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2revealed STAT3 gene as a potential quality
3marker of bovine gametes
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9Summary

10The present study was aimed to investigate differences in molecular signatures in oocytes
11derived from Holstein-Friesian heifers with different genetic merit for fertility, euthanized
12during day 0 or day 12 of the estrous cycle. Moreover, association between single nucleotide
13polymorphisms (SNPs) of ODC1 and STAT3 genes and bull fertility traits was investigated.
14The gene expression patterns were analyzed using cDNA array and validated with quantitative
15real-time polymerase chain reaction (PCR). The result revealed that several genes have shown
16not only to be regulated by fertility merit but also by the day of oocyte recovery during the
17estrous cycle. The STAT3 gene was found to be upregulated in oocytes recovered from animals
18with high fertilitymerit at both day 0 and 12. Some other genes like PTTG1,ODC1 andTUBA1C
19were downregulated at day 0 and upregulated at day 12 in high, compared with low, fertility
20merit recovered oocytes. In contrast, the transcript abundance of TPM3 was upregulated at day
210 and downregulated at day 12 in high, compared with low, fertility merit recovered oocytes.
22In addition, ODC1 and STAT3 were found to be associated (P< 0.05) with sperm quality traits
23as well as flow cytometry parameters. Therefore, the expression of several candidate genes
24including ODC1 and STAT3 was related to the genetic merit of the cow. In addition polymor-
25phisms in these two genes were found to be associated with bull semen quality.

26Introduction

27Poor oocyte quality has a drastic effect on fertility of bovine and other farm animals. Fertility of
28dairy cows was declined gradually over the last 3 decades. Low fertilization rates and reduced
29embryonic survival were the most noticeable features of this decline (Moore and Thatcher,
302006). One of the primary mechanisms that may be responsible for such abnormal pre- and
31postimplantation embryo development in lactating cows is poor oocyte quality (Snijders
32et al., 2000; Krisher, 2004; Lucy, 2007). Oocyte quality has also a great contribution to appli-
33cation of assisted reproductive technologies in bovine. In vitro maturation of bovine oocytes
34followed by in vitro fertilization (IVF) and culture is rapidly increasing around the world for
35the production of cows with superior genotypes. Thousands of IVF-generated embryos are
36transferred to recipient cows annually to speed up the dissemination of offspring of superior
37genetic merit. However, in vitro-produced embryos have frequently shown severe anomalies
38such as high birth weight, congenital malformations and impaired growth and development
39(Farin et al., 2006). These problems were originally derived from the fact that heterogeneous
40populations of oocytes with varied intrinsic quality are commonly used for IVF that in turn,
41reflect functional differences in their ability to generate healthy survived offspring (Rizos
42et al., 2002; Krisher, 2004; Lonergan and Fair, 2008). Therefore, identification of oocyte quality
43molecular markers is the first step in improving assisted reproductive techniques and farm
44reproductive performance.
45Bull fertility is the other important side of the bovine fertility. As individual bulls service
46many females, a deficiency in the breeding ability of one bull has a larger effect on herd pro-
47ductivity than fertility problems in a single female. Sperm quality is one of the main factors
48affecting fertilization success, and differences in embryo production rate among bulls are com-
49monly reported (Larsson and Rodríguez-Martínez, 2000). Another aspect that should be taken
50into consideration is the genetic information transmitted by spermatozoa to the embryo.
51The expression of compromised genetic information from the spermatozoa can impair embryo
52quality (Leibfried-Rutledge, 1999) and interfere with an in vitro embryo programme’s success.
53Recently, novel loci harbouring ITGB5 gene whose associations with the bull fertility suggest
54that it may play a role in sperm–egg interaction and early embryo development (Feugang
55et al., 2009). Therefore, this study was carried out to get insights into oocyte transcriptome
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56 changes between animals with different genetic merit for fertility in
57 addition to find out possible association between SNPs of maternal
58 candidate genes on bull fertility traits.

59 Materials and Methods

60 Animal handling and management

61 The rules and regulations of the German law of animal protection
62 were completely adhered to throughout handling andmanagement
63 of experimental animals and in accordance with European Union
64 legislation of animal welfare.

65 Chemicals and reagents

66 All the chemicals, media, reagents, and other constituents were
67 purchased from Sigma-Aldrich Chemicals, USA.

68 Experiment I: Transcript profile of oocytes from high versus
69 low fertility cows

70 Experimental animals and reproductive management
71 Healthy Holstein-Friesian cows (n= 16) aged between 1.9
72 and 2.5 years were used in this study (Kommadath et al., 2010).
73 The experimental animals were reared under identical conditions
74 of feeding and management in the research farm atWaiboerhoeve,
75 Lelystad, The Netherlands. The animals at their calving date were
76 selected with high (EBV-F > 100) or low genetic (EBV-F< 100)
77 merit for fertility. Their estimated breeding value for fertility
78 (EBV-F) (calculated fromEBV of their sire and dam’s sire weighted
79 2 and 1, respectively) ranged between 93 and 103. The EBV-F
80 calculation was based on time to first insemination, percentage
81 non-return within 56 days after first insemination and inter-
82 calving interval (NRS, 2009). In this study, progesterone-peak
83 concentration was correlated to the estimated breeding value for
84 fertility (EBV-F). According to this, the experimental animals were
85 divided into two main groups. The first group contained animals
86 with high estimated breeding value for fertility and progesterone-
87 peak concentration (H-EBV-F> 100; n= 8) and the second group
88 contained animals with low estimated breeding value for fertility
89 and progesterone-peak concentration (L-EBV-F< 100; n= 8).
90 Each group was divided again into subgroups according to the
91 phase of the estrous cycle (day 0= follicular, day 12= luteal phase).
92 Post calving, from 30 days in milk (DIM) onwards, they were
93 monitored daily for signs of behavioural oestrus (continuous obser-
94 vations of 30min in the morning and afternoon). Behaviours were
95 recorded and scored according to the protocol of Van Eerdenburg
96 (2006): mucous vaginal discharge (3 points), cajoling/flehmen (3),
97 restlessness (5), being mounted but not standing (10), sniffing the
98 vulva of another cow (10), resting with chin on the back of another
99 cow (15), mounting other cows, or attempting to (35), mounting
100 head side of other cows (45), standing heat (100). Points were
101 summed over a rolling 24-h interval and it was assumed that the
102 total score identified oestrus when accumulating to 50 or more.
103 Transrectal ultrasonography was carried out daily during the week
104 preceding expected oestrus. This helped accurately assess the day
105 of ovulation and mapped the timing of each cow’s estrous cycle.
106 Milk progesterone levels were assessed twice a week from 30 DIM
107 onwards and classified according to Mann et al. (2005).

108 Oocyte collection
109 Eight cows from each group were humanely euthanized at two dif-
110 ferent phases of estrous cycle (follicular vs. luteal) after 70 DIM.

111Each group was divided again into subgroups according to
112estimated breeding value for fertility (H-EBV-F vs. L-EBV-F).
113The follicles were classified according to their size into three
114categories: small (3–5 mm), medium (6–8 mm) and large follicles
115(≥9 mm). The follicular content of each size category for each
116female was aspirated individually into modified Parker maturation
117medium (MPMM) supplemented with 15% oestrus cow serum
118(OCS), 0.5 mM L-glutamine, 0.2 mM pyruvate, 50 μg/ml gent-
119amycin sulphate, 10 μl/ml follicle stimulating hormone (FSH)
120(Follitropin; Vetrepharm, Canada) and kept at 39 °C in a thermos
121flask. The follicular fluid contents were poured into a square grid
122dish to facilitate finding of oocytes under a stereomicroscope. The
123collected oocytes were kept in the same maturation medium used
124for collection before being separated from the surrounding cumu-
125lus cells. Morphologically good quality compact cumulus–oocyte
126complexes (COCs; with clear and homogenous cytoplasm and
1273–5 cumulus cells layers) were only used in this experiment.
128Oocytes from each follicular size category, phase and EBV-F were
129handled and separately.

130Oocytes denudation and storage
131In this study, only COCs from the small follicles (3–5 mm) at
132days 0 and 12 after oestrus were used for the analysis of transcript
133abundance. Cumulus cells were removed from the oocytes of
134each day of estrous cycle by repeat pipetting inmaturationmedium
135supplemented with hyaluronidase 1 mg/ml until all cumulus cells
136were removed under a stereomicroscope. Cumulus-free oocytes
137and the corresponding cumulus cells from each day were washed
138two times in phosphate-buffered saline (PBS) and snap frozen
139separately in cryo-tubes containing 20 μl of lysis buffer [0.8 %
140IGEPAL, 40 U/μl RNasin (Promega Madison WI, USA), 5 mM
141dithiothreitol (DTT) (Promega Madison WI, USA)] and kept at
142−80 °C until RNA isolation.

