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a b s t r a c t

This study aims to compare four different methods for selecting high responding sheep donors for
in vivo embryo production. These methods include a pre-selection eCG test (eCG), antral follicle count
(AFC), plasma anti-Müllerian hormone measurement (AMH) and genotyping for the presence of the
FecGE mutation (a polymorphism in the GDF9 gene associated with increased ovulation rate). Santa
Ines ewe lambs (n¼ 25) underwent superovulation (SOV) with 800 IU equine chorionic gonadotropin
(eCG) and the corpus luteum (CL) count was recorded by laparoscopy after eight days. At the D0eCG,
blood samples for AMH and genotyping analysis were collected. Twenty-one days after the end of the
eCG test, the same animals underwent SOV with 200mg of FSH, administered in six decreasing doses,
and then naturally mated. Immediately before the beginning of the FSH protocol (D0FSH), and at the
moment of the first FSH dose (D9FSH), the AFC was assessed. Plasma AMH was again determined at the
D9FSH. After each screening process, animals were classified as having a high (HR), or low (LR), po-
tential of response (using specific thresholds for each method). Then, the ewes' response to SOV and
embryo yield for each screening method, classified as HR or LR, were compared. Animals classified as
HR by AFC (HRAFC) and by AMH concentration (HRAMH) at the D9FSH, produced more viable embryos
than those classified as LRAFC and LRAMH (HRAFC 6.2 ± 3.2 vs LRAFC 2.8 ± 3.0 and HRAMH 6.6 ± 3.6 vs
LRAMH 3.0 ± 2.9). Pre-selection tests with eCG and different FecGE genotypes, either heterozygous (þ/E)
or wild type (þ/þ), were unable to discriminate HR or LR animals. A tendency (P ¼ 0.06) to have lower
plasma AMH was observed in heterozygous FecGE (þ/E) ewes. In conclusion, both AFC and plasma
AMH can be used to select donor ewes with a higher potential of response for in vivo embryo
production.

© 2018 Elsevier Inc. All rights reserved.
1. Introduction

In sheep embryo production programs, the variability of
response after superovulation (SOV) is the most critical consider-
ation [1]. In an attempt to overcome this issue, different methods
have been proposed for screening the potential of the ewes'
fpr@gmail.com (P.H.N. Pinto).
response to SOV. Recently, a pre-selection test based on a single
high dose of equine chorionic gonadotropin (eCG), was suggested
[2]. Since eCG is cheaper than FSH, this test consists of inducing SOV
with a single dose of eCG, and the animals are classified as low or
high responders, based on their corpus luteum (CL) count. Signifi-
cant correlations between ovulation rates after eCG tests and sub-
sequent FSH treatment were reported for Merino ewes and goats
(Saanen does) [2,3]. In goats, the antral follicle count (AFC) was
highly correlated with CL count and transferable embryos after SOV
[3,4]. Therefore, AFC was considered a feasible tool for selecting
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goats with a greater likelihood of producing higher CL and embryo
count after SOV. It is important to highlight that AFC can be easily
and readily assessed through ultrasonography. However, in sheep,
the association between AFC and the quality of response after SOV
is not well-established and contradictory results have been re-
ported [2,5,6].

In recent years, the assessment of plasma anti-Müllerian hor-
mone (AMH) concentration has been proposed as a methodology
for selecting better embryo donors in cattle and goats. In these
species, higher AMH levels are associated with better performance
in SOV and greater potential for embryo production [4,7,8]. In
sheep, the AMH concentration at the beginning of the SOV treat-
ment is highly correlated with the number of punctured follicles at
laparoscopic ovum collection [9]. This evidence strongly suggest
that AMH may also be used to select sheep with a higher potential
for in vivo embryo production.

A series ofmutations, mainly in the bonemorphogenetic protein
receptor 1B (BMPR1B), bone morphogenetic protein 15 (BMP15),
and growth and differentiation factor 9 (GDF9) genes, have been
reported to induce higher prolific rates in sheep [10]. Animals with
mutations that affect prolificacy can show a superior response to
SOV [11,12]. In Santa Ines ewes a mutation in the GDF9 gene was
found to affect the prolificacy and named FecGE [13]. Ewes homo-
zygous for the FecGE mutation (E/E) showed an increased ovulation
rate and twinning frequency. Data from the same study indicated
an additive effect from the FecGE allele, with a tendency for het-
erozygous ewes (þ/E) to present more twinning births than wild
type (þ/þ), but less than E/E animals. Therefore, we hypothesized
that Santa Ines ewes carrying the FecGE mutation could have a
higher potential of response to SOV.

