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The Distribution Characteristics and 
Applications for Maternal Cells on 
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The major components of vitelline membrane (VM) are ovomucin, VM outer (VMO) I and VMO II. At 
present, the distribution pattern of maternal cells on the VM has not been described in detail. In this 
study, the existence and distribution characteristics of maternal cells on VM were observed. There were 
more than 3.2 × 105 somatic cells on VM, which were uneven distributed. The calcein AM/PI staining 
of the maternal cells on the VM showed that the cells’ viability changed with the freshness of the 
eggs, and that the maternal cells gradually underwent apoptosis and became degraded. The results 
of morphology of different tissues indicated that the most of maternal cells on the VM were granulosa 
cells. Moreover, the karyotype of the cultured granulosa cells, which is the main source of cells on 
VM, were identified as the normal diploid karyotype of chicken. Furthermore, the VM DNA extracted 
from chickens and quails, which represent the eggs of different size, was adequate for further genetic 
analysis. The VM DNA was easily accessible and relatively constant, without cross-contamination. 
Therefore, the VM DNA could potentially be applied for the molecular traceability between eggs and 
chickens, and be beneficial in avian ecology research studies.

The components of avian egg are, from the inside to the outside, as follows: egg yolk, vitelline membrane (VM), 
albumen, eggshell membrane, and eggshell. The VM forms the last barrier to microbial infection during embryo 
development, and plays an important role in fertilization. The structure of the VM consists of three layers: the 
inner layer is secreted by the granulosa cells surrounding the oocyte in the follicle before ovulation1, 2, and the mid-
dle and outer layers are both formed in the infundibulum part of the hen’s oviduct. Previous studies have revealed 
that a hen’s VM contains mainly protein compounds (>80%), along with some carbohydrates and lipids3, 4.  
Kido was able to successfully solubilize VM in sodium dodecyl sulfate (SDS), and the results revealed the pres-
ence of three major components (designated GP-I, GP-II, GP-III) which were determined to be glycoprotein at a 
later date5, 6. Along with GP-IV, there are mainly four proteins in the inner layer, and those in the outer layer are 
ovomucin, lysozyme C, lectin, VM outer (VMO) I, and VMO II7.

The traditional protocols of genetic investigations of avian populations requires obtaining the blood and/or 
tissue samples. The majority of avian studies employ the capturing and handling of the young and parents in order 
to draw blood for DNA analysis. Sometimes maternal genotyping requires the collection of contour feathers from 
nests, or the destructive sampling of eggs. In the studies conducted by Egloff, the genomic DNA obtained from 
within eggshell matrices and their corresponding parents verified the presence of maternal DNA in the eggshell 
matrix in 100% of the herring gull nests which were assessed. The use of non-destructive sampling methods to 
collect genetic material from wildlife has allowed researchers to minimize the disturbance8. Gregory Schmaltz 
demonstrated that avian maternal DNA can be isolated in a non-invasive and non-destructive way from the 
external surfaces of eggs. However, these methods are easily confused by contaminations due to the impurities 
found in the environments, and the quantities of the DNA were found to be limited and varied9. Strausberger 
indicated that a single egg could provide both maternal and offspring DNA. The genotypes for three or four 
loci from the embryos and shell samples were also obtained10. Arnold sampled the blastoderm/disc, VM, and a 
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mixture of both. The results indicated that the VM was a considerable source of maternal and most likely paternal 
contamination11.

In this study, the maternal cells on the VM were observed, and the potential source of maternal cells on the 
VM were analyzed in difference tissues. Moreover, the patterns of the cells’ apoptosis with the prolonging of the 
eggs’ storage periods were also described. Using the DNA extracted from the VM, this study built the molecu-
lar traceability between the egg and bird by means of microsatellite genotypes. The method was able to reliably 
acquire the genetic materials from the smaller bird for the taxonomy, ecology, and evolutionary examinations.

Results
General architecture of the VM and maternal cells: TEM. In this study, the TEM images showed two 
structural layers which were separated by continuous membrane (Fig. 1A). The maternal cells with different status 
could be observed on each layer of the VM (Fig. 1B–D).

Maternal cells on the VM: LSCM. A Hoechst 33342 nuclei stain was used to confirm the existent of the 
maternal cells on the VM. The nuclei of the maternal cells of the unfertilized VM fluoresce were found to be as 
bright as the nuclei of the sperm of fertilized VM when examined by LSCM (Fig. 2). The possibility of bacterial 
contamination was excluded by the bacterial gene specific polymerase chain reaction (PCR). The results are not 
shown here, and are available upon request.

Egg quality and maternal cell viability at different storage times. The DNA concentrations on the 
VM of chicken and quail eggs decreased significantly with increasing storage time (P < 0.05). Similar results were 
observed on the HU score of chicken eggs. The results of the live/dead staining of the maternal cells on the VM 

Figure 1. Transmission electron microscopy (TEM) images of the maternal cells on the VM. (A) The typical 
three layers of the VM (×20k). (B) Granulosa cells (arrowhead) on the OVM (×12k). (C) Elongated nuclei 
(arrowhead) stuck between the CM and IVM (×20k). (D) Apoptotic granulosa cells (arrowhead) on the OVM 
(×8k). OVM: outer VM; CM: continuous membrane; IVM: inner VM.
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indicated that almost 50% of the cells were viable at the D1 storage time. The cells gradually underwent apoptosis 
and became degraded with the extensions of storage times (Figs 3 and 4; Table 1). The rate of the live maternal 
cells decreased dramatically after D7. Also, by D21 there were few cells. The success of the PCR amplification of 
the VM samples in the microsatellite genotyping also was found to decline with the decreases of the maternal cells 
as follows: 100% for D1; 84.21% for D7; and 81.58% for D14.