143In vitro embryo production
144Ovaries of cows slaughtered at a local abattoir were collected and
145transported within 2–3 h in a thermo flask containing physiologi-
146cal saline solution at 30 °C. Good quality COCs with homogenous
147cytoplasm and multiple layer of cumulus were aspirated from
148follicles with 2–8 mm diameter and were washed in modified
149tissue culture medium (TCM199) supplemented with 33.9 mM
150NaCHO3, 4.4 mM HEPES, 2.9 mM calcium lactate, 2 mM
151pyruvate, 12% (v/v) fetal calf serum, 55 μg/ml gentamicin. The
152collected COCs were cultured in groups of 50 in 400-μl maturation
153medium supplemented with 10 μg/ml FSH (FSH-p; Sheering,
154Kenilworth, NJ, USA), and covered with mineral oil in an incuba-
155tor with a humidified atmosphere with 5% (v/v) CO2 in air for 24 h
156at 39 °C.
157Fertilization was carried out in 400 μl of fertilization medium
158(Fert-TALP) medium supplemented with 10 μM hypotaurine,
15920 μM penicillinamine, 2 μM noradrenaline, 50 μg/ml gentamicin,
1606 mg/ml bovine serum albumin (BSA), and 1 μg/ml heparin.
161Finally, concentration of sperm in fertilization droplets was
162adjusted to 2 × 106 sperms/ml for a group of 50 oocytes.
163Presumed zygotes were washed three times from sperms and
164denuded from cumulus cells after 18 h of incubation. Zygotes were
165washed three times and cultured in CR-1aa culture medium
166(Rosenkrans and First, 1994) overlaid with mineral oil in an
167incubator with a humidified atmosphere and 5% (v/v) CO2 in
168air for 24 h at 39 °C.

2 Ghanem et al.



169 RNA isolation from oocytes and in vitro-produced embryos
170 Total RNA was extracted at three different time points: (1) six
171 pools of oocytes, each with 30 oocytes from H-EBV-F vs.
172 L-EBV-F at follicular phase (day 0) which used for first gene
173 expression profile experiment; (2) six pools of oocytes, each with
174 30 oocytes from H-EBV-F vs. L-EBV-F at day 12 of estrous cycle
175 (luteal phase) which used for second gene expression profile
176 experiment; and (3) two pools of different stages of preimplanta-
177 tion period each containing 10 of each stage of immature oocytes
178 (IMO), matured oocytes (MO), zygote (ZT), two-, four-, eight-,
179 morula (Mor) and blastocyst (Blst) used for semi-quantitative
180 PCR. In all cases, total RNA was extracted according to
181 PicoPureTM RNA Isolation kit (MDS Analytical Technologies
182 GmbH, Ismaning, Germany). Briefly, oocytes were mixed and
183 incubated with 100 μl extraction buffer and for 30 min at 42 °C
184 to release RNA. The lysate was loaded onto a spin column and cen-
185 trifuged for 1 min, 16,000 g at room temperature followed by DNA
186 digestion using DNase I (Qiagen GmbH, Hilden, Germany). The
187 spin column was washed twice with two different washing buffers
188 and RNA was eluted with nuclease-free water (30 μl). The total
189 volume of RNA from each pool of oocytes was divided into two
190 15 μl aliquots. One aliquot was used for cDNAmicroarray analysis,
191 while the other aliquot was used for real-time PCR validation.
192 The quality and concentration of each RNA of all samples was
193 evaluated using a NanoDrop spectrophotometer (Thermo Fisher
194 Scientific). The absorbance at A260/A280 was in range of 1.9–2.1.
195 In addition, gel electrophoresis was performed to check RNA
196 purity. RNA from all samples was adjusted before RNA amplifica-
197 tion for transcriptome profile experiments. The same adjustment
198 was done before cDNA synthesis using an oligo(dT)23 primer
199 (Invitrogen, Karlsruhe, Germany), while the T7 promoter attached
200 to an oligo(dT)21 primer was used for array work.

201 RNA amplification, labelling and hybridization
202 RNA amplificationwas performed as described in our previous stud-
203 ies (Mamo et al., 2006; Ghanem et al., 2007) using AmpliScribe T7
204 transcription kit (Epicentre technologies, Oldendorf, Germany).
205 The amplified RNA (3 μg) was first labelled with aminoallyl-dUTP
206 then with n-hydroxysuccinate (NHS)-derivatized Cy3 and Cy5 dyes
207 (Amersham Biosciences, Freiburg, Germany). Dye-swap labelling
208 was performed per each sample for three independent biological
209 replicates (six arrays for each experiment). Array hybridization
210 was carried out according to Hedge et al. (2000); Mamo et al.
211 (2006); and Ghanem et al. (2007). The samples were applied to
212 bovine-specific array (Sirard et al., 2005) for 16–20 h at 42 °C for
213 incubation in a hybridization chamber (GFL, Dülmen, Germany).
214 The arrays were first washed twice with 2× standard saline citrate
215 (SSC), 0.1%N-lauroyl sarcosine (SDS) buffer at 42 °C for 5min, then
216 once with 1× SSC, 0.2× SSC and 0.1× SSC at room temperature for
217 5min. The slides were finally dried by centrifugation for 2min at
218 2000 rpm.

219 Array scanning and data analysis
220 Axon GenePix 4000B scanner (Axon Instruments, Foster City, CA,
221 USA) was used for scanning all arrays. The analysis of array data
222 was done using Linear Models for Microarray Data (LIMMA)
223 maintained by the Bioconductor. For obtaining genes differentially
224 expressed in this study, the false discovery rate (FDR) was set at 10%
225 and a P-value of≤ 0.05. Additionally, guidelines for the Minimum
226 Information About Microarray Experiments (MIAME) have been
227 followed throughout the array work.

228Quantitative real-time PCR
229For validation of the transcriptome profile, genes differentially
230regulated (n= 11) were profiled using quantitative real-time
231PCR (Table 1). Housekeeping geneGAPDHwas used as an internal
232control, and was run first with all cDNA samples on a ABI PRISM®
2337000 sequence detection system (Applied Biosystems, Foster City,
234CA, USA). All PCR reactions were carried out in a 20 μl total volume
235containing of 10 μl of Fast SYBR® iQ®RealMasterMixTM (Eppendorf,
236Hamburg, Germany). The cDNAsamples were run in duplicate using
237the same PCR cycling settings (3min at 95 °C then 15 s at 95 °C for
23840 cycles and 30 s at 60 °C). The relative standard curve method was
239performed to analyse the real-time PCR results as the relative tran-
240script abundance after normalization with GAPDH result.

241Semi-quantitative PCR
242Reverse transcription coupled with PCR was used to find out
243the spatiotemporal expression of ODC1 and STAT3 throughout
244different stages of preimplantation development. PCRs were per-
245formed in a 20-μl reaction volume containing 0.5 μl of each primer
246(10 pmol), 2 μl of 10 × PCR buffer, 0.5 μl of dNTP (50 μM), 0.5 U
247Taq DNA polymerase, 14.4 μl Millipore H2O which finally added
248to 2 μl cDNA templates and 2 μl of Millipore H2O as the negative
249control. PCR reactions were carried out in a PT-100 Thermocycler
250(MJ Research), the thermal cycling program was set as: denaturation
251at 95 °C for 5min, followed by 35 cycles at 95 °C for 30 s, annealing
252at the corresponding temperature (as shown in Table 1), extension
253at 72 °C for 1min and a final extension step at 72 °C for 10min.
254Finally, PCR products were separated by agarose gel electrophoresis
255and observed under ultraviolet illumination in the presence of
256ethidium bromide. All fragments were sequenced and their lengths
257were as expected and identical to the known bovine sequences depos-
258ited in the NCBI database.

259Experiment II: Association analysis of some candidate genes
260with bull fertility

261Bull population and semen quality
262Eleven cattle breeds (Limousin, Gelbvieh, Blond d’Aquitaine, Salers,
263Vorderwälder, Hinterwalder, Charolais, Red Angus, Piemontese,
264Pinzgauer, and Galloway) were used to screen for SNPs. Semen
265samples were collected from 310 German Holstein bulls belonging
266to the Rinder-Union West eG (RUW, Münster, Germany) station
267and were used for association studies. The minimum number of
268insemination recorded for each was 1000. Semen quality traits
269including sperm volume per ejaculate (ml), sperm concentration
270(109/ml), sperm motility (%), and survivability after thawing (%)
271were available. In addition, acrosomal integrity (PNA/PSA), plasma
272membrane integrity (PMI) and DNA fragmentation index (DFI)
273were estimated for each individual bull using flow cytometry.
274The non-return rate (NRR) in addition to other information
275including inseminator, region, status of cow (heifer, cow and multi
276calving), insemination date, status of bull (birth date) for each
277animal were derived from the RUW centre, Germany.