Despite these good prospects, the best practice for embryo
donor selection is not well established. Thus, the present study
aimed to assess the efficiency of different methods as a predictor of
SOV response in ewes. These methods include the pre-selection
eCG test, the AFC, the plasma AMH concentration, and the pres-
ence of the FecGE mutation.
2. Material and methods

This research was approved by the Ethical Committee for Ani-
mal Use of the Universidade Federal Fluminense (protocol 699/15),
and conducted under the ethical principles of the Sociedade Bra-
sileira de Ciência em Animais de Laborat�orio.
2.1. Experimental location, animals and study design

This study was performed during the breeding season, at Uni-
dade de Pesquisa Experimental em Caprinos e Ovinos (UniPECO) in
Cachoeiras de Macacu (22�2704500 S latitude), Rio de Janeiro, Brazil.
Twenty-five nulliparous Santa Ines ewe lambs were used, with an
average age of 11.9± 1.1 months, a live weight of 38.8± 4.1 kg, and
body condition score of 2.8± 0.3 (on a scale of 1 being emaciated,
and 5 obese). Animals did not show any reproductive problems by
clinical or ultrasonographic examination. Animals were housed in a
confined area, and fed chopped Napier grass (Pennissetum purpur-
eum) and a concentrate for their maintenance. Water and mineral
salt (Salinas Ovinos, Salminas, Minas Gerais, Brazil) were provided
ad libitum.

Initially, all animals were submitted to an eCG pre-selection test
without being mated or inseminated. Twenty-one days later, an
in vivo embryo production protocol was performed, with an FSH-
based protocol. Ewes underwent antral follicle counting and eval-
uation of the AMH at two time points. Moreover, FecGE genotyping
was performed.
2.2. Pre-selection test with eCG

Animals underwent SOV after a short-wave synchronization
protocol according to the “Day 0 protocol concept” [14], adapted for
Santa Ines sheep [15]. In brief, a sponge, impregnatedwith 60mg of
medroxyprogesterone acetate (MPA; Progespon, Schering Plough,
S~ao Paulo, Brazil), was inserted for six days. One day before sponge
removal, 300 IU of eCG (Novormon, Schering Plough, S~ao Paulo,
Brazil) and 0.24mg of cloprostenol sodium (Estron, Tecnopec, S~ao
Paulo, Brazil) were administered. Thirty-six hours after sponge
removal, 0.025mg of lecirelin (Gestran Plus, Tecnopec, S~ao Paulo,
Brazil) was administered. Eighty hours after sponge removal, 800
IU of eCG was administered and 60 h later, 0.24mg of cloprostenol
sodium was administered. Eight days after the eCG treatment, the
CL count was assessed by laparoscopy, as previously described [2].
Based on the CL count, ewes were classified as having a high po-
tential of response (HReCG> 3 CL) or low potential of response
(LReCG� 3 CL), as previously suggested [2]. Immediately after lap-
aroscopy, 0.24mg of cloprostenol sodium was administered to
induce CL regression (Fig. 1). All eCG used came from the same
batch.

2.3. Counting the number of the follicles applied during the in vivo
embryo production protocol

A short-wave synchronization protocol was performed, as
described in the previous section. The SOV began 80 h after sponge
removal, using 200mg of FSH (Folltropin-V, Bioniche Animal
Health, Ontario, Canada), administered in six decreasing doses,
every 12 h (50/50, 30/30, 20/20mg). At the time of the first FSH
dose, a new sponge was inserted and not removed until the fifth
dose. Together with the last FSH dose, 0.24mg of cloprostenol so-
dium was administered, and 24 h later, 0.025mg of lecirelin was
administered. Ewes were mated with fertile Santa Ines rams every
12 h, between the last FSH dose and the end of the estrous behavior
(Fig. 1). Six to seven days after the last mating, embryos were sur-
gically recovered, as previously described [16], and the total num-
ber of recovered structures (including unfertilized oocytes,
degenerated embryos, and viable embryos), the number of viable
embryos, as well as the number of CL were recorded.

Ovaries of all ewes were scanned by the same operator using a
portable transrectal B-mode ultrasonography equipment (Sono-
scape S6, SonoScape, Shenzhen, China), with a 7.5MHz linear
transducer attached to a plastic support. Each ovary was located
and fully scanned in a slow, continuous movement. Thereafter,
using the cineloop function, all visible follicles (1e6mm) were
counted. Follicle counts were performed at two time points: D0FSH
(immediately before insertion of the first sponge) and at D9FSH
(immediately before the first FSH dose). Animals with <10 follicles
were classified as having a low potential of response at both time
points evaluated (LRAFC_D0FSH and LRAFC_D9FSH). Ewes with �10
follicles at D0FSH and at D9FSH were classified as having a high
potential of response (HRAFC_D0FSH and HRAFC_D9FSH). The threshold
values for AFC were determined using receiver-operating charac-
teristic (ROC) analysis.

2.4. AMH assay

Two blood samples were collected for assessment of AMH. The
first was collected immediately before the sponge insertion in the
eCG trial protocold that is, with animals at a random phase of the
estrus cycled (D0eCG). The second was collected immediately
before the first FSH dose, in the FSH SOV protocold that is, with
animals in a synchronized phase of the estrus cycled (D9FSH).
Blood was collected by jugular venipuncture, using vacuum tubes



