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Abstract

The morphological assessment of oocytes is important for embryologists to identify and select MII oocytes in IVF/ICSI cycles.
Dysmorphism of oocytes decreases viability and the developmental potential of oocytes as well as the clinical pregnancy
rate. Several reports have suggested that oocytes with a dark zona pellucida (DZP) correlate with the outcome of IVF
treatment. However, the effect of DZP on oocyte quality, fertilization, implantation, and pregnancy outcome were not
investigated in detail. In this study, a retrospective analysis was performed in 268 infertile patients with fallopian tube
obstruction and/or male factor infertility. In 204 of these patients, all oocytes were surrounded by a normal zona pellucida
(NZP, control group), whereas 46 patients were found to have part of their retrieved oocytes enclosed by NZP and the other
by DZP (Group A). In addition, all oocytes enclosed by DZP were retrieved from 18 patients (Group B). No differences were
detected between the control and group A. Compared to the control group, the rates of fertilization, good quality embryos,
implantation and clinical pregnancy were significantly decreased in group B. Furthermore, mitochondria in oocytes with a
DZP in both of the two study groups (A and B) were severely damaged with several ultrastructural alterations, which were
associated with an increased density of the zona pellucida and vacuolization. Briefly, oocytes with a DZP affected the clinical
outcome in IVF/ICSI cycles and appeared to contain more ultrastructural alterations. Thus, DZP could be used as a potential
selective marker for embryologists during daily laboratory work.
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Introduction

A fundamental and important part of daily in-vitro fertilization

(IVF) laboratory work is the morphological assessment of oocytes

and embryos, which guides the identification and selection of MII

oocytes with the potential to develop into good quality embryos

with high implantation potential [1,2]. Dysmorphism of oocytes

and embryos, such as irregular shape [3], dark cytoplasm [4],

refractile bodies [5], a large second polar body [6,7] and large

perivitelline space [1,8–10], affects the viability and developmental

competence of pre-implantation embryos and consequently

increases early pregnancy loss [11–13].

In addition, the morphological appearance and structural

orientation of the zona pellucida (ZP) are predictive of the quality

of the oocytes and embryos. Oocytes with defective ZP are

correlated with decrease rates of blastocysts, implantation, and

clinical pregnancy, and increases in the miscarriage rate [2,14].

Moreover, the density, structure or interaction of the ZP

glycoproteins are correlated with the quality of the follicles and

could be used to predict implantation and miscarriage rates [15].

Taken together, these findings are correlated with the expression

of specific genes in the cumulus-oophorous- complex (COC) [2],

which in infertile mice with defective ZP, are dependent upon the

lack of genes for ZP2 and ZP3 [16,17]. In addition, variation in

the thickness of the zona pellucida has been found to correlate

with fertilization [18,19], embryo quality and implantation rates

[20,21].

In contrast, the dark zona pellucida (DZP), as suggested by

several reports, does not affect the fertilization, embryo quality or

pregnancy rate [1,22,23]. In these studies, a mixture of embryos

surrounded by both a DZP and normal zona pellucida (NZP) was

transferred, which makes it impossible to determine which type of

embryos (with a DZP or NZP) were implanted. In this study, the

patients were divided into two different groups: 1) in the first

group, not all of the oocytes were surrounded with a DZP (Group

A); 2) in the second group, all of the oocytes were surrounded with

a DZP (Group B). Thus, in the second group, only embryos

surrounded with a DZP were transferred, enabling the determi-
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nation of the effect of DZP on fertilization, implantation, embryo

development and pregnancy outcome.

Materials and Methods

Ethics Statement
Patients were recruited among infertile couples seeking IVF/

ICSI treatment at the Center for Reproductive Medicine,

Provincial Hospital, Anhui, between October 2009 to March

2012. A written informed consent was obtained from all

participants involved in the study. This study was performed

according to the Declaration of Helsinki and the Ethics

Committees on Human Research of Anhui Provincial Hospital,

an affiliation of the Anhui Medical University (Approve ID:

2008010602).

