
 

Ovarian Transplantation in the Domestic Turkey 

  
 
 
 
 
 

by 
 

George Hall 
 
 
 
 

 
A Thesis 

presented to 

The University of Guelph 

 

 

In partial fulfilment of requirements 
for the degree of 

Doctor of Philosophy 

in 

Animal Biosciences 

 

 

Guelph, Ontario, Canada 

© George Hall, October, 2021



 

 

iv 

ABSTRACT  

 

OVARIAN TRANSPLANTATION IN THE DOMESTIC TURKEY 

 

George Hall              Advisor: 

University of Guelph, 2021     Dr. Gregoy Yves Bedecarrats 

 

Over the last 50 years, we have seen a steady decline in the number of turkey breeds and 

lines, and many of the remaining ones are threatened with extinction. The main reason for the loss 

is that many organizations which maintain turkeys are under pressure to reduce costs, and so 

eliminate breeds and lines. Therefore, the solution is to reduce the cost of maintenance by 

switching from a generation-to-generation conservation plan to a biobanking one. To biobank 

turkey genetics there are two options, store primordial germ cells or ovarian tissue with testes with 

or without semen. Since the latter model is more affordable and genetic material more readily 

available, we believe this is the preferred method. As turkey semen biobanking is more advanced 

than ovarian tissue this thesis will be focused on the latter. Unfortunately, to date, fresh turkey 

ovarian tissue has not been proven transplantable, and until this is demonstrated its biobanking is 

merely theoretical. Here, in this thesis, we aim to prove that the tissue can be transplanted.  

The results here show that germ cell nest breakdown in turkeys is delayed by a couple of 

days compared to the domestic chicken and that the follicle pool is established by 5 weeks 

posthatch. Proceeding with this finding we were able to show that the age of ovarian tissue (1 to 

15 days posthatch) does not affect the transplantability, although germ cell morphology was better 

in tissue that was 7 days old, versus the other time points. Meanwhile, for surgical technique, we 

demonstrated that the entire recipient ovary can be removed without affecting the transplant 

attachment rate. Finally, we identified that the cause of ovarian transplantation failure in the 

domestic turkey is lymphocytic infiltration, identified here as acute transplant rejection. This 

infiltration was overcome by using autotransplants, or with the use of cyclosporin A, an 

immunosuppressant.   

In conclusion, this thesis demonstrates successful ovarian transplantation in the domestic 

turkey, for the first time. This achievement sets the stage for future work to produce donor-derived 
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progeny from these transplants, with the eventual goal of producing progeny from biobanked 

turkey ovarian tissue. 
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Figure 5.2 Late-stage apoptosis demonstrated via the TUNEL assay in turkey ovarian tissue (A, 

B, D) and bursa of Fabricius (C). (A) Negative control, with water replacing terminal 

deoxynucleotidyl transferase. (B) Positive control, with ovarian tissue treated with DNase1 before 

the quenching step. (C) Bursa of Fabricius (known apoptotic tissue) saw an increase in TUNEL 

positive cells (arrows) which can be distinguished compared to normal nuclei appearing blue. (D) 

Cultured grafts contain a small number of apoptotic cells (arrow) as most cell nuclei appear blue. 

Scale bars (A-D) 20 µm………………………………………………………………..……………..……78 

 

Figure 5.3 Histological appearance of turkey ovarian tissue preculture, and after culturing in-ovo 

for 6 days. Images of the cortical area from preculture ovarian tissue at 1, 5, 7 and 15 dph are 

shown in A-D. In 1, 5 and 7 dph preculture tissue the cortex is predominately made up of 

prefollicular germ cells, whereas, at 15 dph the cortex is populated with follicles. Images through 

the center of the grafts from 1, 5, 7, and 15 dph + in-ovo are shown in E-H. Arrows indicate large 

blood vessels within the CAM close to the grafts, whereas the arrowheads show lacunar channels 

within the medulla portion of the grafts. In addition, I-L corresponds to higher magnifications of 

the cortex of the grafts (dotted square). In 1 dph + in-ovo (I) the prefollicular germ cells (arrows) 

are still present within the cortex although at a lower number. In 5 dph + in-ovo (J) novel growing 

primordial follicles are now visible within the cortex (arrow) while in 7 dph + in-ovo grafts (K), 

primary follicles can be seen (arrow). Lastly, in 15 dph + in-ovo grafts (L) follicles are present, 

although in lower numbers. Scale bars (A-D) 30 µm, (E-H) 200 µm, (I-L) 20 µm.……..……….....79 

 

Figure 5.4 Prefollicular germ cells in turkey ovarian tissue can grow while cultured in-ovo for 6 

days, however, follicles do not. Prefollicular germ cell (A), and follicle (B) diameters within 
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cultured ovaries (black), were compared to fresh ovaries (grey). With fresh ovaries being defined 

as preculture (grey bar to the left) or in-vivo (grey bar to the right), based on their relative age. 

For 5 and 7 dph + in-ovo grafts prefollicular germ cells grew based on the significant increase in 

size compared to their preculture counterparts (5 and 7 dph). There was no difference in follicle 

diameter within grafted ovaries compared to their preculture counterparts. Therefore, 5, 7 and 11 

dph + in-ovo grafts had smaller follicles compared to their in-vivo counterparts (11, 13 and 17 

dph). Data are means ± SEM of n=4 (*P £ 0.05).………………………………………….……..…….80 

 

Figure 5.5 The donor age affects the outcome of prefollicular germ cell and follicle densities after 

culturing turkey ovarian tissue in-ovo. Prefollicular germ cell (A), and follicle (B) densities within 

cultured ovaries (black) were compared to fresh ovaries (grey). Fresh ovaries are defined as 

preculture (grey bar to the left) or in-vivo (grey bar to the right), based on their relative age. The 

density of prefollicular germ cells within 1 dph + in-ovo grafts, was lower compared to its in-vivo 

counterpart (7 dph). Whereas 7 dph + in-ovo grafts had a four-fold difference in its numerical 

value compared to its in-vivo counterpart. For follicles within 5 and 7 dph + in-ovo grafts, there 

was an increase in their densities compared to their preculture counterparts. However, 11 and 15 

dph + in-ovo grafts saw no change or a decrease compared to their in-vivo counterparts. Data 

are means ± SEM of n=4 (*P £ 0.05).……………………………………………………………………81 

 

Figure 6.1 Ovarian transplantation in the domestic turkey. (A) The poult was first anaesthetised 

and placed in the supine position, the abdominal feathers were removed by an electric shaver, (B) 

an incision was made through the abdominal skin and muscle wall to expose the internal viscera 

(C). The liver (arrow), and gizzard (arrowhead), are visible. (D) The yolk sac was removed from 

the abdomen, then the connection between the yolk sac and small intestine (arrow) was ligated 

and cut to allow for the yolk sac to be detached. (E) The entry point above the ovary is located 

between the gizzard and liver, once pushed aside, the left abdominal air sac (arrow) and left 

posterior thoracic air sac (arrowhead) can be viewed. The most ventral portion of the left 

abdominal air sac membrane is then torn open, leaving the left posterior thoracic air sac 

(arrowhead) intact (F). (G) The dorsal portion of the abdominal air sac can then be grasped, and 

fully or partly torn open depending on the surgery group. (H) The ovary (arrow), and mesonephros 

kidney (arrowhead), can be seen clearly. (I) A small portion of the ovary can be gripped with 
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forceps and removed (J). (K) When the ovary is removed, the adrenal glands (arrow) can be viewed 

with the mesonephros kidney (arrowhead) still being present. (L) The transplants (arrows) are 

then laid orthotopically, after which the abdominal viscera are pushed back into place, and the 

opening is sutured closed. The poult depicted in these images was euthanized beforehand, live 

animals were not used in this figure. Scale bars (A-D) 1.0 cm, (E-L) 2.0 

mm………………………………………………………………………………………………….…..……98 

 

Figure 6.2 Representative day-old turkey ovary. (A) Gross anatomical perspective. (B) 

Histological perspective. The ovary ligament (arrow) is located in the center portion (C), allowing 

the left (L) and right (R) sides to be removed individually, without causing the remaining portions 

to detach. Scale bars 1 mm…………….…………………………………………………………..………99 

 

Figure 6.3 Gross anatomy of transplants and surgical controls 6 days post-surgery. (A), (B) 

Surgical control ovaries showing clear signs of damage along the sides (arrow heads), where 

portions were removed. (C) Entire ovary removal, the asterisk designates prior location. (D – F) 

Identified transplants (arrows). Scale bars 1.0 mm…………………………………………...………100 

 

Figure 6.4 Histological images of transplants and remnant recipient tissue. (A) Cross section of 

two transplants (asterisk) with 66% of the recipient ovary still being present (arrowheads). The 

cortex and medulla of the recipient tissue can still be seen, whereas the transplants are heavily 

infiltrated by coalescing inflammatory foci (asterisks). (B – D) Correspond to higher 

magnifications of the dotted squares. (B) The remnant recipient ovary cortex appears normal with 

prefollicular germ cells (arrowheads), and immature granulosa cells situated around the 

prefollicular germ cells. (C) The inflammatory foci appear predominantly composed of 

lymphocytes (small cells, high nuclear/cytoplasm ratio, with a round nucleus, and dispersed 

chromatin with one prominent central nucleolus). (D) Primary follicle found in the centre of a 

transplant. (E) Corresponds to higher magnifications of the dotted squares showing a prefollicular 

germ cell in the centre of a transplant surrounded by apparent lymphocytes. (F) Full cross section 

of the transplant in a 100% ovary removal recipient, many fibers connective cells can be seen in 

the top right-hand corner. Scale bars (A), (F) 300 µm, (B – E) 20 µm………….…………….……101 
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Figure 6.5 T and B cell infiltration of the allotransplants. (A) Shows two transplants (asterisk) 

above the remnant recipient ovary (arrows). (B) and (C) show the same segment after 

immunohistochemistry for CD3 and MUM-1 respectively. The areas positive for CD3 and MUM-

1 display as brown, whereas the counterstain is seen as blue. (D – G) Correspond to higher 

magnifications of the dotted squares. (D) Shows most of the cells within the transplant are T 

lymphocytes (arrows) while (E) shows very few T lymphocytes within the remnant recipient tissue. 

(F) shows B lymphocytes (arrows) present in the transplant while (G) highlights the minimal 

amount of B cells within the remnant recipient tissue. Scale bars (A – C, E, G, I) 500 µm, (D, F, 

H, J) 20 µm………………………………………………………………………..………………….……102 

 

Figure 7.1 After 6 days post-surgery there were high levels of T cells within the transplants for all 

treatment groups, compared to the unoperated and autotransplant groups; there was also an 

increase in B cells but not to the same degree. The (white bars) show the percent of CD3 

immunostained cyclopsam within the transplants, this was used to estimate the amount of T cells, 

whereas the (black bars) show the percent of PAX5 immunostained nuclei, used to estimate the 

number of B cells. The unoperated tissue was collected from birds at 8 dph. For the 

autotransplants, the tissue was collect at 6 days post-surgery, which meant the recipient was 8 dph 

as well. The same can be said with respect to ages for the other treatments which were all 

allotransplants and show the age of the tissue when it was transplanted (2 vs. 9 dph), the time the 

tissue spent in holding media (15 vs. 60 mins), and the temperature of the media (RT vs. 4oC). Data 

are means ± SEM of n = 5, P £ 0.05. A-Bmeans for percent of CD3 with no common superscript 

differs significantly. a-bmeans for percent of PAX5 with no common superscript differs 
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Figure 7.2 The weight of ovarian transplants 14 days post-surgery varied based on the 

immunosuppressive treatment. The 8 dph fresh tissue (white bar) represents the size of the two 

pieces of ovarian grafts when transplantation occurred, all other weights (grey bars) indicate the 

transplant size after the 14 days. The transplants within birds treated with CsA did not increase in 

weight during the 14 days, whereas the unsuppressed, MFM, and CY treated birds saw their 

ovaries increase in weight. * Indicates the treatment where 50 mg/kg/day of cyclosporin A was 
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started the pre-surgery. Data are means ± SEM of n = 3 to 5, P £ 0.05.  a-dMeans with no common 

superscript differ significantly.……………………………..…………………………………….……..129 

 

Figure 7.3 After 14 days post-surgery there were high levels of T cells within the unsuppressed, 

MFM, CY, and CsA 12.5 mg/kg/day treatment groups, compared to the unoperated and CsA 25 

and 50 mg/kg/day groups. The only difference between the T and B cell levels was that in the CY 

treatment there were low levels of B cells. The (white bars) show the percent of CD3 

immunostained cyclopsam, this was used to estimate the amount of T cells, whereas the (black 

bars) show the percent of PAX5 immunostained nuclei, used to estimate the number of B cells. The 

unoperated tissue was collected from birds at 16 dph. For all other treatments, the tissue was 
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CHAPTER ONE: Introduction 

Over the last century the agricultural sector as a whole, and the poultry industry, in 

particular, has undergone a massive revolution with the transition from small hobby farms to large 

commercial operations. This transition required the development of high-performance commercial 

poultry breeds and lines at the expense of local and heritage breeds. Rightly so, as these 

commercial breeds have the capability to keep up with the consumers’ demand for more affordable 

products. This resulted in local and heritage breeds, which were the founders of these high-

performance commercial lines, to either become extinct or must be maintained by hobby farms 

and fanciers (Semik and Krawczyk, 2011). Unfortunately, with the increase in urbanization and 

reduction in hobby farms and fanciers, there has been a steady decline in the number of local and 

heritage breeds, along with their population sizes (FAO, 2015). The loss of breeds and species is 

not a calamity, on its own, in fact, it is quite natural since the world has seen five mass extinction 

events, with a potential sixth one occurring presently, in the case of the natural world (Barnosky 

et al., 2011). Unfortunately, the loss of genetics may impact the ability of the industry to respond 

to unforeseen challenges. As Joni Mitchell (Canadian singer-songwriter) stated in her 1970 single, 

big yellow taxi, “you don’t know what you got till it’s gone”, we just don’t know at this moment 

if these heritages breeds possess genetics, which could be beneficial for the future. For example, 

the Chantecler chicken which was developed in Canada around the 1930s as a multipurpose bird, 

hardy in cool climates. How could this breed help the commercial industry today? If energy costs 

continue to rise, pressure will be put on poultry farmers with respect to heating costs. To lower the 

amount of energy required during the winter to heat barns, the poultry industry could produce a 

chicken that tolerates cooler climates, this could be developed through their normal genetic 

selection processes. However, if the Chantecler was used, either for identifying or introducing 

genes into a current high-performance line, a cool climate commercial bird might be produced 

faster. In addition, if the consumer’s mindset changes to one that favors slow-growing heritage 

breeds, that are viewed as more ‘natural’, we will once again turn to these breeds to produce the 

products that consumers demand. Therefore, it is vital that we maintain these heritage breeds, and 

their potentially valuable genetics and phenotypic traits. 

 To that end, shortly after the beginning of the agricultural revolution, science started to 

look for a means of preserving genetics, and agricultural animals. This culminated in the creation 

of cryopreservation techniques, which store genetic material at low temperatures. After storage, 
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the genetic material can be thawed and used to reconstitute a line or breed. In fact, the first 

agricultural genetic material that was ever proven to be viable after freezing was semen from a 

rooster (Polge, 1951). Since this discovery, many industries have adopted and benefitted from 

semen cryopreservation. This is particularly true for the dairy industry, as genetics through biobank 

distribution is now available and shared worldwide. This allows for greater dissemination of semen 

and genetics without having to move live animals (Blackburn, 2018). In fact, early samples stored 

in the United States Department of Agriculture biobank in Colorado were used in the early 2000s 

to reintroduce Y chromosomes, which were thought to have been lost, increasing the biodiversity 

within the Holstein population (Dechow et al., 2020). On the other hand, for some species the 

success rate prevented adoption. This is the case for poultry, even though the first semen to ever 

be successfully frozen was from a rooster, the success rates to date is still too low to warrant routine 

commercial use. To complicate things further for the poultry industry other biological materials 

which can be routinely used for mammalian biobanking (e.g., oocytes, and embryos) cannot be 

cryopreserved for poultry, due to biological limitations (Fulton, 2006; Johnson and Woods, 2007). 

