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Abstract 

 

Feeding levels can vary in goat farms for several reasons. Underfeeding of gestating dairy goats can occur and may 
influence fetal follicle development and future reproductive performance in their offspring. The objective of this 
experiment was to study the effect of restricted feeding during the last third of gestation on some reproductive 
parameters in female offspring (F1). Two feeding groups were formed using 60 Alpine and Saanen dairy goats to 
produce the F1 female offspring. The control group (C, n = 30) was fed to requirements. The restricted group (R, n = 
30) was given the same diet, but the quantity corresponded to 50% of the amount given to the C group between -8 and 
-4 weeks, 60% between -5 and -4 weeks, 70% between -4 and -3 weeks and 80% from -2 weeks to parturition. Estrus was 
synchronized at 7 months of age in female F1 goats born to C (n = 17) or born to R goats (n = 15) with a progestagen-
impregnated sponge and prostaglandin F2α and eCG injections, and the goats were inseminated. Serial blood samples 
were collected over this period. After mating, plasma progesterone rose more slowly to reach a maximum plateau 
concentration in females born to R goats compared to females born to C goats (P < 0.05). The lag time was approximately 
2 days. There was no difference in dam F0 prolificacy (C, 2.4 ± 0.6 vs. R, 2.1 ± 0.8, P > 0.05), length of gestation (C, 151 
± 2 days vs. R, 151 ± 2 days) and kid mortality rate (mummified fetuses, stillbirth or death in first 48h) between the 
groups. However, birth weight was lower in R kids compared to C kids (4.0 ± 0.11 kg vs. 4.5 ± 0.10 kg, P = 0.007). In 
conclusion, maternal feed restriction during late pregnancy modified progesterone patterns after insemination in 
female offspring, although there was no effect on reproductive success. 
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Introduction 

Nutritional requirements during the last third of 
gestation are very high in small ruminants due to the 
high prolificacy of these animals. In goats, the 
conceptus acquires 80% of its birth weight in the last 2 
months of gestation (Conway et al., 1996). In order to 
cover the requirements for fetal growth, the goat must 
either eat more or mobilize its reserves. Feed intake can 
be low at the end of gestation. This is due to 
compression of the rumen by the fetuses and under-
development of the rumen papillae (which reduces the 
rate at which the products of fermentation are 
absorbed, Mayer et al., 1986). Moreover, breeding to 
produce kids in the winter is concomitant with a 
shortage of forages. In addition, the use of poor-quality 
conserved feedstuffs and feed cost-cutting by farmers 
can negatively impact dietary supply. 

It is now well established that an individual’s 
phenotype can be modified by a nutritional insult in 
early life, for example, in utero or in the post-natal 
period. Indeed, a mismatch in pre- and post-birth 
nutrition appears to be particularly dangerous for an 
individual. Both hypertension/blood pressure 
(Eriksson et al., 2000; Ben-Shlomo et al., 2008) and 
coronary events (Barker et al., 2005) occur more 
frequently if an individual’s growth is limited in utero 
and there is then a subsequent phase of catch-up in 
growth after birth. The links between in-utero nutrition 
and non-communicable diseases involving the 
cardiovascular system or metabolism are well 
established (Barker and Osmond, 1986). However, the 
link between maternal diet and the subsequent fertility 
of offspring is not clearly demonstrated, although 
recent reviews (Wathes, 2022; Yao et al., 2021; 
Akbarinejad and Cushman, 2024) have shed light on 
the situation. The number of ovarian follicles is set 
during fetal life in precocial species such as the goat 
(Da Silva et al., 2002). Therefore, it is likely that in utero, 
feeding level is more important than post-natal feeding 
in influencing follicle reserve in this species. In 
addition to studies on females, the effect of gestational 
nutritional programming on male progeny has been 
recently reviewed by Ghasemi et al. (2024). 

