies showed a controversial effect of SP, highlighting the 
worst quality and resistance to liquid-storage of sperm from the post-spermatic fraction26, whereby in AI-centers 
the sperm-rich fraction is commonly used for seminal doses preparation. Despite this, the inclusion of SP from 
all the ejaculate fractions has recently been seen to lead to the maintenance of sperm functionality and the same 
reproductive outcomes, as when using only the rich fraction4,27, supporting our results. Nevertheless, SP is known 
to have a controversial effect on sperm quality during storage, which can be influenced by several factors such as 
the dilution rate and final sperm concentration. In fact, during studies in which a low sperm concentration was 
used (< 18 × 106 sperm/ml), a decrease in sperm quality was observed28. In our case, a concentration of ~ 30 × 106 
sperm/ml was used, so a different dilution rate was applied, depending on the fraction, being characterized by 
a different SP volume. In fact, the whole ejaculate (F3) has a greater amount of SP compared to the sperm-rich 
fraction (15% vs. 8%)4, which can be useful to maintain sperm functionality. Thus, we could deduce that SP 
from the bulk ejaculate is not harmful to boar sperm storage. In particular, during ejaculation, several proteins 
from different SP fractions adhere to the sperm surface16 and remain attached as well during storage28. Besides, 
SP from the post-spermatic fraction stands out from the other fractions for an increased expression of some 
proteins such as alpha-enolase or alkaline phosphatase, involved in maintaining sperm motility9,29. Therefore, 
these proteins would continue to carry out their function of stabilizing the sperm membrane.

The final goal of seminal doses is to be used during the AI, in which spermatozoa are deposited in the female 
reproductive tract. Here, sperm will reside for hours at a temperature of 38.5 °C and be surrounded by UF before 
reaching the oviduct. Thus, it is interesting to understand how sperm from different accumulative fractions 

Figure 3.   Analysis of sperm motility during storage. (a) Total motility (%) and (b) progressive motility (%) 
(mean ± SEM) of spermatozoa from different accumulative ejaculate fractions stored for 5 days (analyzed at 
days 1, 3, and 5) at a refrigeration temperature of ∼16 °C: F1 (spermatic-rich fraction) (filled square); F2 (F1 
plus intermediate spermatic fraction) (filled circle); F3 (F2 plus post-spermatic fraction) (filled daimond). 
(c) Spermatozoa trajectory sequences obtained by CASA system on days 1 (upper image), 3 (middle image) 
and 5 (down image). The colors of sperm trajectories indicate fast velocity (red; > 45 µm/s), medium velocity 
(green; > 25–45 µm/s), low velocity (blue; 10–25 µm/s) or static sperm (yellow; < 10 µm/s).
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would react to this situation after several days of storage at 16 ºC. For this, sperm from each type of dose was 
subjected to a TRT. Sperm cells behaved similarly except for the progressive motility which was greater when 
several fractions (F2 or F3) were included in the dose compared to the rich fraction only (F1). Sperm motil-
ity is known to be supported by the ATP concentration, which can be altered by different factors such as heat 
stress. In fact, prolonged exposure to high temperatures triggers the dephosphorylation of Ser21, activating the 
protein glycogen synthase kinase 3, which inhibits ATP production30. Also, other proteins may be involved in 
decreasing the progressive motility, such as spermadhesins (AWN, PSP-I/PSP-II), originated from the vesicular 
glands31, and present in the bulk ejaculate9. In particular, sperm cells from the post-spermatic fraction absorb a 
high concentration of proteins from SP like the heterodimer PSP-I/PSP-II9,32 and the heat shock proteins (espe-
cially HSP90), both involved in increasing thermal resistance, playing a key role in the maintenance of sperm 
motility and viability33. Therefore, it could be hypothesized, that these proteins not only offer protection at low 
temperatures but also could play the same role in heat stress protection.

Within the uterus sperm contact with UF, exerting a negative effect on spermatozoa that can be mitigated 
by the presence of SP18. In the present study, the sperm quality decreased in the presence of UF independently 
from the SP fraction. However, sperm from F3 and F2 were those in which the quality parameters were less 
affected. This fact could be explained by the higher volume and different composition of SP in F3 and F2 than 
in F14. Actually, SP concentration in F3 (~ 15%) is close to the concentration used in a previous study in which 
20% of SP (only from the rich fraction) was able to mitigate the negative effect of UF18. The effect of UF in some 
kinetic parameters (LIN, STR, and WOB) was positive in all three experimental groups, moreover, a positive 

Table 1.   The effect of thermo-resistance test (TRT) on boar sperm from different ejaculated fractions (F1, 
F2, F3) after 5 days of seminal doses refrigeration (∼16 °C). Values within a row with different superscripts 
(a,b) differ significantly between procedures (F1-TRT, F2-TRT, F3-TRT) at P < 0.05. Data are provided as 
mean ± SEM.