Patient Population
This research was a retrospective cohort study. A total of 268

infertile couples (age ,38 years; tubal disorders and/or male

factor) treated with either IVF or ICSI were recruited for the

study. Of these patients, 64 patients were placed into the study

group [41 IVF, 28 ICSI (3 patients with seven cycles) and 58 embryo

transfer cycles; oocytes surrounded by DZP] and 204 patients

[143 IVF, 63 ICSI (2 patient with four cycles) and 180 transfer

cycles] in the control group (oocytes surrounded by NZP). The

patients in the study group were subdivided into two groups

according to the percentage of oocytes surrounded by DZP.

Group A consisted of patients, where part of their oocytes were

surrounded by DZP (33 IVF, 14 ICSI cycles and 38 transfer

cycles), and in group A, the percentage of oocytes with a DZP was

58% on average (max: 78% and min: 17%) in one oocyte pick-up

cycle. Group B consisted of patients, in which all of their oocytes

were surrounded by DZP (8 IVF, 14 ICSI cycles and 20 transfer

cycles). The exclusion criteria were uterine malformations,

chromosomal abnormalities and a poor ovarian response.

Table 1. Basic Patient information.

Parameter Control Group
Partial Oocytes with a DZP
(Group A)

All Oocytes with a DZP
(Group B) P-value

No. of cycles (IVF+ICSI) 206(143+63) 47(33+14) 22(8+14) –

Age (year, mean6sd) 30.2564.05 29.7763.87 31.4564.16 0.268

Infertility factors Tubal disorders and/or male
factor

Tubal disorders and/or male
factor

Tubal disorders and/or male
factor

Duration of infertility (year, mean6sd) 4.5962.84 4.5962.83 5.1162.75 0.708

bFSH (IU/L, mean6sd) 7.2162.37 7.8962.66 7.5662.53 0.21

bLH (IU/L, mean6sd) 4.5662.12 4.2861.91 3.8861.80 0.294

bE2 (pg/ml, mean6sd) 50.16624.23 56.27627.65 50.87627.41 0.352

bPRL (ng/ml, mean6sd) 14.5966.64 15.2665.47 12.1864.77 0.187

bT (nmol/ml, mean6sd) 0.4860.64 0.5160.40 0.4260.21 0.886

Days of ovarian stimulation (mean6sd) 12.9762.41 13.3662.83 12.9561.89 0.584

Total Gn doses(IU/L, mean6sd) 2500.806827.49 2757.456951.99 2676.146716.44 0.137

E2 on HCG day (pg/ml, mean6sd) 2816.5861384.67 3040.3761338.12 2816.5861384.67 0.482

Endometrial thickness on HCG day
(mm, mean6sd)

11.2162.38 11.0561.97 11.1962.40 0.912

No. of transferred embryos/cycle 2.2060.42 2.1960.40 2.1660.50 0.914

P,0.05 was considered statistically significant.
doi:10.1371/journal.pone.0089409.t001

Figure 1. Pregnancy outcome of patients with a normal
(Control), low (Group A) and high (Group B) frequency of
oocytes with a dark zona pellucida. There were no significant
differences between the three groups in terms of miscarriages and live
births. However, the fertilization rates (IVF; 59.4 vs. 76.3%, resp. ICSI 67.7
vs. 82.3%), rate of top quality embryos (51.7 vs. 66.0%), implantation
rates (18.6 vs. 34.5%) and clinical pregnancy rates (25.0 vs. 53.3%) was
significantly different (*: P,0.0167) between the control versus Group
B. The likelihood of the fertilization rate, rate of top quality embryos,
implantation rate, and live birth rate after IVF/ICSI treatment and
specific study factors (Control group, Group A, and Group B) was
presented as the odds ratio with 95% confidence interval (CI). Each bar
represents a 95% CI.
doi:10.1371/journal.pone.0089409.g001
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Stimulation Regimes
For all patients, a long pituitary down-regulation protocol was

used. Briefly, a long-acting gonadotropin-releasing hormone

agonist (GnRH-a, Diphereline; Ipsen Pharma Biotech, Signes,

France) was injected intramuscularly in the mid-luteal phase of the

preceding cycle of gonadotropin (Gn: rFSH, Gonal-F, Merk

Serono SA, Geneva, Switzerland) stimulation. Afterwards, com-

plete pituitary down-regulation injections of r-FSH were initiated.