278DNA isolation
279Semen straws were first thawed and mixed with 4 ml of saline
280solution. The mixture was centrifuged at 5000 g for 10 min and
281the supernatant was removed. The pellet was resuspended in
2824 ml digestion buffer containing proteinase K, SDS and merca-
283ptoethanol, then incubated at 56 °C overnight to digest protein.
284Afterwards, DNA was extracted using phenol–chloroform (1:1 v/v)
285and centrifugation (5000 g for 10min) two times. DNA was

STAT3 as a potential fertility marker of bovine gametes 3



286 precipitated by adding 3 M sodium acetate (pH 5.2) and isopropanol
287 accompanied by gentle shaking. TheDNApellet waswashedwith 70%
288 ethanol twice and dried at room temperature. Finally, the washed
289 DNA pellet was resuspended with 1ml Tris-EDTA (TE) buffer and
290 diluted to a final concentration of 50 ng/ μl and kept at 4 °C until
291 genotyping.

292 Comparative sequencing for SNP detection
293 A set of specific primers (Table 2) that covered the detected SNPs
294 of ODC1 and STAT3 genes was designed before samples were
295 sequenced. PCRs were conducted under the same conditions
296 detailed for semi-quantitative PCR and 5 μl of the product was
297 checked on 1.5% agarose gel. The remaining PCR product was used
298 as the template in a second PCR called the sequencing PCR after
299 purification with ExoSAP-IT (USB Corporation). Sequencing
300 PCR was performed using a CEQ 8000 Genetic Analysis System
301 (Beckman coulter). This PCR contained 8 μl of Millipore water,
302 2 μl of 1.6 pmol of forward or reverse specific primers and 4 μl
303 of DTCS Quick Start Master Mix (Beckman Coulter). PCR
304 sequencing reactions were performed for 30 cycles at 96 °C for
305 20 s, 50 °C for 20 s, with a final step at 60 °C for 4 min. The
306 sequencing PCR product was transferred to a 1.5 ml sterile tube
307 and mixed with 5 μl stop solution (2 μl 3M NaOAc, 2 μl
308 100 mM EDTA, and 1 μl glycogen). The DNA pellet was washed

309several times with descending concentrations of ethanol and finally
310dried using a speed vacuum concentrator and loaded for sequencing.
311The final sequence of each DNA fragment was blasted against the
312GenBank database (http://www.ncbi.nlm.nih.gov/blast/).

313Genotyping/restriction fragment length polymorphisms (RFLP)
314To detect polymorphisms ofODC1 and STAT3 genes, 310 German
315Holstein bulls were genotyped after genomic DNA extraction from

Table 1.AQ4 Details of primers used for quantitative real-time PCR analysis

Gene GenBank accession number Primer sequences Annealing temperature (°C) Product

GAPDH BC102589 F: ACCCAGAAGACTGTGGATGG 60 247

R: ACGCCTGCTTCACCACCTTC

ODC1 NM_174130 F: CAAAGGCCAAGTTGGTTTTAC 57 206

R: CAGAGATGGCCTGCACAAAG

STAT3 BC109481 F: TGGCATAGCTTCCTCTGTAT 57 183

R: CTTAGGGTCTCCTTCAACCT

TPM3 AB198072 F: AGGCAGACAGGAAGTATGAA 57 173

R: ACTTTTCTTCAGCAGCACTC

LDH-B NM_174100 F: TTCTGCTAGATTTCGCTACC TD 58–52 201

R: ATCTTATGCACTTCCTTCCA

ZFP91 XM_607444 F: CCTCCTAGGAAGAGAGGAAG TD 58–52 161

R: TGCTGGTATTTAATGTGGTG

PSME3 NM_005789 F: TCAGGAAGTAAAGCTCAAGG TD 58–52 203

R: GGCTATTGGTGAGAAGAATG

SMARCC1 XM_001788616 F: TTAACTGGAGATGTGTGTGC TD 58–52 179

R: GGTGATCGAAGATGTAGAGG

UHRF2 BC148949 F: ATTCAGATTCTGTTGCTGCT TD 58–52 242

R: GGTCCTTGAGATTGTCTTCA

PAIP1 BC142476 F: ATCAACAGGCCACATCTATC TD 58–52 211

R: CCCAGAAAGAGTACAAATGC

KRT18 XM_582930 F: CTGGAGGCTGAGATCAATAC TD 58–52 166

R: GAACTTTGGTGTCTGAGGTC

S100A2 BC102570 F: CGACAAGTTCAAGCTGAGTA TD 58–52 152

R: GTACTCCTGGAAGTCCACCT

TD, Touchdown PCR.

Table 2. Details of primers used for genotyping

Gene Primer sequences
Annealing
temperature (°C)

Product
size (bp)

ODC1 F: TGGGAAGTGGCTGTACTGATCC 57 702

R: TGGTGGCCCAGAGAGTAAAGAA

STAT3_p1 F: ATGGGGTCACGAAGAGTCAG TD 62–57 380

R: TCTGCAAACCCAGTCTCTCA

STAT3_p2 F: CAAGACCCAGATCCAGTCAGT 57 301

R: TCCAGGCATTTACCTTACCTG

TD, Touchdown PCR.

4 Ghanem et al.
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316 all semen samples. Genotyping for polymorphism was performed
317 using polymerase chain reaction-restriction fragment length
318 polymorphism (PCR-RFLP) using specific primers that cover each
319 SNP of the corresponding gene. The selection of each restriction
320 enzyme was performed based on the recognition site of each poly-
321 morphic site (http://tools.neb.com/NEBcutter2/index.php). ODC1
322 SNPs were confirmed using PCR-RFLP with restriction enzymes
323 SphI and RsaI, respectively. In addition, Tsp45I and MspI restric-
324 tion enzymes were used to confirm STAT3 SNPs. In all cases, the
325 PCR-RFLP product was incubated with restriction enzymes in
326 a 10 μl reaction volume (1 unit of restriction enzyme, 1 μl of
327 10× restriction buffer, 3.9 μl ddH2O and with 5 μl PCR product)
328 and incubation overnight over the range 37 °C to 65 °C for 1–6 h
329 according to conditions for each restriction enzyme. Digested
330 products were then visualized on a 3% agarose gel stained with
331 ethidium bromide. Different fragment lengths between non-digested
332 and digested DNAs reflected the genotype of a specific DNA sample,
333 as shown in Fig. 1.

334 Statistical analysis

335 Real-time PCR data analysis
336 Data for relative transcript abundance were analyzed using the
337 General Linear Model (GLM) of the Statistical Analysis System
338 (SAS) software package version 8.0 (SAS Institute Inc., NC,
339 USA). Differences in mean values were tested using analysis of
340 variance (ANOVA) followed by a multiple pairwise comparison
341 t-test.

342 Association analysis of ODC1 and STAT3 sequence variant
343 Allelic, and genotype frequencies as well as the Hardy–Weinberg
344 equilibrium were analyzed using the Pearson’s chi-squared test.
345 For the association analysis of SNPs, the following traits were
346 observed: NRR; semen quality traits namely VOL, CONC, MOT
347 and SUVR; and sperm flow cytometry parameters namely PMI,
348 positive acrosomal (PAS) and DFI. Data were analyzed using
349 the GLM. P-values≤ 0.05 were considered as having significant
350 association. All analyses were conducted using the SAS 9.1
351 Package (SAS Inc., NC, USA).

352 Model for NRR (Model I)
353 NRR was calculated by dividing number of cows, which insemi-
354 nated and did not return for another A.I. service (56-days from last
355 service) by number of total inseminated cows. The bull fertility
356 traits were assumed to be normally distributed for each bull. In this
357 association analysis, the genotype variant, breeds and farms were
358 considered as main effects that influence bull fertility:

yijk ¼ �þ GENiþ BRjþ Fkþ GEN �BRð Þijþ GEN � Fð Þik
þ GEN �BR � Fð Þijkþ "ijk

359 where y=Non-return rate; μ= The overall mean; GENi= Effect
360 of the genotype for the gene under investigation for bull i;

361BRj= Effect for the colour of bull (Black or brown) j;
362Fk= Effect of farm for each cow k; (GEN * BR)ij= Interactional
363effect of genotype and the colour of each bull; (GEN * F)
364ik= Interactional effect of bull genotype and farm for each cow;
365(GEN * BR * F)ijk= Interactional effect of genotype and colour
366of bull and farm for each cow; and εijk= Error.

367Model for sperm quality traits (Model II)
368For sperm quality traits, statistical analyses were performed using
369GLM with the main effects of genetic variations and breeds.
370Multiple pair wise comparisons were conducted using the
371Tukey–Kramer test. Differences of P≤ 0.05 were considered as
372significant:

yij ¼ �þ GENiþ BRjþ GEN �BRð Þijþ "ij

373y= Ejaculate volume/ concentration/ motility/ survivability;
374μ= The overall mean; GENi= Effect of the genotype for the gene
375under investigation for bull i; BRj= Effect for the colour of bull
376(Black or brown) j; (GEN * BR)ij= Interactional effect of genotype
377and the colour of each bull; and εij= Error.