Experimental groups

P-valueF1-TRT​ F2-TRT​ F3-TRT​

Total motility (%) 37.26 ± 4.81 48.74 ± 4.86 53.21 ± 4.73 0.07

Progressive motility (%) 19.37 ± 3.37a 28.00 ± 3.12b 27.37 ± 2.89b 0.04

VCL (µm/s) 37.32 ± 3.61 39.63 ± 3.64 40.16 ± 2.88 0.69

VSL (µm/s) 18.00 ± 3.06 20.00 ± 3.18 19.37 ± 2.42 0.64

VAP (µm/s) 24.32 ± 3.18 25.79 ± 3.23 25.95 ± 2.51 0.75

ALH (µm) 1.26 ± 0.10 1.32 ± 0.11 1.26 ± 0.10 0.92

LIN (%) 44.16 ± 3.56 46.63 ± 3.41 46.63 ± 2.92 0.57

STR (%) 66.42 ± 3.39 71.79 ± 2.72 71.11 ± 2.08 0.16

WOB (%) 61.00 ± 3.21 63.16 ± 2.73 63.47 ± 2.31 0.64

BCF (Hz) 4.26 ± 0.46 4.74 ± 0.48 5.11 ± 0.33 0.15

Table 2.   The effect of uterine fluid (UF) incubation on boar spermatozoa from F1 ejaculate fraction after 
5 days of storage (∼16 °C). Both groups (F1 and F1 + UF) were incubated for 3 h (38.5 ºC) before the analysis. 
Values within a row with different superscripts (a,b) differ significantly between procedures (F1, F1 + UF) at 
P < 0.05. Data are provided as mean ± SEM.

Experimental groups

P-valueF1 F1 + UF

Total motility (%) 90.32 ± 1.72a 55.74 ± 3.23b < 0.0001

Progressive motility (%) 38.89 ± 2.95 33.16 ± 2.40 0.31

VCL (µm/s) 65.42 ± 5.03a 53.63 ± 3.04b 0.002

VSL (µm/s) 24.68 ± 1.22 29.84 ± 1.90 0.23

VAP (µm/s) 41.58 ± 2.28 39.21 ± 1.92 0.06

ALH (µm) 2.16 ± 0.12a 1.47 ± 0.12b 0.0004

LIN (%) 40.11 ± 2.68a 56.21 ± 2.17b < 0.0001

STR (%) 60.26 ± 2.84a 76.05 ± 2.03b 0.0001

WOB (%) 65.21 ± 1.79a 73.26 ± 1.65b 0.002

BCF (Hz) 7.53 ± 0.16a 7.11 ± 0.17b 0.007

Viability (%) 89.58 ± 1.02a 84.63 ± 1.07b 0.03

Acrosome integrity (%) 93.26 ± 0.45a 89.68 ± 0.84b 0.006

Mitochondrial activity (%) 90.47 ± 0.71 84.05 ± 2.53 0.06

DNA fragmentation (%) 0.84 ± 0.38 0.53 ± 0.16 0.38
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effect on VSL in F2 and F3 groups (with no changes in F1) is worth mentioning. VSL has been positively related 
to ATP content per sperm in mammals34, and ATP is considered to be responsible for the generation of sperm 
forward motility. In our case, sperm motility decreased in all experimental groups after UF, but this drop was 
less noticeable in F2 and F3 when compared with the motility without the UF presence. So, the sperm of the 
F2 and F3 groups could contain more ATP and in consequence a higher VSL and less loss of sperm motility. As 
mentioned above, sperm motility strictly depends on ATP concentration. How much ATP sperm cells are able to 
produce may depend on the content of extracellular vesicles present in the SP. These vesicles come from different 
accessory glands for which they are present in all fractions and infiltrate the sperm membrane by transferring 
their content (i.e., proteins, small non-coding RNA) and maintaining sperm function35. Between these vesicles, 
CD44 has been described to play a role in the sperm interaction with female reproductive fluids, however, it 
is present in a similar cargo between the fractions35. Considering this, we can hypothesize that sperm from F2 
and F3, containing a higher amount of SP than F1, also have a greater quantity of extracellular vesicles and it 
can result in higher ATP production. Moreover, since the different fractions of the ejaculate differ in protein 
and lipid composition, and the higher concentration of proteins is in SP from the post-spermatic fraction, this 

Table 3.   Effect of uterine fluid (UF) incubation on boar spermatozoa from F2 ejaculate fraction after 5 days 
of storage (∼16 °C). Both groups (F2 and F2 + UF) were incubated for 3 h (38.5 ºC) before the analysis. Values 
within a row with different superscripts (a,b) differ significantly between procedures (F2, F2 + UF) at P < 0.05. 
Data are provided as mean ± SEM.

Experimental groups

P valueF2 F2 + UF

Total motility (%) 89.89 ± 1.38a 61.95 ± 3.62b < 0.0001

Progressive motility (%) 35.74 ± 3.37 36.84 ± 2.50 0.94

VCL (µm/s) 58.95 ± 1.68 57.89 ± 4.91 0.59

VSL (µm/s) 22.21 ± 1.43a 30.74 ± 2.32b 0.02

VAP (µm/s) 38.47 ± 0.88 42.26 ± 2.58 0.74

ALH (µm) 2.11 ± 0.11a 1.58 ± 0.12b 0.0007

LIN (%) 37.32 ± 2.47a 54.74 ± 3.00b < 0.0001

STR (%) 56.11 ± 3.02a 72.74 ± 2.74b < 0.0001

WOB (%) 65.95 ± 1.58a 74.26 ± 1.78b 0.0001

BCF (Hz) 6.95 ± 0.21 6.89 ± 0.21 0.49

Viability (%) 90.32 ± 0.66a 85.63 ± 1.31b 0.01

Acrosome integrity (%) 93.00 ± 0.51a 90.21 ± 0.78b 0.02

Mitochondrial activity (%) 89.47 ± 0.77 85.53 ± 1.87 0.06

DNA fragmentation (%) 0.53 ± 0.12 0.53 ± 0.18 0.75

Table 4.   Effect of uterine fluid (UF) incubation on boar spermatozoa from F3 ejaculate fraction after 5 days of 
storage (∼16 °C). Both groups (F3 and F3 + UF) were incubated during 3 h (38.5 ºC) before the analysis. Values 
within a row with different superscripts (a,b) differ significantly between procedures (F3, F3 + UF) at P < 0.05. 
Data are provided as mean ± SEM.

