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Assisted reproductive technologies play a major role in the cattle industry. An increase

in the use of in vitro-derived embryos is currently being seen around the globe. But the

efficiency and quality of the in vitro-derived embryos are substandard when compared

to the in vivo production. Different protocols have been designed to overcome this issue,

one of those being the use of reproductive fluids as supplementation to embryo culture

media. In this study, in vitro-derived calves produced with reproductive fluids added to

their embryo production protocol were followed for the first year of life pairwise with

their in vivo control, produced by artificial insemination (AI), and their in vitro control,

produced with standard supplementation in embryo production. The objective was to

assess if any differences could be found in terms of growth and development as well as

hematological and biochemical analytes between the different systems. All the analysed

variables (physical, hematological, and biochemical) were within physiological range and

very similar between calves throughout the entire experiment. However, differences were

more evident between calves derived from standard in vitro production and AI. We

concluded that the use of reproductive fluids as a supplementation to the embryo culture

media results in calves with closer growth and development patterns to those born by

AI than the use of bovine serum albumin as supplementation.

Keywords: assisted reproductive technologies (ART), in vitro embryo production (IVP), cattle, biochemical and

hematological studies, reproductive fluids

INTRODUCTION

The current data on bovine embryo transfer (ET) illustrate how substantial the use of
in vitro-produced (IVP) embryos has emerged in detriment of in vivo-derived (IVD) embryos,
with a difference of almost double the number of IVP embryos being transferred (1). However,
the ability of this method to produce a high number of embryos per oocyte is still suboptimal (2, 3).
As so, recent alternatives to embryo culture medium composition or supplementation (4–7) have
been proposed in order to improve the quality and quantity of blastocysts. These alternatives are
capable of producing in vitro embryos in higher numbers (4, 6) with improved gene expression
patterns (5, 7, 8) or with increased survival to cryopreservation (4, 5, 7) when compared to the
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FIGURE 7 | Hematological parameters (platelet and reticulocyte parameters) obtained during the first year of life from calves born after artificial insemination (AI), in vitro
produced with bovine serum albumin (BSA), and in vitro produced with reproductive fluids (RF). Values represent mean ± SEM. Parameters included: platelets [(A),

×103 cells/µL], mean platelet volume [(B), MPV, fL], platelet ratio [(C), PCT, %], platelet distribution width [(D), PDW, %], mean platelet component [(E), MPC, g/dL],

(Continued)

Frontiers in Veterinary Science | www.frontiersin.org 9 January 2022 | Volume 8 | Article 739041



Lopes et al. Year-Long Phenotypical Study of ART-Calves

FIGURE 7 | mean platelet mass [(F), MPM, pg], large platelets [(G), Large PLT, ×103 cells/µL], reticulocyte hemoglobin content [(H), CHr, pg], reticulocytes [(I), ×106

cells/µL], mean corpuscular volume of reticulocytes [(J), MCVr, fL]. Asterisk(s) represent statistical difference, and above the asterisk(s), the difference found is

represented by color (AI, red; BSA, blue; RF, black). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; NS, not significant.

comparison with those in AI calves (29.97 ± 0.79, 27.04 ± 0.38,
31.50± 1.87) but only higher than those in RF calves on day 150
(30.90± 1.60).

Biochemical Parameters
All biochemical parameters were significantly affected by the day
of collection (Figures 8A–P). Total protein (Figure 8A; g/dL)
showed a higher concentration in AI calves on days 30 and 45
(5.84 ± 0.26 and 6.10 ± 0.26, respectively) when compared to
BSA calves (4.90 ± 0.14 and 5.25 ± 0.12, respectively). Albumin
(Figure 8B) and urea (Figure 8E) did not differ across groups.
Globulin (Figure 8C; g/dL), on the other hand, was also altered
by the group, having higher values in AI calves on days 30, 45,
and 60 (3.45 ± 0.26, 3.56 ± 0.23, and 3.58 ± 0.18, respectively)
when compared to those in BSA calves (2.47± 0.15, 2.63± 0.13,
and 2.74 ± 0.20, respectively). Creatinine (Figure 8D; mg/dL)
had a group influence, and significant differences were found
between AI calves on days 45 (0.91 ± 0.05) and 60 (0.91 ±

0.08) and BSA calves (1.20 ± 0.06 and 1.22 ± 0.08, respectively).
Glucose (Figure 8F; mg/dL) was affected by the group, but only
one difference was significant on day 120, where RF calves had
75.5 ± 4.32, while AI calves showed 65.2 ± 4.70 and BSA
calves had 69.39 ± 2.30. Total cholesterol (Figure 8G; mg/dL)
behaved differently on a day × group interaction: BSA calves
had 17.91 ± 5.35 on day 0, 37.74 ± 7.57 on day 7, and 68.45
± 18.62 on day 15, which were significantly lower than those
in AI calves on days 0 and 15 (38.50 ± 3.40 and 138.11 ±

