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Introduction — capacity for health and productive function begins to form in utero

At an early stage in their education, animal scientists are taught that an animal’s phenotype
depends on a combination of genetic and environmental effects. Indeed, efforts to increase the productive
capacity of livestock have depended largely on two approaches — selection of allelic variants to genes that
confer superior production and manipulating the environment to enhance the ability of animals to realize
the potential of those genes. From a genetics point of view, environment includes everything that is not
genetic including, as examples, nutrition, meteorological conditions, exposure to pathogens, and human
interventions such as treatment with growth regulators or reproductive hormones, vaccinations and other
veterinary procedures.

While the importance of the environment for optimal health and production is well recognized, it
is less widely understood that the function of an adult organism depends not only on environmental
determinants after birth but also on environmental conditions it was exposed to before birth during
embryonic and fetal development. This concept has been variously termed developmental programming,
fetal programming or developmental origins of health and disease.

For mammals, the prenatal environment of a developing embryo or fetus is established by its
mother and changes in maternal environment can alter postnatal phenotype of the developing organism.
We are only beginning to understand the degree to which developmental programming affects health and
productive function of cattle. Experiments performed to date are indicative that developmental
programming can occur throughout gestation, from the early stages of development of the preimplantation
embryo to the final weeks of gestation. Moreover, developmental programming can shape many functions
of adult cattle and in a way that influences economically-important traits.

The purpose of this review is to provide some examples of developmental programming in cattle
to illustrate the wide range of influences the prenatal environment can have on postnatal function.
Emphasis will not be on mechanisms although these are likely to include epigenetic modifications in the
developing organism as well as in patterns of development of specific cell lineages that give rise to adult
tissues. By providing examples of developmental programming, we can appreciate the potential for
manipulating the embryo and fetus to positively or negatively affect health and production of the
postnatal animal. The take-home message is that there is opportunity for animal managers and
veterinarians to use information about developmental programming to increase the efficiency of milk and
meat production.

Programming during the preimplantation period as revealed by the in vitro produced embryo

One of the most extreme examples of an abnormal environment during the preimplantation period
is the in vitro produced (IVP) embryo. Such embryos are exposed to concentrations of nutrients, salts and
growth factors that differ from those present in vivo and the substratum for culture (usually plastic) is
different from that established by the oviductal and endometrial epithelium. Not surprisingly, then, the
IVP embryo differs from the embryo produced in vivo in terms of morphology, gene expression,
cryotolerance and competence to establish pregnancy (see review by Hansen, 2015 and recent data on
competence to establish pregnancy by Ferraz et al., 2016).

Alterations in the characteristics of the embryo caused by IVP can result in offspring with altered
characteristics in the postnatal period. This concept was first recognized by observations that calves born
following IVP sometimes exhibit a range of developmental disorders termed the large offspring syndrome
that is characterized most prominently by excessive body growth (Farin et al., 2006). Recently, it was
reported that alterations in physiological function extend to adult life, at least when IVP embryos are
produced using fertilization with reverse-sorted sperm (Siqueira et al., 2017). In this study, characteristics
of females born from embryo transfer using embryos produced by IVP with conventional semen (IVP-
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conv; 345 heifer calves born alive and 218 with lactation records), IVP with reverse-sorted semen (IVP-
RS; 685 heifers born alive and 430 with lactation records) and multiple-ovulation embryo transfer
(MOET; 249 heifer calves born alive and 183 with lactation records) were compared to females born as a
result of artificial insemination (AI; 3,465 Al females born alive and 2,037 with production records for
first lactation). Lactational performance of the offspring was adjusted by using genomic estimates for
milk, fat or protein as a covariate. The most striking difference between groups was in lactational
performance during first lactation (Table 1). In particular, IVP-RS females produced less milk, fat and
protein than cows of other groups. The difference in average projected actual milk yield between cows
produced using [VP-sexed and cows produced by Al was 321 kg.

Table 1. Effects of technique used to produce a pregnancy on first-lactation milk yield of the resultant
offspring after adjusting for genomic predicted transmitting ability for yield.'

Al IVP-conv IVP-RS MOET P-value

Projected actual milk yield, 11038+£31*  10946£100® 1071776  10891+149®  0.0014
305 d (kg)

Projected actual fat yield, 305 388.3+1.2*  385.6£3.9°  377.1£3.0°  384.7+5.8®  0.0072
d (kg)

Projected actual protein yield, 334.6+1.0°  336.5+3.3° 327.1£2.5°  331.2+4.8%® 0.0318
305 d (kg)

! The P-values are for the main effect of reproductive technique. Within a row, means without a common superscript differ at P <
0.05.