Experimental groups

P valueF3 F3 + UF

Total motility (%) 88.68 ± 1.14a 63.47 ± 3.21b 0.0002

Progressive motility (%) 38.68 ± 2.66 38.68 ± 2.49 0.44

VCL (µm/s) 59.16 ± 3.48 53.84 ± 2.91 0.15

VSL (µm/s) 23.42 ± 1.15a 29.63 ± 1.84b 0.01

VAP (µm/s) 38.63 ± 1.55 38.26 ± 1.68 0.47

ALH (µm) 2.05 ± 0.12a 1.58 ± 0.12b 0.02

LIN (%) 40.58 ± 1.86a 55.00 ± 2.38b 0.0005

STR (%) 61.05 ± 2.22a 76.00 ± 2.08b 0.002

WOB (%) 66.32 ± 1.45a 71.74 ± 1.65b 0.0006

BCF (Hz) 7.00 ± 0.19 7.16 ± 0.30 0.52

Viability (%) 90.16 ± 0.52a 86.84 ± 0.79b 0.004

Acrosome integrity (%) 93.11 ± 0.45 90.26 ± 0.77 0.06

Mitochondrial activity (%) 87.84 ± 1.50 86.42 ± 1.05 0.09

DNA fragmentation (%) 1.05 ± 0.49 0.47 ± 0.14 0.09
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SP could protect sperm from the uterine environment36. Thus, the inclusion of SP from all ejaculate fractions 
may be beneficial to sperm functionality under certain conditions. In general terms, changes observed in sperm 
kinetic parameters after UF incubation may be attributable to the viscosity of the surrounding fluid. However, 
the addition of UF in the proportion as in the present work does not influence the viscosity of the media18.

To sum up, it seems clear that our results indicate, that sperm keep their function after short-term storage, 
independently of the ejaculate fraction/s included in the seminal doses; however, when the semen was subjected 
to thermal stress or incubation with UF, a detrimental effect on sperm was shown in all groups, but being more 
noticiable in F1 fraction. This disparity between groups was not observed in the reproductive performance of 
a previous study4. Two possibilities, not mutually exclusive, could explain these results. First, the reproductive 
performance obtained in the mentioned study was carried out after 3 days of storage, while the present study was 
performed after 5 days. This difference during the storage period could increase the sperm sensibility to external 
processes such as TRT or UF incubation, being more pronounced in the group lacking some components of the 
SP such as in the F1 group. Second, during commercial porcine AI a high number of sperm are deposited in 
the female genital tract (~ 2–4 × 109 sperm/60–90 ml), therefore any negative effect influencing semen in their 
trajectory may be masked, because of the high number of spermatozoa reaching the site of fertilization. This 
being said, further studies using a reduced number of sperm should be performed in order to elucidate differ-
ences in vivo after AI as has been observed in in vitro conditions.

Conclusions
Overall, our results show that sperm metabolism is not influenced by the ejaculate fraction, being the compounds 
of pure and diluted semen enough to equally maintain the bioenergetics of the sperm between accumulative 
fractions at least during the first hours after ejaculation. In addition, we have found that sperm quality during 
semen storage for up to 5 days did not change, even though the origin of SP has proceeded from different ejacu-
late fractions. Nevertheless, the behavior of the sperm after storage was modified depending on the ejaculated 
fraction. When subjected to thermal stress and UF incubation, seminal doses prepared with the whole ejaculate 
being the least affected. The results can also support the hypothesis, that the different components of the SP in 
the milieu mimicking the uterus (thermal stress or UF) exert an influence over the spermatozoa. All these find-
ings have important implications. From a basic science point of view, it shows metabolic and storage behavior 
of sperm, and their response to thermal and fluid (UF) stressors from different accumulative ejaculate fractions. 
From a practical point of view it is important as well for the swine industry, showing the impact of seminal doses 
preparation and storage on a routine workflow in AI-centers. Although there is evidence showing sperm features 
in response to SP, further research is necessary to fully understand the interaction between SP compounds and 
the sperm, and the impact of the milieu once sperm is deposited in the female genital tract.

Materials and methods
Ethics statements.  All the procedures for this study were approved by the Ethical Committee of the Uni-
versity of Murcia on 1 June 2020 (reference project PID2019-106380RB-I00 and ethical committee reference 
567/2019). All methods were performed in accordance with the relevant guidelines and regulations. The study is 
reported in accordance with ARRIVE guidelines.