However, recent advances in primordial germ cell and gonadal tissue biobanking work in poultry 

have provided a possible alternative, although these alternatives still need further research to 

establish more robust biobanking protocols. With primordial germ cell work not only can they be 

used to store genetic material, but they can also be easily manipulated allowing for genetic 

modifications (Taylor et al., 2017). On the other end, gonadal tissues can be collected affordably 

at any age, greatly improving the range of potential donors (Liu et al., 2015). Therefore, gonadal 

tissue presents many advantages for the preservation of threatened heritage breeds, which is the 

long-term objective of this thesis. In principle, gonadal tissue is kept frozen in a biobank and then 

warmed and transplanted into a recipient (Liu et al., 2013). The recipient matures and then 

produces donor-derived progeny, reviving the breed. However, the first step is to ensure that fresh 

gonadal tissue can be transplanted and used to produce offspring. Since to date successful 

transplantation of ovarian tissue could not be demonstrated in turkeys (Hall, 2015), this dissertation 

intends to identify the causes of failure and develop a step-by-step protocol for the transplantation 

of ovarian tissue. 

 Findings presented in this Ph.D. thesis stand as the first step to developing a successful 

biobanking protocol for turkey ovarian tissues, with the long-term aim of developing a robust 

platform to biobank valuable genetic biodiversity. 
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CHAPTER TWO: Literature Review 

 

2.1 The State of Poultry Populations 

2.1.1 World perspective 

The Food and Agriculture Organization (FAO) of the United Nations 2007 and 2015 

reports on the world’s animal genetic recourses are the most comprehensive reports to date on the 

state of living poultry populations, with the next report expected out in 2023. Based on the 2015 

report, there are roughly 17 domesticated avian species with approximately 2,625 breeds (Table 

1.1). The number of known and recognized breeds increased by 655, between the two reports, with 

a majority of those being chicken breeds. This is not surprising, since chicken breeds make up 

65.9% of all poultry breeds. Between these two reports, there was a 1% increase in poultry 

extinctions, while the percentage of breeds facing some form of risk (critical to endangered and 

maintained) decreased. There was also a decrease in the percentage of breeds not facing a risk. 

However, the percent of breeds with unknown population statuses increased by 25%, this is a 

dramatic increase, which should be taken into consideration. If we assume that data collection was 

random and that the ratio of extinct, at risk, and not at-risk breeds are similar in the breeds with 

unknown populations statues, then the unknown numbers could be removed, and the percent of 

threatened species recalculated. If breeds with an unknown status are omitted, the percentage of 

breeds at risk increased from 52% (2007) to 58% (2015). Therefore, contrary to the previous 

statement, it is possible that between 2007 and 2015 the number of poultry breeds at risk increased 

and suggests that just short of two-thirds of poultry breeds might be at risk.  

2.1.2 The state of the domestic turkey population, with a focus on Canada 

As of 2015, there were 117 recognized turkey breeds in the world (FAO). With the 

following risk statuses: 2 extinct, 2 critical, 3 endangered, 3 endangered maintained, 10 not at risk, 

and finally and maybe most troubling 97 with an unknown status. Some of these breeds can be 

further subdivided into lines, which are not unique breeds but may have unique traits and can be 

grouped under two main types, commercial and specialty lines. Commercial lines are used by the 

poultry industry as high-performance strains which typically have a fast growth curve, a larger 

breast muscle, and can no longer mate naturally due to their increased size. On the other hand, 

specialized lines are defined as ones that have a single gene mutation, or a specific phenotype, 

these are usually used in a research setting, either within the industry or academic setting. The rest 
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of these breeds would be defined as heritage breeds, which in contrast to the commercial lines, are 

defined by the “American Livestock Breeds Conservancy” as being able to mate naturally in the 

same manner as their wild counterparts and have an increased life expectancy of around 5 to 7 

years. 

2.1.2.1 Commercial lines 

There are currently two main poultry companies supplying most of the developed world’s 

commercial turkeys, these two companies are Hybrid Turkeys (part of Hendrix Genetics) and 

Aviagen Turkeys (part of Aviagen). With these two companies controlling the vast majority of 

commercial turkey genetics. Hybrid turkeys have six broad-breasted white turkey lines: Hybrid 

Grade Maker, Hybrid Optima, Hybrid Converter, Hybrid Converter EU, Hybrid ConverterNOVO, 

and MiniCLASSIC, for large commercial operations. It also has a selection of bronze- and black-

feathered birds which have a more traditional taste and slower growth curve: MiniBRONZE, 

Cartier, Artisan, and Orlopp Bronze. Finally, it maintains one original French breed the Rouge des 

Ardennes which sports a rare red feathering and has a slow growth curve. On the other hand, 

Aviagen turkeys have five broad-breasted white turkey lines: Nicholas select, B.U.T. 6, B.U.T. 

premium, White turkey, and the Sonoma valley classic. They also have a bronze and black 

feathered line distributed by the valley of the moon turkey’s subsidiary.  

2.1.2.2 Speciality lines 

Obtaining information on turkey research lines is challenging since many institutes are 

cautious about broadcasting the special use of poultry lines for research. If Canada is any indication 

of the broader trend, then it appears as though we are seeing a steady decline in the number of 

research lines as between 1984 and 1998, the number of research lines maintained in Canada fell 

from 6 to 2 lines (Pisenti et al., 1999) and as of 2015 there are no research lines being maintained 

in Canadian institution (Dr. Schwean-ladner, personal communication). 

2.1.2.3 Heritage breeds 

To get a clearer idea of the status of heritage breeds, it seems wise to look at the numbers 

of these breeds in Canada and the United States, since North America has 33% of the world’s 

population of domesticated turkeys (FAO, 2015), and has more accurate population data sets. In 

the United States, the 2021 Livestock Conservancy Group Priority List includes 12 turkey breeds 

with varying population statuses. For example, with fewer than 500 breeding birds in the United 

States and an estimated global population of less than 1,000, the Beltsville Small White fits the 
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criteria for critical breed status. There are also three breeds listed as threatened (defined as 1,000 

breeding birds in the United States, and an estimated global population of less than 5,000): the 

Black, Royal Palm, and White Holland, breeds. Furthermore, eight breeds are designated as under 

“watch” with fewer than 5,000 breeding birds in the United States and an estimated global 

population of less than 10,000. These are: the Bourbon Red, Bronze, Narragansett, Slate, 

Chocolate, Jersey Buff, Lavender, and Midget White breeds.   

On the Canadian side, the Heritage Livestock Canada group collected data on the 

populations’ size for the domestic turkey (2012). Nine breeds with varying population sizes were 

listed as “Critical” with less than 100 individuals (Beltsville Small White, Ridley Bronze), 

“Endangered” with 100-499 individuals (Broad Breasted Bronze – naturally mating, Narragansett, 

Standard Bronze), “Vulnerable” with 500-999 individuals (Bourbon Red), and “At Risk” with 

1000 + individuals (Norfolk Black, Spanish). The Ridley Bronze, designated as Critical, is the 

only Canadian commercial turkey breed. It was developed in the 1940s by the Ridley family 

(Saskatchewan) as a hardy meat turkey line able to reproduce naturally and survive the harsh 

Canadian climate. As production systems evolved, this line has now become a heritage breed. 

Based on three surveys, 250 breeding Ridley bronze females were recorded in 2015 in Canada. 

2.2 The Importance of Biodiversity 

Biodiversity refers to the biological variation in genetics, species, or biospheres; higher 

variation in these three areas indicates greater biodiversity, genetic biodiversity increases with 

genetic mutations and chromosomal recombination, from generation to generation, this can also 

decrease if alleles are lost (Notter, 1999). Maintaining or increasing the genetic biodiversity of a 

species increases the likely hood that it will have the genetic potential to adapt to future challenges 

(Hutter, 2002). This concept is part of “The Origin of Species”, the greater variance (in the 

supposed alleles) the greater the potential of the species to survive (Darwin, 1859). This means 

that a population with a wide variance in alleles has the potential to produce offspring with a 

variety of different phenotypic traits; this allows the population to adapt better to changing 

conditions. Variability has historically been measured by phenotypic differences (e.g., feather 

color), but with recent developments, it is now possible to look more closely at genotypic 

differences in the form of microsatellite or SNP profiles (Andersson, 2001). With this information, 

more suitable decisions can be made to manage and protect the most genetically valuable or 

vulnerable populations within a species or breed. These innovations can gather and store more data 
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and more appropriately analyze the genetic makeup of a population, meaning that we can better 

assess the genetic diversity within a species or breed, and protect ones with greater biodiversity. 

However, this is not what the agricultural system requires; instead, a uniformed production of 

offspring over generations is favored. For instance, uniformity in broilers allows for easier and 

more efficient processing. This selection pressure can result in loss of diversity and eventually 

inbreeding (Notter, 1999). Although inbreeding congers up a negative connotation, if the 

homozygous form is not lethal and benefits the organism, it can be desirable. However, this also 

resulted in many commercial agricultural breeds displaying reduced genetic biodiversity compared 

to their heritage or wild counterparts. As mentioned above, lack of genetic diversity may impair 

the ability of the animal to respond and adapt to unforeseen challenges, including health related 

challenges. One good indicator of genetic biodiversity is the number of local breeds, with a local 

breed only occurring in one region or country (FAO, 2007; 2015). However, with globalization 

there comes a greater amalgamation and hybridization between local breeds, this inevitably 

reduces the perceived genetic biodiversity. Additionally, as globalization continues to remove 

borders, it is becoming increasingly challenging to hold specific countries, governments, and 

industries responsible for maintaining sufficient biodiversity within a specific species (Fulton, 

2006). Due to the fact that each agency believes the other is responsible or sufficiently maintaining 

the biodiversity. 

2.3 Poultry Conservation Strategies, Living Populations 

 The most basic form of poultry conservation is living populations, where genes are passed 

onto the progeny generation after generation. There are two main hurdles to this form of 

conservation the first is biological risk and the second is an economic risk. Examples of biological 

risk are the transmission of biohazardous pathogens between individuals and genetic challenges 

such as inbreeding when population size and variability decrease. To protect a population from 

biohazardous pathogen risk, captive populations such as commercial poultry lines are kept in 

multiple locations for biosecurity. On the other hand, economic risk can take the form of budget 

cuts, lack of commercial relevance, or human pandemic shutdowns. To overcome the risk from 

pandemics commercial populations can be kept in several countries, which means that if one 

border is shut down business can continue without the risk of importation challenges (Fulton, 

2006).  
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 However, separating individuals from the main population into satellite groups may impact 

genetic diversity depending on the size of the group and origin of the founders which can result in 

unwanted founder effects and genetic drift (Kimura and Otha, 1971; Chakraborty and Deka, 2002). 

The founder effect results from the limited alleles which are present within the individuals selected 

to start the new population (lack of diversity). With too few individuals, the new population will 

not accurately represent the original diversity. It is therefore vital to ensure accurate representation 

of alleles in the new population, which requires a stringent breeding program not easy to implement 

in poultry heritage breeds. If genetic diversity is not passed on to the next generation, genetic drift 

will occur, resulting in the divergence of the new population further away from the genetic make-

up of the original population allele frequency. 

The maintenance of the living population is the most expensive method of conservation 

and the most labor-intensive. Hence, it is at the mercy of available funding and is generally the 

source of increasing pressure to terminate populations. However, increasing funding is not a 

guaranty to avoid possible loss of diversity from genetic drift and the founder effect (Blackburn, 

2006; Fulton, 2006; Silversides et al., 2012). 

2.4 Poultry Conservation Strategies, Biobanking using Cells and Tissue 

In general, there are many types of cells and tissue that can be used to biobank animal 

genetics. Somatic cells can be used for cloning and nuclear transfer whereas germ cells (either 

primordial or mature) can be used for artificial reproductive techniques. Tissues that hold germ 

cells (gonadal), can also be stored, along with early embryonic stages. Unfortunately, in birds, 

oocytes and embryos cannot be biobanked as avian oocytes are two big and yolk laden, impairing 

cryopreservation (Fulton, 2006), and avian embryos cannot be separated from the yolk sac since 

they develop as open cells. Open cells mean that, unlike mammals, the avian zygote goes through 

partial asynchronous cleavage (Patterson, 1910; Kochav et al., 1980) on the surface of the yolk sac 

(Eyal-Giladi and Kochav, 1976). Thus, the avian zygotic cells are defined as being open 

blastomeres (Kochav et al., 1980), as they are in cytoplasmic contact with the yolk sac. Separating 

the embryo from the yolk sac would therefore disturb the axis of symmetry rendering the embryo 

nonviable (Johnson and Woods, 2007). Due to these limitations, the only cells, and tissues suitable 

for biobanking avian species are primordial germ cells (PGCs), gonadal tissue, and semen. In the 

next few sections, PGCs, gonadal tissue, and semen development will be discussed along with 

their biobanking procedures.  
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2.4.1 Primordial germ cell development 

Not all cells within an individual can produce offspring, and the cells that are, are called 

germ cells. These cells are specified and sequestered early during embryonic development (PGCs) 

and will become the gametes capable of producing offspring during an individual’s entire lifespan. 

In birds, PGCs originate within the upper cell layer of the central disc portion of the blastoderm, 

also known as the epiblast (Ginsburg & Eyal-Giladi, 1987; Urven et al., 1988) from stage IX to 

XII (< 18 hrs) of embryo development (ED). Following the specification, the roughly 150 PGC 

present (Karagenc et al., 1996) then migrate from extraembryonic structures toward the developing 

gonadal ridge. First from the epiblast to the hypoblast and mesoblast, around the time of 

gastrulation and primitive streak formation, PGCs then migrate towards the germinal crescent. 

During the 10th stage (33 – 38 hrs of ED), PGCs leave the germinal crescent and circulate through 

the developing blood vessels of the embryo. At this stage, PGCs are larger than erythrocytes 

(Kuwana, 1993), and become mitotically active as their numbers increase rapidly to 300-500 while 

migrating. PGCs first arrive at the primitive gonadal ridge, also known as the gonadal anlage at 

the 15th stage (2.5 days of ED). The majority of PGCs then exit the circulation by extravasation in 

response to chemotactic signals to enter the gonadal ridge between the 15th and 18th stage (2.5 – 

3.5 days of ED). Once in the gonadal ridge, PGCs are known as gonocytes, marking the start of 

the gonadal developmental. 

2.4.2 Primordial germ cell biobanking 

The biobanking of PGCs can be broken down into seven steps: collection, in-vitro 

propagation, cryopreservation (addition of cryoprotectant agent [CPA]), warming, in-vitro 

culturing, injection, and detection, and finally the production of donor-derived offspring. The 

collection of PGCs centers around one extremely advantageous biological feature, and that is that 

PGCs migrate from the yolk sac through the circulatory system to the gonadal ridge (Meyer, 1964), 

unlike mammalian PGCs which migrate through the hindgut (Kanamori et al., 2019). For PGC 

collection it is key that embryonic stages are correctly determined, this cannot be accurately judged 

based on the initiation of incubation. Instead, embryos must be identified visually to determine the 

correct stage, this can be done more efficiently via ex-ovo culturing, although remaining in an 

eggshell that has been windowed is also common. Based on the peak of PGCs in the embryonic 

blood between the 14th and 16th stage of embryonic development (Petitte, 2006), collection usually 

occurs between the 12th to 18th stage (2.5-3.5 days of embryo development). Once the blood has 
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been collected it is key to isolate the PGCs. PGCs can be isolated via ficoll density gradient 

centrifugation, immunomagnetic cell sorting, fluorescence-activated cell sorting, ammonium 

chloride-potassium lysis, and Nycodenz density gradient centrifugation (Wade et al., 2014; 

Nakamura et al., 2010). Once isolated it is important to identify PGCs, this can be done via 

morphological assessments, but this method only identifies putative PGCs. To identify PGCs 

definitively, cell markers must be used, in the case of turkeys, an immunohistochemistry (IHC) 

protocol looking for anti-OLP-1 is sufficient to identify PGCs. If an IHC protocol isn’t available 

a PAS stain can be used because PGCs are glycogen rich.  

One of the challenges of using PGCs to biobank avian species is the limited number that 

can be isolated per embryo. Therefore, in-vitro culturing techniques were established to expand 

cell numbers before cryopreservation. It is now possible to expand 150-200 PGCs collected from 

an embryo to a population of more than 50,000 cells over 4 weeks (Woodcock et al., 2019). These 

cultured PGCs can still migrate to the gonadal ridge upon reintroduction into an embryo at the 

correct biological age (Macdonald et al., 2010), demonstrating that migratory ability is not lost, 

after in-vitro culturing.  

For cryopreserving PGCs, the most common procedure involves a slow-freezing approach 

(-1oC/min) with 10% dimethyl sulfoxide (DMSO) which allows for a recovery rate of about 50% 

and a viability post-warming of around 85% (Nakamura, 2016). This technique has been used to 

preserve many poultry species including the domestic turkey (Wade et al., 2014) and rare poultry 

breeds such as the Gifujidori fowl (Nakamura et al., 2010). PGCs are warmed at 37oC and 

subsequently cultured in-vitro to allow for the identification of healthy living PGCs which can 

then be transplanted into host embryos (Nandi et al., 2016). PGCs are injected into the dorsal aorta 

of embryos around 2.5 to 3.4 days of embryo development. The PGCs will then migrate to the 

recipient’s gonadal ridge (Simkiss et al., 1989). Interestingly, migration of PGCs does not appear 

to be specific upon taxonomy of the species, seen when kingfisher, lorikeet, and swan PGCs were 

transferred into a chicken embryo, they were able to migrate to the gonadal ridge, although in a 

low number, and successful propagation past the 34-36 stage of embryo development wasn’t 

evaluated (Imus et al., 2014).  