Identification of the follicle granulosa cell, the major maternal cell type on VM at different tissues.  
The gross morphology of the enveloping layers of SYF is illustrated in Fig. 5A. It was a complex layer of connective 
tissue and can be divided into the following: a) The theca externa with lightly stained cells. b) The theca interna 
with densely stained cells. c) The granulosa cells, which were adjacent to the surface of the oocyte, showed the 
deepest stain signal with both HE and Hoechst33342. d) The inner VM without any stain. Figure 5B shows the 
cross-sections of the infundibulum with an elaborate folding of mucosa. The luminal epithelium of the mucosa 
consisted of cilia and very few secreting cells, with less staining by HE and Hoechst33342. The granulosa cells 
cultured in monolayers displayed the typical features of this cell population. As shown in Fig. 5C, cells plated in 
culture dishes grew in tight patches of flattened, slightly rounded, epithelioid-like cells. There were the partial 
apoptotic granulosa cells, which showed changes of apoptosis, including blebbing, cell shrinkage and nuclear 
fragmentation. The cultured granulosa cells showed strong Hoechst33342 stain signals similar to the granulosa 
cells layer of SYF. For the staining results on the VM, the partial apoptotic granulosa cells were observed to have 
uneven distribution (Fig. 5D).

Karyotype analysis of granulosa cells. Karyotype analysis was performed based on the observation of 
metaphase (Fig. 6). There were 39 pairs of chromosomes (2n) in the chicken granulosa cells. Nine pairs of chro-
mosomes, including 8 pairs of larger chromosome and a pair of sex chromosome (ZW), were identified. The other 
30 microchromosomes, which may have been telocentric or acrocentric chromosomes, were hard to distinguish.

Nei standard genetic distances and visualized FCA. Significant genetic differentiations were found 
among four chicken groups that produced completely different colored eggs. Also, the WLA-VM and WLA-B 
showed the closest relationship (Fig. 7; Table 2).

The FCA analysis also revealed the genetic relationship between the suspected individuals (WLA-VM), and 
the VM belonging to the reference population (WLA-B), in terms of the allele frequency. The results were in 
accordance with the Nei standard of genetic distances.

In addition to the microsatellite genotyping, this study also successfully amplified the 5′-end portion of cox1 
gene. It is the standard DNA barcoding region in the mitochondria, and is used to distinguish the related taxa12–14. 
The results are not shown here, and are available upon request.

Discussion
The typical three layers of the VM, along with the maternal cells on them, were observed in this study using 
TEM. The maternal cells may have been granulosa cells, and were located at each layer of the VM. Waclawek and 
Takeuchi found that the inner layer of the VM was secreted by the granulosa cells surrounding the oocyte in the 
follicle before ovulation, while the middle and outer layers were both formed in the infundibulum part of the hen’s 
oviduct1, 2. Taking the tissue structures of the follicle and infundibulum into account, the layer of granulosa cells 
in the follicle was proximally adjacent to the inner layer of the VM. The granulosa cells were the most likely cells 
to be attached to the oocyte when it was released from the follicle in the ovary, according to present and previous 
studies12–14. Madekurozwa previously examined the ultrastructure features of the follicular walls in the developing 

Figure 2. Fluorescent Hoechst 33342 staining of the maternal cells and sperms on the VM. (A) The maternal 
cells on the VM of the unfertilized eggs (×200). (B) The sperms on the VM of the fertilized eggs (×200).
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follicles of sexually immature ostrich15. It was observed that the granulosa cells of Madekurozwa’s research were 
also similar to the present study’s results.

Previous studies have shown that granulosa cells can be identified by the morphology and immunostaining of 
the FSH receptor (FSHR), as the granulosa cells are the only cell type that express FHSR16–21. In order to further 
determine that the granulosa cell is the major maternal cell type attached to the VM, we attempted to use the 
immunohistochemial staining of FSHR to identify the VM granulosa cell22. However, there is no FSHR antibody 

Figure 3. Calcein-AM/PI live/dead staining of the maternal cells on the VM. (A) Maternal cells on the VM at 
the D1 storage time (×200). (B) Maternal cells on the VM at the D7 storage time (×200). (C) Maternal cells on 
the VM at the D14 storage time (×200). (D) Maternal cells on the VM at the D21 storage time (×200). The live 
cells were stained green, and the dead cells were stained red.
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specifically react on avian. To supplement the results, we observed the morphology of the granulosa cells at the 
follicle of the ovary (forming the inner layer of the VM), the luminal epithelium at the infundibulum of the ovi-
duct (forming the middle and outer layers of the VM), the cultured granulosa cells, and the cells on the VM. The 
morphological observations were in accordance with previous studies13, 14, 23. Innate immune functions in hen 
reproductive organs) supported the fact that the maternal cells on the VM were mainly granulosa cells. On the 
other hand, we also attempted to culture the cells on the VM and the granulosa cells of the small yellow follicle 
(6–8 mm in diameter) using the referencing method23. However, the cells on the VM had undergone apoptosis, 
which led the culture into failure, while the granulosa cells of the SYF could be cultured. The karyotype of the 
granulosa cells was in agreement with that observed by K. Ladjali-Mohammedi, who reported 78 chromosomes 
in the chicken, and developed a karyotype for the eight largest chromosomes and the Z and W chromosomes of 
the female birds24.