Fig. 1. Schematic representation of the eCG pre-selection test, FSH superovulation protocol, blood collections for AMH assessment, antral follicle count (AFC), and embryo recovery.
A 21-day interval was applied between the end of the eCG test (D18eCG) and the beginning of the FSH superovulation protocol (D0FSH).
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containing EDTA (Vacutainer, BD, Juiz de Fora, Brazil). Samples were
immediately centrifuged at 1500g for 10min, and plasma was
removed and stored at e 20 �C until assay. Plasma AMH concen-
trations were measured by ELISA commercial KIT (Equine and
Ovine AMH ELISA, AnshLabs, Texas, USA). Samples were evaluated
as single samples, in a single assay. A calibration curve set was
prepared with 5100 pg/mL for the maximum point and 20 pg/mL
for the minimum. Samples were thawed at room temperature
(23 �C), vortexed and centrifuged (3200g for 10min). Then primary
antibodywas added, and samples were incubated overnight at 4 �C.
After the secondary antibody addition, samples were incubated at
room temperature for 90min. These incubation periods were
adopted to improve the sensitivity of the assay [17]. Test sensitivity
was 9 pg/mL and intra-assay coefficients of variation ((SD/
mean)� 100) were between 3% and 7%. Quality control was also
considered, by including samples with known AMH concentrations.
All data were found to be within the minimum and maximum
points of the curve.

The threshold values for AMHwere determined by ROC analysis.
At D0eCG, ewes with plasma levels of AMH <177 pg/mL were clas-
sified as having a low potential of response (LRAMH_D0eCG), and ewes
with plasma levels of AMH� 177 pg/mL were classified as having a
high potential of response (HRAMH_D0eCG). At D9FSH, ewes with
<168 pg/mL of AMH were classified as having a low potential of
response (LRAMH_D9FSH), and ewes with plasma AMH� 168 pg/mL
as having a high potential of response (HRAMH_D9FSH).

2.5. FecGE genotyping

Genomic DNA was extracted from blood leukocytes using the
salting-out method [18]. A FecGE PCR-RFLP was carried out,
amplifying the GDF9 mature peptide region with the following
primers (forward 50-GACCAGGAGAGTGTCAGC; reverse 50-CGA-
CAGGTACACTTAGT). The PCR reactions were completed in 20 ml,
with 0.5 mM of each primer, 1.5mMMgCl2, 400 mM dNTP mix, 1.5 U
Taq polymerase (Invitrogen, S~ao Paulo, Brazil) and 100 ng of
genomic DNA. The PCR was conducted according to the following
cycles: 93 �C/3min; 35 cycles of 93 �C/40 s, 56 �C/40 s, 72 �C/40 s,
and a final extension of 72 �C/5min. Following this, 2 mL of the PCR
reaction was digested overnight with TspRI (Biolabs, Massachu-
setts, USA), in accordance with the manufacturer's instructions.
DNA fragments were differentiated within a 2.5% agarose gel, and
genotyping was conducted according to the size of the digested
DNA products. Considering that the FecGE mutation has an additive
effect [13], we hypothesized that ewes without this mutation (wild
type: þ/þ) would be of low potential of response (LRþ/þ) and the
heterozygous ones (þ/E) of high potential of response (HRþ/E).

2.6. Statistical analysis

Data analysis was completed using SAEG statistical software
(SAEG 9.0, Universidade Federal de Viçosa, Minas Gerais, Brazil).
The Lilliefors test was used to verify data normality. Parametric data
were analyzed using amixedmodel procedure, followed by Tukey's
test, or NewmaneKeuls multiple-comparison tests, for contrasting
two or several means, respectively. The Pearson's correlation co-
efficient was used to assess correlations between the CL count after
the FSH protocol and the CL count after the eCG protocol, AMH
concentration and AFC. For all tests, P< 0.05 was considered sta-
tistically significant.



Table 1
Sensitivity, specificity, and positive and negative predictive values (PPV and NPV,
respectively); accuracy and Kappa coefficient of different methods to select ewes
with a high response to superovulation.

CL eCG AFC AMH FecGE

>3 CL �10
D0FSH

�10
D9FSH

�177 pg/mL
D0eCG

�168 pg/mL
D9FSH

þ/E

Sensitivity (%) 41.7 56 89 70 86 75
Specificity (%) 53.9 86 75 40 67 30.7
PPV (%) 45.5 91 67 82 50 50
NPV (%) 50.0 43 92 25 92 75
Accuracy (%) 48.0 64 80 64 72 44
Kappa 0.04 0.32 0.6 0.08 0.43 0.03