One additional challenge is that the host’s PGCs can out-compete the settlement of donor 

PGCs. This can be overcome by using hosts with naturally low levels of circulating PGCs 

(Nakamura et al., 2010). However, hosts can also be chemically sterilized or through high doses 
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of irradiation, prior to donor PGC introduction (Kagami et al., 1997; Liu et al., 2017a). Finally, 

one of the most recent ways of eliminating the host’s PGCs was accomplished by creating sterile 

hens (Woodcock et al., 2019). The sterile hens were created by disrupting the DDX4 gene, located 

on the Z sex chromosome, females with DDX4 Z- mutations experience ovarian atrophy and do 

not produce eggs (Taylor et al., 2017). After transplantation, PGCs can be visualized in the gonadal 

ridge, demonstrating successful migration is advantageous. One common technique is the use of 

GFP+ PGCs to track their migration (Macdonald et al., 2010).  

When successfully performed, the recipients are classified as germline chimeras with germ 

cells from two individuals, if the embryos were not sterilized beforehand (Tajima et al., 1993). 

When germline chimeras are crossed, the resulting progeny are pure recipient, hybrid, and most 

importantly pure donor-derived progeny. Germline chimeras have been created from blastoderm 

cells, germinal crescent PGCs, bloodstream PGCs (already mentioned above), and gonadal PGCs 

(Petitte et a., 1990; Tajima et al., 1998; Wade et al., 2014), with all but bloodstream PGCs requiring 

the sacrifice of the embryo. However, even the techniques which don’t require embryo sacrifice 

still have a high embryo mortality rate. For example, when PGCs were collected from the 

bloodstream of Gifujidori fowl embryos, only 25% of the embryos survived to hatch (Nakamura 

et al., 2010). Based on the high embryo mortality rate after PGC collection, PGC biobanking may 

not always be an option for endangered species. This would also be the case for heritage poultry 

breeds. 

In commercial lines, this isn’t a problem, as embryos are readily available. The biggest 

challenge for depositing PGCs into biobanks is the cost of cell collection and culture, which 

requires specialized equipment and highly qualified personnel. Once the costs are reduced, this 

technique will likely be used routinely as its biggest advantage is the option to manipulate genes 

in vitro (gene editing/transgenic), and then expand cell lines via culturing (Taylor et al., 2017). 

This allows for the rapid development of genetically modified embryos.  

2.4.3 Gonad development 

2.4.3.1 Embryonic development  

 Following the colonization of the gonadal ridge by PGCs, the gonads develop and 

differentiate which offers the possibility for gonadal biobanking to be discussed later in this 

review. At the beginning of gonadal development, the gonocytes have a characteristically large 

cytoplasm and a spherical or ovoid nucleus which takes an eccentric position within the cell with 
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proportionately less chromatin than the surrounding somatic cells (Hughes, 1963). The cytoplasm 

also has numerous lipid droplets, and well-defined mitochondria and endoplasmic reticulum 

(Kuwana, 1993).  

The genital ridge forms at the coelomic angle, between the somatopleure and 

splanchnopleure, caudal to the vitelline artery (Ukeshima et al., 1987). The vitelline artery is the 

main artery branching out from the center of the embryo along the vitelline membrane of the yolk 

sac. Thickening of the genital ridge occurs due to the proliferation of the coelomic epithelium 

(future germinal epithelium) and settlement of the gonocytes (Intarapat & Satayalai, 2014). At this 

stage, gonocytes are found in both the right and left genital ridges, in equal numbers in the case of 

the quail. The developing gonadal ridge will eventually separate from the mesonephros, but not 

before the development of the primary sex cords (Carlon et al., 1983). The primary sex cords will 

give rise to the seminiferous tubules in the testes (Bellairs & Osmond, 2005). In mammals, these 

primary sex cords disappear in the ovary, whereas in the avian ovary, these cords will become the 

lacunar channels of the medulla. The sex cord growth forces the genital ridges to further bulge into 

the coelomic cavity. 

Within the future testes, the seminiferous cords remain as cords for the meantime, with 

only gonocytes and no lumen (Intarapat and Satayalai, 2014). However, later, Sertoli cells will 

differentiate within the seminiferous cords, while Leydig cells appear in between cords. At this 

point, the lumen will develop, and the cords are now called seminiferous tubules (Gonzalez-Moran 

et al., 2008). One major difference between the testicular and ovarian development in poultry is 

that both (right and left) testes develop (although the right one tends to be on the smaller side) 

while only the left ovary develops (Gonzalez-Moran et al., 2008; Gonzalez-Moran, 2011). Since 

testicular development subsides until puberty and the initiation of spermatogenesis, the rest of this 

section will focus on the embryonic development of the ovary. 

Within the future cortex portion of the ovary, between the medulla and germinal 

epithelium, the secondary sex cords start to develop (Intarapat & Satayalai, 2014) with the 

proliferation of epithelial cells to form multiple layers of columnar cells, which appear as a 

thickened germinal epithelium. The secondary sex cords also known as the ovigerous cords 

originate from the proliferating germinal epithelium. These ovigerous cord cells will become the 

future granulosa cells, once they have surrounded oocytes later in development (Mohamed et al., 

2017). As the secondary sex cords develop, they become lobe-like structures that appear to divide 



 

 12 

the cortex into segments. With the secondary sex cord formation within the gonads, sex can now 

be determined via histological analysis (Gonzalez-Moran, 2011). A thickened well-defined cortex 

being indicative of ovaries while a thinner cortex with a more well-defined medulla representing 

the testes (Gonzalez-Moran, 2011; Intarapat & Satayalai, 2014). With a defined differentiated 

gonad, gonocytes are now termed as spermatogonia within the testes and oogonia within the 

developing ovaries.  

Within the second sex cords, oogonia undergo further cellular proliferation via mitosis 

(Ukeshima, 2003). Around the 11th day of ED, most primary sex cords within the ovary medulla 

have disappeared, although a few remaining ones will develop a lumen and are now defined as 

lacuna channels (Gonzalez-Moran, 2011; Kheirabadi et al., 2015). The oogonia within the 

secondary sex cords continue to rapidly divide and form clusters or nests of germ cells (Ukeshima 

& Fujimoto, 1991) with intercellular bridges (Skalko et al., 1972; Ukeshima and Fujimoto, 1991), 

also known as ring canals, which appear quite short but wide between two neighboring oogonia. 

By the 15th day of ED, these nests have grown so large that they appear to merge and give the 

cortex a well-defined homogenous appearance. Up until hatch, the right ovary is smaller than the 

left ovary but does continue to grow, however, at hatch the left ovary continues to grow whereas 

the right one begins to regress (Gonzalez-Moran, 2011).   

2.4.3.2 Germ cell nest breakdown and formation of follicles 

The transition from primary oocytes to primordial follicles occurs due to germ cell nest 

break down, and the severing of the intracellular bridges between neighboring prefollicular germ 

cells (oogonia or primary oocytes). Although in mammals germ cell nest breakdown occurs during 

the perinatal period (Sakai, 1955; Pepling and Spradling, 2001), in birds it has only been 

documented post-hatch. This process, noted by the first appearance of primordial follicles, occurs 

at 3 days posthatch (dph) in quails (Madekurozwa, 2012), 4 dph in chickens (Hughes, 1963), and 

7 dph in turkeys (Liu et al., 2017b). In mammals, germ cell nest breakdown is well characterized 

by: [1] dissolution of intracellular bridges; [2] an abrupt decline in the number of germ cells 

predominantly through apoptosis; and [3] infiltration of immature granulosa cells to surround the 

remaining primary oocytes, and form primordial follicles (Pepling and Spradling, 2001; De Felici, 

2005; Rodrigues et al., 2009; Tingen et al., 2009; Findlay et al., 2015; Wear et al., 2016). 

Conversely, this process is not as well characterized in avian species, although, the series of 

cellular events is assumed to be consistent with that of the mammals. Within the immature avian 
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ovary, the breakdown of germ cell nests, germ cell loss, and formation of primordial follicles marks 

a pivotal cellular depletion and reorganization. As female birds lack a germinal bed with self-

renewing germ cells (oogonia) upon sexual maturation (Johnson, 2015), the primordial follicle 

pool is established after the completion of germ cell nest breakdown. This means that cellular 

depletion heavily influences the finite number of ova available throughout a female bird’s 

reproductive life span.  

2.4.3.3 Folliculogenesis 

Folliculogenesis in birds is a process by which primary oocytes and follicular cells grow 

congruently. This process starts just after hatch and continues until either the follicle dies through 

atresia or goes through ovulation and releases the oocyte (yolk sac). This means that the pool of 

follicles within the ovary will only shrink over time. In birds, folliculogenesis is divided into four 

stages based on the appearance and structure of the follicle: primordial, primary, prehierarchal, 

and preovulatory (Johnson and Woods, 2007). Folliculogenesis involves three growth phases with 

slow growth (primary follicle), intermediate growth (prehierarchal follicles), and finally rapid 

growth (preovulatory follicle) (Marza and Marza, 1935) with each follicle type defined by cellular 

composition, and growth rate. 

 A primordial follicle consists of one primary oocyte surrounded by a single layer of 

flattened granulosa cells (Zhao et al., 2017; Guo et al., 2019a; 2019b). Granulosa cells are only 

separated from the primary oocyte by a small vitelline and perivitelline membrane (Dorrington et 

al., 1983). Granulosa cells are responsible for the mediation of yolk protein uptake by the oocyte, 

and maternal RNA transfer (Johnson and Woods, 2007). Once a follicle is selected to grow the 

Granulosa cells change to being cuboidal in appearance (Chalana and Guraya, 1979a). If at least 

one Granulosa cell has changed shape it is called a growing primordial follicle, once all Granulosa 

cells have become cuboidal in shape the follicle is now called a primary follicle (Zhao et al., 2017; 

Guo et al., 2019a; 2019b). In birds, it appears as though all primordial follicles quickly enter the 

growing phase, with the follicle pool within the ovary mostly consisting of primary follicles, within 

the first few weeks to month posthatch. Conversely, in mammals, the pool of follicles is composed 

of primary follicles, with a certain number of follicles being selected to enter the growing phase at 

a time (McLaughlin and McIver, 2009).  

 The next cellular change is the recruitment of mesenchymal cells which surround the 

granulosa cells, with the mesenchymal cells developing into multiple layers of Theca cells (Asem 
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et al., 2000). These theca cells are separated from the granulosa cells by a basal lamina membrane 

(Asem et al., 2000). In turkeys, this slow growth phase of the primary follicle can last for years 

and involves the slow uptake of yolk precursors by the primary oocyte (Carlson et al., 1996).  

 After the slow growth phase, the primary follicle enters an intermediate growth phase to 

reach prehierarchal follicle status. This phase can last for weeks to months (Johnson and Woods, 

2007). At this stage, smooth muscle can be seen above theca layers along with a network of blood 

vessels and epithelium cells, allowing the follicle to protrude out of the ovary (Chalana and 

Guraya, 1979b). This growth occurs as the primary oocyte starts to absorb lipoprotein-rich white 

yolk, made up of vitellogenin, very low-density lipoprotein, and low-density lipoprotein. These 

lipoproteins are produced by the liver in response to estrogen which is released by the granulosa 

cells (Johnson and Woods, 2007). More follicles enter this intermediate growth phase than are 

needed, which results in prehierarchal follicles not selected to transition into preovulatory follicles 

(almost 20%) become atretic, and die through apoptosis (Gilbert et al., 1983).  

 During the breeding season or breeding cycle, birds can lay one egg per day until a clutch 

is laid. This means that several prehierarchal follicles need to be repeatedly selected to turn into 

preovulatory follicles, the number that do, determines the clutch size. Preovulatory follicles are 

named as such because they are the last follicle form before ovulation and can take on average in 

the domestic chicken, 7 -11 days to reach their full size (Gilbert, 1972). This rapid growth is due 

to the extraordinary amount of yolk which is absorbed by the developing oocyte (Johnson and 

Woods, 2007). The largest preovulatory follicle is ovulated, in response to a surge in pituitary-

derived (Luteinizing hormone) LH. This surge occurs 4 to 6 hrs before ovulation. The fully mature 

ovum enters the reproductive tract, where fertilization can occur in the infundibulum. The ruptured 

post-ovulated follicle, consisting of granulosa and theca tissue is left behind (Johnson and Woods, 

2007). Post ovulatory follicle (POF) is not homologous to the mammalian corpus luteum, as it 

does not maintain hormonal control over the developing embryo, instead, the POF is rapidly 

reabsorbed. 

2.4.4 Gonad biobanking  

 There are five steps to biobank gonadal tissue: collection, treatment with cryoprotectants, 

freezing, thawing, and transplantation (Song and Silversides, 2007a; Liu et al., 2013a). After 

transplantation into a young recipient bird, the bird and tissue mature, with or without the aid of 

immunosuppressants (Song and Silversides, 2007b; 2008a), which will be discussed later. Upon 
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maturation of the recipients, the testes are removed, and semen is collected, whereas for ovaries 

the recipient is inseminated with the semen from a testicular transplant or previously biobanked 

semen (Song and Silversides, 2007a). Before gonads are biobanked, it is crucial to first 

demonstrate that fresh gonads can be transplanted and develop normally. This was first reported 

by Song and Silversides (2007b; 2008) and will be discussed in the following sections.         

2.4.4.1 Testicular tissue  

There has been less research conducted on testicular transplantation compared to ovarian 

tissue simply because semen biobanking is easier (see section 2.4.8). However, if a breed with 

immature males needed to be biobanked, testicular tissue could be used. The first documented 

success of fresh testicular transplantation in poultry with the production of viable donor-derived 

progeny came in 2007 (Table 1.2). Later that same year, it was also shown that biobanked testes 

could also be used and yield similar results (Song & Silversides 2007a; 2007b). To date, it has been 

successfully performed between several chicken breeds, but only between two quail breeds (Table 

1.2). Between chicken breeds, transplant success rates range from 0 to 89% while for quail breeds, 

the success rate was 90%. However, proving that donor-derived progeny can be produced, or at 

least evaluating the semen is not routinely performed in these papers, and so true success is hard to 

gauge (Song et al., 2010; Silverside et al., 2013; Liptoi et al., 2020). The biggest factor which 

appears to influence success rates is breed compatibility seen with the varying success rates based 

on recipient and donor breeds (Liptoi et al., 2013; 2020). 

 One of the biggest challenges of testicular transplantation in young birds is that the vas 

deferens cannot be surgically connected to the host ones. This means that when transplants develop 

orthotopically they cannot release semen naturally, instead, the transplants must be retrieved from 

the recipient. Once retrieved the semen is collected and can be used for intramagnal insemination. 

For intramagnal insemination spermatozoa do not need to pass through the epididymis, however, 

they do if the sperm is to be used for intravaginal insemination, since sperm require factors in the 

epididymis to become fully motile (Howarth, 1983). Since testes can’t be attached to the vas 

deferens, they can be placed and develop in several locations (Song and Silversides, 2007a). For 

instance, they can be transplanted orthotopically, and under the skin on the back. Testes also do 

not have to be whole to develop normally, they can be grown from small pieces (Song and 

Silversides, 2007a), and from cell suspensions (Song et al., 2010).  

2.4.4.2 Ovarian tissue 
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Ovarian transplantation between two poultry breeds was first demonstrated in 2006 (Song 

and Silversides) when white leghorn chicken ovaries were transplanted into barred rock chickens 

(Table 1.3).  The transplanted ovaries were placed orthotopically (in the original position) in the 

abdominal cavity after the hosts’ ovaries had been removed. The donor ovary was not sutured in 

place since this is not possible, instead, the transplants were covered with the abdominal air sac 

membrane to hold it in place, which allows reanastomosis to occur naturally. This means that upon 

maturation of the ovary it can ovulate ovum into the infundibulum. A year later it was shown that 

these transplants were able to produce donor-derived progeny (Song and Silversides, 2007b). In 

chickens, the surgery was performed at 1 dph as it was thought this allowed for acquired tolerance 

of the transplant by the recipient’s immune system which is discussed further in section 2.4.6.6. 

However, when this work was repeated using quails, the surgery was performed at 7 dph, since 

they were too small and fragile at 1 dph, this also resulted in the successful production of donor-

derived progeny (Song and Silversides, 2008a). 