When the Hoechst 33342 was used to stain the VMs of the unfertilized and fertilized eggs in this study, the 
maternal cells fluoresced as brightly as the sperm on the VMs. In the research conducted by Arnold, it was found 
that the fertile eggs were regularly assigned the incorrect sex with the VM samples, while the unfertilized eggs 
were consistently identified as female. Therefore, it was concluded that the VM was a considerable source of 
maternal contamination11. The present study confirmed that the maternal cells were unevenly distributed, with 
a constant number at different storage times. Although the specific structural features of VMO I can contribute 
to its antimicrobial potential, it is generally known that VM quality can be affected by environmental conditions, 
such as temperature and storage times4, 25. The strength of the VM has been found to decrease during prolonged 
cold storage26. This study’s results renewed the knowledge regarding the VM. The live/dead staining of the mater-
nal cells on the VM by the LSCM showed that the cell viability changed with the freshness of the eggs. The mater-
nal cells were found to gradually undergo apoptosis and become degraded during the present study.

The chicken had 2.5 pg DNA per diploid nucleus27, so there were more than 3.2 × 105 somatic cells on 
each vitelline membrane of chicken egg. Sufficient amounts of DNA from the VM were extracted in this study 
using a standard phenol-chloroform protocol, which could then be amplified for the molecular traceability by 

Figure 4. Changes in the live and dead cells of the total cell amount during the storage times of the unfertilized 
eggs (15 cm2).

Storage 
time 
(Days)

Chicken Quail

DNA 
concentration 
(ng/VM)1

Egg weight 
(g)1

DNA 
concentration 
(ng/VM)1

Haugh 
Unit1

Live cells 
(0.4 mm2)2

Dead cells 
(0.4 mm2)2

Total cells 
(0.4 mm2)2

Egg 
weight 
(g)1

1 56.4 ± 4.8a 749 ± 240a 87.0 ± 5.7a 22.70 ± 12.04a 25.40 ± 9.35b 48.10 ± 9.86a 11.2 ± 1.0a 530 ± 156a

7 54.5 ± 3.9b 529 ± 93b 68.4 ± 6.4b 0.20 ± 0.63b 35.90 ± 12.18a 36.10 ± 12.12b 11.1 ± 1.1a 365 ± 59b

14 54.8 ± 3.9b 535 ± 95b 56.8 ± 8.6c 0.00 ± 0.00b 21.20 ± 5.12b 21.20 ± 5.12c 11.4 ± 1.1a 389 ± 95b

21 54.3 ± 3.9b 549 ± 329b 55.6 ± 8.3c 0.00 ± 0.00b 2.60 ± 1.43c 2.60 ± 1.43d — —

Table 1. Results of the egg quality measurements. 1Thiry eggs were detected in each group; 2The eggs were 
detected in each group. Note that the 10 eggs used for LSCM were not derived from the 30 eggs used for DNA 
concentration and Haugh Unit determination. Means ± SD: the same column without a common superscript 
differ significantly at P < 0.05.
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microsatellite genotyping. The blood samples were the preferred source of DNA, due to the abundant DNA 
they contained. Moreover, there were several other destructive and/or nondestructive choices available, such as 
plucked feathers, buccal swabs, and eggshell swabs8, 28–32. However, all of these methods may have disturbed the 

Figure 5. Histology observation of the follicle, infundibulum, granulosa cells and VM using HE and 
Fluorescent Hoechst 33342 staining. (A) The cross-sections of the enveloping layers of SYF (Φ 6–8 mm,×400). 
TE: theca externa; TI: theca interna; G: granulosa; IVM: inner vitelline membrane. (B) The cross-sections of 
the Infundibulum (×400). LE: luminal epithelium (numerous ciliated cells and very few secretory cells). (C) 
The granulosa cells from SYF after culture for 48 h (×200). The granulosa cells on the left side were directly 
examined without staining. (D) The maternal cell on the VM of 1d unfertilized egg (×200).
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birds, or the amounts of DNA may have been limited and/or cross-contaminated by other birds. Therefore, the 
results of this study could potentially supplement the methods which are currently used in molecular genetics.

On the other hand, the DNA samples obtained from one VM of a fresh chicken egg were sufficient for the 
amplification of 10 microsatellite markers. The WLA-VM was easily distinguished from the WLB-B and RIR-B, 
while the genotypes of the WLA-VM corresponded to those of the WLA-B. Kazuhiro reported a simple and effi-
cient method for the extraction of PCR-amplifiable DNA from chicken eggshells33. This technique was further 
used to discriminate the eggs of Hinai-jidori from those of other chickens. Therefore, based on the above results, 
it could be predicted that the VM DNA could be utilized to validate the labeling of specific eggs in the market.