Human chorionic gonadotropin (HCG, LiZhu Pharma., ZhuHai,

China, 10000 IU) was injected when at least two follicles had

reached 18 mm in diameter or if more than three follicles had

reached 17 mm in diameter. Thirty-six hours later, the hCG

injection oocytes were retrieved via transvaginal aspiration of the

oocytes. The decision on whether IVF or ICSI was to be

performed was determined upon the quality of the semen on the

day of oocyte retrieval.

Sperm Preparation, Insemination Techniques and Control
of Fertilization

The oocytes were cultured together in a large drop of

fertilization medium (William A. COOK Australia Pty. Ltd,

Queensland, Australia) under mineral oil in a 35-mm Petri dish

(Falcon 1008; Becton & Dickinson, Lincoln Park, NJ). The semen

samples were prepared via density gradient centrifugation [24]. If

the number of motile sperm (a+b) in the semen sample was .106
106, then the prepared sperm suspension was used for IVF or ,10

6 106 for ICSI. The oocyte was considered fertilized if a second

polar body was extruded or if two pro-nuclei were observed 16

hours after insemination. Normally fertilized oocytes were

transferred into fresh drops of cleavage medium (William A.

COOK Australia Pty. Ltd., Queensland, Australia).

Evaluation and Selection for Embryo Transfer (ET)
Embryo quality was evaluated between 42–48 hours after

insemination classified according to the following principle: grade1

(even and homogeneous blastomeres without fragmentation

cytoplasmic fragmentation), grade 2 (even and homogeneous

blastomeres with ,20% cytoplasmic fragmentation), grade 3

(uneven and non-homogeneous blastomeres with 20–50% cyto-

plasmic fragmentation), and grade 4 (uneven and non-homoge-

neous blastomeres with .50% cytoplasmic fragmentation).

Embryos grade 1 and 2 were considered good quality embryos

from which 2–3 embryos were selected for trans-abdominal ET

under ultrasound guidance on Day 3. Surplus good quality

Table 2. Number of retrieved and mature oocytes, and fertilization and cleavage rates.

Parameter Control Group
Partial Oocytes with a DZP
(Group A)

All Oocytes with a DZP
(Group B) P-value

Rate of MII oocytes
(%, ICSI cycle)

81.0%(588/726) 80.5%(120/149) 73.7%(90/122) 0.179

Normal fertilization
(2PN) rate (%)

IVF 76.3%(1046/1371) 68.6%(240/350) 59.4%(60/101)* P,0.001

ICSI 82.3%(484/588) 81.6%(98/120) 67.7%(61/90)* P,0.05

Abnormal fertilization rate (%) IVF 2.8%(39/1371) 4.0%(14/350) 4.0%(4/101) 0.242

ICSI 1.0%(4/588) 0 2.2%(2/90) 0.169

Cleavage rate (%) 98.7%(1511/1530) 98.2%(332/338) 97.5%(118/121) 0.442

P,0.05 was considered statistically significant. Control group vs. DZP (Group B); *(P,0.0167).
NOTE: Rate of MII oocytes: MII oocytes/total oocytes in ICSI cycle; Normal fertilization rate: two-pronuclear zygotes (2PNs)/total MII oocytes in ICSI cycle or 2PNs/total
oocytes in IVF cycle; Abnormal fertilization rate: 1PNs+multi-PNs/total MII oocytes in ICSI cycle or 1PNs+multi-PNs/total oocytes in IVF cycle; Cleavage rate: embryos on
the 3rd day of cleavage–stage/total 2PNs; Rate of good quality embryos: good quality embryos/total embryos on the 3rd day; Implantation rate: total number of
gestational sac/total embryos transferred; Clinical pregnancy rate: total number of clinical pregnancy/total transfer cycles; Miscarriage rate: total number of miscarriage/
total number of pregnancy. Live birth rate: total man–time of live baby/total number of pregnancy.
doi:10.1371/journal.pone.0089409.t002

Figure 2. Human mature oocytes with a normal (A) and dark (B) zona pellucida. Scale bar (A, B): 100 mm.
doi:10.1371/journal.pone.0089409.g002
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embryos were vitrified. From the day of oocyte retrieval, the

patient was administered daily intramuscular injections of

progesterone (40 mg) on the initial three days and then

progesterone (60 mg) on the following days (for approximately

three months). Pregnancy was diagnosed using a positive blood test

for hCG at 14 days after embryo transfer. A clinical pregnancy

rate was considered established if a gestational sac with a fetal

heart beat was found via a transvaginal ultrasound four weeks after

the positive pregnancy test. All pregnancies were monitored until

the time of delivery.