 Importantly, in the work discussed above only fresh ovarian tissue from chickens or quails 

was used, with the tissue being immediately transplanted into the recipient. However, the goal was 

to test whether cryopreserved tissue could be transplanted as well. From there, two main methods 

of cryopreservation of poultry ovarian tissue emerged, slow-freezing and vitrification, both tested 

using the quail as a model (Liu et al., 2010). The quail was used because it reaches sexual maturity 

faster (6-7 weeks) compared to chickens (20 to 22 weeks) thus reducing experimental time. In this 

study, vitrified ovaries had higher cell viability compared to slow-frozen ones, and more of the 

vitrified ovaries were able to eventually produce donor-derived progeny. Although donor-derived 

progeny was produced from both the vitrified and the slow-frozen tissue.  

 If a species becomes extinct and only exists within a biobank, revival through ovarian 

transplantation will require a recipient from another species. This means it is important to show 

that donors and recipients can come from different species. To demonstrate this, ovarian 

transplantation was conducted between two types of ducks, which are technically diverse enough 

to be classified as two different species (Song et al., 2012). Muscovy ducks (Cairina moschata) 

were used as the donors, and Pekin ducks (Anas platyrhynchos) were used as the hosts. Pekin 

ducks that had Muscovy ovaries successfully produced Muscovy ducklings (Song et al., 2012), 

although the success rate was much lower than when two chicken and quail breeds were used. 
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 One of the potential advantages of using ovarian tissue over PGCs is that ovarian tissue 

could be collected at varying ages, although it was unclear how old the tissue could be and still 

lead to viable transplants after surgery. Dr. Silversides group showed that adult ovarian tissue 

collected from 13-week-old Japanese quail hens, that had been trimmed of preovulatory and 

prehierarchal follicles and dissected into small pieces, could be transplanted into week old quail 

chicks, and eventually produce donor-derived progeny (Liu et al., 2015). This study raised further 

questions, how does the mature ovary either reset its clock or put it “on hold” until the recipients’ 

age matches that of the ovaries? One thing is clear though, the transplanted mature ovaries did not 

remain active (produce donor-derived progeny) for as long as their immature counterparts (Liu et 

al., 2015), potentially because the mature ovaries follicle pool was depleted.  

2.4.5 Sterilizing female recipients to boost donor-derived progeny 

 One challenge during ovarian transplantation is the difficulty in removing the recipient’s 

entire ovary, which can result in the production of recipient-derived progeny. This significantly 

reduces the success rate while increasing the waste of time and resources (Song and Silversides, 

2008b). To overcome this problem, the first solution was to sterilize the embryos with busulfan 

(BU), well before hatching and surgery (Aige-Gil and Simkiss, 1991). BU is a bifunctional 

alkylating agent able to cross-link DNA (Dunn, 1974; Tong and Ludlum, 1980), this causes DNA 

damage and eventual cell death. BU seems to target slow proliferating cells, over rapidly dividing 

cells, seen by the high level of apoptosis with PGCs seen in avian embryos (Galaup and Paci, 

2013). In chickens, treatment of recipients with BU during embryonic development significantly 

increased the ratio of donor to recipient-derived progeny, and the mature hens produced donor-

derived progeny for longer compared to the untreated recipients (Song and Silversides 2008b). 

The success of BU was demonstrated again using the quail as a model (Song and Silversides, 

2008a). Another possible solution is the use of sterile birds (discussed in section 2.4.5) as 

recipients, as again, this would allow for only donor progeny to be produced. 

2.4.6 Use of immunosuppressants to minimize transplant rejection 

 One of the biggest challenges with organ or tissue transplantation is the recipient’s immune 

response, which is naturally designed to identify non-self, this enables the body to sequester or 

eliminate non-self material. Examples of non-self, include bacteria, viruses, foreign biological 

molecules, and cells or tissue from a different individual. The two main branches of the immune 
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system are the innate (non-specific), and adaptive (specific) with both branches able to use cellular 

and humoral responses to combat non-self. 

2.4.6.1 Innate immunity versus adaptive immunity 

Innate immunity, as previously mentioned, is non-specific and occurs immediately upon 

detection of non-self and has no immunological memory (Janeway et al., 2005). Several cell 

lineages are responsible for the innate cell-mediated response, they are the macrophages, dendritic 

cells, natural killer cells, and granulocytes (Iwasaki and Medzhitov, 2010). Whereas antimicrobial 

peptides and proteins produced by some of these cells make up the humoral response, of the innate 

immune system (Owen et al., 2013). 

Adaptive immunity, in contrast to innate, is specific and requires a period to mount a 

response, although repeated exposure to the same antigen can reduce the response time (Janeway 

et al., 2005) since this type of immunity has memory. Three main cell lineages are responsible for 

the adaptive immune response, they are the B and T lymphocytes (B and T cells) which originate 

in the bursa of Fabricius and thymus, respectively (Davison, 2008), and antigen-presenting cells 

(APC). All three cell linages are responsible for the cell-mediated response (Owen et al., 2013). 

Whereas, antibodies (produced by B cells), and cytokines (produced by T cells) are responsible 

for the humoral component of the adaptive immune system.  

2.4.6.2 Organs of the avian immune system 

The avian lymphatic system is made up of many organs and tissues, such as the thymus, 

bursa of Fabricius, spleen, lymph nodes, and bone marrow. Birds and mammals share many 

similarities concerning their immune systems although, one striking difference is that while B cells 

originate in the bone marrow of mammals, in birds they originate in the bursa of Fabricius 

(Ratcliffe, 2006). The thymus and bursa of Fabricius are known as the central or primary lymphoid 

organs, whereas the spleen, lymph nodes, and bone marrow are known as the peripheral or 

secondary lymphoid organs (Song et al., 2012). Although, the thymus (Song et al., 2012), and the 

bursa of Fabricius (Ciriaco et al., 2003) can also be considered secondary organs as well. The 

primary and secondary designations are based on where the lymphocytes originate and activate, 

respectively (Glick, 1956). Since this thesis focuses on immune rejection and suppression the focus 

here will be on the organs and cells which are key to this process. 

2.4.6.2.1 Thymus 
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In the chicken, the thymus is a white paired organ that runs along the cervical vertebrae of 

the neck (Song et al., 2012). With each part of the pair being comprised of seven lobes (Treesh et 

al., 2014). Each lobe of the thymus can be broken down into two specific regions, the cortex, and 

medulla (Ciriaco et al., 2003). Within these regions, there are epithelial cells, dendritic cells, 

macrophages, fibroblasts, and of course immature and mature lymphocytes. 

The thymus becomes active during embryogenesis, with the appearance of precursor 

lymphoid cells (Leene et al., 1973). The thymus like the bursa of Fabricius does not remain active 

for the entire life span of the individual, instead, the thymus goes through involution post-hatch 

(Ciriaco et al., 2003). The involution of the thymus appears to be species-specific (Ciriaco et al., 

2003). In the chicken, the thymus begins to change around 3 months of age, with the beginning 

signs of involution (Franchini and Ottaviani, 1999). 

2.4.6.2.2 Bursa of fabricius 

The bursa of Fabricius appears as a single white outgrowth on the cloaca within the 

abdominal cavity (Glick 1991). The bursa of Fabricius has a lumen that is connected to the cloaca 

lumen. In the chicken each bursa is made up of around 8,000 – 12,000 follicles, each follicle has 

a cortex, and medulla, with a layer of septum separating each follicle (Frazier, 1974). Within the 

cortex and medulla, several cell types are present including epithelial, secretory dendritic, 

macrophages, and lymphocytes (Ciriaco et al., 2003). 

The bursa of Fabricius also becomes active during embryogenesis (Le Douarin et al., 

1975). The development of the bursa of Fabricius varies greatly between species (Bickford et al., 

1985). Like the thymus, involution is species-specific and sometimes determined by the start of 

egg production (Butcher et al., 1989). In the leghorn chicken, involution of the bursa of Fabricius 

starts at around 20 weeks of age and is mostly completed by 28 weeks of age (Ciriaco et al., 2003). 

Whereas in the yellow quail it reaches its maximum size at 5 weeks of age, and begins to reduce 

in size thereafter, and is completely degraded by 36 weeks of age (He et al., 2015). For turkey 

toms (and assumed hens) bursa of Fabricius weight peaks at around 16-17 weeks of age and is 

completely degraded by 45 weeks of age (Cecil and Bakst, 1991).  

2.4.6.3 T lymphocytes 

The main functions of T cells are to kill other cells that are infected by a foreign antigen or 

to activate another cell (e.g. B cell) to perform a specific function of its own. The specificity of T 

cells comes from their T cell receptor (TCR), which can identify foreign antigens or parts of 
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antigens complexed with a major histocompatibility complex (MHC), which are located on the 

surface of APC. For birds and mammals, the TCR repertoire is created via somatic DNA 

recombination (Tonegawa, 1983), which occurs in the thymus.  

The thymus is colonized by lymphoid precursors through three specific waves (Davison, 

2008). The first wave occurs around the 8th day of incubation with cells originating from the para-

aortic foci whereas the second and third wave occurs around day 12 and day 18 of incubation with 

cells originating from the bone marrow. Upon reaching the thymus precursor T cells proliferate 

and undergo somatic DNA recombination (Viertlboeck and Gobel, 2008).  T cells are then selected 

that have a TCR able to bind to an MHC molecule, ones that do not are eliminated. Secondly, T 

cells that bind to an MHC which is associated with a self-antigen are also eliminated, which results 

in self-tolerance. T cells that have TCR which doesn’t recognize MHC attached to self-antigen are 

allowed to emigrate to peripheral tissues. There are two specific lineages of T cells that emigrate 

from the thymus, the CD4+ and CD8+ T cells. 

Activation of the naïve CD4+ and CD8+ T cells is as follows. The specific TCR on the 

naïve T cell binds to an MHC which is associated with a foreign antigen/particle, being presented 

by an APC. This causes the release of cytokines which activates the T cell and causes clonal 

expansion and differentiation (Owen et al., 2008). In the case of naïve CD4+ cells, this creates 

effector CD4+ T cells (also known as helper T cells), which can activate macrophages and B cells; 

or memory CD4+ T cells. Whereas the activated naïve CD8+ cells differentiate into effector CD8+ 

T cells (also known as cytotoxic or killer T cells), which can stimulate infected cells to become 

apoptotic; or memory CD8+ T cells. Both memory cells allow for a faster response based on 

secondary exposure to the foreign antigen. 

2.4.6.4 B lymphocytes 

The main purpose of B cells is to produce antibodies that can bind to and identify foreign 

antigens. The specificity of antibodies is derived from their immunoglobulin genes. In mammals 

the antibody repertoire is achieved through gene rearrangement (Tonegawa, 1981), although avian 

B cell precursors do go through gene rearrangement before reaching the bursa of Fabricius, the 

repertoire is formed in the bursa via somatic gene conversion (McCormack et al., 1991). 

The bursa of Fabricius is colonized by lymphoid precursors in one wave starting on day 7 

of incubation and ending around day 14 (Davison, 2008). It is colonized from the para-aortic foci 

and bone barrow, with potentially some colonization happening from the allantois. Upon reaching 
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the bursa of Fabricius and completing successful gene rearrangement, the B cells clonally expand, 

then undergo somatic gene conversion. B cells that present antibodies that recognize self are 

eliminated, creating self-tolerance, whereas B cells that present antibodies that don’t recognize 

self, leave the bursa of Fabricius as naïve B cells, and colonize peripheral lymphoid organs or 

circulate throughout the bloodstream. In chickens, at hatch, around 98% of the lymphocytes within 

the bursa are B cells (Ackerman, 1962), and of this, 90% of the B cells are mature. Demonstrating 

that the chicks are quite capable of mounting an adaptive immune response, upon hatch. 

The activation of the naïve B cells is as follows. Specific antibodies on the surface of the 

naïve B cells bind to a foreign antigen, the antigen is then taken up and processed before being 

presented on an MHC II complex. This antigen/MHC II complex is then recognized by a helper T 

cell with a specific TCR which recognizes this foreign antigen/MHC II (Vainio et al., 1984). This 

binding stimulates cytokines to be released which activates the naïve B cell, which allows it to 

proliferate and differentiate, with some of the clones maturing into plasma cells and others into 

memory B cells. Plasma cells then produce large quantities of antibodies, the original antibody on 

the naïve B cell surface which recognized the antigen and releases the antibodies into the 

bloodstream. Whereas the memory B cells are crucial for detecting further invasions of the same 

antigen and allowing for quicker response time with future exposures. 

2.4.6.5 Tissue and cellular rejection 

There are three different forms of immunological rejection based on the speed and 

mechanism of the response, hyperacute, acute, and chronic. Although all 3 rely on both cellular 

and humoral responses, the speed of rejection depends on many factors which will be further 

discussed.  

2.4.6.5.1 Hyperacute rejection 

Hyperacute rejection usually occurs within the first 24 hrs of transplantation but can occur 

within minutes of the body being exposed to a foreign antigen (Owen et al., 2013). Rejection within 

minutes happens when the recipient already possessed antibodies specific to the foreign antigens. 

Usually, these foreign antigens are located on the lumen side of endothelial cells within the blood 

vessels of the transplanted tissue (Chinen and Buckley, 2010). This activates the complement 

cascade which attracts neutrophils, resulting in endothelial cell damage and accretion of platelets 

occluding the blood vessels within the transplanted tissue (Owen et al., 2013). The transplant then 

dies from ischemia. Hyperacute rejection is not limited to endothelial cells within blood vessels of 
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transplants, foreign erythrocytes can also trigger a reaction. In this case, the humoral antibodies 

cause agglutination of the foreign erythrocytes. These clumped cells can then block blood vessels 

within the transplant and within the recipient’s healthy tissue and cause ischemia once again. This 

can cause the transplant and recipient to die. Hyperacute rejection can be circumvented by blood 

type matching, and cross-matching, to make sure the recipients lack antibodies, which would react 

to donor antigens.  

2.4.6.5.2 Acute rejection 

Acute rejection occurs within 3 to 10 days after transplantation (Basadonna et al., 1993; 

Own et al., 2013; Jalazadeh et al., 2015), and is common for allotransplants when the recipient is 

not treated with immunosuppressant (Wood and Goto, 2012). The mechanism behind acute 

rejection can be broken down into direct, indirect, and semi-indirect. Although the predominant 

mechanism is thought to be the direct pathway (Shilling and Wilkes, 2009). With direct 

allorecognition, MHC on donor APC, is presented to recipient T cells, which recognizes the 

foreign MHC as non-self and mounts an immune response (Wood and Goto, 2012). Whereas 

indirect allorecognition occurs when foreign MHC are taken up by recipient APC, processed, and 

presented as peptides to recipient T cells. Finally, semi-direct occurs when those same foreign 

MHC are taken up by recipient APC, but instead of being processes, they are incorporated into the 

plasma membrane and presented to recipient T cells.  After recognition, the tissue becomes 

infiltrated by lymphocytes and macrophages which overwhelm the tissue, and the killer T cells 

begin destroying all cells which present the foreign antigens. 

2.4.6.5.3 Chronic rejection 

The final stage of rejection is ‘chronic’, which can take months to years to develop (Owen 

et al., 2013), and is characterized by fibrosis of the graft parenchyma (Tiriveedhi et al., 2010). This 

results in narrowing, and then occlusion of the blood vessels, which leads to graft death (Weiss et 

al., 2008). Chronic rejection appears to be cell-mediated, and humoral, based on anti-donor 

antibodies being present in the recipient’s blood. These antibodies are present, based on 

insufficient immunosuppression, and stimulation of B and T cells from inflammation around the 

graft (Becker et a., 2016). Although the exact mechanism still appears to be unknown, it is thought 

that the indirect allorecognition pathway is more responsible for chronic rejection (Shilling and 

Wilkes, 2009), whereas as previously mentioned, the direct pathway is responsible for acute 

rejection. It has also been theorized that multiple allorecognition events and damage of the graft 



 

 23 

stimulates chronic inflammation, which can also further stimulate an immune response (Thaunat 

et al., 2005).  