Experimental design.  Three experimental groups containing different ejaculated fractions were analyzed 
(Fig.  4): F1 (spermatic-rich fraction); F2 (spermatic-rich fraction plus intermediate spermatic fraction); F3 
(spermatic-rich fraction plus intermediate spermatic fraction plus post-spermatic fraction). On day 1 (∼12 h 
after ejaculate extraction), sperm metabolism (OCR and ECAR) from pure semen and seminal doses was ana-
lyzed (n = 8 for each condition and experimental group). Then, sperm motility (total and progressive), kinetic 
parameters, viability, acrosome status, mitochondrial activity, and DNA fragmentation were evaluated on days 
1, 3 and 5 of seminal doses refrigeration (n = 19 for each experimental group) (Fig. 4). Before evaluation, the 
seminal dose was homogenized and an aliquot for each semen sample was warmed in a heat block (Accu Block®, 
Labnet International, Inc., New York, USA) at 38.5 °C for 10 min. On day 5, an aliquot of 10 ml from each sample 
(n = 19) was subjected to the thermal-resistance test (TRT; 300 min at 38.5 °C), and thereafter sperm motility 
(total and progressive), kinetic parameters, viability, acrosome status, mitochondrial activity, and DNA fragmen-
tation were evaluated (Fig. 4). Finally, on day 5, sperm from seminal doses were incubated with UF. Specifically, 
20% of UF was added to an aliquot from each experimental group (F1, F2 and F3) in a final volume of 1 ml. All 
the samples (with and without UF) were incubated at 38.5 °C in a heat block, and after 3 h sperm motility (total 
and progressive), kinetic parameters, viability, acrosome status, mitochondrial activity, and DNA fragmentation 
were evaluated (Fig. 4). A total of 11 replicates were performed for this experiment.

Animals.  Six boars (Pietrain German Genetics; 30.83 ± 2.63  months of age) housed in a commercial AI-
center (Sergal Gestió Ramadera, Catalonia, Spain) were included in this study. Animals were housed in indi-
vidual pens (sawdust or straw bed; according to the European Commission Directive for Pig Welfare) within 
the same building and were fed by commercial feed (pellets). Temperature levels were maintained automatically 
by a climate control system, ensuring that the room’s temperature remained within the range of 18–22 °C. From 
7 months of age, the basal feed ration (2 kg) was increased based on the body condition of the boars (maximal 
feed ration of 3.5 kg/day). Water was available ad libitum. Boars were dewormed twice per year and there were 
parvovirus and erysipelas vaccinations. The frequency of semen collection was ∼1.5 times per week with an 
interval of 4–6 days between collections.
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Uterine fluid (UF) collection and preparation.  The UF, obtained from female genital tracts at the 
slaughterhouse (El Pozo S.A., Alhama de Murcia, Murcia, Spain), was provided by EmbryoCloud (NaturARTs®, 
Murcia, Spain). The oestrus cycle stage corresponded with the late follicular phase [periovulatory follicles 
(8-11 mm Ø)] based on the appearance of the ovary. The female genital tracts were transported to EmbryoCloud 
laboratory at room temperature within 30 min after collection and the UF was extracted, centrifuged twice at 
7200 g for 10 min at 4 °C to remove debris, and finally stored at -80 °C until use. For the experiments, a pool of 
UF from 3 different females (represented in the same proportion) was used.

Figure 4.   Graphic representation of the experimental design. (A) Three types of seminal doses were prepared 
(F1: sperm-rich fraction; F2: F1 + intermediate fraction; F3: F2 + post-sperm fraction) and stored at 16 °C for up 
to 5 days. (B) Evaluation of sperm functionality (I): on day 1 of conservation, the sperm metabolism (pure and 
diluted semen) was evaluated by the Seahorse analyzer; on days 1, 3 and 5 of seminal doses refrigeration, the 
sperm quality (motility and kinetics, viability, acrosome integrity, mitochondrial activity, DNA fragmentation) 
was evaluated; on day 5 the TRT was performed by incubating seminal doses at 38.5 °C during 300 min. (C) 
Evaluation of sperm functionality (II): uterine fluid (UF) from the late follicular phase was extracted. On 
day 5 semen from each seminal dose was incubated with 20% of UF for 3 h, and sperm quality analysis was 
performed. The figure was partially created on https://​biore​nder.​com (accessed on 8 June 2022).

https://biorender.com
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Ejaculate collection and dilution.  A total of 57 ejaculates from the six proven fertility boars (~ 9 ejacu-
lates per boar) were collected by the gloved-hand method. The pre-spermatic fraction was discarded, and the 
following ejaculated fractions were collected: 1) spermatic-rich fraction (F1) (n = 19), 2) spermatic-rich fraction 
plus intermediate fraction (F2) (n = 19), and 3) spermatic-rich fraction plus intermediate fraction plus post-
spermatic fraction (F3) (n = 19). Then, the concentrations of the samples were calculated for each fraction by 
Spermacue photometer (Minitϋb, Germany). After that, ejaculated sperm fractions were diluted in a commercial 
extender (Androstar® Plus, Minitube International, Tiefenbach, Germany) at 32 °C to reach a final concentration 
of ~ 33 × 106 sperm cells per ml. Then, each sample was packaged in plastic bags with 2000 × 106 sperm/60 ml 
and incubated at room temperature (18–22 °C) for 120 min. Finally, seminal doses were refrigerated at 16 °C till 
the time of evaluation.

Evaluation of spermatozoa motility and kinetic parameters.  The Computer Assisted Semen Anal-
ysis (CASA) was used for the evaluation of spermatozoa motility by ISAS® software (PROiSER R + D S.L., Valen-
cia, Spain) connected to a phase-contrast microscope (negative-pH 10 × objective; Leica DMR, Wetzlar, Ger-
many) and a digital camera (Basler Vision, Ahrensburg, Germany). The samples were warmed at 38.5 °C during 
10 min. Then, a 4 µl drop of the sample was placed in a prewarmed (38.5 ºC) chamber (20 microns Spermtrack® 
chamber, Proiser R + D, SL; Paterna, Spain) and at least three fields per sample were recorded. CASA setting 
parameters used were 25 frames per second and particle size area between 10 and 80 µm2. Spermatozoa trajec-
tory was classified into three categories: slow (10–25 µm/s), intermediate (> 25–45 µm/s), and rapid (> 45 µm/s). 
Total motility (%), progressive motility (%), and the kinetic parameters as curvilinear velocity (VCL, µm/s), 
average path velocity (VAP, µm/s), straight-line velocity (VSL, µm/s), amplitude of lateral head displacement 
(ALH, µm), linearity of the curvilinear path (LIN, ratio of VSL/VCL, %), straightness of the average path (STR, 
ratio of VSL/VAP, %), wobble coefficient (WOB, %), and beat-cross frequency (BCF, Hz) were analyzed.