Removal of Cumulus Cells and Observation of the ZP
In ICSI cycles, cumulus cells of the corona radiata were

enzymatically removed with 40 IU/ml of hyaluronidase (SAGE In

Vitro Fertilization, Inc. Trumbull, USA) in Hepes-buffered

Gamete Medium (William A. COOK Australia Pty. Ltd.,

Queensland, Australia) using hand-pulled glass denudation

pipettes. After denudation, the oocytes were transferred into a

dish containing fresh Hepes-buffered medium. In IVF cycles,

cumulus cells were removed using hand-pulled glass denudation

pipettes after fertilization for 16–18 hours. Next, their zona

pellucidas (from the ICSI and IVF cycles) were evaluated using an

inverted microscope at 4006magnification.

Evaluation of Oocytes using Transmission Electron
Microscopy (TEM)

A total of twenty mature oocytes were included in this study.

Ten oocytes with a normal zona pellucida (NZP; Control group)

and ten oocytes with a dark zona pellucida (DZP, from Group A

and Group B) were fixed for four hours after egg collection. The

oocytes were fixed and processed for TEM analysis as previously

described by Nottola et al., 2009 [25]. Ultrathin sections (60–

80 nm) were cut using a diamond knife, and the sections were

mounted onto a copper grid and contrasted with saturated uranyl

acetate, followed by lead citrate prior to analysis and imaging

(JEOL-1230 Transmission Electron Microscope).

Statistical Analysis
Statistical analysis was performed using SPSS version 13

statistical software. Continuous data were described as the mean

6 sd and compared using a one-way ANOVA test. The rates were

compared using Chi square and Fisher’s exact test when

appropriate. Differences in P-value ,0.05 were considered to be

statistically significant.

Results

Basic Clinical Information
No significant differences were found between the three groups

in basic patient information (age, duration of infertility), sexual

hormone levels, days of ovarian stimulation, doses of used

gonadotropins, values of E2 and endometrial thickness on the

day of HCG and the number of embryos per ET (Table 1).

Treatment Outcomes
No differences were detected between the Control and Group A

in the percentage of MII oocytes (80.5% vs. 81.0%, in ICSI

cycles), normal fertilization rate (2PN) in IVF or ICSI cycles

(68.6% vs. 76.3% and 81.6% vs. 82.3%, respectively) and cleavage

rate (98.2% vs. 98.7%) (Table 2). A similar pattern was also

detected in the proportion of good quality embryos (64.2% vs.

66.0%), implantation (28.9% vs. 34.5%), clinical pregnancy

(44.7% vs. 53.3%), miscarriage (17.6% vs. 15.6%) and live birth

rates (36.8% vs. 42.7%) (Figure 1).

The rates were significantly lower in Group B compared to

those in the control group of normal fertilization (2PN) in IVF and

ICSI cycles (59.4% vs. 76.3 and 67.7% vs. 82.3%) (Table 2), good

quality embryos (51.7% vs. 66.0%), implantation (18.6 vs. 34.5%)

and clinical pregnancy (25.0% vs. 53.3%) (Figure 1). However,

there were no significant differences between the two groups in the

percentage of MII oocytes (73.7% vs. 81.0%, in ICSI cycles),

cleavage (97.5% vs. 98.7%) (Table 2), miscarriage (17.6% vs.

15.6%) and live birth rates (20.0% vs. 42.7%) (Figure 1).

Micro- and Ultra-structure of Oocytes
Apparent differences were observed in the color of the zona

pellucida (ZP) of oocytes surrounded by a normal (Figure 2A) or

dark ZP (Figure 2B). First, we detected the thickness of the normal

and dark ZP by measurement of the optical microscopy images;

Figure 3. The electron density of normal (A, C) and dark zona
pellucida (B, D). Scale bar (A, B): 1 mm. Scale bar (C, D): 500 nm.
doi:10.1371/journal.pone.0089409.g003