The DNA samples of the quail egg, which represented the smaller eggs (~10 g), were analyzed at different stor-
age times in the present study. In most cases, a small egg means a proportionately smaller yolk34. The weight of 
the quail egg was one fifth that of the chicken egg, and the proportion of the quail yolk was about 35%. However, 
there were adequate amounts of DNA from the quail VM, 530 ng/VM, for further genetic analysis, which means 
that the present method can also be applied to the smaller eggs laid by other small birds. On the other hand, it 
should also be noted that the quail VM became increasingly fragile with extended storage time and was difficult 
to separate after 14 days of storage at room temperature. Mikail Baylan found significant increases in the pH of 
albumen with extended storage time35. The raised pH caused small abrasions in the VM34.

Figure 6. The karyotype of the cultured granulosa cells.
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In summary, our study renewed the knowledge of the VM, and illustrated the apoptosis of the granulosa cells 
on VM with the storage time. The nuclear DNA could be easily extracted using a conventional phenol-chloroform 
method. The amount of VM DNA allowed researchers to do the further molecular genetic analysis. This method 
was complementary to the present avian sample techniques due to its easy accessibility, relative stability, and near 
absence of cross-contamination.

Methods
Ethics statement. The animal experiments were approved by the Animal Care and Use Committee of China 
Agricultural University, and the experiment was performed according to the regulations and guidelines estab-
lished by this committee.

Poultry eggs. In this study, the White Leghorn chicken eggs were obtained from the Experimental Unit for 
Poultry Genetic Resource and Breeding at China Agricultural University. Laying quail eggs were obtained from 
Hubei Shendan Healthy Food Co., Ltd.

Isolation of the VM for the microscope examination. All the samples for the VM analysis were col-
lected from White Leghorn chickens in the experimental station of the China Agricultural University. The eggs 
were broken, and the yolks were separated from the egg whites. A filter paper disc measuring approximately 2 cm 
in diameter with a hole in the center was placed on the VM to avoid blastodiscs or blastoderm. The filter paper 
was cut along the outline of the disc, which was then carefully taken off the VM and washed in a petri dish using 
a phosphate buffered saline (PBS) solution36.

Transmission electron microscopy (TEM). The VMs of the infertile eggs were fixed in 2.5% glutaralde-
hyde at 4 °C for three hours, and in 1% osmium tetroxide for another two hours. Then, the specimens were rinsed 
three times with PBS, each time for five minutes. The membrane were dehydrated with a series of acetone (30%, 
50%, 70%, 80%, and 100%), embedded in epoxy resin, and sectioned with an ultramicrotome. The specimens 
were stained with 50% uranyl acetate in methanol for five minutes, and then in 0.4% lead citrate in saturated 
NaOH for 10 minutes37. The structure of the VM was then examined by TEM, using a JEOL JEM-1230 (JEOL 
Ltd., Musashino, Akishima, Tokyo, Japan).

Laser scanning confocal microscopy (LSCM) using a Hoechst 33342 DNA stain. For the Olympus 
FluoviewTM FV1000 confocal laser microscope scanning, a Hoechst 33342 DNA stain (Sigma-Aldrich, St. Louis, 
MO, USA; Sigma) was first used to stain the VMs of the fertile eggs and infertile eggs. The VMs were care-
fully transferred to 24-well plates, which contained 450 μL of PBS in each well, with final concentrations of 5 μM 
Hoechst 3334236. The membrane were incubated for 30 minutes at room temperature under dark conditions, and 

Figure 7. Three-dimensional scatter plots for the individuals of the four groups based on the factor 
correspondence analysis (FCA). Each axis represents one principal factor: White block: WLA-VM; Yellow 
block: WLA-B; Gray block: WLB-B; Blue block: RIR-B.

Breed WLA-VM WLA-B WLB-B

WLA-B 0.096

WLB-B 0.412 0.603

RIR-B 2.200 1.356 0.755

Table 2. Matrix of the genetic distances among the four groups. The code letters correspond to the group as 
follows: WLA-VM represents the VM of the White Leghorn stock A; WLA-B represents the blood of the White 
Leghorn stock A; WLB-B is the blood of White Leghorn stock B; and RIR-B indicates the blood of Rhode Island 
Red stock (Fig. 5).
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observed under a fluorescent microscope using the appropriate filters for the Hoechst 33342 excitation and emis-
sion. The results obtained the recognitions of the presence of cells with brightly fluorescing nuclei.

LSCM using Calcein AM/PI. Calcein AM/PI was used to stain the VMs of the eggs at different storage times 
in order to identify the live cells (green) and dead cells (red)38. 40 fresh unfertilized eggs were randomly divided 
into four groups, with 10 eggs per group. These were then stored at 22 °C (with approximately 50% humidity) 
for 1, 7, 14, and 21 days, respectively. The VMs were gently separated and transferred to 24-well plates, which 
contained 300 μL of staining buffer in each well, and 5 μM Live-Dye and 5 μM PI (Live-Dead cell staining kit, 
BioVision, Milpitas, CA, USA). The VM (2 cm × 2 cm) was incubated for 15 minutes at a temperature of 37 °C 
under dark conditions, and observed under an LSCM with band-pass filters. The numbers of live and dead cells 
per 0.4 mm2 at the different storage times were analyzed using a one-way ANOVA with IBM SPSS 21. Then, in 
accordance with the research conducted by Aktan, the surface area of the yolk (approximately 15 cm2), and the 
total numbers of live and dead cells of the entire VM were estimated39.