Evaluation of spermatozoa viability.  The percentage of viable spermatozoa was determined by evaluat-
ing membrane integrity with propidium iodide (PI; P-4170 Sigma-Aldrich®, Madrid, Spain). The staining solu-
tion was prepared with 50 µl of PI (500 µg/ml) in 10 ml PBS (Phosphate Buffer Solution) without Ca2+ and Mg2+ 
(Sigma-Aldrich®, Madrid, Spain). Sperm samples were incubated with a PI solution for 10 min at room tempera-
ture under darkness. Samples were evaluated under fluorescence microscope (40 × objective; Leica® DM4000 
Led, Wetzlar, Germany, 495/520 nm) and at least 200 cells were counted per sample. For the evaluation, sper-
matozoa without fluorescence were classified as live, and sperm with red-stained heads were classified as dead.

Evaluation of spermatozoa acrosome status.  Sperm acrosome status was evaluated by Arachis 
hypogaea lectin (PNA-FITC, Sigma Aldrich®, Madrid, Spain). The staining solution was prepared with 100 µl of 
PNA-FITC (200 µg/ml) in 10 ml of PBS without Ca2+ and Mg2+. Sperm samples were incubated with PNA-FITC 
solution for 10 min at room temperature under darkness. Samples were evaluated under fluorescence micro-
scope (40 × objective; Leica® DM4000 Led, Wetzlar, Germany, 495/520 nm) and at least 200 cells were counted 
per sample. Sperm were classified according to acrosome status into one of the following categories: 1) normal 
apical ridge: sperm acrosome without fluorescence; 2) damaged apical ridge: sperm acrosome showing green 
fluorescence.

Evaluation of spermatozoa mitochondrial activity.  Sperm mitochondrial activity was evaluated by 
JC-1 (5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide; ThermoFisher Scientific Inc., 
MA, USA). The staining solution was prepared with 10 µl of JC-1 (0.017 µg/ml) in 10 ml of PBS without Ca2+ 
and Mg2+. Sperm samples were incubated with JC-1 solution for 30 min under darkness. Samples were evaluated 
under fluorescence microscopy (40 × objective; Leica® DM4000 Led, Wetzlar, Germany, 495/520 nm) and at least 
200 cells were counted per sample. Sperm were classified into one of the following categories: (1) low mitochon-
drial membrane potential: sperm with green fluorescence in the midpiece; (2) high mitochondrial membrane 
potential: sperm with orange fluorescence in the midpiece.

Evaluation of spermatozoa DNA fragmentation.  Sperm DNA fragmentation was evaluated by a 
Halomax kit for Sus scrofa (Halotech DNA, Madrid, Spain) following the manufacturer’s instructions. Agarose 
was warmed at 100 °C for 5 min and then transferred to 37 °C for 5 min to equilibrate the temperature. Sperm 
samples were added to the vials with low melting agarose (1:2, v/v) and mixed at 37 °C. A 2 µl drop from each 
sample was placed onto a pre-coated slide provided in the kit, and left at 4 °C for 10 min to solidify, after that the 
coverslips were gently removed. The samples were treated first with lysis solution for 5 min and then distilled 
water for 5 min. Then, slides were dehydrated by sequential 70 and 100% ethanol baths, 2 min each, and air 
dried. Finally, slides were stained with red fluorescent stain (HT-RF S100, Fluored®, Halotech DNA, Madrid, 
Spain). Samples were evaluated under fluorescence microscope (40 × objective; Leica® DM4000 Led, Wetzlar, 
Germany, 495/520 nm) and at least 300 cells were counted per sample. Sperm were classified into one of the 
following categories: 1) unfragmented DNA: sperm with a small and compact halo of chromatin dispersion; 2) 
fragmented DNA: sperm with a large and spotty halo of chromatin dispersion.

Thermal‑resistance test (TRT).  The TRT is used to simulate the sperm exposition at 38.5 °C within the 
female genital tract until reaching the site of fertilization37. At day 5 of storage, an aliquot of 10 mL from seminal 
doses was incubated at 38.5 °C in a water bath for 300 min. Following the incubation, motility, viability, and acro-
some integrity of the spermatozoa were assessed (as previously described) to test their resistance to temperature.
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Evaluation of spermatozoa metabolism.  For the metabolic assay, a Seahorse XFe extracellular flux 
analyzer (Agilent Technologies, Inc., CA, USA) with 96-wells cell culture plate was used. The analysis was per-
formed by using the Cell Mito Stress Assay kit (Agilent, Santa Clara, CA, USA). This kit contains three compo-
nents that modulate cellular respiration, as indicated by the manufacturer’s instructions: (1) oligomycin: an ATP 
synthase inhibitor that decreases mitochondrial respiration; (2) carbonyl cyanide-4-(trifluoromethoxy)phenyl-
hydrazone (FCCP): an uncoupling agent that collapses the proton gradient, which disrupts the mitochondrial 
membrane potential; (3) rotenone + antimycin A (Rot/AA): complex I and III of the electron transport chain 
inhibitors respectively, which shut down mitochondrial respiration. Then, the real-time Oxygen Consumption 
Rate (OCR, pmol/min), an indicator of mitochondrial respiration, and Extracellular Acidification Rate (ECAR, 
milli-pH/min), an indicator of glycolysis, of boar spermatozoa were measured through the analyzer. Moreo-
ver, the following bioenergetic parameters were analyzed: basal respiration representing the oxygen consump-
tion before the oligomycin injection; maximal respiration representing the maximal oxygen consumption rate 
attained by adding the uncoupler FCCP, showing the maximum rate of respiration that cells can achieve; spare 
respiratory capacity which is the difference between maximal respiration and basal respiration, indicating the 
ability of the cells to respond to increased energy demand; and ATP production providing how fast cells work 
to produce ATP.