CL eCG, CL count at eCG pre-selection test; AFC, antral follicle count; AMH, plasma
anti-Müllerian hormone; þ/E, presence of one allele of the FecGE mutation.
Thresholds used are indicated under each test abbreviation. D0FSH e first day of the
protocol, just before sponge insertion; D9FSH e point of first FSH dose at super-
ovulation; D0eCG e immediately before the beginning of the eCG pre-selection test,
before any hormonal intervention.
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As described in previous reports [17,19], data were subjected
to ROC analysis, in order to determine AMH and AFC threshold
values for selecting ewes with a higher response to superovula-
tion treatment. In accordance with the gold standard for higher
responders (ewes with CL > 7), each of their values for AMH, AFC
and CL count (eCG protocol) were recorded, and used as a
benchmark for positive (high response) and negative (low
response) test outcomes in the FSH treatment. A comparison
between the dichotomized test results and true individual status
(as determined by their CL counts after the FSH protocol) allowed
for an estimation of the diagnostic specificity (Sp¼ probability of
a positive test outcome in a high-responding individual) and
sensitivity (Se¼ probability of a negative test outcome in a low-
responding individual). The diagnostic performance, in terms of
Se (and 1 e Sp), were assessed for each possible AMH or AFC
threshold value, using ROC analysis. The resulting pairs ((1eSp),
Se) were plotted on a unit square. Then, the area under the
resulting ROC curve (AUC) was estimated using a non-parametric
approach (Wilcoxon-area estimate) and compared with the ex-
pected value (AUC¼ 0.5) under the null hypothesis of a non-
informative test, using the two sample ManneWhitney rank-
sum test [19]. When the AUC was significantly different from
0.5, the AMH or AFC threshold value was chosen, to maximize
the Youden index (J ¼ Se þ Sp e 1), which corresponds to the
point of the ROC curve closest to the upper left-hand corner of
the unit square. The positive predictive value (PPV; denoted as %)
was defined as the probability of a CL count after FSH protocol of
>7 if the CL count at eCG protocol, AFC and AMH were above the
threshold, and at the threshold for the FecGE mutation. The
negative predictive value (NPV; denoted as %) was defined as the
probability of the CL count after FSH protocol being� 7 if the CL
count after eCG protocol, AFC and AMH were below the
threshold, and at the threshold for the FecGE mutation. Accuracy
was defined as the proportion of agreement (correct answers)
within the stipulated threshold. Finally, the kappa coefficient was
used to assess the degree of agreement between the threshold
set, and the CL count after the FSH protocol.
Fig. 2. Receiver-operating characteristic (ROC) analysis for determination of the antral
follicle count (AFC) threshold for ewe lambs with >7 corpora lutea after the FSH
protocol. Data were obtained from 25 ewe lambs. (A) Sensitivity and specificity curves.
Each AFC was selected as a threshold for defining positive and negative test outcomes,
ie, ewes with CL> 7 and� 7, respectively, after the FSH protocol. Diagnostic specificity
(Sp) was defined as the probability of a positive test outcome in an individual with
CL> 7 after the FSH protocol. Diagnostic sensitivity (Se) was defined as the probability
of a negative test outcome in an individual with CL� 7 after the FSH protocol. Data for
Se and Sp are expressed as percentages. (B) ROC plot representation of the data. The
AFC threshold of 10 maximized the Youden index.
3. Results

3.1. Pre-selection eCG test

No significant correlations were found between the CL count
after eCG treatment and the CL count, total number of recovered
structures, or number of viable embryos after FSH protocol
(r¼�0.13; �0.09; �0.08, P> 0.05 respectively).
3.2. Number of antral follicles

Weak to moderately-positive correlations were found between
AFC at D0FSH (first day of the FSH protocol, immediately before the
first sponge insertion) and the CL count, total number of recovered
structures and number of viable embryos after the FSH treatment
(r¼ 0.45; 0.56 and 0.57, respectively, P< 0.05). Also, weak to
moderately-positive correlations were found between AFC at D9FSH
(the first FSH dose, follicular wave emergence) and the CL count,
total number of recovered structures and number of viable embryos
after the FSH treatment (r¼ 0.41; 0.39 and 0.42, respectively,
P< 0.05).

Between the two time points (D0FSH and D9FSH) at which AFC
was determined, optimum diagnostic performancewas observed at
D9FSH (Table 1). Therefore, only results relating to AFC at D9FSH are
shown (Fig. 2). In order to determine the AFC threshold values for
selecting ewes with a high CL response (>7) to FSH treatment, AFC
at D9FSH data were evaluated (Fig. 2). For each AFC taken as a
possible threshold value, diagnostic sensitivity and specificity were
determined (Fig. 2A). The area under the ROC curve was signifi-
cantly different from the area corresponding to the null hypothesis



Table 2
Data of FSH superovulation treatment (mean ± SD) from Santa Ines ewe lambs, wild
type (þ/þ) or heterozygous (þ/E) for the FecGE mutation.
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of a non-informative test (P< 0.001, Fig. 2B). The AFC at D9FSH
which was found to maximize the Youden index was 10 follicles,
corresponding to high PPV and NPV values.
Wild type
(þ/þ; n ¼ 7)

Heterozygous
(þ/E; n ¼ 18)

Total

AMH (pg/mL) 149 ± 39* 109 ± 51* 120± 50
CL 8.1± 5.1 7.2± 4.8 7.5± 4.8
Rec Struc 7.4± 5.0 4.8± 3.9 5.6± 4.3
Viab Emb 4.6± 4.1 3.9± 3.1 4.1± 3.3

*P ¼ 0.06. AMH, plasma anti-Müllerian hormone evaluated at the first FSH dose; CL,
number of corpus luteum; Rec Struc, total number of recovered structures; Viab Emb,
number of viable embryos.
3.3. Plasma AMH

The plasma AMH concentrations at D0eCG (immediately before
the beginning of the eCG pre-selection test, and before any hor-
monal intervention) showed a weak correlation (r¼ 0.34; P< 0.05)
with the total number of recovered structures after the FSH treat-
ment. No significant correlations were found between AMH at the
D0eCG, and the CL count or the number of viable embryos after the
FSH treatment. However, moderate to strong correlations were
found between AMH concentrations at D9FSH (time of the first FSH
dose) and the CL count, total number of recovered structures and
number of viable embryos obtained after the FSH treatment
(r¼ 0.7; 0.7 and 0.57, respectively, P< 0.05).