It should be noted that these results do not come from a controlled experiment and there could be
unknown biases that affect the results including the fact that neither dams nor sires of the animals studied
were assigned randomly to treatment. In mice, the specific culture system used to produce embryos can
affect the nature of developmental programming (Fernandez-Gonzalez et al., 2004; Donjacour et al. 2014;
Rexhaj et al., 2015) and effects observed by Siqueira et al. (2017) might not be observed with other IVP
systems. The fact that IVP was only associated with lower milk yield when reverse sorting was used for
fertilization is suggestive that damage of the sperm during sorting may have been responsible for the
observed programming.

There are two other examples where the specific culture conditions in which [VP embryos
developed changed the characteristics of the resultant offspring. Addition of the cytokine colony-
stimulating factor 2 (CSF2) to culture medium on day 5 of culture (when embryos are typically at the
morula stage) resulted in changes in growth profiles of the resultant calves produced after embryo transfer
(Kannampuzha-Francis et al., 2015). There were no differences in birth weight or withers height between
heifers derived from [VP with or without CSF2. Subsequently, however, body growth (weight and height)
through 13 mo of age was greater for the CSF2 group. In another experiment, addition of the WNT
antagonist dickopf-related protein 1 (DKK1) to culture medium at day 5 of culture resulted in calves of
lower birth weight than calves derived from embryos cultured without DKK1 (Tribulo et al., 2017). These
results suggest that, for embryos produced in vivo, changes in maternal environment could conceivably
result in changes in secretion of regulatory molecules like CSF2 or DKK1 from the maternal reproductive
tract that alter the developmental program of the embryo. Studies to examine this hypothesis are
warranted.

Effects of maternal protein nutrition on postnatal growth and reproduction

Experiments in Australia with pregnant beef heifers indicate that protein nutrition during
pregnancy can affect prenatal and postnatal growth of male and female offspring (Micke et al., 2010a,
2010b, 2011). In these experiments, pregnant beef heifers were fed diets that were either high (240% of
recommended intake) or low in crude protein (70% of recommended intake) during the first or second
trimesters of gestation. There was no effect of maternal diet in the first trimester on calf birth weight but
postnatal growth was affected in a sex-specific manner. For male offspring, those that were derived from
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dams receiving a low protein diet were heavier than those from dams fed a high protein diet. The opposite
trend was apparent for female offspring. Cross-sectional area of the semitendinosus and longissimus dorsi
muscles followed a similar pattern: low protein nutrition of the dam was associated with larger muscle
size for males but not for females. Developmental programming caused by maternal protein nutrition
during the second trimester was different than for programming during the first trimester. Calves from
mothers fed a low protein in the second trimester had lower birth weights than calves fed a high protein
diet. After 29 days of age, there was no effect of treatment on body weight or, in general, on muscle
growth. Cross-sectional area of longissimus dorsi at slaughter was increased for male and female progeny
from low protein dams although this effect was removed when area was adjusted for carcass weight.

There is a report by Martin et al. (2007) that fertility of female offspring can also be affected by
maternal protein nutrition during the last trimester of gestation. Heifers born from dams that received a
protein supplement three times per week were more fertile in their first breeding season than heifers from
dams that were not supplemented. In particular, maternal diet did not affect birth weight or age at puberty
but more heifers from supplemented dams became pregnant after a 45 day breeding season (93%) than
heifers from non-supplemented dams (80%). Differences were particularly pronounced when examining
the percent of heifers that became pregnant early in the breeding season. The percent of heifers that
calved in the first 21 days of the breeding season was 77% for heifers from supplemented dams vs 49%
for heifers from control dams.

Antral follicle count of heifers can be influenced by maternal energy intake of their dams

An important determinant of fertility in dairy cattle is the number of ovarian follicles recruited into
the growing pool during a follicular wave. The size of the follicular pool is usually estimated as the
number of follicles > 3 mm in diameter (antral follicle count; AFC) or by measuring concentrations of
antimullerian hormone (AMH) in the blood. Several studies in dairy cattle found that the size of the AFC
was associated with fertility and productive herd life with a low or high AFC or AMH concentration
being deleterious and with an intermediate AFC or AMH concentration being desirable (Mossa et al.,
2012; Jimenez-Krassel et al., 2015, 2017).

One determinant of AFC could be the nutritional environment the embryo or fetus is exposed to
during early- and mid-gestation. Mossa et al. (2013) individually fed beef heifers a diet that provided
either 1.2 or 0.6 times the energy requirements for maintenance from 11 days before insemination until
Day 110 of gestation. As illustrated in Table 2, heifers born from undernourished cows had a reduction in
AFC from 7-86 weeks of age and in the number of visible antral follicles when the reproductive tract was
collected at slaughter at 95 wk of age. In addition, circulating AMH concentrations from 7-86 wk of age
were lower in heifers from undernourished cows.

Table 2. Characteristics of heifers as affected by energy intake of their dams from 11 days before
insemination to 110 days of gestation (Mossa et al., 2013).