The protocol of the assay is depicted in Supplementary Fig. S3. One day before the assay, the sensor cartridge 
was hydrated with distilled water at 38.5 °C. On the day of the assay, distilled water was replaced with the cali-
bration solution (Agilent Technologies, Inc., CA, USA), and the sensor cartridge was placed in the incubator at 
38.5 °C without CO2 during 45–60 min. Then, the Seahorse XFe DMEM medium (pH = 7.4) (Agilent Technolo-
gies, Inc., CA, USA) was supplemented with sodium pyruvate (1 mM), glutamine (2 mM) and glucose (10 mM). 
Meantime, the components of the kit were prepared: 1) solution A: oligomycin 100 µM; 2) solution B: FCCP 
50 µM; 3) solution C: Rot/AA 50 µM. Each solution was diluted in Seahorse XFe DMEM medium to reach the 
final concentration of 1.5 µM, 0.5 µM and 0.5 µM, respectively. Solution C was supplemented with Hoechst dye 
(25 mM; diluted 1:1000 to reach the final concentration of 2.5 µM per well) to perform the normalization of 
cell number after the assay38. Then, 20 µl of oligomycin, 22 µl of FCCP, and 22 µl of rot/AA were placed in the 
injection ports A, B and C of the utility plate, respectively. Once the sensor cartridge with the utility plate was 
ready, it was placed within the Seahorse XFe to start the calibration. Meantime, sperm concentration from each 
experimental group was calculated and adjusted at 1 × 106 sperm/well in a 50 µl of volume and seeded in each 
well of an XFe96 Poly-D-Lysine microplate (Agilent Technologies, Inc., CA, USA). Four wells for each group 
were seeded per replicate (Fig. 1c-i) and four wells were left without cells to perform background corrections. 
Those were filled with DMEM medium, as well as the extra wells not filled with sperm cells. Then, the microplate 
was centrifuged at 300 g for 5 min with slow brake at room temperature (Thermo Scientific Heraeus® Multifuge® 
3 Plus Centrifuge Series, Thermo Fisher Scientific Inc., MA, USA) to ensure the adhesion of cells to the bottom 
of the wells. Therefore, 130 µl of DMEM medium was gently added to each well, and the microplate was placed 
in the device. During the assay, the Seahorse XFe was kept at 38.5 °C. At the end of the assay, the microplate was 
placed in the incubator at 38.5 °C without CO2 for 30 min to allow the staining of sperm cells (Fig. 1c-ii). Then, 
the reading was performed using well-scan mode on the CLARIOstar Plus microplate reader (BMG Labtech, 
Ortenberg, Germany), as previously described38. The data were automatically normalized and analyzed by the 
Seahorse software. Finally, as a control assay, sperm viability was analyzed by collecting sperm cells from the 
wells and staining them with eosin/nigrosin. For each experimental group, 200 sperm were counted, the viability 
being similar between groups.

Statistical analysis.  When data was analyzed over time (days 1, 3 and 5), the statistical analysis was per-
formed using the free statistical software, SAS University Edition (SAS, 2016). Fitting sphericity for repeated 
measurement was performed using the restricted likelihood ratio test between Huynh–Feldt (H-F) and unstruc-
tured (UN) covariance structures. If the difference between them (distributed under the null hypothesis as a χ2 
with the difference between the degree of freedom, df) was greater than χ2 df, there was sphericity of data. All 
the motion parameters (total motility, progressive motility, VCL, VAP, VSL, LIN, STR, WOB, BCF), the percent-
age of alive spermatozoa, the percentage of spermatozoa with acrosome damage, the percentage of spermatozoa 
mitochondrial activity and DNA fragmentation showed sphericity of data and they were compared with the 
mixed model of SAS. The model included the experimental groups (F1, F2, F3), the time related to experimental 
groups (days 1, 3, and 5), and their interaction as the main effects, with replicates as a random effect. A first-
order autoregressive covariance structure (AR1) was used to adjust the difference in data according to the differ-
ences over time. Regarding the metabolism, TRT, and incubation with UF evaluation, the statistical analysis was 
performed using the SPSS 24.0 software (IBM SPSS Inc., Chicago. IL, USA). The Shapiro-Wilks test was used to 
determine the normality of data. Then, one-way analysis of variance (ANOVA) was used to compare the experi-
mental groups for the descriptive variables. Regarding metabolism analysis, each group before dilution (F1, F2, 
F3) was compared with its corresponding after dilution (F1 + UF, F2 + UF, F3 + UF) by using Student´s T-test. 
Data were expressed as the mean ± standard error of the mean (SEM). Differences were considered statistically 
significant when P ≤ 0.05 and a statistical tendency was considered when P ≥ 0.05 and ≤ 0.06.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary 
information files.