Several studies in sheep have investigated the link 
between in-utero nutrition and subsequent fertility, 
ovarian development, and ovulation rate. Gunn et al. 
(1995) concluded from their study that under-nutrition 
in late gestation/early lactation reduced lifetime 
reproductive performance in their offspring. 
Embryo/fetal losses were affected since there were no 
residual differences in live weight, body condition 
score, and ovulation rate in their offspring. However, 
Rae et al. (2002a) concluded from their experiment that 
under-nutrition between mating and day 95 of 
gestation reduced the ovulation rate in their offspring. 
In another experiment, Rae et al. (2001) showed that 
gestational under-nutrition reduced the transition of 
primordial follicles into primary follicles compared to 
controls. The transition from primordial to primary 
follicles starts at around 90d of gestation in sheep 
(McNatty et al., 2000). The objective of the present 
experiment was to study the effect of restricted feeding 
of dams on their prolificacy and the post-mating 

progesterone concentrations in their female offspring 
(F1). 

Materials and Methods 

The experiments were carried out according to 
French legislation on animal experimentation (code 
rural: articles R 214-87 to R214-94) in line with the 
European Convention for the Protection of Animals 
used for scientific purposes (EU Directive 2010/63/EU 
for animal experiments). The scientist in charge of the 
experiment was licensed to perform experiments on 
animals, and the staff who applied the experimental 
procedures attended a special course approved by the 
French Ministry of Agriculture. 

 
Animals and diets: The feeding system used for the 
dams has been described previously (Laporte et al., 
2011). Briefly, sixty Alpine and Saanen dairy goats 
were used for the experiment. Goats were 
synchronized prior to mating. Following AI, all the 
goats were given free access to a total mixed ration 
(TMR), water, and a mineral-fortified salt lick. 
Gestation was confirmed at 60 days by 
ultrasonography. Starting at 89±3 days of gestation, the 
goats were allocated to one of two dietary treatments: 
control (C) or restricted (R) according to breed, age, 
liveweight (LW), and body condition score (BCS). The 
composition and proximate analysis of the diets are 
given in Table 1. The C group (n = 30) was fed ad 
libitum (5% feed refusals) the diets described in Table 
1 for the last third of gestation, and the R group (n = 30) 
was given the same diets but at a lower level. The 
restricted group received 50% of the amount of feed 
given to their control group for 4 weeks, 60% for 1 
week, 70% for 1 week, and 80% last 2 weeks of 
pregnancy. 

At birth, kids were immediately removed from 
their dams and ear-tagged. Two meals of good quality 
pooled colostrum were given ad libitum on the first 
day, and a milk replacer was given ad libitum on the 
following days (dilution 150 g powder/kg water). On 
the fifth day, the female kids born to C goats (n = 17) or 
born to R goats (n = 15) were randomly chosen, mixed, 
and placed together in experimental pens by age 
(maximum of 4 days between the youngest and the 
oldest kid) and raised in the same manner. They were 
weaned at 3 months of age onto a diet of natural 
meadow hay and a commercial concentrate, with water 
and mineral and vitamin-fortified salt licks available 
ad libitum. The diet was designed to cover 
requirements for the growth of young goats in a 
commercial goat farm (Agabriel, 2007). Kids were 
weighed at birth and then regularly to assess their 
growth rate during the experiment.  

 
Reproduction management: In August, when the 
young female goats were 7 months of age, estrus was 
synchronized using a progestagen-impregnated intra-
vaginal sponge (40 mg flugestone acetate: 
CHRONOGEST SPONGE, Intervet, France) starting on 
day -13. On day -4, injections of PGF2α (Cloprostenol, 
50 µg i.m., ESTRUMATE®, MSD Animal Health, 
France) and eCG (400 UI, MSD Animal Health, France) 
were given. On day -2, sponges were removed, estrus 
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was detected on day -1, and insemination was 
performed on day 0. 
 
Measurements: Blood was collected from the female 
offspring (F1) for progesterone analysis by jugular 
venipuncture into heparinized tubes (Venosafe, 
Terumo, Belgium) before the morning feed, 10 days 
before starting estrus synchronization and at sponge 
insertion to check if the goats were already cycling and 
on days 0, 2, 4, 6, 8, 10, 15 and 20 in relation to mating.  

 
Assays: Plasma progesterone (P4) was analyzed using 
an enzyme immunoassay (Ovucheck plasma, Biovet). 
The intra-assay coefficient of variation was 14.4% for < 
2.5 ng/mL, 5% between 2.5 and 3.5 ng/mL, and 4.9% 
> 3.5 ng/mL. 