2.4.6.6 Overcoming the adaptive immune system to minimize transplant rejection 

 Based on our understanding of the adaptive immune system, two approaches can be taken 

to overcome it, either through tolerance or suppression. Immune suppression is induced via drugs, 

which hinder the body’s normal processes. Whereas tolerance intends to desensitize the body, so 

a foreign antigen is recognized as part of ‘self’ or at least not recognized as “non-self”. There are 

two forms of tolerance, acquired and infectious. Acquired tolerance works by exposing the embryo 

to antigens (including foreign cells) before the bird is immunocompetent. The embryo then 

identifies these foreign antigens as self, thus preventing an immune response following further 

exposure (Billingham et al., 1953). The window to induce acquired tolerance was thought to only 

exist before or just after hatch (Billingham et al., 1956) since it was believed that chickens become 

immunocompetent and can identify and react to foreign antigens after hatch (Mast and Goddeeris, 

1999). On the other hand, infectious tolerance is theorized to occur when T lymphocytes are 

chronically exposed to a foreign antigen and can’t associate with an antigen-presenting complex 

(Gershon and Kondo, 1971). These lymphocytes then turn into tolerant T cells, which can further 

block more naïve T cells from turning into effector T cells. This explains how long-term tolerance 

can be established (Waldmann, 2008), which can occur during an animal’s entire life span. 

 Failure of the first ovarian transplantation in chickens was attributed to the age of the 

recipients (Grossman and Siegel, 1966) as chicks were 24-30 days of age, with no acquired 

tolerance established, the grafts were rejected. When the work was repeated decades later using 

newly hatched chicks, transplantation was successful, and it was believed that acquired tolerance 

was established (Song and Silversides, 2006; 2007b). However, when the work was repeated using 

different breeds and species, success was not universal (Table 2). This suggests that either acquired 

tolerance isn’t the reason for the early success, or the timing of the acquired tolerance is breed and 

species-specific.  

 Another interesting feature in poultry gonad transplantation is that recipients do not need 

to be treated with an immunosuppressant for their entire life, instead, treatment is routinely stopped 

at 2 months of age (Song and Silversides, 2008a; 2008b; Liptoi et al., 2013). Whereas in human 

organ transplantations, immunosuppressants are used for the remainder of the patient’s life to stop 

organ rejection. Infectious tolerance has been proposed to be the reason why ovarian transplants 
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between poultry breeds can remain viable and productive after the immunosuppression protocols 

have long since ended (Song and Silversides, 2008a; 2008b). However, since transplant health and 

viability cannot be evaluated before and after this 2-month milestone, it is impossible to determine 

if infectious tolerance was established. It can also be said for infectious tolerance that if it did 

occur, just as in the case for acquired tolerance it would be breed and species-specific.  

 If acquired and/or infectious tolerance cannot be routinely induced, then the only option is 

to suppress the immune system using drugs. There have only been two drugs used to suppress the 

avian immune system in conjunction with gonad transplantation, these are mycophenolate mofetil 

(MFM), and Dexamethasone (DM). In these studies, recipients treated with MFM were compared 

to non-suppressed birds. In the case of chickens, there was no difference in the success rate in 

ovarian transplantation (Song and Silversides, 2007b; 2008b), nor was there any difference in 

success rates for testes (Liptoi et al., 2013). It should be noted in this last study, ovaries and testes 

were compared in the same trial, so it is not completely clear how many ovaries and testes succeed 

or failed. However, in quails that received ovarian transplants and were treated with MFM, birds 

did have a higher success rate in producing donor-derived progeny compared to non-suppressed 

ones (Song and Silversides, 2008b). In the Song and Silverside studies, the recipients that produced 

donor and host-derived progeny produced a higher ratio of donor progeny compared to the not 

suppressed group. When DM-treated recipient chickens, which received ovarian or testicular 

tissue, were compared to non-suppressed ones, they too did not have a higher success rate of 

transplantation (Liptoi et al., 2013). Although MFM has not been shown to improve the success 

rate of gonad transplantation, it is routinely used in conjunction with this type of surgery.  

2.4.7 Spermatogenesis 

In the previous sections, PGC replication and migration as well as gonadal differentiation 

and growth were reviewed. Next, sperm production (spermatogenesis) will be described. 

Spermatogenesis is the transition by which spermatogonium develops into fully motile spermatids 

(Aire, 2007). In domestic breeds that reproduce year-round, this transition occurs within weeks to 

months of a bird hatching and continues until its death. On the other hand, for birds that are 

seasonal breeders, this process is delayed until the following breeding season, and only occurs 

during breeding time. Spermatogonia have one of two fates, to replicate through mitosis and 

remain as spermatogonium ensuring that the germ cell pool is maintained and replenished; or to 

replicate and begin to transition through varying stages (Ad, Ap1, Ap2, and B) allowing the 
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spermatogonia to enter their next phase (Lin and Jones, 1992). This next phase is where 

spermatogonia B initiates meiosis, developing into primary spermatocytes and then on to 

secondary ones (Aire, 2007). Secondary spermatocytes then differentiate into spermatids, through 

a process called spermiogenesis. During this differentiation, the spherical spermatocyte turns into 

a fully formed spermatid with a head and long tail. At this point, the spermatid has only one copy 

of each chromosome and is fully motile.  

The transition of spermatogonium into fully differentiated spermatids is mediated by the 

Sertoli cells located inside the seminiferous tubules (Aire, 2007). These cells facilitate nutrient 

delivery to the developing spermatogonium and spermatocytes. These cells also participate in the 

blood testes barrier, which ensures that the immune system does not react to the developing sperm 

cells. Finally, they also stimulate the spermatogonia to start replicating and differentiating via 

stimulation by follicle stimulating hormone (FSH) from the pituitary gland. While FSH pulses 

target Sertoli cells, concomitant LH pulses stimulate the production of testosterone by Leydig cells 

located between seminiferous tubules around blood vessels. Testosterone inhibits the production 

of gonadotropin releasing hormone by negative feedback which in turn limits the amount of FSH 

and LH to the desired levels and ensures that the Sertoli cells are not continuously overstimulated. 

This ensures that the male bird has a continuous supply of spermatids ready for ejaculation.  

2.4.8 Semen biobanking 

In 1951, avian semen and in fact semen, in general, was first demonstrated to be freezable 

and thereafter successfully fertilize an ovum (Polge, 1951). Since then, cryopreservation of bovine 

semen has revolutionized the dairy industry worldwide, however, the same cannot be said for the 

poultry industry as the poor efficacy of cryopreserved semen prohibits its economic use. The 

underlying cause being key differences between mammalian and avian spermatozoa (Whittow, 

2000; Long, 2006). Avian sperm do not have the characteristically large head of mammalian sperm 

but instead possess a more filiform shape (Blesbois, 2011). The thinner head means less cytoplasm, 

a more condensed nucleus and, it is considerably longer than mammalian sperm. This reduction in 

cytoplasm means that the avian spermatid is less tolerant to volume and osmotic changes, which 

occur during freezing and thawing (Blesbois and Brillard, 2007).  

There are five key steps for semen cryopreservation: extension, cooling, the addition of 

CPAs, freezing, and thawing (Bailey et al., 2003). The best conditions for each of these steps vary 

greatly depending on the species (Blanco et al., 2011; 2012), and within breeds (Long et al., 2014). 
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The extension involves the addition of extenders that mimic seminal plasma’s osmotic pressure, 

pH, energy stores (ATP). Cooling (from room temperature [RT] to as low as 5oC) occurs right 

after collection and during extension. Common extenders are Lake, ASG, Tselutin, crane extender, 

modified BPSE, Ravie, and EK (Sexton, 1977; Lake and Stewart, 1978; Graham et al., 1982a; 

1982b; Tselutin et al., 1995). The second part to extension is the dilution rates which can either be 

fixed dilution volume or fixed sperm concentrations (Long et al., 2014). Cooling occurs right after 

collection and during extension, semen can be cooled to RT or as low as 5oC. The next step 

involves the addition of CPAs, CPAs and their concentrations appear to be one of the most 

important variables to consider when freezing avian semen (Iaffaldano et al., 2016a). CPAs can be 

broken down into permeable, non-permeable, antioxidants, and energy molecules. Permeable 

CPAs [ethylene glycol, dimethylformamide, dimethylacetamide, glycerol, and DMSO], work to 

stabilize the cytoplasmic fluid and stop lethal ice crystals from forming (Blesbois, 2011; Ciftci and 

Aygun, 2018). Non-permeable CPAs (sucrose, betaine hydrochloride and trehalose), work to 

dehydrate the cell making ice crystal formation less likely. Antioxidant CPAs (vitamin E, vitamin 

C, selenium, catalase, and hyaluronic acid) reduce the number of reactive oxygen species which 

protect the plasma membrane’s integrity. Last but not least ATP (the energy molecule) can be 

added to the media to help with energy availability post-warming. Once the CPAs are added, the 

samples are either placed in straws, cryovials or dropped directly into liquid nitrogen to form 

pellets (Varadi et al., 2013). Straws and cryovials can be frozen in several ways via slow or fast 

programmable freezing machines or over liquid nitrogen vapors. Thawing of samples can be done 

slowly or fast, with faster methods involving placing samples in water baths between 37-50oC. In 

some cases, an additional step is required before samples can be used for AI, in the case of glycerol 

which has contraceptive properties, this CPA needs to be removed through washes, if it is fertility 

can be regained (Purdy et al., 2009). 

To determine the success of cryopreservation protocols several assays and tests can be run 

on sperm, here is a list of the main characteristics that can be measured: motility, mobility, sperm 

concentration, morphology, live/dead sperm, plasma membrane integrity, acrosome integrity, 

inner vitelline membrane binding ability (Blesbois, 2011; Ciftci and Aygun, 2018). Although the 

best methods to determine if sperm have survived cryopreservation is of course fertility and 

hatchability as the production of progeny is key. Interestingly, the only sperm measurement that 
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has been directly correlated with fertility is mobility. However, the other tests are still used to 

determine if sperm are viable. 

If a biobanked line is to be reconstituted via sperm cryopreservation alone, then a technique 

called sperm backcrossing can be implemented. Sperm backcrossing works by fertilizing a female 

(recipient) of a different breed or species with the biobanked semen (donor) from the original breed 

or species, to create a hybrid (H1). Two different species could be used in the case of sperm 

backcrossing if the hybrids are fertile, which isn’t always the case. This hybrid (H1) shares 50% 

of its genome with the donor semen and the recipient. The hybrid (H1) is then inseminated with 

the original biobanked semen to create another hybrid (H2), which now shares 75% of its genome 

with the biobanked line. After five consecutive generations and inseminations with the original 

biobanked semen, a hybrid (H5) is created having the potential to carry 97% of the original genome 

of the rare or endangered species (Blesbois et al., 2007). The major downside of this process is 

that the maternal mtDNA and W sex chromosomes are lost. Although sperm do possess mtDNA, 

it was generally accepted that paternal mtDNA is not passed on to the oocyte upon fertilization. In 

the ’90s, this dogma was replaced with the view that partial paternal mtDNA is leaked into the 

oocyte, although the inheritance is not as strong as with maternal mtDNA (Gyllensten et al., 1991). 

Apart from the loss of genetic material through backcrossing, there are other hurdles: a suitable 

recipient to cross with the donor might not be available if the species is unique (Petitte, 2006; 

Wernery et al., 2010). The time frame for restoring a chicken line through backcrossing is about 

1089 days, which allows for 5 generations (Blesbois et al., 2007; Silversides et al., 2012). It is 

almost 7 times more cost-effective to backcross when looking at preserving 10 lines over 20 years; 

when compared to In-situ living lines for preservation (Silversides et al., 2012). 

2.5 Conclusion 

 Although poultry conservation and biobanking have been researched and utilized for 

decades, only recently efforts have been ramping up to save and protect the existing genetic 

diversity. This is seen by the recent studies focusing on PGC and ovarian tissue biobanking by 

several well-established groups. For PGC, there are many other advantages than just conservation 

as they can also be genetically manipulated before being reintroduced into a foreign recipient 

(Ballantyne et al., 2021). This means this technique is also favorable for poultry genetic 

modifications. However, the limitation on age means that this technique is less likely to be used in 

a species or breed which is extremely threatened, as removing embryos would threaten the living 
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populations. Thus, gonadal biobanking is an attractive alternative and possibly more practical since 

the age of the donor is more flexible (Liu et al., 2015) and birds that must be euthanized for non-

reproductive medical reasons or were recently killed by accident could be biobanked, making this 

technique more appropriate for the conservation of highly threatened poultry or wild birds’ 

populations.  
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2.6 Tables 

 

FAO 2007 2015 Change 

    
Number of domesticated avian breeds 1,970 2,625 +655 
    
Number of breeds by species (top 4)    
Chicken 1,233 1,729 +496 
Duck    212    294   +82 
Goose    181    208   +27 
Turkey    101    117   +16 
    
Risk status of all breeds    
Extinct   2 %   3 %   +1 % 
Critical to endangered-maintained 30 % 19 %  -11 % 
Not at risk 26 % 11 %  -15 % 
Unknown 42 % 67 % +25 % 
    

 

Table 1.1 Number of domesticated avian breeds broken down by species, and risk status (FAO, 

2007; 2015). Extinct was defined as no breeding males or females however cryopreserved 

biological material might be present. Critical, critical-maintained, endangered, and endangered-

maintained which were all reported separately in the FAO reports, were combined here. Critical, 

the direst group, only has 100 or fewer breeding females and 5 males, with endangered-maintained 

having a threatened population of no more than 1,000 breeding females and 20 males, that is being 

actively managed. The ‘change’ indicates how many were gained (+) or lost (-) between 2007 and 

2015.  
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Species Donor Breed Recipent Breed Transplant Succes Rate Publication 
      

Chicken Barred Plymouth Rock White Leghorn Fresh 2 out of 15       (13%) Song & Silversides, 2007 
 Barred Plymouth Rock White Leghorn Slow-frozen 8 out of 9         (89%)* Song & Silversides, 2007 
 White Leghorn White Leghorn Fresh 19 out of 31     (63%) Song et al., 2010 
 Blue White Leghorn x 

Burgundy White Leghorn 
Blue White Leghorn x 
Burgundy White Leghorn 

Fresh 12 out of 18     (67%) Silversides et al., 2013 

 Yellow Hungarian  White Hungarian   Fresh   2 out of 3         (67%)** Liptoi et al., 2020 
 Yellow Hungarian White Leghorn  Fresh 0 out of 3           (0%)**  
   Vitrified 2 out of 6         (33%)**  
 Black Transylvanian Naked 

Neck 
Novogen White Fresh 1 out of 5         (20%)**  

 Partridge Color Hungarian White Leghorn Fresh 3 out of 6         (50%)**  
   Vitrified 1 out of 6         (17%)**  
 Partridge Color Hungarian Novogen White Vitrified 3 out of 7         (43%)**  
 Black Transylvanian Naked 

Neck 
White Leghorn Vitrified 2 out of 3         (67%)**  

 Speckled Transylvanian 
Naked Neck 

Novogen White Vitrified 3 out of 8         (38%)**  

 Speckled Hungarian Novogen White Vitrified 1 out of 3         (33%)**  
Quail Japanese wild-type Japanese white-breasted Fresh 3 out of 3       (100%)*** Liu et al., 2013 
   Vitrifed 15 out of 17     (88%)***  
      

 
Table 1.2 The success rates of testicular transplantation studies, involving chickens, and quails. 