10.11, respectively) and lower than those in RF calves on day 7
(101.34 ± 14.86). Additionally, AI calves showed lower values
when compared to RF calves on days 180 and 360 (81.66 ±

10.34 and 115.52 ± 5.74 vs. 128.59 ± 8.22 and 143.37 ± 5.36,
respectively). Triglycerides (Figure 8H; mg/dL) were affected
by a group × day interaction, being the values for AI calves
higher on day 45 vs. BSA calves (46.23 ± 4.16 vs. 28.12 ±

4.95, respectively), but lower than those in RF calves on day
180 (13.91 ± 1.65 vs. 20.63 ± 1.68, respectively). Amylase,
CK, and AST (Figures 8I,K,N) did not show any alterations
between groups. Lipase concentration (Figure 8J; UI/L) was
higher for AI calves (5.07 ± 0.54) vs. RF (2.82 ± 0.27) on day
15, with no further significant differences. ALP concentration
(Figure 8L; UI/L) was influenced by the day× group interaction,
and particularly on days 0 and 3, BSA calves showed a lower
concentration (430.43 ± 35.82 and 377.86 ± 35.49) than RF
calves (865.85 ± 56.70 and 543.40 ± 44.79). GGT and bilirubin
(Figures 8M,P) were both affected by day × group, but no
significant differences were found among groups. AI calves
showed higher ALT concentration (Figure 8O; UI/L) on days
0 (15.16 ± 1.92), 15 (11.54 ± 0.55), and 30 (11.91 ± 0.86)
when compared to BSA calves (8.96 ± 0.78, 8.07 ± 1.06, and
7.91±1.19, respectively).

Correlations Between Physical and
Biochemical Data
A positive correlation between weight and protein (Figure 9A)
was present in all groups (AI r = 0.23 with p = 0.0375; BSA
r = 0.59 with p < 0.0001; RF r = 0.60 with p < 0.0001). The
simple linear regression lines (Figure 9B) show that the slopes
were significantly (p < 0.05) different: even though all groups
increased their total protein as their weight increased, the AI
group had a different pattern where the increase was not so
pronounced as the BSA and RF groups (AI r2 = 0.05; BSA r2 =
0.32; RF r2 = 0.29).

A negative correlation between weight vs. creatinine
(Figure 10A) was present in AI calves, but no correlation was
found on BSA and RF calves (AI r = −0.24 with p = 0.0304;
BSA r = 0.03 with p > 0.10; RF r = −0.13 with p > 0.10).
When performing a simple linear regression (Figure 10B), the
regression lines behave similarly, but AI calves show significantly
lower levels of creatinine per kg (p < 0.05) when compared to
BSA and RF calves (AI r2 = 0.03; BSA r2 = 0.03; RF r2 = 0.02).

DISCUSSION

The continuous increase of the use of IVP-ET systems in the
cattle industry brings the necessity of a better understanding of
whether calves born through this combination are indeed similar
to those born after AI or natural mating. Many disadvantages
(28) and advantages (11) of the use of IVP embryos have been
noted before, but it is not yet totally clear if the differences
found in early stages are maintained throughout the growth and
development of these animals, nor when do they disappear. In
dairy cattle, authors have reported differences in milk production
(13), but little is known about female or male beef calves, since
most studies are limited in time. Here, we describe the changes
occurring during the maturity of these animals, males and
females, conceived by different reproductive technologies until
they reach 1 year of age with special incidence on biochemical
and hematological analysis, since they could flag alterations that
could be invisible to phenotypical evaluation.

Body weight of the calves was not different, with some
exceptions happening between days 120 and 240 where AI
calves were significantly heavier than BSA calves. The weaning
weight, which in our case occurred on day 60, was also not
different between groups, being in accordance with some authors
(13) and in disagreement with others (17) who reported higher
weight at the same age for IVP-derived calves. Interestingly, both
referenced studies show values at around 80 kg for IVP calves,
which were much heavier calves than ours, either explained
by differences in genetics or feeding plans. The ADWG is a
parameter that, in theory, would help us understand if calves
from a specific group would have a faster growth/weight gain.
Although the day was determinant in those gains, we noticed
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FIGURE 8 | Continued
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FIGURE 8 | Biochemical parameters obtained during the first year of life from calves born after artificial insemination (AI), in vitro produced with bovine serum albumin

(BSA), and in vitro produced with reproductive fluids (RF). Values represent mean ± SEM. Parameters included: total protein [(A), g/dL], albumin [(B), g/dL], globulin