 
Statistical analysis: Statistical analysis was performed 
using SAS (SAS Institute Inc., 2014, SAS OnDemand for 
Academics). Results are presented as Lsmean±SEM. A 
P ≤ 0.05 was significant, while 0.05 < P <0.10 was 
considered to be a trend. A t-test was performed to 

study the effect of treatment on dam prolificacy and on 
the birthweight and liveweight gain of their female 
offspring. 

Statistical analysis was performed using a linear 
mixed model with the MIXED procedure of SAS 
software for repeated measures, including a random 
female effect in all the models (Littell et al., 1998). For 
plasma progesterone (Y), the effects of dietary regimen, 
breed, sampling time and the interaction sampling 
time x dietary regimen were tested.  

Yijkl = μ + Ti + Bj + Ak + TAik + μjl + εijk1 
In this model, µ represents the overall mean, Ti is 

the fixed effect of the treatment i, Bj is the fixed effect 
of the breed j, Ak is the time of sampling as a repeated 
factor k, and TAik is the interaction between treatment 
and time. ujkl is the repeated effect of time within 
animals estimated with a compound symmetrical 
covariance structure, and εijkl is the residual error. 
Using SAS, estimates were calculated in order to allow 
comparisons from time point to time point. 
 

 
Table 1 Composition and proximate analysis of the diets given to dairy goats during the experimental period. 
 

 -8 to -4 weeks* -4 to -2 weeks -2 to 0 weeks after parturition 

Composition (% DM): 
Sugar beet pulp 
Perennial ryegrass hay 
Lucerne hay 
Protein concentrates 

Barley 
Vitamin and mineral mix 
Nutrients (/kg dry matter): 
Net energy (MJ) 
PDIN (g) 
PDIE (g) 
Crude fiber (g) 
Calcium (g) 
Phosphorus (g) 

 
35.0 
25.0 
29.0 
0.0 

10.0 
1.0 

 
5.7 

72.0 
82.0 
292.0 
9.0 
2.0 

 
30.0 
25.0 
29.0 
5.0 

10.0 
1.0 

 
5.6 

75.0 
84.0 

285.0 
8.5 
2.3 

 
30.0 
25.0 
29.0 
10.0 
5.0 
1.0 

 
5.5 

77.0 
86.0 
287.0 
8.7 
2.4 

 
28.0 
17.0 
32.0 
17.0 
5.0 
1.0 

 
5.7 

84.0 
90.0 
270.0 
8.8 
2.8 

*weeks in reference to parturition (parturition = 0). 
NEL = Net energy for maintenance and lactation 
PDIN = true Intestinal Digestible Protein, when fermentable N is the limiting factor 
PDIE = true Intestinal Digestible Protein, when fermentable energy is the limiting factor 

 

Result 

The plasma progesterone concentrations measured 
prior to estrus synchronization indicated that none of 
the female goats (F1) born to the C goats were cycling, 
while two females born to R goats were cycling (data 
not shown). All female goats (F1) goats ovulated and 
subsequently became pregnant. There was no 
difference in prolificacy measured at birth between the 
female goats (F1) born to the C and R dams (C, 2.4 ± 0.6 
vs. R, 2.1 ± 0.8, P > 0.05). Birth weight was lower in R 
kids compared to C kids (4.0 ± 0.11 kg vs. 4.5 ± 0.10 kg, 
P = 0.007). No differences in average daily weight gain 

between C and R kids were found thereafter. There 
was no effect of dietary regimen on the length of 
gestation in the dams (C, 151 ± 2 days vs. R, 151 ± 2 
days). Kid mortality rate (mummified fetuses, 
stillbirth, or death in first 48h) was not affected by 
treatment. 

Plasma progesterone concentrations rose more 
slowly to reach maximum levels in females born to R 
goats compared to females born to C goats (P < 0.05, 
Fig. 1). There was no subsequent difference in P4 
concentrations between treatments ten days after 
insemination. 
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Figure 1 Effect of pregnant dam feeding level on plasma progesterone concentrations in their female offspring after oestrus 
synchronization and mating at 8 months of age. The C group offspring (n = 17) came from dams given a Total Mixed 
Ration (TMR) ad libitum for the last third of gestation and the R group offspring (n = 15) came from dams given the same 
TMR but starting from -8wk from parturition the quantity corresponded to 50% (for 4 weeks), 60% (for 1week), 70% (for 
1wk) and 80% (for 2 weeks) of the amount given to the C group. a, b significant difference between treatments, P < 0.05. 

