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Introduction

Nuclear maturation, from germinal vesicle to metaphase II (MII), serves as the
primary criterion for oocyte maturity and can be confirmed by first polar body
extrusion or chromosomal staining. Although over 90% of bovine immature oocytes
complete nuclear maturation within 24 h of in vitro maturation (IVM), nuclear
maturation speeds (NMS) differ between individual oocytes. Since optimal sperm
penetration was demonstrated to occur 12 h after nuclear maturation, the optimal
fertilization time may vary among oocytes. In this regard, the varying NMS presents a
significant challenge in conventional group culture systems, where all oocytes undergo
fertilization simultaneously, regardless of their maturation status. To address this
limitation, two requirements must be fulfilled: implementation of individual culture
systems and development of non-invasive methods to determine NMS.

Cumulus-oocyte complex (COC) expansion is essential for nuclear maturation.
Based on this biological characteristic, this study proposed two hypotheses. First,
morphological features of COC expansion could serve as indicators for predicting
NMS. Second, extending I[IVM duration could enhance the developmental competence
of oocytes with slow NMS. Therefore, this study aimed to develop NMS prediction
methods to improve the efficiency of bovine in vitro embryo production.

The specific objectives were addressed in three chapters. Chapter 1 focused on
extracting COC morphological features during 18 h of IVM and developing machine




learning models to classify oocytes as Fast (MII achieved) or Slow NMS (MII not
achieved). Chapter 2 investigated the effects of [IVM durations (24, 28, or 32 h) on
oocytes with Fast and Slow NMS predictions, evaluating developmental competence
and embryo quality through analyses of cell numbers and expression levels of
development-related genes. Chapter 3 examined cumulus cells (CCs) after 18 h of IVM
to elucidate mechanisms underlying different NMS and expansion patterns through
quantification of cumulus-expansion-related genes.

Chapter 1: Development of machine learning-based models for predicting NMS in
bovine oocytes

The objective was to establish machine learning models for NMS using
non-invasive indicators during individual IVM of Japanese Black (JB) beef heifer
oocytes. COCs were collected from JB heifer ovarian follicles (2—8 mm diameter).
Individual IVM was performed for either 15 (n=73) or 18 h (n = 149), with COC
images captured at the start and every 3 h from 12 h onward. Following IVM, meiotic
progression was assessed by chromatin staining of oocytes to determine NMS.
Morphological features were extracted from images, analyzing COC area, cumulus
expansion ratio, expansion rate per hour, and expansion pattern. At 15 h of IVM, COC
expansion ratio and rate per hour differed between NMS groups (p < 0.05). However,
predicting nuclear maturation was difficult due to low MII rate (4.1%). At 18 h of IVM,
moderate MII rate (57.0%) was achieved, and differences (p < 0.05) were observed
between expansion patterns with (EWC) or without clusters (EWOC). Therefore,
features during 18 h of IVM were used to develop prediction models using four
machine learning algorithms. Decision tree (DT) and random forest (RF) models
achieved moderate accuracies (DT: 76.5%; RF: 65.8%) with corresponding F-scores
(DT: 0.793; RF: 0.712). Both models demonstrated significant differences in MII rates
after 18 h of IVM between Fast- and Slow-predicted NMS oocytes (p < 0.05),
confirming their ability to distinguish NMS groups.

Models were assessed through maturation at 21 and 24 h of IVM (n = 89),
fertilization dynamics at 3, 6, 9, and 12 h after the start of in vitro fertilization (IVF; n
= 204), and embryo development by cleavage rates at 48 h and blastocyst formation at
168 h after IVF start (n = 115). DT model-predicted Fast NMS oocytes showed a
tendency toward higher MII rates after 21 h of IVM (p = 0.07), while RF
model-predicted Fast NMS oocytes exhibited a tendency toward higher cleavage rates
at 48 h after IVF start (p = 0.08). Fertilization and blastulation were not associated
with NMS predictions.

In conclusion, this study demonstrated the feasibility of using COC
morphological features during IVM as indicators for predicting NMS of bovine
oocytes. While the prediction models showed promising accuracy in distinguishing
Fast and Slow NMS oocytes, subsequent analysis of predicted groups revealed
tendencies toward higher maturation and cleavage rates, although no differences were
observed in fertilization dynamics and blastocyst formation.