378Model for sperm flow cytometric parameters (Model III)
379For sperm flow cytometric parameters, statistical analyses were
380performed using GLM with the main effects of genetic variations,
381breeds and farms. Multiple pairwise comparisons were conducted
382using the Tukey–Kramer test. Differences of P≤ 0.05 were consid-
383ered as significant association. The following model was used:

yijk ¼ �þ GENiþ BRjþ Fkþ GEN �BRð Þijþ GEN � Fð Þik
þ GEN �BR � Fð Þijkþ "ijk

384y= PMI/ PAS/ DFI; μ= The overall mean; GENi= Effect of the
385genotype for the gene under investigation for bull i; BRj = Effect
386for the colour of bull (Black or brown) j; Fk= Effect of farm for
387each bull k; (GEN * BR)ij= Interactional effect of genotype and
388the colour of each bull; (GEN * F)ik= Interactional effect of geno-
389type and the farm of each bull; (GEN * BR * F)ijk= Interactional
390effect of genotype, colour and farm of each bull; and εijk= Error.

391Results

392Transcript profile of oocytes from high versus
393low fertility cows

394To get differentially expressed transcripts with strong confidence,
395P-values (P< 0.05) and FDR< 5%) were together used for genes
396selection cut-off. Data analysis using the R-program package
397revealed, in total, 62 and 69 genes to be differentially expressed
398between oocytes recovered from cows with high versus low fertility
399merit at days 0 and 12 of the estrous cycle, respectively. At day 0,
400there were 32 upregulated and 30 downregulated genes in high com-
401pared with low fertility merit-derived oocytes (Tables 3 and 4).

Figure 1. PCR-RFLP for genotyping of STAT3 (A) and ODC1 (B)
using restriction enzyme.
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Table 3. Genes upregulated in high compared with low fertility merit-derived oocytes at day 0 (N= 18)

Gene name (gene symbol)
Accession no.
in GenBank Fold change Gene function Biological process

Homo sapiens zinc finger protein 91 homolog
(mouse) (ZFP91)

NM_053023 2.8 Zinc ion binding Regulation of
transcription

Bos taurus partial stat3 gene for signal transducer
and activator of transcription 3 (STAT3)

AJ620667 2.1 Signal transducer activity Regulation of
transcription; signal
transduction

Human 2.5 kb mRNA for cytoskeletal tropomyosin
(TPM3)

X04588 2.0 Protein binding Cell motion

Homo sapiens serine/threonine kinase 6 transcript
variant (AURKA)

NM_198435 1.9 Kinase activity; protein
binding

Mitotic cell cycle,
protein phosphorylation

Homo sapiens H3 histone, family 3A mRNA (H3F3A) NM_002107 1.8 DNA binding Nucleosome assembly

Equus caballus partial 18S rRNA gene AJ311673 1.7 Unknown Unknown

Homo sapiens yippee protein (CGI-127), mRNA
(YPEL5)

NM_016061 1.7 Unknown Unknown

TPA: Mus musculus ribosomal DNA, complete
repeating unit

BK000964 1.6 Unknown Unknown

Homo sapiens mRNA differentially expressed in
malignant melanoma

AJ293397 1.6 Unknown Unknown

Bos taurus isolate FL405 mitochondrion, partial
genome

AY308069 1.6 NADH dehydrogenase activity;
oxidoreductase activity

Electron transport

Bos taurus mitochondrial RNA, similar to
12S rRNA, clone: ORCS12350

AB099135 1.6 Oxidoreductase activity Electron transport

Homo sapiens, Similar to SWI/SNF related, matrix
associated, actin (SMARCC1)

BC040242 1.5 DNA binding Chromatin remodelling

Homo sapiens propionyl Coenzyme A carboxylase,
beta polypeptide, mRNA (PCCB)

BC053661 1.5 Propionyl-CoA carboxylase
activity

Unknown

Homo sapiens cell adhesion molecule with
homology to L1CAM (CHL1)

NM_006614 1.5 Protein binding Cell adhesion; signal
transduction

Ovis aries ribosomal protein S25 mRNA, complete
CDS (RPS25)

AY563025 1.4 Structural constituent of
ribosome

Translational elongation

Bos taurus butyrophilin gene, complete CDS AF005497 1.4 Unknown Unknown

Homo sapiens 3 BAC RP11–227H4 (Roswell Park
Cancer Institute Human BAC (GPR15)

AC021660 1.4 Receptor activity Signal transduction

Bos taurus somatotropin receptor gene,
exon 1 and liver-specific

U15731 1.4 Unknown Unknown

Table 4. Genes downregulated in high compared with low fertility merit-derived oocytes at day 0 (N= 24)

Gene name (gene symbol)
Accession no.
in GenBank Fold change Gene function Biological process

Bos taurus ornithine decarboxylase (ODC1), mRNA NM_174130 2.8 Ornithine decarboxylase activity Polyamine biosynthetic

Homo sapiens pituitary tumour-transforming
1 (PTTG1), mRNA

NM_004219 2.1 Protein binding Mitosis, cell cycle

Mus musculus ribosomal protein S20, mRNA (cDNA
clone MGC:7167 (Rps20)

BC011323 2.1 Structural constituent of ribosome,
protein binding

Translational elongation

Homo sapiens protein regulator of cytokinesis 1,
mRNA (cDNA clone (PRC1)

BC003138 2.0 Protein binding Cell cycle, cytokinesis

Bos taurus EF1A mRNA for elongation factor
1 alpha, complete CDS (EEF1A1)

AB060107 1.9 Translation elongation factor activity Translational elongation

Bos taurus DNA for SINE sequence Bov-2 X64125 1.9 Unknown Unknown

Bos taurus ubiquitin-S27a fusion protein mRNA,
complete CDS (RPS27A)

AF058700 1.9 Structural constituent of ribosome Translation

(Continued)
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402 Furthermore, the transcript abundance of 32 genes was overex-
403 pressed, while 37 genes were lower expressed in high compared
404 with low fertility merit-derived oocytes recovered at day 12
405 (Tables 5 and 6).

406 Functional classification of target genes

407 The ontological classification of differentially regulated genes in
408 high versus low fertility merit recovered oocytes were performed
409 using the Gene Ontology Consortium classifications (http://
410 www.geneontology.org), which annotates transcripts in regard to
411 their biological processes and molecular functions. The resulting
412 data were supplemented with additional information from the
413 Centre and CowBase at the AgBase database (www.agbase.
414 msstate.edu). We observed that certain functional annotations
415 were more represented in either high or low fertility merit recov-
416 ered oocytes.
417 Furthermore, several genes were shown not only to be regulated
418 by fertility merit but also by the day of oocyte recovery during the
419 estrous cycle. Signal transducer and activator of transcription 3

420(STAT3) was overexpressed in oocytes recovered from animals
421with high fertility merit at both days 0 and 12. Other genes such
422as PTTG1, MSX, ODC1 and TUBA1C were downregulated at
423day 0 and upregulated at day 12 in high compared with low fertility
424merit recovered oocytes. In contrast, the transcript abundance
425of CH1, ORCS13962 and TPM3 were upregulated at day 0 and
426downregulated at day 12 in high compared with low fertility merit
427recovered oocytes.

428Transcript profile of oocytes from high versus low fertility
429cows at follicular phase

430High fertilitymerit recovered oocytes at day 0were enrichedwith tran-
431scripts regulating transcription (ZFP91), spindle organization and
432biogenesis (AURKA), electron transport (FL405 and ORCS12350),
433chromatin remodelling (SMARCC1) translation (RPS25) and
434G-protein coupled receptor signalling (GPR15). While low genetic
435merit recovered oocytes at the same day overexpressed genes with
436ornithine decarboxylase activity (ODC1), translation (RPS20,
437RPS14 and RPS27A), protein and amino acid phosphorylation

Table 4. (Continued )

Gene name (gene symbol)
Accession no.
in GenBank Fold change Gene function Biological process

Homo sapiens RIO kinase 3 (yeast) (RIOK3),
transcript variant 1, mRNA

NM_003831 1.7 Protein binding, kinase activity Protein phosphorylation

Bovine inorganic pyrophosphatase mRNA
sequence (PPA1)

M95283 1.7 Inorganic diphosphatase activity Phosphate metabolic

Homo sapiens tubulin alpha 6, mRNA (cDNA clone
MGC:19827 (TUBA1C)

BC011790 1.6 Cytoskeleton structure constituent Microtubule-based
movement

Homo sapiens tubulin, alpha, ubiquitous, mRNA
(TUBA1B)

BC009509 1.6 Cytoskeleton structure constituent Microtubule-based
movement

Bos taurus clone rp42–152a4, complete sequence AC096629 1.6 Unknown Unknown

Homo sapiens growth arrest and
DNA-damage-inducible, beta (GADD45B)