Histology analysis using HE and Hoechst 33342. The ovary and oviducts were removed from the lay-
ing hens. Then, small yellow follicle (SYF, Φ 6–8 mm) on ovary, infundibulum of the oviduct were fixed in with 4% 
neutral formalin at room temperature for 48 h. Serial tissue sections were cut to 5-μm thickness after embedding 
in paraffin14. The samples of cultured granulosa cells and VM were treated with the method in LSCM part. For 
optical microscope examination using HE staining, each slide was stained with hematoxylin and eosin (H&E) and 
then examined by light microscopy (Olympus BX41, Olympus Optical Co., Tokyo, Japan). And for fluorescence 
observation, dewaxed slides were stained with Hoechst 33342 and examined by Olympus FluoviewTM FV1000 
confocal laser microscope.

Cultivation of chicken granulosa cells. The chickens were euthanized by cervical bleeding 
post-anesthesia. A pool of SYF (Φ 6–8 mm) was sampled, and the granulosa layers were treated using the method 
described by Yanmei Jin23. Granulosa small sheets were incubated in phosphate-buffered saline (Ca2+ and Mg2+ 
free) solution containing 0.2% collagenase (GIBCO BRL). After 20 min of enzyme dissociation at 37 °C, the 
dispersed cell aggregates were collected and washed twice with a fresh medium. The cell number was counted 
with a hemocytometer. The cell viability was always over 90%, as determined by the trypan blue exclusion test. 
The cell suspension was seeded in collagen-treated 96-well culture plates, at a density of 5 × 104/well in 200 μl 
medium supplemented with 0.5% fetal calf serum (FCS, GIBCO BRL). The cells were incubated at 39 °C in a 
water-saturated atmosphere of 95% air and 5% CO2.

Chromosome karyotype analysis of granulosa cells. Chicken metaphase chromosome spreads were 
prepared from 48 h old granulosa cells after treatment with 0.01% colchicine solution. The cells were swollen by 
treatment with hypotonic KCl, fixed in 1:3 acetic acid/methanol, and dropped onto ethanol cleaned slides. The 
slides were allowed to air dry and were stored at ± 20 °C. The chromosomes were stained by immersing the slides 

Loci Primer sequences Chromosome

Annealing 
temperature 
(°C)

Allele size 
(bp)

ADL176
TTCTCCCGTAACACTCGTCA 2 65.0 192

TTGTTGATTCTGGTGGTAGC

ADL181
CAATCTTTTGTGGGGTATGG 2 64.1 178(181)

CCAGTGAAATTCATCCTTTT

ADL0278
TGTCATCCAAGAACAGTGTG 8 62.0 100

CCAGCAGTCTACCTTCCTAT

LEI094
CACAGTGCAGAGTGGTGCGA 4 65.0 188

CAGGATGGCTGTTATGCTTCCA

LEI228
AGCGTACCTGATAATGATGAGC 2 64.1 214

GCTGGGTTATTTCAATATGTGG

LEI0166
TATCCCCTGGCTGGGAGTT 3 60.0 360

CTCCTGCCCTTAGCTACGCA

LEI0258
AGCTGTGCTCAGTCCTCAGTGC 16 64.5 300

CACGCAGCAGAACTTGGTAAGG

MCW67
GAGATGTAGTTGCCACATTCCGAC 10 62.5 180

GCACTACTGTGCTGCAGTTT

MCW183
TGAGATTTACTGGAGCCTGCC 7 64.5 290–311

ATCCCAGTGTCGAGTATCCGA

MCW0330
AATGTTCTCATAGAGTTCCTGC 17 62.5 256–300

TGGACCTCATCAGTCTGACAG

Table 3. Primers, PCR conditions, and allele sizes of each microsatellite.
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for 8–10 min in a 10% Giemsa solution23. The chromosome images were captured on a Nikon E800 microscope 
fitted with a cooled CCD (Penguin 150CL, Pixera). These metaphase images were then analysed with CCD and 
Video Test Karyo version 3.1 software.

Egg quality measurements. In this research study, 120 unfertilized White Leghorn chicken eggs were 
randomly divided into four groups, with 30 eggs per group. These were then stored at 22 °C (with approximately 
50% humidity) for 1, 7, 14, and 21 days, respectively. The weights of the eggs (EW) and the Haugh unit (HU) were 
measured using an Egg Multi Tester EMT-5200. Then, the yolks were individually separated and washed with PBS 
with three repetitions. Each VM was stored in a 1.5 mL tube. The DNA of the VM was extracted using a standard 
phenol-chloroform extraction40. The DNA was re-suspended in 10 μL of TE, and the concentrations were meas-
ured using a NanoDrop ND-2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Meanwhile, 
120 quail eggs were also randomly divided into four groups, and the egg weight and DNA concentration were 
determined as described above. At this point, the data were analyzed using a one-way ANOVA with IBM SPSS 
Version 21.

Microsatellite genotyping for molecular traceability. The VM of the unfertilized eggs from the White 
Leghorn A (WLA-VM, n = 30), and the blood samples of the White Leghorn stock A (WLA-B, n = 30) and Rhode 
Island Red stock (RIR-B, n = 30) were randomly collected from the poultry experimental station of the China 
Agricultural University. The blood samples of the White Leghorn stock B (WLB, n = 30) were collected from the 
poultry performance and quality testing center in Beijing.