[(C), g/dL], creatinine [(D), mg/dL], urea [(E), mg/dL], glucose [(F), mg/dL], cholesterol [(G), mg/dL], triglycerides [(H), mg/dL], amylase [(I), UI/L], lipase [(J), UI/L],

creatinine kinase [(K), CK, UI/L], alkaline phosphatase [(L), ALP, UI/L], gamma-glutamyl transpeptidase [(M), GGT, UI/L], aspartate aminotransferase [(N), AST, UI/L],

alanine aminotransferase [(O), ALT, UI/L], and total bilirubin [(P), mg/dL]. Asterisk(s) represent statistical difference, and above the asterisk(s), the difference found is

represented by color (AI, red; BSA, blue; RF, black). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; NS, not significant.
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FIGURE 9 | Comparison between weight (kg) and protein concentration (g/dL) obtained during the first year of life from calves born after artificial insemination (AI), in
vitro produced with bovine serum albumin (BSA), and in vitro produced with reproductive fluids (RF). (A) Each symbol represents one individual value, where red

circles represent AI calves; blue squares, BSA calves; and black triangles, RF calves—the lines represent the linear regression. (B) Simple linear regression of the

values obtained in panel (A), where red represents AI calves; blue, BSA calves; and black, RF calves.

FIGURE 10 | Comparison between weight (kg) and creatinine concentration (mg/dL) obtained during the first year of life from calves born after artificial insemination

(AI), in vitro produced with bovine serum albumin (BSA), and in vitro produced with reproductive fluids (RF). (A) Each symbol represents one individual value, where red

circles represent AI calves; blue squares, BSA calves; and black triangles, RF calves—the lines represent the linear regression. (B) Simple linear regression of the

values obtained in panel (A), where red represents AI calves; blue, BSA calves; and black, RF calves.

only one significant difference on day 105. That means that all
our calves, regardless of the group, developed similarly. When
analysing the year-long ADWG differences were not found. Our
values were similar to those reported to happen in female and
male Asturian Valley (29). This could be reasoned by the fact
that we mixed females and males–due to low number of females
available—but also a difference in breeds. We did not find any
difference in the development of our males vs. females, as they
showed similar weight/height values.

As for birth weight, it was not different between groups, being
in disagreement with some studies (10, 13, 17) and in agreement
with others (20, 21) when comparing AI with IVP-derived calves.
The birth weight also did not define the weight in adulthood.
McEvoy et al. (12) suggested that the birth weight should be
used as a factor when evaluating the postnatal development
of calves derived by IVP. When analysing our data on IVP
calves (BSA and RF groups) and separating the calves by their
birth weight (low, normal, or heavy), the ADWG did not

show any difference between them (data not shown). On the
contrary, when calculating the differences concerning the actual
weight/day of the calves, we observe that the group does make
a difference, particularly up to 120 days, but no differences at
that point and onward. The ADWG is critical to understand if
the feeding was appropriate to each animal, which in our study
was indeed. However, McEvoy et al. (12) found differences in
the heart size of the bulls, suggesting that there is more to the
evaluation of growth and development than simply the body
weight. More data are needed within our study regarding these
calves, as their organs might also differ in weight as it happened
in the study of McEvoy et al. (12).

Jacobsen et al. (30) found no differences in terms of body
length and withers between IVP calves derived by different
culture systems and their AI controls. In our study, the bull-
father was the same for all calves. However, since AI calves
had Holstein-mother and IVP calves had cross-Beef-mother,
we found several differences in height at withers, thorax
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circumference, and body length. These differences could easily be
explained by their different mother-genetics, as Holstein Frisian
is a taller breed than Asturian Valley, thus justifying the deepest
thorax and higher height. Body length had fewer differences and
was especially located around the major growth period (between
60 and 210 days), when the ADWGwas also higher for AI calves.

Data of the remaining health-related physical parameters
investigated in this study for IVP calves are controversial. Sangild
et al. (31) found increased respiratory rate at birth for IVP calves
when compared to that in AI, but although we did see the same
pattern (higher rate in IVP-derived calves at birth, BSA and RF
groups), our difference was not significant. Rérat et al. (17) found
no differences in respiratory rate at birth [as others (14)] nor at
112 days, though these authors found higher respiratory rate for
AI calves than that in IVP at the latter age. Heart rate was found
to be lower in IVP-derived calves by some authors at birth (14),
but we did not find that difference, as in accordance to others
(23). Body temperature was also found to be similar at birth
between calves derived from different reproductive techniques
(23), as it also happened in our study. In general, we found some
occasional differences in these health-related physical parameters
between calves. Considering that they all still fit the standard-
normal values, it is most likely that these differences may have
been influenced by the stress of each calf that may influence
respiratory and heart rate and/or the seasonal temperature, since
some calves were born in different seasons, meaning that the
time they reached each age was measured with different outdoor
temperatures. The evaluation of all these physical and health
parameters allowed us to determine if the speed of development
was accompanied by an apparent healthy body system.