Between the two time points at which AMH was measured
(D0eCG and D9FSH), optimum diagnostic performance was observed
in D9FSH (Table 1). For this reason, only results for AMH at D9FSH are
shown (Fig. 3). Data for AMH recorded after an estrus synchroni-
zation protocol (D9FSH) were evaluated, in order to determine the
AMH threshold values for selecting ewes with a high CL response
(>7) to FSH treatment (Fig. 3). For each AMH concentration taken as
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Fig. 3. Receiver-operating characteristic (ROC) analysis for determination of the AMH
threshold for ewe lambs with >7 corpora lutea after the FSH protocol. Data were ob-
tained from 25 ewe lambs. (A) Sensitivity and specificity curves. Each AMH concen-
tration was selected as a threshold to define positive and negative test outcomes, ie,
ewes with CL> 7 and� 7 respectively, after the FSH protocol. Diagnostic specificity
(Sp) was defined as the probability of a positive test outcome in an individual with
CL> 7 after the FSH protocol. Diagnostic sensitivity (Se) was defined as the probability
of a negative test outcome in an individual with CL� 7 after the FSH protocol. Data for
Se and Sp are expressed as percentages. (B) ROC plot representation of the data. The
AMH threshold of 168 pg/mL maximized the Youden index.
a possible threshold value, diagnostic sensitivity and specificity
were determined (Fig. 3A). The area under the ROC curve was
significantly different from the area corresponding to the null hy-
pothesis of a non-informative test (P < 0.001, Fig. 3B). The plasma
AMH concentration at D9FSH which was found to maximize the
Youden index was 168 pg/mL, corresponding to high PPV and NPV
values.
3.4. The responses of the different genotypes

There was no difference between wild type (þ/þ) or heterozy-
gous ewes (þ/E) for the FecGE mutation in terms of CL count (after
FSH treatment), total number of recovered structures or number of
viable embryos. Heterozygous ewes (þ/E) tended to have lower
plasma AMH values than wild ewes (P ¼ 0.06) (Table 2).
3.5. Comparison of screening methods for embryo donors

Fig. 4 shows the post-FSH superovulation protocol responses of
ewes classified as HR or LR based on the different methods evalu-
ated. Table 1 shows the sensitivity and specificity values, positive
and negative predictive values, and the accuracy and Kappa coef-
ficient of the different methods used for screening donors for their
potential for in vivo embryo production.
Fig. 4. Comparison of four screening methods used to classify Santa Ines ewe lambs as
having low potential of response (LR) or high potential of response (HR) for in vivo
embryo production. The screening methods were: Ae CL count after a pre-selection
eCG test (eCG); Be antral follicle count, evaluated at the first FSH dose (AFC); Ce
plasma anti-Müllerian hormone, evaluated at administration of the first FSH dose
(AMH); De presence of one allele (þ/E), or absence of the FecGE mutation (þ/þ).
Thresholds used for each screening method are indicated. CL count, total number of
recovered structures (Rec Struc) and number of viable embryos (Viab Emb) after an
FSH-based superovulation are presented.
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4. Discussion

The results indicated that both AFC and plasma AMH provide
accurate methods for selecting sheep with higher potential to
MOET (multiple ovulation and embryo transfer). However, these
screening methods showed different results at different time
points. The optimal moment for AFC and AMH measurement was
after the estrus synchronization protocol (D9FSH), and at the
emergence of a new follicular wave [14]. After estrus synchroni-
zation protocol, the population of small antral follicles is expected
to be larger [14], if no influence exists from large follicles or active
CL. Additionally, in mammals, AMH production is higher in small,
growing follicles [20]. Therefore, D9FSH may be more favorable for
AFC and AMH evaluations.

The eCG pre-selection test could not effectively identify ewes
with higher potential of response to MOET. Contradictory results
have been reported in sheep and goats [2,3]. In our study, ewes
underwent SOV at the beginning of a new follicular wave, using the
Day 0 protocol [14]. This protocol can optimize the response to SOV,
primarily by eliminating the negative effect of large follicles at the
beginning of SOV [1,14]. However, even with application of this
concept, the positive results previously reported for the eCG test
were not repeated under our experimental conditions. Therefore,
further investigations evaluating more hormonal profiles and ovary
activity should be performed, in order to explain why and under
what circumstances the eCG test can show low efficiency.