NM_015675 1.5 Protein binding Negative regulation of
protein kinase activity,
cell cycle

Bos taurus thymosin beta 4 mRNA, complete
CDS (TMSB4X)

AY192438 1.5 Protein binding Cytoskeleton
organization

Homo sapiens KIAA0893 protein, mRNA (WDR47) BC034964 1.5 Unknown Unknown

Bos taurus mRNA for elongation factor 1 alpha
(EEF1A1)

AJ238405 1.5 Translation elongation factor
activity

Translational elongation

Bos taurus mRNA sequence (CCNB1) L26548 1.5 Protein binding Mitosis, cell cycle

Bos taurus mRNA for similar to ribosomal protein
S14, partial CDS (RPS14)

AB099089 1.5 Structural constituent of
ribosome

Translation

Bos taurus mRNA for lactate dehydrogenase B
(LDH-B gene)

AJ401268 1.5 L-Lactate dehydrogenase activity Carbohydrate metabolic

Bos taurus MSH homeo box homolog 1 (Drosophila)
(MSX1), mRNA

NM_174798 1.5 Transcription factor activity Regulation of
transcription, regulation
of apoptosis

Homo sapiens zinc finger protein 519, mRNA
(ZNF519)

BC024227 1.5 DNA binding, zinc iron binding Regulation of
transcription

Mus musculus RIKEN cDNA 4930438O03 gene
(4930438O03Rik), mRNA

XM_132350 1.5 Unknown Unknown

Sus scrofa proteasome activator subunit 3 (PSME3)
mRNA, complete

AY134854 1.5 Proteasome activator activity Cell cycle, regulation
of apoptosis

Homo sapiens nuclear phosphoprotein similar to
S. cerevisiae PWP1

BC040135 1.5 Transcription factor activity Transcription
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Table 5. Genes upregulated in high compared with low fertility merit-derived oocytes at day 12 (N= 27)

Gene name (gene symbol)
Accession no.
in GenBank Fold change Gene function Biological process

Bos taurus partial stat3 gene for signal transducer
and activator of transcription (STAT3)

AJ620667 3.1 Signal transducer activity Regulation of
transcription; signal
transduction

Homo sapiens pituitary tumour-transforming 1
(PTTG1), mRNA

NM_004219 1.6 Protein binding Mitosis, cell cycle

Homo sapiens mRNA differentially expressed in
malignant melanoma

AJ293408 2.0 Unknown Unknown

Mus musculus 11 days embryo gonad cDNA, RIKEN
full-length

AK078561 1.6 Unknown Unknown

Human DNA sequence from clone RP5–1080B10 on
chromosome 20. Contains

AL096769 1.6 Unknown Unknown

B. taurus DNA for SINE sequence Bov-2 X64125 1.5 Unknown Unknown

Mus musculus calcium/calmodulin-dependent serine
protein kinase, mRNA (CASK)

BC009740 1.9 Protein kinase activity Cell adhesion; regulation
of transcription

Bos taurus ribosomal protein L3 (Rpl3), mRNA NM_174715 1.7 RNA binding, structural
constituent of ribosome

Translational elongation

Homo sapiens keratin 18, mRNA (cDNA clone
MGC:10564 IMAGE:3631540)

BC004253 1.7 Protein binding Cell cycle

Bos taurus MSH homeo box homolog 1 (Drosophila)
(MSX1), mRNA

NM_174798 1.5 Protein binding, transcription
factor activity

Regulation of
transcription

Bovine endozepine (putative ligand of
benzodiazepine receptor)

M15886 1.5 Lipid binding Transport

Homo sapiens lactate dehydrogenase C (LDH-C)
mRNA, complete

AF401096 1.5 L-Lactate dehydrogenase
activity

Carbohydrate metabolic

Homo sapiens protein regulator of cytokinesis 1,
mRNA (PRC1)

BC003138 1.5 Protein binding Cell cycle, cytokinesis

Mus musculus CNR gene for cadherin-related
neuronal receptor, (CNR)

AB114630 1.5 Calcium ion binding; protein
binding

Cell adhesion

Homo sapiens placenta-specific 8 (PLAC8), mRNA NM_016619 1.5 Unknown Unknown

Homo sapiens fasciculation and elongation protein
zeta 2 (zygin II) (FEZ2)

NM_005102 1.5 Protein binding Signal transduction

Homo sapiens putative nuclear protein ORF1-FL49
(C5orf32), mRNA

NM_032412 1.5 Unknown Unknown

PREDICTED: Canis familiaris similar to
Placenta-specific gene 8 (PLAC8),

XM_535633 1.5 Unknown Unknown

Homo sapiens Huntingtin interacting protein K,
mRNA (cDNA clone (HYPK)

BC019262 1.5 Protein binding Unknown

Homo sapiens tubulin alpha 6, mRNA (cDNA clone
MGC:19827 (TUBA1C)

BC011790 1.5 Cytoskeleton structure
constituent

Microtubule-based
movement

Bos taurus ornithine decarboxylase (ODC1), mRNA NM_174130 1.5 Ornithine decarboxylase
activity

Polyamine biosynthetic

Bovine satellite DNA fragment V00121 1.5 Unknown Unknown

Bovine satellite DNA fragment V00132 1.5 Unknown Unknown

Bos taurus ribosomal protein, large P2 (RPLP2),
mRNA

NM_174788 1.5 RNA binding, structural
constituent of ribosome

Translational elongation

Bos taurus NADH dehydrogenase (ubiquinone) 1
alpha subcomplex 4, (NDUFA4)

NM_175820 1.5 NADH dehydrogenase activity Electron transport

Ovis aries glucose transporter type 3 (GLUT-3)
mRNA, complete CDS

L39214 1.4 Glucose transmembrane
transporter activity

Carbohydrate metabolic;
carbohydrate transport

Homo sapiens ATP-binding cassette, sub-family B
(MDR/TAP), member 10 (ABCB10)

NM_012089 1.4 ATP binding Transmembrane
transport
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Table 6. Genes downregulated in high compared with low fertility merit-derived oocytes at day 12 (N= 30)

Gene name (gene symbol)
Accession no.
in GenBank Fold change Gene function Biological process

Homo sapiens cDNA: FLJ21354 fis, clone COL02773
(FAM117B)

AK025007 2.3 Unknown Unknown

Homo sapiens cell adhesion molecule with
homology to L1CAM (CHL1)

NM_006614 2.2 Protein binding Cell adhesion; signal
transduction

Homo sapiens gametogenetin binding protein 2
(GGNBP2)

NM_024835 1.9 Protein binding Cell differentiation

Homo sapiens S100 calcium binding protein A2,
mRNA (S100A2)

BC002829 1.9 Calcium ion binding Endothelial cell
migration

Homo sapiens poly(A) polymerase gamma
(PAPOLG), mRNA

NM_022894 1.7 RNA binding mRNA processing

Homo sapiens neuronal specific transcription factor
DAT1, mRNA (LMO3)

BC026311 1.7 Ion binding Regulation of
transcription

Homo sapiens novel 58.3 KDA protein (LOC91614),
mRNA (DEPDC7)

NM_139160 1.7 GTPase activator activity Intracellular signalling

Bos taurus mitochondrion, complete genome AY526085 1.6 Unknown Unknown

Homo sapiens SRY (sex determining region Y)-box 4
(SOX4), mRNA

NM_003107 1.6 Transcription factor activity Regulation of
transcription

Homo sapiens NANOS1 mRNA, complete CDS
(NANOS1)

AF275269 1.6 RNA binding Regulation of translation

Homo sapiens mastermind-like 1 (Drosophila),
mRNA (MAML1)

BC047937 1.6 Transcription coactivator
activity

Regulation of
transcription

Bovine actin mRNA, 5’ end (ACTG1) K00622 1.6 Nucleotide binding Cell motion

Homo sapiens BAC clone RP11–83B6 from 2,
complete sequence

AC010872 1.6 Unknown Unknown

Homo sapiens chromosome 11, clone RP11–292E14,
complete sequence

AC011088 1.6 Unknown Unknown

Homo sapiens CGI-141 protein (CGI-141), mRNA
(GOLT1B)

NM_016072 1.6 Signal transducer activity Protein transport

Homo sapiens ribosomal protein L11
(RPL11), mRNA

NM_000975 1.6 rRNA binding, structural
constituent of ribosome

Translation

Homo sapiens similar to poly(A) binding
protein-interacting protein 1

XM_371024 1.5 Unknown Unknown

Homo sapiens, clone IMAGE:4428430, mRNA
(PARP12)

BC044660 1.5 Transferase activity Regulation of
transcription

Homo sapiens hematological and neurological
expressed 1, mRNA (HN1)

BC039343 1.5 Unknown Unknown

Homo sapiens dehydrogenase/reductase
(SDR family) member 8, (HSD17B11)

BC016367 1.5 Steroid dehydrogenase activity Steroid biosynthesis

Mus musculus ADP-ribosylation factor 4
mRNA (Arf4)

NM_007479 1.5 GTPase activity; nucleotide
binding

Protein transport,
signal transduction

Bos taurus isolate FL405 mitochondrion, partial
genome

AY308069 1.5 NADH dehydrogenase activity;
oxidoreductase activity

Electron transport

Bos taurus mitochondrial RNA, similar to 16S
rRNA, clone: ORCS13962

AB099150 1.5 Unknown Unknown

Bos taurus zona pellucida glycoprotein 2
(sperm receptor) (ZP2), mRNA

NM_173973 1.5 Acrosin binding; co-receptor
activity

Binding of sperm
to zona pellucida

Bos taurus myogenic factor 5, transcription
activator (MYF5), mRNA

NM_174116 1.5 Transcription factor activity Regulation of
transcription

Homo sapiens discs, large homolog 7 (Drosophila),
mRNA (DLGAP5)

BC010658 1.5 Protein binding Cell cycle, cell–cell
signalling

(Continued)
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438 (RIOK3) microtubule-based movement (TUBA1C and TUBA1B),
439 metabolism (LDH-B) and negative regulation of protein kinase
440 activity (GADD45B).