Chapter 2: Effects of extended IVM duration on developmental competence and
embryo quality in bovine oocytes with predicted NMS

Based on models from Chapter 1, this study evaluated effects of IVM durations
(24, 28, and 32 h) on developmental competence and embryo quality from predicted
Fast or Slow NMS oocytes. COCs were cultured individually following Chapter 1
protocols. The DT model classified oocytes as Fast or Slow NMS based on
morphological features during 18 h of IVM. COCs were randomly assigned to three
IVM duration groups: 24 (n = 310), 28 (n =201), or 32 h (n = 276), followed by 6 h of
IVF and 186 h of IVC. Developmental competence was evaluated by cleavage rates at
27 and 48 h post-IVF and blastocyst formation at 168 and 192 h post-IVF. First
cleavage was monitored through time-lapse imaging. In Slow NMS oocytes, extending
IVM from 24 to 28 h increased cleavage rates at 27 and 48 h and first cleavage speed
(p <0.01). At 24 h of IVM, Slow NMS oocytes exhibited lower blastocyst rates at 168
and 192 h post-IVF than Fast NMS oocytes (p < 0.05). This difference disappeared
with 28 h of IVM, and Slow NMS oocytes showed a tendency toward increased
blastocyst rates at 192 h compared to 24 h of IVM (p = 0.08).

Embryo quality was evaluated through differential staining of inner cell mass
(ICM) and trophectoderm (TE) cells in day-8 blastocysts (n = 83) and quantitative
RT-PCR analysis of quality-related genes in twelve day-8 blastocysts per group.
Analyzed genes included those for TE differentiation (CDX2 and /FNT), embryo
development (/GFIR), and ICM pluripotency (NANOG, OCT4, and SOX2). Cell
number showed no differences between NMS groups. However, gene expression
analysis showed lower CDX2 expression overall (p < 0.05) and reduced SOX2
expression at 24 h of IVM in Slow NMS group than Fast NMS group. Extended IVM
(28 and 32 h) decreased ICM pluripotency genes (NANOG and OCT4) expression
regardless of NMS classification.

In conclusion, extending IVM to 28 h improved developmental competence of
Slow NMS oocytes, supporting the hypothesis that optimal IVF timing is crucial.
While extended IVM enhanced development rates, it did not improve quality in
embryos derived from Slow NMS oocytes and potentially compromised pluripotency,
regardless of NMS classification.

Chapter 3: Molecular mechanisms underlying NMS variation and CC expansion
patterns during IVM

Based on NMS predictions from Chapter 1, functional differences in CCs could be
identified. COCs with EWC pattern demonstrated highest MII and blastocyst rates,
suggesting expansion patterns influence maturation and developmental outcomes.
Since Slow NMS oocytes displayed larger expansion ratios in Chapter 1, they might
have higher expression of CC expansion-related genes. It was also hypothesized that
elevated hyaluronan synthesis-related gene expression in EWC pattern COCs could
create larger intracellular gaps between CCs. This study aimed to elucidate molecular
mechanisms underlying NMS variation and CC expansion patterns during IVM.

Individually cultured COCs were subjected to CC collection, followed by
chromosomal staining after 18 h of IVM. Samples included EWOC patterns (n = 24; 12



MI, 12 MII) and EWC patterns (n = 12; 5 MI, 7 MII), with NMS variation defined by
whether meiosis had reached MII stage. Quantitative RT-PCR was performed to
evaluate the mRNA expression of genes for expansion regulation (FSHR), hyaluronan
synthesis (HAS2), and extracellular matrix formation (P7TGS2 and TNFAIP6). Lower
HAS2 and TNFAIP6 but higher PTGS2 expression was observed in CC samples with
EWC pattern than in those with EWOC. Gene expression did not differ between NMS
groups. COC area, expansion ratio, and expansion rate per hour after 18 h of IVM
positively correlated with HAS2 and TNFAIP6 expression (p < 0.05).

In conclusion, these findings suggest that distinct expansion patterns arise
through altered expansion-related gene expressions. Although HAS2 and TNFAIP6
expression were associated with COC expansion morphology, they were not correlated
with the NMS of oocytes during IVM, indicating other molecular mechanisms regulate
NMS.

Overall conclusions

1. Machine learning models using COC morphological features during 18 h of IVM
successfully classified NMS, with DT and RF algorithms demonstrating
significant classification performance.

2. Extending IVM from 24 to 28 h improved the fertilization competence of
slow-predicted NMS oocytes through increased cleavage and blastocyst rates,
demonstrating the importance of optimal IVF timing.

3. Extended IVM (28 and 32 h) reduced expression of ICM pluripotency genes
(NANOG and OCT4), regardless of predicted NMS. Additionally, it failed to
improve the quality of embryos derived from slow-predicted NMS oocytes, as
evidenced by reduced CDX2 and SOX2 expression.

4. Lower HAS2 and TNFAIP6 expression but higher PTGS2 expression were
identified in CCs of EWC than EWOC, revealing altered expression of
expansion-related genes between expansion patterns.

5. While HAS2 and TNFAIP6 expression correlated with COC expansion morphology,
they were not associated with meiotic progression, suggesting that other
mechanisms regulate NMS.
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