 

Discussion 

It is well established that a relationship exists 
between a mismatch between pre-natal growth (slow) 
and post-natal growth (rapid catch-up) and the 
development of non-transmissible diseases (Barker 
and Osmond, 1986). Several recent reviews have also 
studied the effect of developmental programming on 
reproduction in cattle (Wathes, 2022), in rodents (Yao 
et al., 2021) and the possible involvement of epigenetics 
on developmental programming (Chavatte-Palmer et 
al., 2018; Akbarinejad and Cushman, 2024). Sinclair et 
al. (2007) concluded that it was evolutionarily logical 
for poly-ovulatory species to reduce ovulation rate in 
situations of under-nutrition to maximize the chances 
of survival of fewer offspring. However, in mono-
ovulatory species, the absence of ovulation would be 
untenable in the long term. The goat, with a prolificacy 
rate of 1 to 4 per litter, may be intermediate between 
these two extremes of ovulation rate and therefore be 
affected by pregnancy under-feeding. Indeed, Gunn et 
al. (1995) and Rae et al. (2002a) have shown that the 
ovulation rate is reduced in adult female sheep that 
suffer from fetal under-nutrition during 
folliculogenesis (Rae et al., 2001). 

Progesterone is a key hormone involved in the 
cyclic control of reproductive function in the goat 
(Fatet et al., 2011) and other species. In the goat, 
progesterone is mainly synthesized by the corpus 
luteum (Thornburn and Schneider, 1972) through the 
action of several luteal steroidogenic enzymes such as 
Steroid Acute Regulatory Protein (STAR), cytochrome 
P450 (CYP17A1, CYP19A1) enzyme and 3β-
Hydroxysteroid dehydrogenase (3β-HSD) (Diaz et al., 
2002). Progesterone concentrations vary due to 
numerous factors, amongst others: pregnancy (Fatet et 
al., 2011), season (Błaszczyk et al., 2004), feeding level 
(Bloomfield et al., 2004), and heat stress (Emesih et al., 
1995). Some information on ovary steroidogenesis 
genes and nutritional programming has been 
published in rats (Harrath et al., 2019).  

The main finding of the present paper is that after 
mating, plasma progesterone concentrations rose more 
slowly to reach a maximum in females born to late 
gestation feed-restricted goats compared to controls. 
To our knowledge, this is the first time such a finding 
has been published on dairy goats. Long et al. (2013) 
showed that in early gestation-restricted sheep, their 
female offspring had lower concentrations of P4 
compared to the control group. Sloboda et al. (2009) 
showed, using the underfed pregnant rat model, that 
plasma progesterone was significantly lower during 
proestrus in offspring from under-fed females 
compared to controls. They also found that females 
from under-fed dams attained puberty earlier than 
controls. In the present experiment, we did not confirm 
the latter finding since only two R females were cycling 
before estrus synchronization, and none of the C 
females were cycling. Both Kotsampasi et al. (2009) and 
Grazul-Bilska et al. (2014) were also unable to show that 
puberty occurred earlier in females from under-fed 
ewes (underfeeding applied between 31-100 days of 
gestation or 50 days prior to parturition respectively) 
compared to controls. However, Kotsampasi et al. 
(2009) did show that female lambs born to late 
gestation underfed dams had fewer CL (diameter 8 to 
11 mm) after ovarian cycle synchronization. They 
speculated that the necessary progesterone support for 
the maintenance of pregnancy (Niswender et al., 2000) 
was perhaps inadequate. The results from the present 
experiment did not confirm this since all the F1 goats 
became pregnant after insemination. Long et al. (2010) 
studied progesterone secretion after natural estrus and 
used the under-fed ewe model. Under-feeding resulted 
in a 50% reduction in nutrient supply compared to 
requirements between 28 and 78 days of gestation. 
They showed that progesterone concentrations were 
lower in females from under-fed ewes at 1 and 2 years 
of age compared to controls and that the females from 
the under-fed dams produced fewer lambs than the 
females from control ewes after mating at 2 years of 
age. Unfortunately, Long’s paper does not indicate 
ovulation rates. Therefore, it is not possible to conclude 
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if lower P4 was due to reduced corpora lutea numbers 
or whether low P4 resulted in embryo loss since lamb 
numbers were reduced in the females from restricted 
dams compared to controls. It may be that central 
drivers of reproduction were altered by in-utero 
under-nutrition, which produced gonadal 
abnormalities (Rae et al., 2001), but the same group 
(Rae et al., 2002b) showed that the abnormalities were 
not due to changes in pituitary function. 