Then, 10 microsatellite markers were genotyped41, 42. These microsatellite markers were found to have high 
polymorphisms, with the highest number of alleles. Moreover, these markers were distributed on different link-
age groups. A PCR was performed in 20 μL of reaction system with DNA, Taq DNA polymerase, PCR buffer 
with MgCl2, and primers. Then, the reaction was incubated at 94 °C for five minutes, with 35 cycles of 94 °C for 
30 seconds, 60 to 65 °C (Table 3) for 30 seconds, and 72 °C for 45 seconds, followed by a final extension at 72 °C for 
10 minutes. The PCR products were run in a Perkin-Elmer ABI377 automated sequencer (Applied Biosystems, 
Foster City, CA, USA; AB applied biosystems), and the sizes of the fragments were analyzed using GeneScan 2.0 
(AB applied biosystems).

The Nei standard genetic distances were estimated using a DISPAN package43. A factor correspondence anal-
ysis was performed using the program GENETIX 4.05 in order to detect the population structure based on the 
allele frequencies.

References
 1. Waclawek, M., Foisner, R., Nimpf, J. & Schneider, W. J. The chicken homologue of zona pellucida protein-3 is synthesized by 

granulosa cells. Biol. Reprod. 59, 1230–1239, doi:10.1095/biolreprod59.5.1230 (1998).
 2. Takeuchi, Y. et al. A 42-kDa glycoprotein from chicken egg-envelope, an avian homolog of the ZPC family glycoproteins in 

mammalian Zona pellucida. Its first identification, cDNA cloning and granulosa cell-specific expression. Eur. J. Biochem. 260, 
736–742 (1999).

 3. Trziszka, T. & Smolinska, T. Chemical Characterization of the Vitelline Membrane of Hens Eggs. Food Chem. 8, 61–70, 
doi:10.1016/0308-8146(82)90058-9 (1982).

 4. Guyot, N. et al. Proteomic analysis of egg white heparin-binding proteins: towards the identification of natural antibacterial 
molecules. Sci. Rep. 6, 27974, doi:10.1038/srep27974 (2016).

 5. Kido, S., Janado, M. & Nunoura, H. Macromolecular Components of Vitelline Membrane of Hens Egg. 2. Physicochemical 
Properties of Glycoprotein-1. J. Biochem. 79, 1351–1356 (1976).

 6. Kido, S., Janado, M. & Nunoura, H. Macromolecular Components of Vitelline Membrane of Hens Egg. 3. Physiochemical Properties 
of Glycoprotein-Ii. J. Biochem. 81, 1543–1548 (1977).

 7. Chung, W. H., Lai, K. M. & Hsu, K. C. Comparative study on histological structures of the vitelline membrane of hen and duck egg 
observed by cryo-scanning electron microscopy. J. Agric. Food Chem. 58, 1794–1799, doi:10.1021/jf903924g (2010).

 8. Egloff, C., Labrosse, A., Hebert, C. & Crump, D. A nondestructive method for obtaining maternal DNA from avian eggshells and its 
application to embryonic viability determination in herring gulls (Larus argentatus). Mol. Ecol. Resour. 9, 19–27, 
doi:10.1111/j.1755-0998.2008.02214.x (2009).

 9. Schmaltz, G., Somers, C. M., Sharma, P. & Quinn, J. S. Non-destructive sampling of maternal DNA from the external shell of bird 
eggs. Conserv. Genet. 7, 543–549, doi:10.1007/s10592-005-9065-x (2006).

 10. Strausberger, B. M. & Ashley, M. V. Eggs yield nuclear DNA from egg-laying female cowbirds, their embryos and offspring. Conserv. 
Genet. 2, 385–390, doi:10.1023/A:1012526315617 (2001).

 11. Arnold, K. E., Orr, K. J. & Griffiths, R. Primary sex ratios in birds: problems with molecular sex identification of undeveloped eggs. 
Mol. Ecol. 12, 3451–3458, doi:10.1046/j.1365-294X.2003.02007.x (2003).

 12. Gilbert, A. B., Evans, A. J., Perry, M. M. & Davidson, M. H. A method for separating the granulosa cells, the basal lamina and the 
theca of the preovulatory ovarian follicle of the domestic fowl (Gallus domesticus). J. Reprod. Fertil. 50, 179–181 (1977).

 13. Perry, M. M., Gilbert, A. B. & Evans, A. J. Electron microscope observations on the ovarian follicle of the domestic fowl during the 
rapid growth phase. J. Anat. 125, 481–497 (1978).

 14. Sultana, F., Mao, K. M. & Yoshizaki, N. Possible involvement of a sperm-associated body in the process of fertilization in quail. 
Zoolog. Sci. 21, 851–858, doi:10.2108/zsj.21.851 (2004).

 15. Madekurozwa, M. C. & Kimaro, W. H. Ultrastructural features of the follicular wall in developing follicles of the sexually immature 
ostrich (Struthio camelus). Onderstepoort J. Vet. Res. 73, 199–205 (2006).