The presence of one allele of the FecGEmutation did not improve
embryo production. Moreover, the different genotypes (þ/þ orþ/E)
did not influence the response to the FSH treatment. Silva et al. [13]
reported higher ovulation rates and twinning frequency in sheep
homozygous for the FecGE allele (E/E). It is expected that these
animals have higher numbers of recruited follicles and also a lower
atresia rate, leading to a higher response to the FSH- based super-
ovulation regime. The E/E genotype is found in only 3.9% of ewes in
flocks that are not selected for prolificacy, and none of the experi-
mental animals showed this genotype. However, one interesting
finding was the tendency (P ¼ 0.06) for lower AMH levels in þ/E
ewes. The GDF9, together with other proteins from the TGF-b
(transforming growth factor-b) superfamily, is known to be an
important intraovarian regulator [21]. Moreover, homozygous ewes
for the FecBB allele (Booroola mutation) showed lower concentra-
tions of AMH, probably due to lower BMP (bone morphogenetic
proteins) activity in the ovary. This may occur due to partial loss-of-
function in the BMPR1B receptor [22]. In this way, lower AMH levels
in FecGE ewes may be attributed to lower GDF9 activity in the
granulosa cells, which affects AMH secretion. More detailed in-
vestigations should be performed to elucidate the association be-
tween FecGE mutation and AMH secretion.

The AFC at D0FSH and at D9FSH showed weak to moderately-
positive correlations with the CL count, total number of recovered
structures and number of viable embryos after FSH treatment. In
cows, the AFC is positively correlated with the total number of
recovered embryos [23,24] and in goats, AFC is positively associated
with CL count, in response to SOV [3]. However, in sheep, AFC re-
mains controversial as a screening method for better donors. A
recent publication found no significant correlation between AFC
and embryo production [2]. Even in studies that reported signifi-
cant correlations between AFC and subsequent SOV performance,
the results were unremarkable [25,26]. Differences in the features
of the ultrasound unit or practical skill may lead to imprecise AFC
measurements and limit the application of this technique. Unex-
pectedly, despite the weak to moderate correlation found, AFC at
the D9FSH could effectively segregate HRAFC_D9FSH from LRAFC_D9FSH
(Fig. 2B). Ewes with high AFC (evaluated at the emergence of the
first follicular wave) showed a better response to SOV, than ewes
with low AFC [27]. Therefore, despite the limitations, AFC per-
formed through ultrasonography could be used to select more
productive embryo donors.

It is important to note the strong associations (P< 0.05) be-
tween the plasma AMH levels at D9FSH, and the CL count and the
total number of recovered structures. Similar results have been
reported in cows (AMH vs CL after SOV) and goats (AMH vs CL and
AMH vs collected embryos, both after SOV) [4,7]. Our findings
confirm that plasma AMH levels can be used to select ewes with
higher potential of response to in vivo embryo production. One
great advantage of AMH measurement is that it is highly repro-
ducible, making it possible to select better donors with a single
evaluation [7,20]. The present results also show that, in Santa Ines
ewes, AMH measurement should be performed after an estrus
synchronization protocol, to improve its efficiency.

When considering the CL count, total number of recovered
structures, and number of viable embryos from ewes classified as
HR or LR by the different methods (Fig. 4A, B, C, and D), only AFC
and AMH (both evaluated at D9FSH) could efficiently identify ewes
with higher potential of response. These findings have an impor-
tant field application. Selecting only HR ewes for the SOV protocol
could significantly increase or even double the number of embryos
produced (Fig. 2B and C).

A meta-analysis review, addressing the use of AMH in assisted
reproductive technology for humans, showed that AMH serum
levels could identify poor responders, with sensitivity and speci-
ficity ranging from 0.40 to 0.97, and 0.41 to 1.00, respectively. Ac-
cording to these authors, similar efficiency can be achieved using
AFC. Additionally, in womenwith excessive ovarian response, AMH
sensitivity and specificity ranges were between 0.57 and 0.93, and
0.62 and 0.96, respectively [28]. In our study, it was noted that both
AFC and AMH (both at D9FSH) are reliable in identifying ewes with
poor response to SOV, indicated by high values of sensitivity and
NPV. Also, at D9FSH, AFC and AMH methods showed good and
moderate agreement, respectively (Kappa coefficient), high accu-
racy, and satisfactory specificity (Table 1). This confirmed the
suitability of these screening tests for segregating HR and LR ewes.
It should be stressed that higher MOET efficiency can greatly
expand the application of this biotechnology, accelerate genetic
improvement of commercial herds, favor the preservation of en-
dangered species, and positively contribute to related research
lines.

5. Conclusions

Eweswith higher potential for in vivo embryo production can be
selected by AFC or plasma AMH measurement, after an estrus
synchronization protocol. Under our experimental conditions, the
eCG pre-selection test and genotypes for the FecGE mutation (het-
erozygous or wild type) could not identify high-responding or low-
responding ewes.

Declaration of interest

The authors declare that there is no conflict of interest.

Authors' contributions

PHNP: conception and study design, data collection, statistics
and creation of the first draft. MFAB: study design, statistics and
data collection. LSR, GMB, CRL, and KMS: data collection. EKNA and
JMGSF: critical evaluation of the manuscript. JFF and FZB: elabo-
ration of the hypothesis, experimental design and data collection.
In addition, all authors contributed to the writing, revision, and
approval of the final version of the manuscript.



P.H.N. Pinto et al. / Theriogenology 113 (2018) 146e152152
Acknowledgments

The authors are grateful to Dr. Danielle Monniaux for her
guidance on AMH measurement, and critical evaluation of the
manuscript. The authors thank the Universidade Federal Flumi-
nense, Infra-LabPesq/PROPPI, FAPERJ, EMBRAPA (Project
02.13.06.026.00.03) and CNPq (400785/2016-1) for funding this
project. FZB and JFF are fellows of the CNPq, JMGSF of CAPES and
EKNA of FAPERJ.