Figure 4. Dense cortical granules (CG) and microvilli (MV) in
oocytes from control and oocytes with a dark zona pellucid. A
rim of electron-dense cortical granules (arrows) was observed just
beneath the oolemma of the MII oocytes with a DZP and MII oocytes in
the control group (B, A). Microvilli are numerous and long on the
oolemma in each group (A, B). MV: microvilli; CG: cortical granules; PVS:
perivitelline space; O: oocyte. Scale bar (A, B): 500 nm.
doi:10.1371/journal.pone.0089409.g004

Dark Zona Pellucida Affect the Clinical Outcome

PLOS ONE | www.plosone.org 4 February 2014 | Volume 9 | Issue 2 | e89409



however, the thickness of the DZP was not increased compared

with the NZP (Supplementary Fig. S1). Ultrastructural analysis

using TEM revealed more closely packed electron-dense fibrillar

materials present in the DZP (Figures 3B and D) compared to the

NZP (Figures 3A and C).

A regular oolemma with numerous microvilli (Figures 4A and B)

and rich peripherally aligned cortical granules in a continuous sub-

oolemmal array were observed (Figures 4A and B). In oocytes with

an NZP, small mitochondria-vesicle (MV) complexes were

detected, and these normal mitochondria were predominantly

spherical to oval in shape and presented an inter-looking

appearance with a dense matrix and a few arch-like cristae, which

were located peripherally or transversely (Fig. 5A). Typical

mitochondria-smooth endoplasmic reticulum (M-SER) aggregates,

in which anastomosing SER tubuli were surrounded by mito-

chondria that appeared abnormal with swollen and blurred shape

in oocytes with a DZP were observed (Fig. 5B and C). However,

the abnormal mitochondria observed in Fig. 5B and 5C appeared

encircling or containing vacuoles, and large cytoplasmic vacuoles,

a sign of early regression, were found in the DZP oocytes (Fig. 5D).

No significant differences were found between the oocytes with

an NZP or DZP in the long or short diameter of the mitochondria

(1.73 vs. 1.62) or in the density of total mitochondria (1.16/mm2 vs.

1.12/mm2) within the cytoplasm (Figures 5F and G). However, the

percentage of abnormal mitochondria significantly increased in

oocytes with a DZP compared to oocytes with an NZP (16.4% vs.

38.7%) (Figure 5E).

Discussion

Irregularities in the composition, thickness or shape of the ZP

have been shown to affect the fertilization, embryo quality and

implantation rates [3,18,20,21,26]. In several previous studies on

oocytes, which were surrounded by a DZP, no negative effects

were found on the outcomes [23,27]. However, in our study, the

DZP was suggested to reflect the quality of the oocytes and the

outcome of IVF/ICSI treatment. This discrepancy in interpreta-

tion could potentially be due to the transfer of a mix of embryos

surrounded by both a DZP and NZP in the latter studies; however,

in our study, we also incorporated couples in which we only

transferred embryos that were surrounded by a DZP.

In group A, a mixture of embryos surrounded by both a dark

and normal ZP was transferred, and there were no effects on the

fertilization and implantation rate as well as the embryo quality,

which were consistent with the outcome obtained in previous

studies. In couples where all of the oocytes were surrounded by a

DZP (Group B), there were no effects on fertilization in the IVF or

the ICSI cycles, whereas the percentage of good quality embryos,

implantation and clinical pregnancy rates were reduced.