 16. Camp, T. A., Rahal, J. O. & Mayo, K. E. Cellular-Localization and Hormonal-Regulation of Follicle-Stimulating-Hormone and 
Luteinizing-Hormone Receptor Messenger-Rnas in the Rat Ovary. Mol. Endocrinol. 5, 1405–1417 (1991).

 17. Tilly, J. L., LaPolt, P. S. & Hsueh, A. J. Hormonal regulation of follicle-stimulating hormone receptor messenger ribonucleic acid 
levels in cultured rat granulosa cells. Endocrinology 130, 1296–1302, doi:10.1210/endo.130.3.1311235 (1992).

 18. Tisdall, D. J., Watanabe, K., Hudson, N. L., Smith, P. & McNatty, K. P. FSH receptor gene expression during ovarian follicle 
development in sheep. J. Mol. Endocrinol. 15, 273–281 (1995).

 19. Zheng, W. X., Magid, M. S., Kramer, E. E. & Chen, Y. T. Follicle-stimulating hormone receptor is expressed in human ovarian surface 
epithelium and fallopian tube. Am. J. Pathol. 148, 47–53 (1996).

 20. Simoni, M., Gromoll, J. & Nieschlag, E. The follicle-stimulating hormone receptor: biochemistry, molecular biology, physiology, and 
pathophysiology. Endocr. Rev. 18, 739–773, doi:10.1210/edrv.18.6.0320 (1997).

http://dx.doi.org/10.1095/biolreprod59.5.1230
http://dx.doi.org/10.1016/0308-8146(82)90058-9
http://dx.doi.org/10.1038/srep27974
http://dx.doi.org/10.1021/jf903924g
http://dx.doi.org/10.1111/j.1755-0998.2008.02214.x
http://dx.doi.org/10.1007/s10592-005-9065-x
http://dx.doi.org/10.1023/A:1012526315617
http://dx.doi.org/10.1046/j.1365-294X.2003.02007.x
http://dx.doi.org/10.2108/zsj.21.851
http://dx.doi.org/10.1210/endo.130.3.1311235
http://dx.doi.org/10.1210/edrv.18.6.0320


www.nature.com/scientificreports/

1 1SCiENtifiC REPORTS | 7: 6626 | DOI:10.1038/s41598-017-06996-1

 21. Kollmann, Z. et al. Anti-Mullerian hormone and progesterone levels produced by granulosa cells are higher when derived from 
natural cycle IVF than from conventional gonadotropin-stimulated IVF. Reprod. Biol. Endocrinol. 13, doi:10.1186/s12958-015-0017-
0 (2015).

 22. BioSciences. Antibodies, https://www.lsbio.com/products/antibodies?q=FSH+Receptor+%2F+FSHR&adid=10103&gclid= 
CKvm9LXaltQCFcUIKgodWBcHjQ (2017).

 23. Jin, Y., Zhang, C., Lin, X. & Zeng, W. Prostaglandin involvement in follicle-stimulating hormone-induced proliferation of granulosa 
cells from chicken prehierarchical follicles. Prostaglandins Other Lipid Mediat. 81, 45–54, doi:10.1016/j.prostaglandins.2006.07.002 
(2006).

 24. Ladjali-Mohammedi, K., Bitgood, J. J., Tixier-Boichard, M. & Ponce De Leon, F. A. International system for standardized avian 
karyotypes (ISSAK): standardized banded karyotypes of the domestic fowl (Gallus domesticus). Cytogenet. Cell Genet. 86, 271-276, 
doi:15318 (1999).

 25. Jones, D. R. & Musgrove, M. T. Effects of extended storage on egg quality factors. Poult. Sci. 84, 1774–1777 (2005).
 26. Jones, D. R. et al. Effects of cryogenic cooling of shell eggs on egg quality. Poult. Sci. 81, 727–733 (2002).
 27. Smith, J. & Burt, D. W. Parameters of the chicken genome (Gallus gallus). Anim. Genet. 29, 290–294 (1998).
 28. Taberlet, P. & Bouvet, J. A Single Plucked Feather as a Source of DNA for Bird Genetic-Studies. Auk 108, 959–960 (1991).
 29. Bello, N., Francino, O. & Sanchez, A. Isolation of genomic DNA from feathers. J. Vet. Diagn. Invest. 13, 162–164 (2001).
 30. Handel, C. M., Pajot, L. M., Talbot, S. L. & Sage, G. K. Use of buccal swabs for sampling DNA from nestling and adult birds. Wildl. 

Soc. Bull. 34, 1094–1100, doi:10.2193/0091-7648(2006)34[1094:Uobsfs]2.0.Co;2 (2006).
 31. Harvey, M. G., Bonter, D. N., Stenzler, L. M. & Lovette, I. J. A comparison of plucked feathers versus blood samples as DNA sources 

for molecular sexing. J. Field Ornithol. 77, 136–140, doi:10.1111/j.1557-9263.2006.00033.x (2006).
 32. Martin-Galvez, D. et al. DNA sampling from eggshell swabbing is widely applicable in wild bird populations as demonstrated in 23 

species. Mol. Ecol. Resour. 11, 481–493, doi:10.1111/j.1755-0998.2010.02953.x (2011).
 33. Rikimaru, K. & Takahashi, H. A simple and efficient method for extraction of PCR-amplifiable DNA from chicken eggshells. Anim. 