Received: 24 April 2023; Accepted: 7 September 2023



12

Vol:.(1234567890)

Scientific Reports |        (2023) 13:15258  | https://doi.org/10.1038/s41598-023-42254-3

www.nature.com/scientificreports/

References
	 1.	 Knox, R. V. Impact of swine reproductive technologies on pig and global food production. Adv. Exp. Med. Biol. 752, 131–160 

(2014).
	 2.	 Bortolozzo, F., Menegat, M., Mellagi, A., Bernardi, M. & Wentz, I. New artificial insemination technologies for swine. Reprod. 

Domest. Anim. 50, 80–84 (2015).
	 3.	 Rodríguez-Martínez, H. State of the art in farm animal sperm evaluation. Reprod. Fertil. Dev. 19, 91–101 (2007).
	 4.	 Luongo, C., Llamas-López, P. J., Hernández-Caravaca, I., Matás, C. & García-Vázquez, F. A. Should all fractions of the boar ejaculate 

be prepared for insemination rather than using the sperm rich only? Biology (Basel) 11, 425 (2022).
	 5.	 López-Rodríguez, A., Van Soom, A., Arsenakis, I. & Maes, D. Boar management and semen handling factors affect the quality of 

boar extended semen. Porcine Health Manag. 3, 15 (2017).
	 6.	 Leal, D. F. et al. Absence of seminal plasma from sperm-rich fraction decreases boar sperm quality characteristics during the course 

of liquid storage. Anim. Reprod. Sci. https://​doi.​org/​10.​1016/j.​anire​prosci.​2018.​08.​029 (2018).
	 7.	 Rodríguez-Martínez, H., Kvist, U., Ernerudh, J., Sanz, L. & Calvete, J. J. Seminal plasma proteins: What role do they play? Am. J. 

Reprod. Immunol. 66, 11–22 (2011).
	 8.	 Aneas, S. B., Gary, B. G. & Bouvier, B. P. Collectis® automated boar collection technology. Theriogenology 70, 1368–1373 (2008).
	 9.	 Perez-Patiño, C. et al. Characterization of the porcine seminal plasma proteome comparing ejaculate portions. J. Proteom. 142, 

15–23 (2016).
	10.	 Wiebke, M., Hensel, B., Nitsche-Melkus, E., Jung, M. & Schulze, M. Cooled storage of semen from livestock animals (part I): Boar, 

bull, and stallion. Anim. Reprod. Sci. https://​doi.​org/​10.​1016/J.​ANIRE​PROSCI.​2021.​106822 (2021).
	11.	 Amaral, A. Energy metabolism in mammalian sperm motility. WIREs Mech. Dis. 14, 458 (2022).
	12.	 Rodríguez-Gil, J. E. & Bonet, S. Current knowledge on boar sperm metabolism: Comparison with other mammalian species. 

Theriogenology 85, 4–11 (2016).
	13.	 Nesci, S. et al. Sperm function and mitochondrial activity: An insight on boar sperm metabolism. Theriogenology 144, 82–88 

(2020).
	14.	 Magdanz, V., Boryshpolets, S., Ridzewski, C., Eckel, B. & Reinhardt, K. The motility-based swim-up technique separates bull sperm 

based on differences in metabolic rates and tail length. PLoS One 14, 214 (2019).
	15.	 Mateo-Otero, Y. et al. Metabolomic fingerprinting of pig seminal plasma identifies in vivo fertility biomarkers. J. Anim. Sci. Bio-

technol. 12, 113 (2021).
	16.	 Luongo, C. et al. Sperm proteome after interaction with reproductive fluids in porcine: From the ejaculation to the fertilization 

site. Int. J. Mol. Sci. 21, 1–27 (2020).
	17.	 Szymanowicz, J. et al. Storage of boar semen at 16–18 °C in the long-term commercial extender prepared with deionized water or 

nanowater. Anim. Reprod. 16, 864–870 (2019).
	18.	 Luongo, C., Abril-Sánchez, S., Hernández, J. G. & García-Vázquez, F. A. Seminal plasma mitigates the adverse effect of uterine 

fluid on boar spermatozoa. Theriogenology 136, 28–35 (2019).
	19.	 Kawano, N. et al. Seminal vesicle protein SVS2 is required for sperm survival in the uterus. Proc. Natl. Acad. Sci. 111, 4145–4150 

(2014).
	20.	 Robertson, S. A. Seminal plasma and male factor signalling in the female reproductive tract. Cell Tissue Res. 322, 43–52 (2005).
	21.	 Leahy, T. & Gadella, B. M. Capacitation and capacitation-like sperm surface changes induced by handling boar semen. Reprod. 

Domest. Anim. 46, 7–13 (2011).
	22.	 Al-Dossary, A. A. & Martin-Deleon, P. A. Role of exosomes in the reproductive tract Oviductosomes mediate interactions of 

oviductal secretion with gametes/early embryo. Front. Biosci. (Landmark Ed) 21, 1278–1285 (2016).
	23.	 Caballero, I. et al. PSP-I/PSP-II spermadhesin exert a decapacitation effect on highly extended boar spermatozoa. Int. J. Androl. 

32, 505–513 (2009).
	24.	 Navarrete, F. A. et al. Transient sperm starvation improves the outcome of assisted reproductive technologies. Front. Cell Dev. Biol. 