Donor breed was the breed that supplied the testicular tissue, whereas the recipient breed was the 

breed that had the tissue transplanted into them. The tissue was either fresh or previously 

cryopreserved using two methods, slow-frozen or vitrified. Slow-frozen refers to the use of low 

concentrations of cryopreservants, with a slow reduction in temperature, whereas vitrified refers 

to the use of high concentrations of cryopreservants and a sudden drop in temperature. (*) It is 

unclear how many of these testes were functional, which would lower the success rate 

dramatically. (**) Males were euthanized at 8 weeks of age, which means it is unclear if their 

ovaries would have been viable upon maturation. (***) Not all transplants were used to produce 

donor progeny, and not all the used transplants produce progeny, which means the success rate 

was lower than reported.  
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Species Donor Breed Recipent Breed Transplant Succes Rate Publication 
      

Chicken Barred Plymouth Rock White Leghorn Fresh 6 out of 21     (29%) Song & Silversides, 2007 
   Fresh 4 out of 10     (40%) Song & Silversides, 2008 
 Yellow Hungarian  White Hungarian   Fresh   2 out of 2     (100%)* Liptoi et al., 2020 
 Yellow Hungarian White Leghorn  Fresh 3 out of 7       (43%)*  
   Vitrified 2 out of 7       (29%)*  
 Black Transylvanian Naked 

Neck 
Novogen White Fresh 2 out of 7       (29%)*  

 Partridge Color Hungarian White Leghorn Fresh 3 out of 3     (100%)*  
   Vitrified 3 out of 6       (50%)*  
 Partridge Color Hungarian Novogen White Vitrified 5 out of 5     (100%)*  
 Black Transylvanian Naked 

Neck 
White Leghorn Vitrified 2 out of 5       (40%)*  

 Speckled Transylvanian 
Naked Neck 

Novogen White Vitrified 3 out of 19     (16%)*  

 Speckled Hungarian Novogen White Vitrified 2 out of 24       (8%)*  
 Speckled Transylvanian 

Naked Neck 
White Leghorn Vitrified 1 out 19           (5%)  

      
Quail Japanese white-breasted  Japanese wild-type  Fresh 6 out of 18     (33%) Song & Silversides, 2008 
   Fresh  5 out of 7       (71%) Liu et al., 2010 
   Slow-frozen 2 out of 14     (14%)  
   Vitrified 5 out of 7       (71%)  
   Vitrified 7 out of 15     (50%) Liu et al., 2013 
   Fresh “mature” 2 out of 10     (20%) Liu et al., 2013 
      
Duck Muscovy Pekin Fresh 1 out of 10     (10%) Song et al., 2011 
Turkey Broad Breasted White Bronze Fresh 0 out of 2         (0%)** Hall et al., 2015 
   Vitrified 0 out of 11       (0%)** 
      

 
Table 1.3 The success rates of ovarian transplantation studies, involving chickens, quails, and 

ducks. Donor breed was the breed that supplied the ovarian tissue, whereas the recipient breed 

was the breed that had the tissue transplanted into them. The tissue was either fresh or previously 

cryopreserved using two methods, slow-frozen or vitrified. Slow-frozen refers to the use of low 

concentrations of cryopreservants, with a slow reduction in temperature, whereas vitrified refers 

to the use of high concentrations of cryopreservants and a sudden drop in temperature. (*) 

Progeny tests weren’t completed so it is unclear if these birds would have produced offspring. (**) 

Birds were euthanized before progeny tests; failure was indicated by the lack of an ovary. 
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Species Donor Breed Recipent Breed Transplant Succes Rate Publication 
      

Chicken Tetra SL Tetra SL Fresh 23 out of 38   (77%) Liptoi et al., 2013 
 Harco Tetra SL Fresh 0 out of 27       (0%)  
 Black Transylvanian Naked 

Neck 
Tetra SL Fresh 0 out of 4         (0%)  

 Speckled Transylvanian 
Naked Neck 

Godollo New Hampshire Fresh 0 out of 34       (0%)  

      

 
Table 1.4 The success rates of gonad (ovaries and testes) transplantation studies, involving 

chickens. Donor breed was the breed that supplied the testicular tissue, whereas the recipient 

breed was the breed that had the tissue transplanted into them. All tissue here was collected and 

immediately transplanted into recipients, which is why it is referred to as fresh. In this study, all 

birds were euthanized before they could produce offspring, so it is unclear if the successful Tetra 

SL into Tetra SL would have produced progeny. 
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CHAPTER THREE: Hypotheses and Objectives 

 Based on the current state of knowledge, it is apparent that many domesticated poultry 

breeds have low and concerning numbers of individuals within their populations, threatening 

diversity within the breeds and species, as a whole (as discussed in Sections 2.1.1 and 2.2). The 

domesticated turkey is one example that has seen a consolidation of commercial lines worldwide, 

and a reduction in the number of specialty lines in Canada (Sections 2.1.2.1 and 2.1.2.2). In 

Canada and America, many of the heritage turkey breeds are also threatened (Section 2.1.2.3). To 

conserve these breeds and maintain their genetic biodiversity and specific genotypes and 

phenotypic traits, it is crucial that a robust preservation strategy be implemented. Unfortunately, 

maintaining live populations generation to generation as a standard method for preservation is 

susceptible to economic pressure, and pathogenic risk along with inbreeding challenges. The 

solution is biobanking, which stores genetic material from individuals at sub-freezing 

temperatures, and upon thawing, the genetic material can be used to reconstitute the breed or line. 

This method of preservation circumvents the pathogenic risk and inbreeding challenges and 

dampens the economic risk by reducing the cost of preservation. In our opinion, the most 

advantageous biobanking strategy for the domesticated turkey is one that combines ovarian tissue 

and semen cryopreservation, to ensure that the female and male genetics are preserved, respectfully 

(as discussed in Sections 2.4.4.2 and 2.4.8). Considering how advanced semen cryopreservation 

is (Iaffaldano et al., 2016b; Ciftci and Aygun, 2018) compared to ovarian tissue, this thesis centers 

around the latter and will focus on the domestic turkey. The cryopreservation of turkey ovarian 

tissue has been performed previously (Liu et al., 2017b), and although the tissue was assessed as 

having low apoptosis upon revival, it was not cultured or transplanted. However, when fresh 

ovarian tissue was transplanted the tissue failed to develop (Hall, 2015). Therefore, it appears 

paramount that to establish a working protocol for turkey ovarian tissue biobanking, we must first 

determine why fresh ovarian tissue failed to develop following transplantation.  

3.1 Hypotheses: 

 To date, ovarian tissue has been transplanted at 1 dph in the case of the chicken, duck, and 

turkey (Song and Silversides, 2007b; Song et al., 2012; Hall, 2015), and 7 dph in the case of the 

quails (Song and Silversides, 2008a). Out of the aforementioned papers, quail ovarian tissue had 

the highest success rate, and so the older tissue might potentially have a better transplantability. 

However, not only was the quail tissue older it was also more mature, and so maturity might also 
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have been a factor driving the success rate. Therefore, hypothesis 1 states that older and more 

mature turkey ovarian tissue might survive transplantation better than younger and less mature 

tissue. Unfortunately, the ontogeny and maturation process of the turkey ovary during the first few 

weeks’ posthatch is not known, which is vital to know to answer this first hypothesis.  

 Once the best age for ovarian transplantation in the domestic turkey has been established, 

the next step involves the optimization of the surgical procedure itself. In past studies, the objective 

was to remove the entire recipient ovary, although as discussed in Section 2.4.4.2, a large 

proportion of recipients produced both donor- and recipient-derived progeny, making them 

gonadal chimeras. Considering that germ cell migration finishes in early embryonic development 

(Section 2.4.1), it is unlikely that the transplants were repopulated by the recipient’s PGCs, instead, 

it is more likely that the recipient’s ovary was not entirely removed. Removing the entire 

recipient’s ovary would be beneficial for reducing the number of recipient-derived progeny, unless 

the remnant recipient tissue aided in attachment, by providing a damaged area to graft too. 

Therefore, for hypothesis 2 we suggest that leaving a proportion of the recipient’s ovary in place 

will increase the attachment rate of the transplants, over recipients that have had their entire ovary 

removed. In addition, as in previous work, the left abdominal air sac membrane was used to cover 

the transplants, which was suggested to help the attachment as well (Song and Silversides, 2007b). 

Thus, we also hypothesize that recipients that have remnant recipient tissue and use the abdominal 

air sac membrane to cover the transplants should have the highest attachment rate. 

 Finally, after age and surgical procedure have been optimized, the recipient’s 

immunological response to the transplants will need to be characterized. In previous studies, it was 

demonstrated that the recipient’s immune system did not always reject the transplants, and in many 

cases accepted the transplants, without immunosuppressants (Section 2.4.6.6). Therefore, 

hypothesis 3 states that just as for other poultry ovarian transplants, immunosuppressants aren’t 

required for success. However, this hypothesis was quickly disproven, which meant a new 

hypothesis had to be formed. Thus, hypothesis 4 states that the main reason for transplantation 

failure is immune rejection and conditioning the graft before surgery along with the use of 

immunosuppressants post-surgery might be a requirement for success.  

3.2 Objectives: 

For Hypothesis (1): 
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• Firstly, I aim to determine the size, density, and numbers of prefollicular germ cells and 

follicles in the domestic turkey’s left ovary during the first 5 weeks posthatch. Along with 

the left ovaries cortical volume and morphologically changes, during the same period 

(Chapter 4). 

• Thereafter, an in-ovo culture method utilizing the chorioallantoic membrane from a 

chicken embryo will be utilized to follow the development of turkey ovarian tissue ex vivo 

(1 to 15 dph) for 6 days. After culturing the tissue, grading and cell viability will be 

performed and, prefollicular germ cell and follicle sizes and densities will be measured 

(Chapter 5). 

For Hypothesis (2): 

• Various portions of the recipient’s ovary (33, 66, or 100%) will be removed and the impact 

on the transplant attachment rate will be assessed 6 days post-surgery. In addition, the 

effectiveness of using the abdominal air sac membrane to cover the transplant during 

surgery will be investigated (Chapter 6). 

For Hypothesis (3): 

• To determine if ovarian transplants are infiltrated by lymphocytes, an indication of 

immune rejection, transplants used for hypothesis 2 were histologically evaluated. 

Evaluation was performed via IHC looking at a T and B cell marker, along with 

morphological assessments which were compared to fresh tissue controls (Chapter 6). 

For Hypothesis (4): 

• Firstly, I aim to determine if the immune rejection is intimately linked to the recognition 

of self, versus non-self, for this the impact of genetic compatibility will be assessed by 

comparing auto- vs. allotransplants. In addition, the impact of pre-conditioning the 

transplant on lymphocytic infiltration will be investigated as it relates to the age of the 

transplant (2 vs. 9 dph), the temperature of holding media (RT vs. 4oC) or the time spent 

in holding media (15 vs. 60 mins). Transplants will be collected at 6 days post-surgery and 

analysed via IHC for T and B cell markers.  (Chapter 7). 

• As a next step, I will compare the effectiveness of immunosuppressants (MFM, CY, or 

CsA) and optimize the concentration and administration routes to be used to prevent 

lymphocyte infiltration. Recipient weight, lymphoid organ relative weights, and 
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circulating concentration of leucocytes will also be measured in 2 weeks post-surgery 

samples and finally 5 weeks post-surgery. (Chapter 7). 
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Preface for Chapter Four 

 

 To establish a working protocol for the biobanking of turkey ovarian tissue, the best 

condition for its transplantation must first be determined. To distinguish between freezing and 

transplantation challenges, fresh tissue should be tested initially, before moving on to biobanked 

tissue. For fresh tissue transplantation, age, and maturity were two factors discussed previously, 

which could affect its transplantability, since older and more mature quail ovarian tissue had a 

better transplantability over younger chicken and duck ovarian tissue. Unfortunately, it is unclear 

if these differences are species-specific, age, or maturity related. In the case of the domestic turkey, 

we know the species, and can determine the age of the tissue, however, there is no data available 

with respect to how the tissue matures, during the first few weeks. There is ample knowledge with 

respect to chicken ovarian tissue development, but nothing regarding the domestic turkey. 

Therefore, before we can determine if maturity effect the transplantability we must first determine 

how the tissue matures. This includes determining prefollicular germ cell and follicle size and 

densities within the tissue, and the total number of these, before and after germ cell nest 

breakdown. It should be noted that in 2020 this chapter was published in Poultry Science, under 

the same title (99:2746–2756). 
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CHAPTER 4: Germ Cell Dynamics during Nest Breakdown and Formation of the 

Primordial Follicle Pool in the Domestic Turkey (Meleagris gallopavo) 

 

4.1 Abstract 

This study determined, for the first time, the different subpopulations of germ cells and 

stereological changes within the cortex of the functional left ovary during germ cell nest 

breakdown, and formation of the primordial follicle pool in the domestic turkey. This was 

accomplished by measuring the size, density, and count of pre-follicular germ cells and primordial 

follicles in turkey poults between 1 and 35 dph. The percent volume of germ cells and follicles 

within the cortex was also calculated as a means of validating the counting technique. The total 

percent volume of germ cells and primordial follicles within the cortex ranged between 42-84%, 

suggesting that the counting technique was not invalid. Our findings show that before germ cell 

nest breakdown (5 dph) there were roughly 1,000,000 pre-follicular germ cells within the cortex 

of the left ovary, and that germ cell nest breakdown initiated between 5 and 7 dph, characterized 

by a decrease (P £ 0.001) in pre-follicular germ cell density and the subsequent appearance of 

primordial follicles. Nest breakdown is followed on day 9 by the first increase (P £ 0.05) in size 

of pre-follicular germ cells. These cells continue to grow throughout nest breakdown. The majority 

(>90%) of germ cell nest breakdowns concluded by 15 dph; although the primordial follicle pool 

wasn’t fully established until 35 dph, as determined by a total lack of pre-follicular germ cells. At 

this point, the pool was comprised of an estimated 60,000 primordial follicles and shows that, 

during nest breakdown and follicle pool formation, ~94% of germ cells were lost. This 94% 

decrease in the number of germ cells during nest breakdown in the turkey is comparable to the 

domestic chicken, but is greater than the average two-thirds which are lost in mammalian species. 
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4.2 Introduction 

Within the immature avian ovary, the breakdown of germ cell nests, germ cell loss, and 

formation of primordial follicles, marks a pivotal cellular depletion and reorganization; as birds 

lack a germinal bed with self-renewing germ cells (oogonium) upon sexual maturation (Johnson, 

2015). This means that the cellular depletion heavily influences the finite number of ova available 

throughout a female bird’s reproductive life span. Once the follicle pool is exhausted or below a 

specific threshold, the bird would theoretically enter reproductive senescence.  

In mammals, germ cell nest breakdown is well characterized by: [1] dissolution of 

intracellular bridges; [2] an abrupt decline in the number of germ cells predominantly through 

apoptosis; [3] and infiltration of pre-granulosa cells to surround the remaining primary oocytes, 

and form primordial follicles (Pepling and Spradling, 2001; De Felici, 2005; Rodrigues et al., 

2009; Tingen et al., 2009; Findlay et al., 2015; Wear et al., 2016). The primordial follicle pool is 

established after the completion of this process. Germ cell nest breakdown is not well characterized 

in avian species. The series of cellular events is assumed to be consistent with that of the 

mammalian process. One defining difference is that this process in mammals has been shown to 

occur before or after parturition, however, in birds, it has only been documented post-hatch.  

In the domestic chicken,  germ cells at the time of hatch are classified as either (1) oogonia 

which are mitotically active or resting, or (2) primary oocytes which have entered meiosis, and are 

paused at prophase I (Hughes, 1963), with a distribution of 30% oogonia and 70% primary oocytes 

(Gonzalez-Moran, 2007). These germ cells are organized into nests connected by intracellular 

bridges (Skalko et al., 1972; Ukeshima and Fujimoto, 1991), also known as ring canals. It is 

assumed that, similarly to mammals, germ cells in the same nest are clonally derived (Wartenberg 

et al., 1998), and that the intracellular bridges are derived from incomplete cytokinesis when 

oogonia divided synchronously (Pepling and Spradling, 1998). Germ cell nest breakdown initiates 

at 3 dph for quail (Madekurozwa, 2012), 4 dph for chicken (Hughes, 1963) and 7 dph for the turkey 

(Liu et al., 2017b), as noted by the first appearance of primordial follicles. To date, germ cell 

numbers during nest breakdown in poultry species have only been documented using the chicken, 

and no wild bird studies have been performed.  It was reported that the total germ cell population 

in chickens peaks on day 17 of incubation, prior to hatch, at around 680,000 (Hughes, 1963), with 

estimates from 175,000 to 480,000 germ cells on the day of hatch (Hughes, 1963; Méndez-Herrera 

et al., 1998; Gonzalez-Moran, 2011). It was further reported that germ cell numbers decreased to 



 

 40 

75,000 by 7 dph, concomitant with the appearance of primordial follicles and that the follicle pool 

was fully established by 4 weeks of age with a germ cell population of 50,000 (Gonzalez-Moran, 

2011). Thus it appears that, in chickens, between 70 – 90% of germ cells are lost during nest 

breakdown and primordial follicle formation. For the turkey and quail, the dynamics, duration, and 

number of germ cells during nest breakdown and the timing of primordial follicle pool 

establishment are not known. 

The two studies presented here aimed to provide fundamental information with regards to 

germ cell nest breakdown and formation of the primordial follicle pool in the domestic turkey. In 

the first study, the focus was on determining the size, density and percent volume of germ cells in 

the left ovarian cortex during the first five weeks post-hatch. This allowed us to validate our 

counting technique and identify key time points during nest breakdown and pool formation. 

Therefore, in our second study, we were able to determine the specific populations of germ cells 

and follicles before, during and after germ cell nest breakdown. 

4.3 Material and Methods 

4.3.1 Animals and sampling 

Day old female poults from a female parent-stock line, supplied by Hybrid Turkeys 

(Kitchener, Ontario, Canada) were housed with food and water ad libitum. The lighting protocol 

was as follows, 23 hr light:1 hr dark at 1 dph, followed by a stepwise decrease of 1 hr light per day 

until an 18 hr photoperiod was reached at 6 dph. Poults were euthanized by cervical dislocation 

between 1 and 35 dph with the age of poults defined as being dph ± 6 h, based on the hatch window. 

After euthanasia, the abdomen was opened, and the ovary located on the left dorsal wall was 

removed and collected. This research was approved by the Institutional Animal Care Committee 

and adhered to the principles described by the Canadian Council on Animal Care.  