Regarding hematological and biochemical data, it can be said
that, in general, the red blood cells, reticulocytes, white blood
cells, and platelets did not show changes of clinical significance
between groups, and their values are in agreement with those
reported in healthy individuals by others for calves and adult
cattle (31–35). Among the analytes that showed significant
differences between groups of higher magnitude, we found
that total protein, globulin, creatinine, cholesterol, triglycerides,
and ALT were different during the preweaning period. These
analytes showed higher values in AI calves compared to those
in BSA calves with the exception of creatinine, which was lower
for AI calves when compared to BSA calves. All the animals
received the same amounts and pools of colostrum and the same
milk replacement, independently of their origin, and therefore,
these results cannot be compared to a difference in intake
or quality of colostrum/feeding. We could only hypothesize
that there might be a difference in the metabolism of these
animals, especially noted in the pre-weaning period, but without
further investigation, we cannot confirm it. However, all the
studied analytes were similar between groups at the end of the
experimental period, indicating that the different systems of
production of embryos might not affect the biochemical profiles
of the animals in adult life. The analysis of all these blood
parameters comes as an aid to assess if there was a sign of
disruption of any system of the body of the calves that might pass
unseen to the physical examination.

As for the interpretation of the correlations found between
protein and weight and between creatinine and weight, the

different patterns observed in the AI animals might reflect their
genetic differences, and even though AI calves started to develop
with higher protein and creatinine concentrations, they still could
not reach the same muscular production as those derived from
beef× beef genetics (both BSA and RF groups). Because of these
genetic impacts, future projects should only focus on one genetic
line to reduce the variation that genes may have on growth
and development.

In general, we found that the IVP-derived calves reached the
same stage of growth and development in adulthood as their AI
counterparts. This is a conclusion that does not agree with many
previous authors. Recently, a long-term study with rabbits on the
effects of vitrification and ET (both techniques that we used with
our IVP calves) showed that, at birth, those animals were heavier
than the ones produced by AI, but the growth performance
until adulthood was poorer, resulting in adult rabbits with less
weight (36). Likewise, in mice, Fernandez-González et al. (24)
showed that solely using different culture media may result in
different phenotypes like increased weight during growth or
alterations in behavior or memory tests. Siqueira et al. (13)
with a large study reported not only increased birth weight for
IVP-derived calves in comparison with AI but also increased
weight at first breeding. Duranthon and Chavatte-Palmer (37)
provided an extensive review on the long-term effects of different
reproductive technologies, showing how the techniques we use
may influence future outcomes. Those differences begin in early
stages, as it has been noted in preimplantation embryos, where
different techniques may lead to imprinted methylation errors
(38, 39) or distinct patterns of global methylation (40, 41). With
more than 7 million children born all over the world derived
from assisted reproduction, and many millions more in the
animal field, the differences found are not astonishing enough
to prevent the use of these techniques. We must—as well as
we should—always have in mind that each single one current
technique may be improved. Thus, the reason why we decided
to use reproductive fluids in our embryo culture media. Despite
bovine serum albumin being a major source of protein capable
of allowing embryo development in vitro, a lot of other proteins,
messengers, and cytokines are missing, and this may be one of
the reasons why the IVP yield is still low. Post-transfer, the results
on pregnancy rates of IVP embryos are also lower than those of
IVD embryos (42). By adding the reproductive fluids (oviductal
and uterine) at the same pace of embryo development, the goal
was to better mimic the natural environment. Therefore, trying
to compensate those lower outcomes. Even though it did not
increase embryo yield (25.9% with RF vs. 26.7% with BSA) nor
pregnancy rates (both 22.2% at day 30) (25), the calves born
from this system were more similar to those born by AI than the
BSA-derived calves. In a global analysis, we had more significant
differences between AI-derived calves and BSA-derived calves
than we had between AI and RF or BSA and RF. This could
mean that RF-derived calves were indeed reprogrammed to be
closer to what in vivo growth may be, but further analysis—
particularly of their methylation patterns in vivo—needs to be
taken to better support this hypothesis. Limitations of this study
are clearly related to the fact that we used different breeds in
conceiving our calves and, of course, the number of animals
obtained that influenced the sex ratio, not allowing the separation
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of data by sex. The increase in this number would be of interest,
since it would allow the study of reproductive parameters of the
adult animals.

In conclusion, the use of reproductive fluids as a
supplementation to the embryo culture media results in
calves with closer growth and development patterns to those
born by AI than the use of BSA as supplementation.
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