Trait Control dams Underfed dams
Birth weight (kg) 40.5+1.0 39.5+2.0
Placental weight at birth (kg) 5.6 +0.6 53+£05

Age at puberty (weeks) 95+0.2 95+0.2

Mean antral follicle > 3 mm count, 86 wk of age 23.6+19.9 158 +1.8%
Visible antral follicles at slaughter, 95 wk of age 47+5 32 + 6*

* Treatment effect, P<0.05

Conclusions and implications

This paper represents a sampling of experiments showing that events in the prenatal life of a
developing bovine can have effects that alter the function of the animal after birth. Clearly, more work is
needed to identify aspects of physiology of the pregnant female that cause long-term changes in its
offspring and to identify mechanisms responsible for developmental programming. Doing so will
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generate new opportunities to maximize an animal’s genetic potential for production by allowing us to
shape postnatal function through manipulation of maternal environment during gestation.

References

Donjacour A, Liu X, Lin W, et al: In vitro fertilization affects growth and glucose metabolism in a sex-specific manner in an
outbred mouse model. Biol Reprod 2014; 90:80.

Farin PW, Piedrahita JA, Farin CE: Errors in development of fetuses and placentas from in vitro-produced bovine embryos.
Theriogenology 2006; 65:178-191.

Fernandez-Gonzalez R, Moreira P, Bilbao A, et al: Long-term effect of in vitro culture of mouse embryos with serum on mRNA
expression of imprinting genes, development, and behavior. Proc Natl Acad Sci USA 2004; 101:5880-5885.

Ferraz PA, Burnley C, Karanja J, et al: Factors affecting the success of a large embryo transfer program in Holstein cattle in a
commercial herd in the southeast region of the United States. Theriogenology 2016; 86:1834-1841.

Hansen PJ: Developmental programming in the preimplantation period: can it be exploited to enhance postnatal function in
cattle? Anim Reprod 2015;12:428-436.

Jimenez-Krassel F, Scheetz DM, Neuder LM, et al: Concentration of anti-Miillerian hormone in dairy heifers is positively
associated with productive herd life. J Dairy Sci 2015;98:3036-3045.

Jimenez-Krassel F, Scheetz DM, Neuder LM, et al: A single ultrasound determination of follicles >3 mm in diameter in dairy
heifers is predictive of a reduced productive herd life. J Dairy Sci 2017;100:5019-5027.

Kannampuzha-Francis J, Denicol AC, Loureiro B, et al: Exposure to colony stimulating factor 2 during preimplantation
development increases postnatal growth in cattle. Mol Reprod Dev 2015;82:892-897.

Martin JL, Vonnahme KA, Adams DC, et al: Effects of dam nutrition on growth and reproductive performance of heifer calves. J
Anim Sci 2007;85:841-847.

Micke GC, Sullivan TM, Soares Magalhaes RJ, et al: Heifer nutrition during early- and mid-pregnancy alters fetal growth
trajectory and birth weight. Anim Reprod Sci 2010a;117:1-10.

Micke GC, Sullivan TM, Gatford KL, et al: Nutrient intake in the bovine during early and mid-gestation causes sex-specific
changes in progeny plasma IGF-I, liveweight, height and carcass traits. Anim Reprod Sci 2010b;121:208-217.

Micke GC, Sullivan TM, McMillen IC, et al: Protein intake during gestation affects postnatal bovine skeletal muscle growth and
relative expression of IGF1, IGF1R, IGF2 and IGF2R. Mol Cell Endocrinol 2011;332:234-241.

Mossa F, Walsh SW, Butler ST, et al: Low numbers of ovarian follicles >3 mm in diameter are associated with low fertility in
dairy cows. J Dairy Sci 2012; 95:2355-2361.

Mossa F, Carter F, Walsh SW, et al: Maternal undernutrition in cows impairs ovarian and cardiovascular systems in their
offspring. Biol Reprod 2013;88:92.

Rexhaj E, Pireva A, Paoloni-Giacobino A, et al: Prevention of vascular dysfunction and arterial hypertension in mice generated
by assisted reproductive technologies by addition of melatonin to culture media. Am J Physiol Heart Circ Physiol 2015;
309:H1151-1156.

Siqueira LGB, Dikmen S, Ortega MS, et al: Postnatal phenotype of dairy cows is altered by embryo production in vitro using
reverse X-sorted semen. J. Dairy Sci. 2017; 100:5899-5908.

Tribulo P, Bernal Ballesteros BH, Ruiz A, et al: Consequences of exposure of embryos produced in vitro in a serum-containing
medium to dickkopf-related protein 1 and colony stimulating factor 2 on blastocyst yield, pregnancy rate, and birth weight. J
Anim Sci 2017;95:4407-4412.

Clinical Theriogenology « Volume 10, Number 3 « September 2018 166




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