Another possible reason for reduced P4 could be 
impaired fetal ovary development during the period of 
maternal under-feeding. The number of antral follicles 
has been linked to progesterone concentrations after 
estrus in heifers (Jimenez-Krassel et al., 2009). Borwick 
et al. (1997) concluded that under-nutrition of the ewe 
from the time of mating significantly delays ovarian 
development in fetal ovaries. For example, they 
showed that at day 62 of gestation, the process of germ 
cell degeneration was less advanced in fetuses from 
underfed ewes compared to controls, where the former 
had higher oocyte numbers than the latter. The ovaries 
from the under-fed fetuses also had a greater 
percentage of meiotic cells than controls. Murdoch et 
al. (2003) showed that oocytes from female fetuses, 
under-fed during development, had higher levels of 
oxidative DNA damage compared to oocytes from 
control fetuses. Using a similar model, Lea et al. (2006) 
showed that genes involved in apoptosis were 
modified in ovaries from late-term fetuses taken from 
underfed ewes. They concluded that this might be one 
of the mechanisms by which the number of primordial 
follicles is reduced in this type of model. In addition, 
cell proliferation is reduced by under-feeding during 
50-135 days of gestation in primordial, secondary, and 
antral follicles and in stromal cells and blood vessels in 
fetal sheep ovaries (Grazul-Bilska et al., 2009). 
Therefore, ovarian follicle numbers appear to be 
reduced by under-feeding during gestation. 

There exists a very high variability in ovary 
reserves (total numbers of healthy oocytes and follicles 
[Block, 1953]). Despite the very high variability in 
antral follicle count (AFC) within individuals 
(approximately sevenfold difference), it is very 
repeatable during follicular waves within the same 
individual (Burns et al., 2005). Jimenez-Krassel et al. 
(2009) showed that if the AFC during follicular waves 
was low, then subsequent P4 concentrations were low, 
and this was very repeatable. They showed that the 
low levels of P4 were not linked to the size of the 
corpus luteum (CL) since it was the same in both AFC 
groups. However, they did show that CL function was 
impaired. Using luteal cells isolated from corpora lutea 
from low and high AFC animals, they showed that 
basal and LH-stimulated P4 production from 25-
hydroxycholesterol (P4 precursor) was lower in low 
AFC compared to high AFC animals. Neither excess 
LH nor 25-hydroxycholesterol enhanced P4 
production by low AFC luteal cells compared to high 
AFC luteal cells. They showed that there was a 
desensitization of luteal cells to LH and 25-
hydroxycholesterol, a reduction in steroidogenic acute 
regulatory protein (StAR) in the CL. In addition, there 
was a reduced capacity of granulosa cells from 
dominant follicles to undergo luteinization and 
produce P4 in low AFC compared to high AFC 

animals. StAR is the rate-limiting step in 
steroidogenesis. Therefore, in the present experiment, 
females from under-fed pregnant dams may have low 
AFC, which in turn causes low P4. Indeed, Mossa et al. 
(2013) showed that AFC was decreased in heifers born 
to under-fed pregnant cows. In the present experiment, 
the under-feeding regimen was started at 90 days of 
gestation, which corresponds with the phase where 
there is a transition between primordial and primary 
follicles in the fetal ovary (Hernandez-Medrano et al., 
2012). Therefore, underfeeding during this period may 
have adversely affected AFC in the present experiment 
by affecting the transition between primordial and 
primary follicles.  

An alternative hypothesis involves differences in 
steroid synthesis and catabolism. Long et al. (2013) 
concluded from sheep experiments that the decrease in 
circulating P4 in offspring from early gestation 
undernutrition appeared to be consistent with the 
programming of decreased steroidogenic enzyme 
expression in CL compared to controls. In addition, 
they concluded that it was not due to a difference in 
hepatic steroid catabolism. 