References

[1] Bartlewski PM, Seaton P, Oliveira MEF, Kridli RT, Murawski M, Schwarz T.
Intrinsic determinants and predictors of superovulatory yields in sheep:
circulating concentrations of reproductive hormones, ovarian status, and
antral follicular blood flow. Theriogenology 2016;86:130e43.

[2] Bruno-Galarraga M, Cueto M, Gibbons A, Pereyra-Bonnet F, Subiabre M,
Gonzalez-Bulnes A. Pre-selection of high and low ovulatory responders in
sheep MOET programs. Theriogenology 2015;84:784e90.

[3] Balaro MFA, Brand~ao FZ, Maia ALRS, Souza-Fabjan JMG, Cueto MI, Gibbons AE,
et al. Pre-selection test to identify high responder donors goats. Reprod
Domest Anim 2016;5:386e91.

[4] Monniaux D, Baril G, Laine AL, Jarrier P, Poulin N, Cogni�e J, et al. Anti-Mullerian
hormone as a predictive endocrine marker for embryo production in the goat.
Reproduction 2011;142:845e54.

[5] Cogni�e Y, Baril G, Poulin N, Mermillod P. Current status of embryo technolo-
gies in sheep and goat. Theriogenology 2003;59:171e88.

[6] Bartlewski PM, Alexander BD, King WA. Ovarian and endocrine determinants
of superovulatory responses in anestrous ewes. Small Rumin Res 2008;75:
210e6.

[7] Rico C, Fabre S, M�edigue C, Clemente N, Cl�ement F, Bontoux M, et al. Anti-
Müllerian hormone is an endocrine marker of ovarian gonadotropin-
responsive follicles and can help to predict superovulatory responses in the
cow. Biol Reprod 2009;80:50e9.

[8] Monniaux D, Rico C, Larroque H, Dalbi�es-Tran R, M�edigue C, Cl�ement F, et al.
L’hormone antimüll�erienne, pr�edicteur endocrinien de la r�eponse �a une
stimulation ovarienne chez les bovins. Gynecol Obstet Fertil 2010;38:465e70.

[9] Lahoz B, Alabart JL, Cocero MJ, Monniaux D, Echegoyen E, S�anchez P, et al.
Anti-Müllerian hormone concentration in sheep and its dependence of age
and independence of BMP15 genotype: an endocrine predictor to select the
best donors for embryo biotechnologies. Theriogenology 2014;81:347e57.

[10] Pramod RK, Sharma SK, Kumar R, Rajan A. Genetics ovulation rate in farm
animals. Vet World 2013;6:833e8.

[11] Dufour JJ, Cogni�e Y, Mermillod P, Mariana JC, Romain RF. Effects of the
Booroola Fec gene on ovarian follicular populations in superovulated Roma-
nov ewes pretreated with a GnRH antagonist. J Reprod Fertil 2000;118:85e94.

[12] Lahoz B, Alabart JL, Folch J, S�anchez P, Echegoyen E, Cocero MJ. Influence of
the FecXR allele in heterozygous ewes on follicular population and outcomes
of IVP and ET using LOPU-derived oocytes. Reprod Domest Anim 2013;48:
717e23.

[13] Silva BDM, Castro EA, Souza CJH, Paiva SR, Sartori R, Franco MM, et al. A new
polymorphism in the Growth and Differentiation Factor 9 (GDF9) gene is
associated with increased ovulation rate and prolificacy in homozygous
sheep. Anim Genet 2011;42:89e92.

[14] Menchaca A, Vilari~no M, Pinczak A, Kmaid S, Salda~na JM. Progesterone
treatment, FSH plus eCG, GnRH administration, and Day 0 Protocol for MOET
programs in sheep. Theriogenology 2009;72:477e83.

[15] Balaro MFA, Fonseca JF, Barbosa TGB, Souza-Fabjan JMG, Figueira LM,
Teixeira TA, et al. Potential role for GnRH in the synchronization of follicular
emergence before the superovulatory Day 0 protocol. Domest Anim Endo-
crinol 2016;54:10e4.

[16] Lima JTM, Fonseca JF, Balaro MFA, Esteves LV, Ascoli FO, Leite CR, et al. Effect
of natural mating or laparoscopic artificial insemination in superovulated
Santa Inês ewes on superovulatory response, fertility and. embryo viability.
Anim Prod Sci 2015;56:1463e8.

[17] Rico C, Drouilhet L, Salvetti P, Dalbi�es-Tran R, Jarrier P, Touz�e J, et al. Deter-
mination of anti-Müllerian hormone concentrations in blood as a tool to select
Holstein donor cows for embryo production: from the laboratory to the farm.
Reprod Fertil Dev 2012;24:932e44.

[18] Biase FH, Franco MM, Goulart LR, Antunes RC. Protocol for extraction of
genomic DNA from swine solid tissues. Genet Mol Biol 2002;25:313e5.