Oocytes with a DZP contained abnormal mitochondria and a

large number of vacuoles, whereas the distribution pattern of other

organelles was not affected, such as the microvillus and cortical

granules. Furthermore, normal mitochondria should be round or

oval, containing few peripheral arch-like or transversal cristae and

are usually closely surrounding the smooth endoplasmic reticulum

(SER), whereas the cristae were replaced with mitochondria-

vesicles and cyto-membrane depressions in the abnormal mito-

chondria from oocytes with a DZP. [28–30]. Mitochondria are the

powerhouse of the oocyte [31,32], and their activities are essential

Figure 5. Ultrastructural differences in the mitochondria of
normal versus oocytes with a dark zona pellucida, and the
morphological characteristics and density of mitochondria in
normal versus oocytes with a dark zona pellucida. The arched
cristae were determined using electron microscopy (A). Mitochondrial
cristae had a spherical or oval shape and presented arch-like cristae,
which were located peripherally or transversely (arrows, A). In oocytes
with a DZP, an intimate relationship between the SER and abnormal
mitochondria was observed (arrows, B); numerous abnormal mitochon-
dria with vesicle complexes (C); distribution and density of mitochon-
dria were similar to the control. The whole part of the oolemma was
filled with small and large vacuoles and abnormal mitochondria (arrows,
D). M: Mitochondria; AM: abnormal mitochondria; V: vacuole; V1:
vesicles encircled by flattened mitochondria; SER: smooth endoplasmic
reticulum associated with mitochondria; Scale bar (A, B, C, and D):
500 nm. The rate of abnormal mitochondria was significantly lower in
the control group (16.4 vs. 38.7%) (E). There were no significant
differences between groups with long diameter/short diameter (1.73 vs.
1.62) and the density of mitochondria in each cytoplasm (1.16 vs. 1.12/
mm2) (F and G). Bars indicated the standard deviation (SD) of the mean.
*: compared with the control group, the abnormal mitochondria was

significantly increased (P,0.05) in oocytes with a DZP. Note: Abnormal
mitochondria rate: the number of abnormal mitochondria/total number
of mitochondria; density of mitochondria: number of mitochondria/
mm2.
doi:10.1371/journal.pone.0089409.g005
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for normal oocyte maturation and developmental capacity

[33,34]. Moreover, studies on oocytes surrounded by DZP

demonstrated that defects in the differentiation, morphology and

inadequate redistribution of mitochondria might affect the

metabolic activity of the oocyte, fertilization rate and develop-

mental competency of the embryos [6,29,30,35–37].

Scanning electron microscopy of the ultrastructure of the ZP in

healthy mature human oocytes revealed a large number of

fenestrations, which were formed by networked filaments [38]. In

oocytes surrounded by a DZP, numerous high density materials

were found, which most likely resulted in optical changes and thus

presented a dark appearance in the ZP. Another prominent

characteristic of these oocytes was the high incidence of

vacuolization in their cytoplasm; thus, the DZP appeared to be

correlated to defects within the oocytes. In fact, oocyte cytoplasmic

vacuolization that are associated with the presence of damaged

mitochondria, ruptures in the oolemma, decreased amount of

microvilli, and characteristics of degenerating oocytes have been

reported [39]. In addition, vacuoles are rare in mature and good

quality oocytes, but may be found in cytoplasmically damaged,

early regression, or aging oocytes [40–42]. In summary, the

significantly decreased outcome, cytoplasmic vacuolization and

damaged mitochondria in oocytes with a DZP suggested that the

oocyte quality (such as cytoplasmic damage) was correlated with a

DZP in IVF/ICSI cycles [6,38,40–42].

In this study, the percentage of 2PN was decreased in IVF cycles

(59.4% vs. 76.3%) and ICSI cycles (67.7% vs. 82.3%) in Group B,

which indicated that the increased closely packed electron-dense

fibrillar materials in the DZP might not directly prevent sperm-egg

binding. However, damaged mitochondria and significantly

increased vacuoles have been reported as signs of cytoplasmic

damage in mammalian oocytes [41,42]. Moreover, oocytes with

damaged cytoplasm are associated with decreased oocyte quality,

low embryo development potential, and adverse pregnancy

outcomes [41–45]. Thus, on the basis of the decreased rate of

good quality embryos, implantation and clinical pregnancy rates in

Group B and the ultrastructural analysis of oocytes with a DZP,

we proposed that oocytes with a DZP might contain cytoplasmic

damage, which may be the underlying reason for the decreased

fertilization rate, rather than the denser texture in the DZP, which

directly prevents sperm-egg binding [41,42]. However, a role in

the denser texture of the DZP in preventing sperm penetration at

fertilization should also not be excluded.

In conclusion, oocytes surrounded by a DZP are associated with

a decreased fertilization rate, low rate of good quality embryos,

and adverse pregnancy outcome in IVF/ICSI cycles, as well as

increased abnormal mitochondria and cytoplasmic vacuoles as

detected using ultrastructural analysis. These outcomes suggest

that the DZP could be used a selective marker for embryologists

during daily laboratory work, and thus, we recommend avoiding

the transfer of embryos derived from oocytes with a DZP.

Supporting Information

Figure S1 The thickness of the DZP was not increased
compared with the normal ZP (16.27 vs. 16.97).

(TIF)
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