It is interesting to speculate as to the potential effect 
of the differences in P4 observed in the present 
experiment on reproductive function. Menchaca et al. 
(2002) studied the number of ovarian follicular growth 
waves in goats, i.e., 3 or 4 waves. They showed a 
relationship between early luteal phase P4 levels and 
follicular wave turnover. They concluded that higher 
P4 concentrations may accelerate follicular turnover, 
probably due to an early decline in the negative 
feedback action of the largest follicle of the first wave. 
This would increase the number of waves and result in 
a ‘younger’ follicle ovulating. However, Evans (2003) 
was unable to show, in cattle and sheep, that the age of 
the ovulatory follicle impacted fertility. This was 
recently confirmed in dairy heifers and lactating cows, 
where fertility was not influenced by the number of 
follicular waves of the ovulatory follicle (Mohammadi 
et al., 2024). Carter et al. (2008), confirmed by Okumu et 
al. (2010), showed that elevated P4 in the early luteal 
phase down-regulates its receptor in the uterine 
luminal epithelium of cyclic and pregnant heifers. This 
leads to an alteration in the timing of expression of P4-
regulated genes. In their experiment, the effect on the 
expression of progesterone receptor protein was 
observed on days 5 and 7. This timing coincides with 
the difference that we observed in P4 between R and C 
goats in the present study. The downregulation of P4 
receptors is a critical event required for conceptus 
development, maternal recognition of pregnancy, and 
implantation. However, unfortunately, we did not 
follow the gestations of the F1 animals to term in the 
present experiment. 

 
Limitations to our study: The present study has two 
weaknesses. The first is due to the relatively small 
sample size (C, n = 17 vs. R, n = 15). This is often a 
problem in large animal studies due to limits in 
experimental facility size and sampling protocols. 
However, in previous experiments conducted by our 
team on similar topics, the number of animals that we 
used was seen to be adequate. The other limitation is 
the lack of information concerning F1 ovarian follicle 
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data (number and size). The experiment was designed 
as a preliminary study to screen for potential areas of 
research involving in-utero programming of 
reproductive function. It was not designed to 
exhaustively study P4 secretion, ovarian structure and 
function, and pregnancy outcomes since it would have 
required many more resources than were initially 
available. 
 
Perspectives: Future experiments are needed to 
confirm the results of the present study and should 
include ultrasound measurements of ovarian 
structures and the number of follicular waves in F1 
goats. Other aspects of interest might be the study of 
reproductive hormone profiles, pregnancy outcomes 
in the F1 goats, and nutritional mitigating strategies. To 
date, in farm animals, the paradigm when studying 
nutritional programming has been to modify global 
energy/protein/mineral and vitamin supply to the 
pregnant dam. Future research should perhaps focus 
on individual nutrients and their action on fetal 
programming, for example, the supply of starch, fat, 
and individual essential or non-essential amino acids.   

In conclusion, the low P4 concentrations around 
mating observed in the present experiment in females 
born to under-fed pregnant goats may result from 
inappropriate fetal ovary development, resulting in 
low numbers of follicles. Other maternal stress factors: 
thermal stress (cold and heat), high altitude (hypoxia), 
maternal age and breed, and litter size (Beede et al., 
2019; Reynolds et al., 2019; Vautier and Cadaret, 2022; 
Cushman et al., 2024) are known to affect P4 
concentrations in female offspring, we do not believe 
that these factors were important in the present 
experiment. The rearing conditions were the same for 
all the animals. Low antral follicle counts during 
estrous cycles have been shown to be associated with 
low progesterone levels. This may be one way in which 
low feeding levels during gestation affect, in a trans-
generational way, reproductive efficiency through P4 
concentrations. However, we did not measure ovarian 
structures in the present experiment and cannot, 
therefore, confirm the possible role of AFC in our 
results. P4 around the period of fertilization is known 
to affect fertility through uterine preparation and the 
histroph environment (Clemente et al., 2009) and the 
timing of ovulation after estrus (Bloch et al., 2006). 
However, in the present experiment, there was no 
difference in fertility between treatment groups. 
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