4.3.2 Experimental design 

 For study 1, left ovaries were collected from 4 poults at 1, 3, 5, 7, 9, 11, 13, 15, 21, 28 and 

35 dph (n = 4 per age). The ovaries were then placed in a petri dish containing holding media (PBS 

with 20% Fetal Bovine Serum). The ovaries were then cut into 2 ´ 2 mm pieces (3-5 pieces/ovary 

based on the overall size), with the aid of a dissecting microscope, before processing (Liu et al., 

2017b). This made tissue sectioning and analysis more efficient. These ovaries were used to 

determine germ cell and follicle diameters, densities, and percent volumes within the cortex. In 

study 2, left ovaries were collected from 4 poults at 5, 9, 15 and 35 dph (n = 4 per age), but this 
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time ovaries were kept whole. These ages were identified from study one’s results, as key time 

points before, during, and after germ cell nest breakdown, and establishment of the primordial 

follicle pool. These ovaries were used to determine germ cell and follicle counts. 

4.3.3 Tissue processing and imaging  

Dissected and whole ovaries were fixed in Bouin’s solution (Water 81.6%, Formaldehyde 

9.2%, Acetic Acid 4.9%, Methyl Alcohol 3.7%, Picric Acid 0.6%), for 1 hr at RT, and then for an 

additional 23 hrs at 4 oC (Liu et al., 2017b). After fixation, tissues were washed with PBS, 

transferred into tissue cassettes, and stored in 70% ethanol at 4 oC until further processing. All 

tissues were processed in a Shandon Excelsior ES (ThermoScientific, Cheshire, UK). For dissected 

ovaries, the protocol involved 6 consecutive cycles of isopropanol (70%, 85%, 90%, 95%, 100% 

and 100%), followed by 3 cycles of xylene (100%) and ending with 2 cycles of paraffin wax (60-

62 oC). Each cycle lasted 30 mins. A similar process was used for whole ovaries, except a third 

cycle was added for paraffin wax, and all cycles were extended to 45 mins. All tissues were 

immobilized in paraffin blocks for sectioning. Dissected ovaries were positioned in blocks to allow 

all pieces from the same ovary to be sectioned concurrently; whereas whole ovaries were 

positioned so that sectioning occurred in a posterior to anterior direction. Tissues were sectioned 

at a thickness of 5 µm using a Finesse ME microtome (ThermoShandon, Cheshire, UK). In the 

case of dissected ovaries, four serial sections were collected per slide with 100 µm (20 sections) 

discarded between slides, and 8 to 10 slides were collected per dissected ovary. In the case of 

whole ovaries, four serial sections were also collected per slide. With varying numbers of sections 

discarded between slides, based on the age of the ovary: 10 sections (5 dph), 14 sections (9 dph), 

20 sections (15 dph), and 34 sections (35 dph), and slides were collected throughout the entire 

ovary. The difference in discarded sections meant that, on average, the number of slides collected 

from an ovary at different ages was roughly equal, ensuring larger ovaries from later ages were 

not oversampled compared to smaller ones (Gonzalez-Moran, 2011). Slides were stained with 

hematoxylin and eosin and examined under a light microscope, Leica DM 5000B (Leica, Wetzlar, 

Germany) equipped with a B-Series LED light source (ScopeLED, Richmond, CA, USA) for 

sequential red, green blue (RGB) imaging. The first section on each slide from dissected and whole 

ovaries were captured using a Hamamatsu Orca-Flash 4 camera (Hamamatsu Photonics, 

Hamamatsu City, Japan). Images were captured (mag. 40x) using Volocity (ver. 6.3.1; Quorum 

Technologies, Guelph, ON, Canada) over the entire first section; these images were then 
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subsequently stitched together to provide a large, high-resolution image of the first section. All 

chemicals were purchased through Fisher Scientific (Hampton, NH, USA).   

4.3.4 Histological examination and stereology 

4.3.4.1 Nomenclature and morphological classifications 

The literature does not contain consistent nomenclature regarding the differentiation 

between a primary oocyte not yet surrounded by granulosa cells to one incorporated into a 

primordial follicle. It has been previously proposed that germ cells can be classified as either pre-

follicular or follicular (De Felici, 2004), but no specific naming scheme has been proposed. For 

this study, the nomenclature ‘pre-follicular germ cell’ will refer to oogonium and primary oocytes 

not yet incorporated into primordial follicles.  

Morphological classifications were made in accordance with the following publications: 

Greenfield, 1966; Rothchild, 2003; Gonzalez-Moran, 2011; Liu et al., 2017b. For ovaries between 

1 and 9 dph, the cortex was defined by the germinal epithelium (external) and a clear differentiation 

between germ cell nests and medulla (internal). For older ages (11 to 35 dph), the internal 

differentiation was lost; therefore, the internal cortex border was defined by the simple presence 

of primordial follicles and/or pre-follicular germ cells. Pre-follicular germ cells with the following 

characteristics were measured and counted: (I) large cytoplasm enabling it to be distinguished from 

neighboring somatic cells; (II) clear visible nucleus; and (III) intact plasma membrane. Primordial 

follicles (primary oocytes surrounded by one cuboidal layer of granulosa cells) meeting the 

following criteria were measured and counted: (I) One primary oocyte with a clear nucleus, in the 

center; (II) surrounded by a single defined follicular epithelium layer; and (III) with a clear 

basement membrane. 

4.3.4.2 Germ cell and follicle diameter 

Diameter measurements of pre-follicular germ cells, primordial follicles, and their primary 

oocyte within were obtained from the high-resolution images from the dissected ovaries. From 

each ovary, a maximum of 120 pre-follicular germ cells were randomly selected from the 8-10 

high resolution images. Height and width measurements were taken and averaged to give the 

respective diameters (Liu et al., 2017b). Similarly, a maximum of 30 primordial follicles, and their 

respective primary oocytes within were measured. All pre-follicular germ cell, primary oocyte, 

and primordial follicle diameters were averaged per ovary. In addition, the smallest (Min.) and 
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largest (Max.) pre-follicular germ cells, primordial follicles and primary oocytes, within each 

dissected ovary were compared to illustrate size range.  

4.3.4.3 Germ cell and follicle density  

To calculate the density of pre-follicular germ cells and primordial follicles within 

dissected ovaries, the number and cortex volume they occupied were determined (Beck et al., 

2018). For pre-follicular germ cells, 6 high-resolution images were used per ovary, and the number 

of pre-follicular germ cells within all 6 images were counted and summed together. For primordial 

follicles, four slides (4 serial sections per slide) were used per ovary and the number of primordial 

follicles within all 4 serial sections was determined. This was accomplished by using the high-

resolution image of the first section of each slide as a reference, to ensure follicles were not counted 

twice in further serial sections, on the same slide (Beck et al., 2018). Primordial follicle counts per 

ovary were then summed together. Four serial sections were analysed due to the size increase of 

primordial follicles when compared to pre-follicular germ cells. Only using the first section would 

have resulted in a gross overestimation of the number of primordial follicles. To determine cortex 

volume, the perimeter of the cortex was drawn using the “freehand tool” of Volocity, allowing for 

the area to be calculated. The area was then multiplied by the cortex thickness either 5 µm, in the 

case of pre-follicular germ cells, or 20 µm for primordial follicles to give the specific volume of 

the cortex examined. All respective cortex volumes were summed together. The total number of 

pre-follicular germ cells or primordial follicles were divided by their respective total cortex volume 

to give their density per ovary.  

4.3.4.4 Percent germ cell and follicle volumes  

The percent volume (PV) of pre-follicular germ cells, primordial follicles and the combined 

total within the individual cortexes of dissected ovaries were calculated using the equation: !" =
!
"$%

" × ' × 100 with (r) corresponding to the cell or follicle radius (mm), that is half the diameter, 

and (D) the density (#/mm3), from each of the dissected ovaries (Beaumont and Mandl, 1961; 

Baker, 1963; Ioannou, 1964). 

4.3.4.5 Cortex Volume, Germ Cell, and Follicle Counts  

The cortex volume within whole ovaries at 5, 9, 15 and 35 dph was determined by tracing 

the periphery of the cortex in all the first sections on each slide using the high-resolution images. 

The area calculated by Volocity was then multiplied by the thickness (µm’s) of the sections 

collected and discarded between the first sections; 70 µm (5 dph), 90 µm (9 dph), 120 µm (15 dph) 
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and 190 µm (35 dph). All volumes per ovary were summed together to give the total cortex volume 

per whole ovary.  

To determine pre-follicular germ cell, primordial follicle, and the total germ cell count 

within whole ovaries, densities were first calculated in a similar manner as explained earlier for 

dissected ovaries. The densities were then multiplied by the cortex volume per ovary to calculate 

counts, with total germ cell count being the sum of pre-follicular germ cell and primordial follicle 

counts (Gonzalez-Moran, 2011). 

4.3.5 Statistical analysis 

Statistical analyses were performed using SPSS 25.0 for Mac (SPSS Inc., Chicago, IL). 

Data were presented as means ± standard deviation (SD) or standard error of the mean (SEM). 

Normality and equal variance of data were evaluated by residual plots and Levene’s tests, 

respectively, before final analysis. A one-way ANOVA was used to analyze the variance in 

diameter, density, percent volume, cortex volume, and count, among age groups. Differences were 

considered as significant when P £ 0.05. If there was an age effect, post-hoc tests (Tukey) were 

performed to determine which ages differed significantly (P £ 0.05).  

4.4 Results 

4.4.1 General histology 

At early ages (1 to 5 dph), the cortex was distinguished from the medulla based on clear 

uniformity of the pre-follicular germ cells within (Fig. 4.1A). Germ cell nests within the cortex 

can be partially identified based on the distance separating them, and the presences of immature 

granulosa cells between them. During the older ages (7 to 35 dph), when germ cell nests had broken 

down and individual germ cells were incorporated into primordial follicles, the outer most 

primordial follicle or pre-follicular germ cells were used as references to distinguish the cortex 

from the medulla (Fig. 4.1B-D). 

 During early ages, pre-follicular germ cells with a relatively large nucleus and cytoplasm 

(compared to immature granulosa cells) comprised the majority of the cortex (Fig. 4.2A-C). This 

made it impossible to clearly determine individual germ cell nests. Separation between nests was 

only possible when immature granulosa cells were present between nests. There was an abrupt 

change in the appearance of the cortex between 5 and 7 dph (Fig. 4.2C,D), with an increase in the 

number of immature granulosa cells loosely surrounding the prefollicular germ cells. By 9 dph the 

primordial follicles which had formed had a single epithelial layer of granulosa cells, but these 
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cells were not always cuboidal, instead, they often appeared flattened or squamous (Fig. 4.2E,F). 

At 15 and 21 dph the primordial follicles were consistently surrounded by the typical cuboidal 

granulosa cells with their peripheral side defining the basal lamina (Fig. 4.2G-I). The later two 

time points (28 and 35 dph), showed increased blood vessels within the cortex, and the primordial 

follicles, still within the cortex, appeared to be forming their first external theca cell layer, showing 

initial progression towards becoming primary follicles (Fig. 4.2J-L). 

4.4.2 Study 1 

4.4.2.1 Pre-follicular germ cell diameter and density 

Pre-follicular germ cell diameter remained constant 13.2 ± 0.2 µm, (P > 0.05) during the 

first week post-hatch (Fig 4.3A). Between 7 and 9 dph, the average diameter increased (P £ 0.05) 

from 14.1 ± 0.2 to 17.6 ± 0.5 µm, respectively. No difference in cell diameter was observed 

between 9 and 11 dph (P > 0.05); however, a second increase (P £ 0.01) was observed between 

day 9 and day 21 (22.4 ± 0.6 µm). Between 21 and 28 dph a third increase (P £ 0.001) in cell 

diameter occurred, reaching a final size of 26.4 ± 1.1 µm. Over the four weeks, when pre-follicular 

germ cells were present, the minimum size was 9.3 ± 0.8 µm with the maximum size being 40.9 ± 

6.4 µm (Table 4.1).  

While the density of pre-follicular germ cells remained constant during the first five dph 

(648,587 ± 26,597/mm3), a sharp decrease (P £ 0.001) in density occurred at 7 dph (279,478 ± 

52,239/mm3), as shown in Fig. 4.4A. The density decreased (P £ 0.01) again on day 11 to 67,254 

± 20,165/mm3. Pre-follicular germ cells were still present by 28 dph within the cortex but were 

absent at 35 dph. 

4.4.2.2 Primordial follicle diameter and density  

Primordial follicles were first observed at 7 dph, with an average diameter of 37.5 ± 1.5 

µm (Fig. 4.3B). The diameter increased to 52.6 ± 2.2 µm (P £ 0.05) on day 13, and again to 72.0 

± 2.6 µm (P £ 0.05) by 28 dph. No further change (P > 0.05) in size was observed during the fifth 

week post-hatch. Between 7 and 35 dph, the smallest primordial follicles were 30.0 ± 1.3 µm with 

the largest being 145.6 ± 29.1 µm (Table 4.1). Primary oocytes followed the same growth pattern 

as primordial follicles (Figure 4.3B), except the first increase (P £ 0.05) in size for primary oocytes 

occurred between 7 and 11 dph. 
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 As shown in Figure 4.4, the density patterns of pre-follicular germ cells and primordial 

follicles were inversely proportional for the first 21 days.  The density of primordial follicles 

increased (P £ 0.05) from 438 ± 126 /mm3 at 7 dph to 3316 ± 602 /mm3 by 11 dph and to 7397 ± 

777/mm3 on day 15 (P £ 0.01). There was no observed change in primordial follicle density 

between 15 and 21 dph. Primordial follicle density dropped (P £ 0.001) by 28 dph to 3,726 ± 

289/mm3, with no significant change thereafter.  

4.4.2.3 Percent germ cell and follicle volume 

During the first three time points post-hatch, the total volume of germ cells in the cortex 

ranged from 65.9 ± 5.9 % to 83.5 ± 6.5 %, and consisted exclusively of pre-follicular germ cells 

(Table 4.2). When both pre-follicular germ cells and primordial follicles were present, the total 

volume ranged from 42.0 ± 7.9% to 72.7 ± 4.6% of the cortex. No datum point ever exceed 100%.  

4.4.3 Study 2  

4.4.3.1 Cortex volume, germ cell, and follicle counts  

The cortex volume steadily increased (P £ 0.05) from 3.0 ± 0.6 mm3 on day 5 to 27.9 ± 2.3 

mm3 by 35 dph (Table 4.3). While the cortex was growing the number of germ cells decreased (P 

£ 0.05) from 1,057,402 ± 194,627 on day 5 to 60,768 ± 15,465 by 35 dph. During nest breakdown 

and follicle pool formation between 5 and 15 dph, a majority (~90%) of the pre-follicular germ 

cells disappeared. It is unclear if pre-follicular germ cells still present at 15 dph contributed to the 

final follicle pool, as there was no change in primordial follicle counts between 15 and 35 dph. By 

35 dph only primordial follicles were present, demonstrating that by this age the follicle pool was 

fully established. 

4.5 Discussion 

Histological and stereological information on the turkey ovary during germ cell nest 

breakdown and formation of the primordial follicle pool is limited. Thus, the goal of the two studies 

here was to provide a thorough description of cellular depletion and reorganization events in the 

turkey ovary, during the first five weeks post-hatch. Our evaluation of poult ovarian morphology 

provides evidence that the cellular depletion event known as germ cell nest breakdown (1) initiates 

between 5 and 7 dph,  (2) is largely completed by 15 dph, and is (3) fully concluded at 35 dph. At 

this last age, the primordial follicle pool has been fully established, and no further follicles will be 

formed. 
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The overall histological change in the cortex of the turkey ovary was similar to that of the 

chicken and quail. One challenge experienced was properly identifying primordial follicles. 

Although the characteristics of primordial follicles are well defined (Johnson, 2015), in our study, 

intermediate forms were also identified. Be it an early primordial follicle, which often appeared 

with a squamous or flattened layer of granulosa cells, or a late primordial follicle transitioning to 

a primary follicle, which appeared to be forming an external theca cell layer, although it was still 

well within the cortex. This highlights the trouble with defining key cellular characteristics, as this 

is a dynamic process with intermediate stages along the way. 

To date, there has been only one other publication describing ovarian germ cell 

morphology in poults, and that study evaluated ovaries for a one week period post-hatch (Liu et 

al., 2017b), with a more limited microscopic evaluation. In general, the germ cell measurements 

at each time point (1, 3, 5, and 7 dph) from both studies were similar, although it was reported by 

Liu et al., 2017b that oogonia (described as pre-follicular germ cells here) diameters increased 

significantly over time; whereas, no such significant growth was observed during the same period 

in our first study. Rather, the first increase in pre-follicular germ cell size was observed between 

7 and 9 dph. Pre-follicular germ cells ranged in size from 9 to 41 µm in diameter, showing that 

pre-follicular germ cells can grow before being incorporated into a well defined primordial follicle. 