[19] Greiner M, Pfeiffer D, Smith RD. Principles and practical application of the
receiver-operating characteristic analysis for diagnostic tests. Prev Vet Med
2000;45:23e41.

[20] Monniaux D, Drouilhet L, Rico C, Estienne A, Jarrier P, Touz�e JL, et al. Regu-
lation of anti-Mullerian hormone production in domestic animals. Reprod
Fertil Dev 2013;25:1e16.

[21] Knigh PG, Glister C. TGF-b superfamily members and ovarian follicle devel-
opment. Reproduction 2006;132:191e206.

[22] Monniaux D. Driving folliculogenesis by the oocyte-somatic cell dialog: les-
sons from genetic models. Theriogenology 2016;86:41e53.

[23] Silva-Santos KC, Santos GMG, Koetz Júnior C, Morotti F, Siloto LS,
Marcantonio TN, et al. Antral follicle populations and embryo production e

in vitro and in vivo e of Bos indicuseTaurus donors from weaning to yearling
ages. Reprod Domest Anim 2014;49:228e32.

[24] Irland JJ, Ward F, Jimenez-Krassel F, Ireland JLH, Smith GW, Lonergan P, et al.
Follicle numbers are highly repeatable within individual animals but are
inversely correlated with FSH concentrations and the proportion of good-
quality embryos after ovarian stimulation in cattle. Hum Reprod 2007;22:
1687e95.

[25] Gonz�alez-Bulnes A, Garcia-Garcia RM, Santiago-Moreno J, Lopez-Sebastian A,
Cocero MJ. Effects of follicular status on superovulatory response in ewes is
influenced by presence of corpus luteum at first FSH dosage. Theriogenology
2002;58:1607e14.

[26] Veiga-Lopez A, Gonzalez-Bulnes A, Garcia-Garcia RM, Dominguez V,
Cocero MJ. The effects of previous ovarian status on ovulation rate and early
embryo development in response to superovulatory FSH treatments in sheep.
Theriogenology 2005;63:1973e83.

[27] Mossa F, Duffy P, Naitana S, Lonergan P, Evans ACO. Association between
numbers of ovarian follicles in the first follicle wave and superovulatory
response in ewes. Anim Reprod Sci 2007;100:391e6.

[28] Broer SL, Mol BW, D�olleman M, Fauser BC, Broekmans FJM. The role of anti-
Müllerian hormone assessment in assisted reproductive technology outcome.
Curr Opin Obstet Gynecol 2010;22:193e201.

http://refhub.elsevier.com/S0093-691X(18)30074-8/sref1
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref1
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref1
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref1
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref1
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref2
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref2
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref2
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref2
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref3
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref3
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref3
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref3
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref3
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref4
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref4
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref4
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref4
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref4
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref5
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref5
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref5
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref5
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref6
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref6
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref6
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref6
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref7
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref7
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref7
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref7
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref7
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref7
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref7
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref8
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref8
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref8
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref8
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref8
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref8
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref8
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref8
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref8
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref8
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref8
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref9
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref9
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref9
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref9
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref9
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref9
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref10
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref10
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref10
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref11
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref11
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref11
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref11
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref11
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref12
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref12
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref12
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref12
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref12
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref12
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref12
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref13
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref13
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref13
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref13
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref13
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref14
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref14
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref14
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref14
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref14
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref14
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref15
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref15
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref15
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref15
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref15
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref16
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref16
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref16
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref16
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref16
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref16
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref17
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref17
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref17
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref17
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref17
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref17
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref17
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref18
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref18
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref18
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref19
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref19
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref19
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref19
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref20
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref20
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref20
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref20
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref20
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref21
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref21
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref21
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref22
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref22
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref22
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref23
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref23
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref23
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref23
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref23
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref23
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref23
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref24
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref24
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref24
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref24
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref24
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref24
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref25
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref25
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref25
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref25
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref25
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref25
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref26
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref26
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref26
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref26
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref26
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref27
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref27
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref27
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref27
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref28
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref28
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref28
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref28
http://refhub.elsevier.com/S0093-691X(18)30074-8/sref28

	Anti-Müllerian hormone and antral follicle count are more effective for selecting ewes with good potential for in vivo embr ...
	1. Introduction
	2. Material and methods
	2.1. Experimental location, animals and study design
	2.2. Pre-selection test with eCG
	2.3. Counting the number of the follicles applied during the in vivo embryo production protocol
	2.4. AMH assay
	2.5. FecGE genotyping
	2.6. Statistical analysis

	3. Results
	3.1. Pre-selection eCG test
	3.2. Number of antral follicles
	3.3. Plasma AMH
	3.4. The responses of the different genotypes
	3.5. Comparison of screening methods for embryo donors

	4. Discussion
	5. Conclusions
	Declaration of interest
	Authors' contributions
	Acknowledgments
	References