441 Transcript profile of oocytes from high versus low fertility
442 cows at luteal phase

443 Conversely, genes involved in transcription (CASK), translation
444 (RPL13), signal transduction (FEZ2), cell adhesion (CNR) and
445 transport (GLUT-3 and ABCB10) were overexpressed in high
446 genetic merit recovered oocytes at day 12. Moreover, low genetic
447 merit recovered from oocytes on the same day expressed genes
448 that mainly regulated mRNA processing (PAPOLG), steroid
449 biosynthesis (HSD17B11), protein transport (ARF4), transcription
450 (LMO3 and MYF5) and cell to cell signalling (DLGAP5).

451 Quantitative real-time PCR confirmation

452 Quantitative real-time PCR (q-PCR) analysis was carried out
453 using both amplified and non-amplified RNA of the same
454 samples. In total, 11 differentially expressed genes (ODC1, STAT3,
455 LDH-B, ZFP91, PSME3, TPM3, SMARCC1, UHRF2, PAIP1,
456 KRT18 and S100A2) were selected and quantified using qPCR.
457 The relative abundance of the GAPDH gene was first tested and
458 showed no variability between the samples under investigation.
459 Accordingly, at day 0 of the oestrous cycle, the transcript abundance
460 of five genes out of seven was in accordance with microarray result
461 (Fig. 2). The expression profile of TPM3 and SMARCC1 genes could
462 not be confirmed by qPCR. Similarly, at day 12 of the oestrous cycle,
463 five genes out of seven showed significant differences in gene expres-
464 sion between oocytes derived from high vs. low fertility derived
465 oocytes as observed in array analysis (Fig. 3). The transcript abun-
466 dance forODC1 and S100A2were also confirmed but the differences
467 between the two groups of oocytes were not statistically significant.

468 Association study

469 Polymorphisms in ODC1 and STAT3
470 Two candidate genes (STAT3 and ODC1) were selected for SNP
471 screening. Chi-squared test revealed that ODC1 and STAT3 loci
472 were in Hardy–Weinberg equilibrium in the bull population
473 (Table 7). For ODC1, two polymorphisms were found at position
474 89,914,567 and 89,914,800 in chromosome 11. The former SNP
475 had a transition from adenine (A) to guanine (G) and the later
476 showed a transversion from thymine (T) to adenine (A). These
477 SNPs were confirmed by PCR-RFLP with restriction enzymes
478 SphI and RsaI, respectively. For ODC1 89,914,567, genotyping
479 results showed that among the animals 97 (32.8%) were

Table 6. (Continued )

Gene name (gene symbol)
Accession no.
in GenBank Fold change Gene function Biological process

Human 2.5 kb mRNA for cytoskeletal tropomyosin
TM30 (TPM3)

X04588 1.5 Protein binding Cell motion

Homo sapiens ubiquitin-like, containing PHD and
RING finger domains, (UHRF2)

NM_152896 1.5 Ubiquitin-protein ligase activity Cell cycle, cell
differentiation, protein
autoubiquitination

Homo sapiens polyadenylate binding
protein-interacting protein-1 (PAIP1)

AF013758 1.5 RNA binding; translation activator
activity

Regulation of translation

Bos taurus T cell receptor alpha (TCRA) gene,
J segments and C region

AY227782 1.5 MHC protein binding; receptor
activity

Cellular defence
response

Figure 2. Quantitative real-time PCR validation of seven differentially expressed genes
in oocytes derived from high and low progesterone level at day 0 of the estrous cycle as
identified bymicroarray data analysis. The relative abundance ofmRNA levels represents
the amount of mRNA compared with the calibrator (with the lowest normalized value).
Bars with different superscripts (a, b) are significantly different at P< 0.05.

Figure 3. Quantitative real-time PCR validation of seven differentially expressed genes
in oocytes derived from high and low progesterone level at day 12 of the estrous cycle as
identified bymicroarray data analysis. The relative abundance ofmRNA levels represents
the amount of mRNA compared with the calibrator (with the lowest normalized value).
Bars with different superscripts (a, b) are significantly different at P< 0.05.
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480 homozygous ‘AA’, 157 (53%) were heterozygous ‘AG’ and
481 42 (14.2%) were homozygous ‘GG’. Frequencies of the allele
482 ‘A’ and ‘G’ were 59.3% and 40.7%, respectively. For ODC1
483 89,914,800, genotyping results showed that among animals 283
484 (95.6%) were homozygous ‘AA’ and the heterozygote ‘AT’was rare
485 with only 13(4.4%) frequency in the bull population. Frequencies
486 of the allele ‘A’ and ‘T’were 97.8% and 2.2%, respectively. Details of
487 genotypes and allele frequencies are shown in Table 7.
488 Comparative sequencing revealed six polymorphisms in STAT3
489 at position 43,774,184, 43,774,202, 43,774,208, 43,774,252,
490 43,774,324 and 43,758,551 in chromosome 19. These SNPs were
491 transition from guanine (G) to adenine (A), guanine to adenine,
492 thymine (T) to cytosine (C), guanine to adenine, adenine to gua-
493 nine and guanine to adenine, respectively. Only two of these
494 located at position 43,774,208 and 43,758,551 were confirmed
495 by PCR-RFLP using restriction enzyme Tsp45I and MspI, respec-
496 tively. STAT3 43774108 was found in intron part of the genome.
497 The frequencies of homozygote ‘TT’, ‘CC’ and heterozygote ‘TC’
498 of STAT3 43,774,108 were 14.5%, 43.9% and 41.6%, respectively.
499 The frequency of allele ‘T’ was nearly twice as the frequency of
500 allele ‘C’ (Table 7). Polymorphism of STAT3 43,758,551 was found
501 in the coding region at exon 20. It is a synonymous SNP (silent
502 mutation, CCG→CCA) in which both forms lead to the coding
503 of same amino acid. The frequency of homozygote ‘GG’ was
504 79.4%. However, homozygote ‘AA’ and heterozygote ‘AG’ were
505 rare in the bull population with only 0.7% and 19.9%, respectively
506 (Table 7). Allele ‘G’ of STAT3 43,758,551 was extremely high in
507 allele frequency, nearly 90%. The rest 10% was for allele ‘A’.

508 Association of ODC1 and STAT3 polymorphisms with
509 bull fertility traits

510 Association of polymorphisms with NRR
511 The NRR (%) was calculated by number of non-return cows
512 (56 days last service) divided by number of inseminations.
513 Association of loci ODC1 and STAT3 with NRR was analyzed
514 by using the GLM (Model I). The statistical results were given
515 as least square means and their standard errors. The mean value
516 of these genotype variants were in a very small range, between
517 71.51% and 73.9% within bull population (Table 8). Therefore,
518 it is not surprising that genotype variants of these four SNPs were
519 not associated with NRR.

520 Association of polymorphisms with sperm quality parameters
521 The result (Table 9) revealed that ODC1 and STAT3 were signifi-
522 cantly associated with semen volume per ejaculation (VOL) and
523 sperm concentration (CONC), except sperm concentration in
524 genotype variants of STAT3 43,774,208. For example, heterozygote
525 ‘AT’ of ODC1 89,914,800 was higher in VOL and CONC
526 compared with homozygote ‘AA’. Additionally, STAT3 43,774,208
527 has significant effect on sperm survival rate after thawing (SUVR),

528and STAT3 43,758,551 was highly associated with sperm motility
529(MOT). In bull populations, homozygote ‘CC’ of STAT3 43,774,208
530and heterozygote ‘AG’ of STAT3 43,758,551 were higher in SUVR
531and MOT, respectively.