Sci. J. 80, 220–223, doi:10.1111/j.1740-0929.2008.00624.x (2009).
 34. Piet, S. Egg Signals. 43–45 (2017).
 35. Baylan, M., Canogullari, S., Ayasan, T. & Copur, G. Effects of dietary selenium source, storage time, and temperature on the quality 

of quail eggs. Biol. Trace Elem. Res. 143, 957–964, doi:10.1007/s12011-010-8912-x (2011).
 36. Aslam, M. A. et al. A reliable method for sexing unincubated bird eggs for studying primary sex ratio. Mol. Ecol. Resour. 12, 421–427, 

doi:10.1111/j.1755-0998.2012.03120.x (2012).
 37. Mineki, M. & Kobayashi, M. Microstructure of yolk from fresh eggs by improved method. J. Food Sci. 62, 757–761, 

doi:10.1111/j.1365-2621.1997.tb15451.x (1997).
 38. Li, X. et al. Spatially Dependent Fluorescent Probe for Detecting Different Situations of Mitochondrial Membrane Potential 

Conveniently and Efficiently. Anal. Chem. 89, 3335–3344, doi:10.1021/acs.analchem.6b03842 (2017).
 39. Aktan, S. Determining storage related egg quality changes via digital image analysis. S. Afr. J. Anim. Sci. 34, 70–74 (2004).
 40. Sambrook, J. & Russell, D. W. Molecular cloning: a laboratory manual. 3rd edn (Cold Spring Harbor Laboratory Press, 2001).
 41. Li, X. Y. Application of microsatellite markers to line identification of egg-type chickens (2003).
 42. Qu, L. J. Studies on molecular genetic diversity of Chinese local chicken breeds (2004).
 43. Nei, M. Estimation of Average Heterozygosity and Genetic Distance from a Small Number of Individuals. Genetics 89, 583–590 

(1978).

Acknowledgements
This study was supported by the Special Fund for Agro-scientific Research in the Public Interest (201303084); the 
National Natural Science Foundation of China (31672408); the China Agriculture Research Systems (CARS-41); 
the Program for Changjiang Scholars and Innovative Research Team in University (IRT_15R62); and the National 
Science & Technology Pillar Program during the 12th Five-year Plan Period (2012BAD39B0401).

Author Contributions
J.X.Z., G.Y.X., and Q.L.L. designed the study. Q.L.L., L.L.L., Y. Z., Y.Y.G., and X.C. performed the laboratory work. 
Q.L.L., W.B.L., and L.X.Z. analyzed the data. Q.L.L. and W.B.L. drafted the manuscript. J.X.Z. and L.X.Z. revised 
the manuscript. All authors have read and approved the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1186/s12958-015-0017-0
http://dx.doi.org/10.1186/s12958-015-0017-0
http://dx.doi.org/10.1016/j.prostaglandins.2006.07.002
http://dx.doi.org/10.1111/j.1557-9263.2006.00033.x
http://dx.doi.org/10.1111/j.1755-0998.2010.02953.x
http://dx.doi.org/10.1111/j.1740-0929.2008.00624.x
http://dx.doi.org/10.1007/s12011-010-8912-x
http://dx.doi.org/10.1111/j.1755-0998.2012.03120.x
http://dx.doi.org/10.1111/j.1365-2621.1997.tb15451.x
http://dx.doi.org/10.1021/acs.analchem.6b03842
http://creativecommons.org/licenses/by/4.0/

	The Distribution Characteristics and Applications for Maternal Cells on Chicken Egg Vitelline Membrane
	Results
	General architecture of the VM and maternal cells: TEM. 
	Maternal cells on the VM: LSCM. 
	Egg quality and maternal cell viability at different storage times. 
	Identification of the follicle granulosa cell, the major maternal cell type on VM at different tissues. 
	Karyotype analysis of granulosa cells. 
	Nei standard genetic distances and visualized FCA. 

	Discussion
	Methods
	Ethics statement. 
	Poultry eggs. 
	Isolation of the VM for the microscope examination. 
	Transmission electron microscopy (TEM). 
	Laser scanning confocal microscopy (LSCM) using a Hoechst 33342 DNA stain. 
	LSCM using Calcein AM/PI. 
	Histology analysis using HE and Hoechst 33342. 
	Cultivation of chicken granulosa cells. 
	Chromosome karyotype analysis of granulosa cells. 
	Egg quality measurements. 
	Microsatellite genotyping for molecular traceability. 

	Acknowledgements
	Figure 1 Transmission electron microscopy (TEM) images of the maternal cells on the VM.
	Figure 2 Fluorescent Hoechst 33342 staining of the maternal cells and sperms on the VM.
	Figure 3 Calcein-AM/PI live/dead staining of the maternal cells on the VM.
	Figure 4 Changes in the live and dead cells of the total cell amount during the storage times of the unfertilized eggs (15 cm2).
	Figure 5 Histology observation of the follicle, infundibulum, granulosa cells and VM using HE and Fluorescent Hoechst 33342 staining.
	Figure 6 The karyotype of the cultured granulosa cells.
	Figure 7 Three-dimensional scatter plots for the individuals of the four groups based on the factor correspondence analysis (FCA).
	Table 1 Results of the egg quality measurements.
	Table 2 Matrix of the genetic distances among the four groups.
	Table 3 Primers, PCR conditions, and allele sizes of each microsatellite.