7, 262 (2019).
	25.	 Mateo-Otero, Y. et al. 1 H nuclear magnetic resonance of pig seminal plasma reveals intra-ejaculate variation in metabolites. 

Biomolecules 10, 1–16 (2020).
	26.	 Rodríguez-Martínez, H. et al. The physiological roles of the boar ejaculate. Soc. Reprod. Fertil. Suppl. 66, 1–21 (2009).
	27.	 Höfner, L., Luther, A. M. & Waberski, D. The role of seminal plasma in the liquid storage of spermatozoa. Anim. Reprod. Sci. 220, 

52 (2020).
	28.	 Luther, A.-M. & Waberski, D. In vitro aging of boar spermatozoa: Role of sperm proximity and seminal plasma. Andrology 7, 

382–390 (2019).
	29.	 Zhang, X.-G. et al. Effects of bovine serum albumin on boar sperm quality during liquid storage at 17 °C. Reprod. Domest. Anim. 

50, 263–269 (2015).
	30.	 Gong, Y. et al. Heat stress reduces sperm motility via activation of glycogen synthase kinase-3α and inhibition of mitochondrial 

protein import. Front. Physiol. 8, 452 (2017).
	31.	 Caballero, I. et al. Seminal plasma proteins as modulators of the sperm function and their application in sperm biotechnologies. 

Reprod. Domest. Anim. 47, 12–21 (2012).
	32.	 Centurion, F. et al. Influence of porcine spermadhesins on the susceptibility of boar spermatozoa to high dilution. Biol. Reprod. 

69, 640–646 (2003).
	33.	 De Lazari, F. L. et al. Seminal plasma proteins and their relationship with sperm motility and morphology in boars. Andrologia 

51, 1–9 (2019).
	34.	 Tourmente, M. & Roldan, E. R. S. Mass-specific metabolic rate influences sperm performance through energy production in 

mammals. PLoS One 10, 528 (2015).
	35.	 Alvarez-Rodriguez, M., Ljunggren, S. A., Karlsson, H. & Rodriguez-Martinez, H. Exosomes in specific fractions of the boar 

ejaculate contain CD44: A marker for epididymosomes? Theriogenology 140, 143–152 (2019).
	36.	 Rodriguez-Martinez, H., Martinez, E. A., Calvete, J. J., Peña Vega, F. J. & Roca, J. Seminal plasma: Relevant for fertility? Int. J. Mol. 

Sci. 22, 528 (2021).
	37.	 Schulze, M., Jakop, U., Jung, M. & Cabezón, F. Influences on thermo-resistance of boar spermatozoa. Theriogenology 127, 15–20 

(2019).
	38.	 Hall, I. Seahorse Assays Normalisation | BMG LABTECH. https://​www.​bmgla​btech.​com/​en/​appli​cation-​notes/​norma​lisat​ion-​of-​

seaho​rse-​xfe96-​metab​olic-​assays-​to-​cell-​number-​with-​hoech​st-​stain/ (2020).

Acknowledgements
We are grateful to the “Servicio de cultivo de Tejidos” (SCT) of the University of Murcia for their assistance with 
the Seahorse analyzer.

https://doi.org/10.1016/j.anireprosci.2018.08.029
https://doi.org/10.1016/J.ANIREPROSCI.2021.106822
https://www.bmglabtech.com/en/application-notes/normalisation-of-seahorse-xfe96-metabolic-assays-to-cell-number-with-hoechst-stain/
https://www.bmglabtech.com/en/application-notes/normalisation-of-seahorse-xfe96-metabolic-assays-to-cell-number-with-hoechst-stain/


13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:15258  | https://doi.org/10.1038/s41598-023-42254-3

www.nature.com/scientificreports/

Author contributions
Conceptualization, F.A.G.-V.; data curation, C.L., G.G. and E.R.-T.; formal analysis, C.L. and F.A.G.-V.; funding 
acquisition, F.A.G.-V.; investigation, C.L. and F.A.G.-V.; methodology, C.L., P.J.-L, G.G., E.R.-T., P.G. and F.A.G.-
V.; supervision, F.A.G.-V.; validation, F.A.G.-V.; writing-original draft, C.L. and F.A.G.-V.; writing-review and 
editing, F.A.G.-V. All authors have read and agreed to the published version of the manuscript.

Funding
This work was supported by the Ministry of Science and Innovation (PID2019-106380RBI00/
AEI/10.13039/501100011033). Luongo C is beneficiary of FPI fellowship (PRE2020-095729) from Ministry of 
Science and Innovation.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​42254-3.

Correspondence and requests for materials should be addressed to F.A.G.-V.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-42254-3
https://doi.org/10.1038/s41598-023-42254-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Impact of inclusion of post-spermatic ejaculate fraction in boar seminal doses on sperm metabolism, quality, and interaction with uterine fluid
	Results
	Discussion
	Conclusions
	Materials and methods
	Ethics statements. 
	Experimental design. 
	Animals. 
	Uterine fluid (UF) collection and preparation. 
	Ejaculate collection and dilution. 
	Evaluation of spermatozoa motility and kinetic parameters. 
	Evaluation of spermatozoa viability. 
	Evaluation of spermatozoa acrosome status. 
	Evaluation of spermatozoa mitochondrial activity. 
	Evaluation of spermatozoa DNA fragmentation. 
	Thermal-resistance test (TRT). 
	Evaluation of spermatozoa metabolism. 
	Statistical analysis. 

	References
	Acknowledgements