532Association of polymorphisms with sperm flow cytometry
533parameters
534Effects of ODC1 and STAT3 on sperm flow cytometry parameters
535were performed using the GLM (Model III). Three main effects,
536genotype variants, breeds and farms, were taken into consideration
537in this association analysis.
538The analyzed data (Table 10) revealed that ODC1 and STAT3
539were significantly associated with PMI, PAS and DFI. However,
540no association of STAT3 43,774,208 with PAS was found.
541Accordingly, ODC1 89,914,800 sequence variants were highly
542associated with PMI, PAS and DFI, and their related P-value
543was less than 0.0001. Homozygote ‘AA’ had higher PMI and less
544DNA damage, but was lower in PAS integrity. For STAT3
54543,758,551, genotype ‘AG’ and ‘GG’ had better performance in
546PMI and degree of DNA damage compared with genotype ‘AA’.
547However, genotype ‘AA’ and ‘AG’ were higher in PAS integrity
548compared with genotype ‘GG’.

549Discussion

550The developmental potential of an oocyte is determined by multi-
551factor interactions, and that multiple factors must be considered
552simultaneously to accurately predict its quality (Feng et al.,
5532007). Although there is an increasing interest in identifying

Table 7. Genotype, allele frequencies and the chi-squared test of ODC1 and STAT3 loci

Locus Genotype frequency (%) Allele frequency (%)

Chi-squared test

χ2 P-value

ODC1 89914567 AA 32.8 AG 53 GG 14.2 A, 59.3 G, 40.7 2.8755 0.09

ODC1 89914800 AA, 95.6 AT, 4.4 A, 97.8 T, 2.2 0.0071 0.93

STAT3 43774208 TT, 14.5 TC, 41.6 CC, 43.9 T, 35.3 C, 64.7 2.4096 0.12

STAT3 43758551 AA, 0.7 AG, 19.9 GG, 79.4 A, 10.6 G, 89.4 0.6942 0.40

Table 8. Single nucleotide polymorphisms in ODC1 and STAT3 and their
association with NRR (%)

Locus Genotype LSMean ± SE

ODC1 89914567 AA 72.19 ± 2.09 n.s.

AG 73.59 ± 2.00 n.s.

GG 72.17 ± 2.32 n.s.

ODC1 89914800 AA 73.58 ± 1.79 n.s.

AT 71.72 ± 2.64 n.s.

STAT3 43774208 CC 73.90 ± 2.02 n.s.

TC 72.54 ± 2.08 n.s.

TT 71.51 ± 2.33 n.s.

STAT3 43758551 AA 73.89 ± 5.11 n.s.

AG 71.68 ± 1.42 n.s.

GG 72.38 ± 1.10 n.s.

n.s. No significant difference.

STAT3 as a potential fertility marker of bovine gametes 11



554 markers for oocyte competence, however few studies have reported
555 the influence of genetic merit on oocyte quality. In a large embryo
556 transfer study, the maternal genetic ability to respond to superovu-
557 lation was demonstrated (Govignon et al., 2000) as well as the
558 contribution of recipient cattle to fertility after embryo transfer
559 (McMillan and Donnison, 1999). Tamassia et al. (2003) showed
560 a distinctive variation in number of oocytes recovered by ovum
561 pick-up per cow allowing the classification of some cows as system-
562 atically ‘good’ or ‘bad’ oocyte producers. The same effect was also
563 observed for blastocyst production, with cows showing a pheno-
564 type of ‘good’ or ‘bad’ blastocyst producer. Yang et al. (2008)
565 demonstrated that an individual oocyte donor may have an effect
566 on nuclear transfer efficiency and cloned embryo development
567 in vitro. At this point, it was not possible to identify the origin of
568 this maternal effect as it could be of genetic or nuclear (Watson
569 et al., 1999; Picton, 2001) or cytoplasmic origin (Cummins, 2001;
570 Duranthon and Renard, 2003). Therefore, the current study was
571 performed to get insight into oocyte transcriptome changes between
572 animals with different genetic merit for fertility.

573In this study, progesterone-peak concentration of the females
574used for oocyte retrieval was correlated to the estimated breeding
575value for fertility (EBV-F). The calculation of the EBV-F used
576the non-return percentage at day 56 post insemination, calving
577interval and interval to first insemination as fertility parameters.
578Especially, the first two parameters were positively influenced by
579a high embryo survival rate, and linked to high P4 level. This makes
580sense because reduction in circulating progesterone concentrations
581was likely to be one cause of reduced fertility in lactating dairy
582cows. Progesterone and the overall fertility of the dairy cow have
583been shown to be connected in many different ways. Cows with
584higher progesterone concentrations after insemination have been
585reported to be more fertile (Butler et al., 1996; Stronge et al., 2005;
586Demetrio et al., 2007) and cows with a double ovulation had higher
587progesterone concentrations and tended to be more fertile even
588when used as embryo transfer recipients (Sartori et al., 2006).
589Positive association between milk or plasma P4 concentration
590and embryo survival on days 4–6 of the estrous cycle (Green
591et al., 2005; McNeill et al., 2006) and elevated concentrations of

Table 9. Single nucleotide polymorphisms in ODC1 and STAT3 and their association with sperm quality traits

Locus Genotype

LSMean ± SE

SUVR (%) MOT (%) VOL (ml) CONC (109/ml)

ODC1 89914567 AA 48.13 ± 0.88 n.s. 69.34 ± 0.95 n.s. 4.97 ± 0.28 A 1.54 ± 0.05a

AG 48.83 ± 0.85 n.s. 70.10 ± 0.92 n.s. 4.71 ± 0.28 A 1.59 ± 0.05ab

GG 48.64 ± 0.95 n.s. 70.30 ± 1.02 n.s. 4.01 ± 0.31B 1.62 ± 0.05b

ODC1 89914800 AA 47.81 ± 0.76 n.s. 69.91 ± 0.82 n.s. 3.91 ± 0.25 A 1.43 ± 0.04 A

AT 49.26 ± 1.09 n.s. 69.92 ± 1.18 n.s. 5.22 ± 0.35B 1.74 ± 0.06B

STAT3 43774208 CC 49.24 ± 0.84a 69.94 ± 0.91 n.s. 5.03 ± 0.27 A 1.60 ± 0.05 n.s.

TC 48.77 ± 0.88ab 69.83 ± 0.95 n.s. 4.71 ± 0.28 A 1.60 ± 0.05 n.s.

TT 47.59 ± 0.97b 69.97 ± 1.05 n.s. 3.96 ± 0.31B 1.55 ± 0.05 n.s.

STAT3 43758551 AA 48.98 ± 2.17 n.s. 63.82 ± 2.34 A 3.96 ± 0.70AB 1.79 ± 0.12 A

AG 48.01 ± 0.59 n.s. 73.55 ± 0.64B 4.42 ± 0.19 A 1.56 ± 0.03 A

GG 48.61 ± 0.43 n.s. 72.37 ± 0.47C 5.32 ± 0.14B 1.41 ± 0.02B

a,bP< 0.05; A,BP< 0.0001; n.s. No significant difference.

Table 10. Single nucleotide polymorphisms in ODC1 and STAT3 and their association with sperm flow cytometry parameters

Locus Genotype

LSMean ± SE

PMI PAS DFI

ODC1 89914567 AA 36.19 ± 2.05 A 34.21 ± 1.79 A 7.14 ± 0.33ab

AG 38.69 ± 1.95B 31.37 ± 1.70B 7.08 ± 0.31a

GG 32.18 ± 2.16C 35.52 ± 1.89 A 7.59 ± 0.35b

ODC1 89914800 AA 44.56 ± 1.45 A 28.68 ± 1.27 A 5.33 ± 0.23 A

AT 26.82 ± 3.00B 38.72 ± 2.62B 9.21 ± 0.48B

STAT3 43774208 CC 34.39 ± 1.91a 35.05 ± 1.67 n.s. 6.33 ± 0.31 A

TC 34.34 ± 2.02a 33.46 ± 1.76 n.s. 7.35 ± 0.32B

TT 38.32 ± 2.37b 32.60 ± 2.07 n.s. 8.14 ± 0.38C

STAT3 43758551 AA 28.33 ± 4.14 A 37.80 ± 3.61 A 8.36 ± 0.67a

AG 37.23 ± 1.64B 34.07 ± 1.43 A 6.75 ± 0.26b

GG 41.50 ± 1.40B 29.23 ± 1.22B 6.70 ± 0.23b

a,bP< 0.05; A,BP< 0.0001; n.s. No significant difference.
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592 progesterone during diestrus positively affected pregnancy rate
593 (França et al., 2017). While elevated systemic progesterone from
594 day 3 post-conception was associated with advanced conceptus
595 elongation (Carter et al., 2008). Coordination of progesterone
596 and other regulators (like IFNT, and prostaglandins) control
597 expression of genes involved in embryo-endometrial cross talk,
598 which govern conceptus growth and survival (Spencer et al.,
599 2016). Indeed, embryo development was reduced following inhib-
600 ition of progesterone synthesis by cumulus cells or blocking of
601 nuclear progesterone receptor activity during in vitro maturation,
602 which supported the idea that progesterone has a potential role in
603 determining oocyte quality (Aparicio et al., 2011). Consistent with
604 this idea, the two promising candidate genes (STAT3 and ODC1)
605 detected in this study and linked with oocyte developmental
606 capacity of cows with superior fertility and higher progesterone
607 concentration.
608 STAT3, a member of the signal transducer and activator of
609 transcription (STAT) family was overexpressed in oocytes recov-
610 ered from highly fertile cows with a high progesterone profile at
611 both days 0 and 12. It is not surprising that the STAT3 transcript
612 is the one of our top candidate genes highly expressed in competent
613 oocytes. As we have shown in another study performed in our
614 laboratory, this gene was also overexpressed in developmentally
615 competent oocytes when selected based on BCB staining in bovine
616 (Torner et al., 2008), equine species (Mohammadi-Sangcheshmeh
617 et al., 2011) and a study done in camel by other group (Fathi et al.,
618 2017). Activation of STAT3 induces cumulus expansion and
619 oocytematuration, while inhibitionmarkedly prevented the cumu-
620 lus expansion process (Tscherner et al., 2018). STAT3 transcript
621 abundance revealed an increased expression in MII oocytes com-
622 pared with α-amanitin-treated 8-cell embryos and suggested the
623 essential roles of this gene as transcription factors during embry-
624 onic genome activation and maternal-to-embryonic transition
625 (Misirlioglu et al., 2006). The essential nature of relationships
626 between STAT family and progesterones concerning fertility
627 was illustrated by mouse knockout models, wherein phenotypic
628 changes observed in progesterone-null mice has led to female
629 infertility as observed in mice lacking a functional STAT5 gene
630 (Conneely et al., 2000). Disruption of STAT5 has led to infertility
631 in females as a result of small-size or an absent corpora lutea
632 (Teglund et al., 1998). Because the primary source of progesterone
633 is the corpora lutea of the ovary, lack of development of corpora
634 lutea would have significant effects on the establishment of preg-
635 nancy. Conversely, mice lacking both progesterone isoforms have
636 pleiotropic reproductive abnormalities including an inability to
637 ovulate, uterine hyperplasia and inflammation, and defects in
638 uterine implantation (Lydon et al., 1995). In fact, STAT3-deficient
639 mice die early in embryogenesis, prior to gastrulation (Takeda
640 et al., 1997). A significant reduction in the number of viable fetuses

641on gestational day 18 increased fetal resorptions and disrupted pla-
642cental morphology and were evident causes of the reduced fertility
643of mice (Robker et al., 2014). STAT3 activity was detected during
644early postimplantation development in the mouse, suggesting that
645STAT3 plays a role during early embryogenesis (Duncan et al.
6461997). Truchet et al. (2004) reported that STAT1 and STAT3
647are expressed in mouse oocytes and preimplantation embryos
648and concluded that these two genes might have functional impor-
649tance in early embryonic development because of their roles in the
650cell cycle and apoptosis. In the current study, because of very small
651range of genotype variants within bull population, it was not sur-
652prising that genotype variants of STAT3 SNPs were not associated
653with NRR. However, STAT3 SNP43774208 had a significant effect
654on sperm survival rate after thawing, and STAT3 SNP43758551
655was highly associated with sperm motility. Furthermore, analyzed
656data revealed that STAT3 was significantly associated with PMI
657and PAS except for STAT3 43774208 and DFI. Accordingly, the
658STAT3 43758551, genotype ‘AG’ and ‘GG’ had better performance
659in PMI and a degree of DNA damage compared with genotype
660‘AA’, while, genotype ‘AA’ and ‘AG’ were higher in PAS integrity
661compared with genotype ‘GG’. Similarly, significant association of
662STAT3 SNP25402 with fertilization rate and SNP19069 with early
663embryonic survival in cattle (Khatib et al., 2009)
AQ6

has been revealed.
664The same research group (Khatib et al., 2008, 2009) showed that
665the CC genotype of SNP G/C in exon 8 of bovine STAT5A was also
666associated with higher rates of fertilization and early embryonic
667survival. Relevance to our approach, STAT5A as a member of
668STAT family was identified as candidate gene affecting early
669embryonic survival as well as bull fertility (Khatib et al., 2010).
670A possible role in mitochondrial activity of STAT3 was suggested
671as the mechanism by which this gene modulated sperm functions
672and male fertility (Lachance et al., 2013). From a genome-wide
673association study, STAT1 and STAT3 were identified as strongly
674putative candidate genes affecting age at first calving in Nellore
675cattle (Mota et al., 2017). Collectively, from our results and the
676above-mentioned studies, STAT3 as a member of the STAT family
677could be considered as a candidate gene for oocyte developmental
678potential associated with both female and male bovine fertility.
679ODC1was the second candidate gene upregulated in competent
680oocytes from highly fertile cows at day 12. Localization of ODC1
681in rat oocytes suggested its involvement in maintenance of
682oocyte physiology (Fernandes et al., 2017). Additionally, ODC1
683was among overexpressed transcripts in developmentally com-
684petent bovine (Torner et al., 2008) and equine (Mohammadi-
685Sangcheshmeh et al., 2011) and buffalo (Sadeesh et al., 2017)
686oocytes of BCB model. However, it was not stably overexpressed
687in competent oocytes at both days of estrous cycle, but it rather
688overexpressed at the luteal phase. Stage of estrous cycle and pro-
689gesterone profile could be more influential than quality of the
690oocyte, as evidenced by direct inhibition that produced a marked
691fall in the levels of plasma progesterone at diestrus of mice (Bastida
692et al., 2002). ODC1 was detected as a good oocyte marker in bovine
693and other species. Frogs oocytes injected with antisense morpho-
694lino oligonucleotides that inhibit ODC translation has demon-
695strated an elevation in ROS in ODC-deficient oocytes and the
696majority of embryos exhibited clear fragmentation and died
697shortly afterwards (Zhao et al., 2008). Therefore, ROS suppression
698is a likely mechanism for ODC in promoting cell survival (Zhao
699et al., 2008). Mouse embryos that lack ODC developed normally
700to the blastocyst stage and implant but died shortly thereafter
701(Pendeville et al., 2001). In two studies performed in our labora-
702tory, the ODC1 gene was found to be more abundant in biopsies

Figure 4.AQ5 Semi-quantitative PCR validation of ODC1 and STAT3 genes in bovine pre-
implantation period. Developmental stages is indicated above each lane: immature
oocytes (IMO), matured oocytes (MO), zygote (ZT), two-, four-, eight-, morula (Mor)
and blastocyst (Blst). The fragment size corresponding to each gene indicated in
the right side. RT-PCR was performed using corresponding primers in Table 1 and
Millipore water was negative control and GAPDH as housekeeping gene.
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703 from blastocysts that led to resorption compared with those from
704 calf delivery (El-Sayed et al., 2006). In addition, increased expression
705 ofODC1was also detected in receptive bovine endometrium at day 7
706 and day 14 of the oestrous cycle (Salilew-Wondim et al., 2010).
707 Conversely, the second experiment evidenced that the ODC1 locus
708 was significantly associated with semen quality traits such as volume
709 per ejaculation and sperm concentration. For example, heterozygote
710 ‘AT’ of ODC1 89,914,800 was higher in VOL and CONC com-
711 pared with homozygote ‘AA’. Additionally, ODC1 89,914,800
712 sequence variants were highly associated with PMI, PAS and DFI.
713 Homozygote ‘AA’ had higher PMI and less DNA damage. These
714 results are in agreement with previous reports that demonstrated
715 that ODC is essential for spermatogenesis (Coffino, 2000; Ivanov
716 et al., 2000). Other studies suggested that ODC plays an important
717 role during early spermiogenesis (Alcivar et al., 1989; Kaipia et al.,
718 1990) and stimulation of DNA synthesis of late spermatogonia
719 (Hakovirta et al., 1993). Therefore, the instability of ODC1 expres-
720 sion in this study and its association with sperm quality traits indi-
721 cated that further investigations are needed to shed the light on the
722 actual role that gene could play in bovine gametes.
723 Taken together, the findings of the present study have clearly
724 shown that the transcript abundance of STAT3 gene influenced
725 greatly cow fertility and stage of estrous cycle. Therefore, this gene
726 could be a potential molecular marker of oocyte developmental
727 competence. Furthermore, association of STAT3 and ODC1 var-
728 iants with semen quality indicated that they are also good markers
729 for bull fertility. However, further validation of these data in a large
730 population of bulls is urgently required. Finally, simultaneous
731 selection of superior gametes is a priority for developing a good
732 breeding programme.
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