Because pre-follicular germ cell maximum values approximated primary oocyte minimum values, 

it is possible that smaller pre-follicular germ cells may not transition into becoming primary 

follicles. The size of oogonia and primary oocytes around the time of nest breakdown has been 

reported in older literature for mammalian species (Beaumont and Mandl, 1961; Baker, 1963; 

Ioannou, 1964; Black and Erickson, 1968) and the domestic chicken (Greenfield, 1966); germ cell 

size in relationship to age during nest breakdown has only been reported in the mouse (Pepling 

and Spradling, 2001). In the mouse, germ cells grow minimally (~ 3 µm) during nest breakdown 

and follicle formation. In contrast, a substantial increase in pre-follicular germ cell and primary 

oocyte size occurs during the same process in the turkey. It is not known if other avian species 

follow the same growth dynamics.  

 Based on study 1, primordial follicles first appeared at 7 days post-hatch, which is similar 

to previous reports (Liu et al., 2017b). In chickens, the maximum diameter of primordial follicles 

has been reported at 80 µm (Johnson, 2015). Here we find that primordial follicles in the domestic 

turkey can range between 30 and 175  µm. Although the larger follicles appear to have primary 
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follicle features, namely the start of an external theca cell layer, although they have not started to 

protrude out of the cortex, another defining feature of an avian primary follicle. There was no 

change in the average size (50 – 55 µm) of primordial follicles between 11 and 21 days post-hatch; 

however, there was an increase in the largest primordial follicle observed in each ovary during the 

same period. This seems to suggest that, within the first three weeks post-hatch, some primordial 

follicles are growing or have been selected to grow while others have not. We know that this occurs 

in mature birds as ovaries possess follicles at all stages of development, even unrecruited 

primordial follicles (Apperson et al., 2017). To our knowledge, this is the first evidence to suggest 

that certain follicles in ovaries 1 to 3 weeks post-hatch are being selected to grow over others, 

potentially meaning that the follicle hierarchy is already being established. 

The density of germ cells has been used to analyze cultured ovarian tissue (Beck et al., 

2018); here it was used to determine germ cell and follicle patterns. This method of evaluating 

germ cell numbers is more time efficient than determining total germ cell or follicle populations. 

In our first study, this allowed for the determination of important cellular time points before (5 

dph), during (9 dph) and after the majority (15 dph) of germ cell nests had broken down. Germ 

cell nest breakdown was determined to occur between 5 and 7 dph, with the first significant 

decrease in pre-follicular germ cell density and the first appearance of primordial follicles. 

Interestingly, this demonstrated that mass pre-follicular germ cell loss initiated before the first 

substantial growth spurt of pre-follicular germ cells, suggesting that the loss may be required to 

stimulate pre-follicle germ cell growth.  

A majority of germ cell nests were broken down by 15 dph as seen by the leveling off pre-

follicle germ cell density and primordial follicle density reaching their highest values. Primordial 

follicle densities dropped after 21 dph, not due to a decrease in primordial follicles, as primordial 

follicles numbers increased during this time period, but rather due to the growth of the cortex and 

primordial follicles within. Pre-follicle germ cells were still present up until 28 dph demonstrating 

that by 35 dph the primordial follicle pool is fully established as pre-follicular germ cells were no 

longer present. This occurs one week later than reported in chickens in which the primordial 

follicle pool is established at 28 dph (Gonzalez-Moran, 2011). By identifying these key time 

points, we were then able to revisit these ages in our second study and determine the exact number 

of germ cells and follicles. Interestingly from the density data, we were also able to see that the 

decrease in pre-follicular germ cell density followed an exponential trend, while the primordial 
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follicle density increase was more linear, between 7 and 15 dph. This suggested that a smaller 

percentage of pre-follicular germ cells were incorporated into primordial follicles at the start of 

nest breakdown compared to the end.  

There has been a substantial amount of controversy surrounding the accuracy of germ cell 

counts in the fetal and neonatal mouse ovary based on a 10-fold variation in germ cell numbers 

reported between groups (Tilly, 2003). It was then vital in our case to determine a method of 

validating our counting technique. We did this by using the relationship between size and density 

to determine the percent volume of germ cells and follicles within the cortex. Because our 

percentage of germ cell and follicle volumes never passed the maximum value of 100 percent or 

an unreasonably low number (<10%) based on the histological images, our counting technique 

was not invalidated, allowing us to proceed and determine germ cell and follicle populations. 

From the four ages assessed in study 2 (5, 9, 15 and 35 dph) for germ cell and follicle 

counts, the total germ cell count was highest at 5 dph, and decreased to 6% of this total by 35 dph. 

The total number of germ cells in our study exceeded that of other published reports in chickens 

(Hughes, 1963; Méndez-Herrera et al., 1998; Gonzalez-Moran, 2011), as ~1,000,000 pre-follicular 

germ cells were seen in the turkey at day of hatch, compared to 480,000 – 175,000 in the chicken. 

Moreover, ~60,000 primordial follicles established the primordial follicle pool in the turkey 

compared to 50,000 in the chicken. Comparing germ cell counts between studies can be 

challenging for two reasons. First, methods for counting cells range widely from fixed histology 

to cell suspension, and nomenclatures, even when standardized can be subjectively interpreted by 

the observer. On the other hand, the stereological analysis of the cortex is based on a well defined 

structure, subjective choice by the observer is eliminated, and the data is thus more reliable. The 

stereological analysis of the turkey ovarian cortex revealed that this structure is larger than that of 

the chickens, thus having the capacity to contain a higher number of germ cells. This, taken 

together with our count data, lends support that the turkey posses more germ cells than the chicken, 

at least during the period of the two turkey studies here.  

We observed a 70% decrease (~700,000) in pre-follicular germ cells between 5 and 9 dph, 

with only a small (~6,500) addition of primordial follicles. Whereas, between 9 and 15 dph when 

another roughly 150,000 pre-follicular germ cells were lost, we saw roughly 60,000 primordial 

follicles added to the pool. This suggests that pre-follicular germ cells lost at the start aren’t being 

added to the follicle pool compared to the ones which are lost towards the end of germ cell nest 
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breakdown. This was also observed by our density data (exponential decay vs. linear growth), 

validating the density data as an accurate method for analyzing population dynamics. The overall 

loss of germ cells during the observed 5 week period was 94%. With this high percent loss of germ 

cells occurring in the domestic turkey, and roughly 70 – 90% loss being reported in the domestic 

chicken (Hughes, 1963; Gonzalez-Moran, 2011), it appears that chickens and turkeys lose more 

germ cells during this period than mammals, which lose only an estimated two-thirds of germ cells 

during germ cell nest breakdown (Baker, 1972; Pepling and Spradling, 2001).  

The reason for this potential higher rate of germ cell loss in turkeys compared to mammals 

is unclear. Explanations as to why germ cells are lost during nest breakdown mainly revolve around 

three theories: 1) chromosome dysfunction/mispairing or genetic defects; 2) limited trophic 

factors; and 3) donation of cytoplasmic components (McClellan et al., 2003; De Felici, 2005; 

Tingen et al., 2009). Theory one is that a number of defects within a germ cell (dysfunctional 

telomeres, chromosome mispairing, mutations in genes) could result in elimination of that specific 

germ cell from the pool, thus providing a quality control step (Burgoyne and Baker, 1985; Barlow 

et al., 1998; Yoshida et al., 1998; Hemann et al., 2001). Because turkeys, have a higher number of 

macro and microchromosomes (Tegelstrom and Ryttman, 1981; Rodionov, 1996) than mammals 

(Painter, 1925), it is possible that there are higher numbers of mispaired chromosomes during 

meiosis which might be a factor contributing to the increased level of germ cell loss. The second 

theory is based on the observations that treatment of cultured female germ cells with specific 

growth factors prevented cell death (Godin et al., 1991; Matsui et al., 1991; Koshimizu et al., 1995; 

Morita and Tilly, 1999; Tilly, 2001). If these growth factors were limited during germ cell nest 

breakdown, then only germ cells that received enough or have greater sensitivity to growth factors 

would survive. To date, this has not been evaluated in birds. The third theory is based on two 

observations in mice where an increase in the number of mitochondria in an oocyte lowered its 

chances of being apoptotic (Perez et al., 2000), and that mitochondria have been found in the ring 

canals joining two germ cells together in the same nest (Pepling and Spradling, 2001). If more 

mitochondria mean primary oocytes have a greater chance of surviving, then potentially the 

number of primary oocytes acting as “nurse cells”, affects the survival rate of the central primary 

oocyte. Both of these last theories focus on the growth of the germ cell, either with trophic factors 

or by providing one germ cell with a greater potential to develop. During nest breakdown in mice, 

(e.g. 19.5 to 25.6 days post conception), the average diameter of germ cells only increased by 20% 
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(Pepling and Spradling, 2001). Conversely, our results show that during the same cellular depletion 

period in the turkey (e.g. 5 to 11 days post-hatch), the average diameter of germ cells increased 40 

– 150% depending on whether the germ cells had been incorporated into primordial follicles or 

not. As oogenesis in mammals is known to require a significant amount of energy (Arhin et al., 

2018), it seems likely that the extra growth in the turkey germ cell would require even more energy 

and cellular components, either in the form of  higher levels of trophic factors and/or an increase 

in the number of germ cells acting like nurse cells to supply mitochondria and cellular components 

to the central primary oocyte. Either of these scenarios could result in greater competition for avian 

germ cells and explain why turkeys exhibit a larger depletion of germ cells during nest breakdown. 

In summary, we have characterized the fundamental cellular changes within the ovary of 

the domestic turkey, post-hatch. It is clear that turkeys possess more germ cells, post-hatch, than 

the domestic chicken. However, they exhibit a comparable percent decrease in germ cell numbers 

during nest breakdown. Although this percentage decrease has only been reported for two avian 

species, it is clear that early ovarian development in birds differs from that of mammals. Further 

studies will determine how and if these early ovarian cellular changes have any effect on poultry 

reproductive performance.   
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4.6 Tables 

 

Table 4.1 Diameters of smallest (min.) and largest (max.) pre-follicular germ cells, primary 

oocytes and primordial follicles from turkey ovaries 1 – 35 dph. (n = 4/age group, mean ± SD). a-

dMeans with no common superscript in the same column differ significantly (P £ 0.05). 

  

DPH 
Pre-Follicular Germ Cell 

                Primordial Follicle 

 Primary Oocyte  Follicle 

Min. (µm) Max. (µm)  Min. (µm) Max. (µm)  Min. (µm) Max. (µm) 

  1   9.3 ± 0.8a 16.5 ± 0.9a           -            -           -            -  

  3   9.2 ± 0.3a 16.3 ± 0.6a           -            -           -            - 

  5   9.9 ± 0.2ab 17.1 ± 1.0a           -            -                 -            -  

  7 10.4 ± 0.2ab 21.2 ± 2.1a  18.2 ± 0.8a   27.8 ± 1.5a  30.0 ± 1.3a   45.7 ± 1.7a 
  9 11.6 ± 0.9ac 29.8 ± 4.2b  22.9 ± 2.7ab   42.3 ± 2.5ab  33.2 ± 1.8a   61.4 ± 2.0ab 
11 12.0 ± 0.9ac 29.5 ± 3.5b  25.8 ± 5.0ac   44.2 ± 5.5ab  35.5 ± 2.8ab   66.7 ± 3.1ab 
13 13.2 ± 1.1bd 32.3 ± 2.8b  29.7 ± 2.4bc   52.3 ± 4.9ab  39.1 ± 3.1ab   73.8 ± 3.6ab 
15 13.1 ± 2.0bd 32.0 ± 4.4b  30.5 ± 1.9bc   58.6 ± 3.9ab  39.9 ± 4.7ac   81.0 ± 4.8ab 
21 14.2 ± 2.6cd 33.2 ± 3.5bc  28.8 ± 1.6bc   67.9 ± 5.3b  36.0 ± 4.9ab   86.7 ± 7.7b 
28 16.5 ± 2.3d 40.9 ± 6.4c  33.9 ± 4.8cd 107.6 ± 26.4c  47.1 ± 7.3bc 132.2 ± 30.5c 
35          -          -  41.1 ± 8.6d 120.5 ± 25.2c  52.9 ± 11.4c 145.6 ± 29.1c 
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DPH 
Pre-Follicular Germ  
Cells (% volume) 

Primordial Follicles  
(% volume) 

Total Germ Cells and  
Primordial Follicles  
(% volume) 

  1 65.9 ± 5.9ab          - 65.9 ± 5.9ac 
  3 67.7 ± 2.8a          -  67.7 ± 2.8ac 
  5 83.5 ± 6.5a          - 83.5 ± 6.5c 
  7 40.7 ± 8.9 c   1.3 ± 0.0a 42.0 ± 7.9d 
  9 43.2 ± 6.0bc   6.1 ± 0.8ab 49.2 ± 5.6ad 
11 20.5 ± 5.3cd 21.3 ± 5.3bc 41.7 ± 1.0d 
13   7.0 ± 2.7d 38.5 ± 5.0c 45.5 ± 3.5ad 
15   6.8 ± 2.9d 60.4 ± 5.3d 67.2 ± 2.7ac 
21   5.3 ± 1.7d 56.4 ± 3.1d 61.6 ± 4.5ad 
28   0.7 ± 0.3d 72.0 ± 4.8d 72.7 ± 4.6bc 
35          - 59.3 ± 8.3d 59.3 ± 8.3ad 

 

Table 4.2 Percent volume of pre-follicular germ cells, primordial follicles, and the combined total 

within the cortex of the ovary in poults 1 – 21 dph. (n = 4/age group, mean ± SD). a-dMeans with 

no common superscript in the same column differ significantly (P £ 0.05).  
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DPH Bird 
(ID) 

Cortex 
Volume(mm3) 

Pre-Follicular 
Germ Cell (#) 

Primordial 
Follicle (#) 

Total Germ Cell 
and Follicle (#) 

5 

5A   4.2 1,485,590       - 1,485,590 
5B   2.6 1,106,305       - 1,106,305 
5C   1.7    540,459       -    540,459 
5D   3.3 1,097,255       - 1,097,255 

    3.0 ± 0.6a 1,057,402 ± 194,627a       - 1,057,402 ± 194,627a 
      

9 

9A   4.6    403,152     3,497    406,649 
9B   4.5    456,790     3,539    460,329 
9C   4.9    183,632   11,953    195,585 
9D   3.6    233,620     7,357    240,977 

    4.6 ± 0.3ab    319,299 ± 65,626b     6,587 ± 2,005a    325,885 ± 63,761b 
      

15 

15A   8.4    113,953   54,476    168,429 
15B 11.7    161,549   97,671    259,220 
15C   9.9      53,643   75,245    128,888 
15D   7.1      83,513   38,261    121,774 

    9.3 ± 1.0b    103,165 ± 23,028b   66,413 ± 12,878b    169,578 ± 31,594b 
      

35 

35A 25.0          -   34,691      34,691 
35B 23.2          -   39,291      39,291 
35C 30.6          - 101,837    101,837 
35D 32.9          -   67,253      67,253 

  27.9 ± 2.3c          -   60,768 ± 15,465b      60,768 ± 15,465b 
 

Table 4.3 Number of pre-follicular germ cells, primordial follicles and the combined total within 

the cortex of ovaries from turkey poults at 5, 9, 15 and 35 dph. (Bold) indicates mean ± SEM of the 

four datum points above (n = 4/age group). a-cMeans with no common superscript in the same column 

differ significantly (P £ 0.05). 
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4.7 FIGURES 

 

Figure 4.1 Histological appearance of the cortex (Co) and medulla (M) in the left ovary from white 

breasted turkey poults at 5 dph (A), 9 dph (B), 15 dph (C) and 35 dph (D). Individual germ cell 

nests (N) are defined based on their distance apart from each other, and the appearance of 

immature granulosa cells between them, which appear as purple lines, cutting through the cortex. 

The cortex is defined by a dashed line. Scale bars (A-D) 50 µm. 
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Figure 4.2 Histological appearance of the cortical tissue within the ovary from white breasted 

turkey poults 1 to 35 dph. (A) 1 dph. (B,C) 5 dph, with pre-follicular germ cells (asterisks) and 

immature granulosa cells (arrows), present within the cortex. For measuring the diameter of pre-

follicular germ cells a clear germ cellular membrane (arrow heads) was visible. (D) 7 dph. (E,F) 

9 dph, with primordial follicles (asterisk) being present, these early primordial follicles had 

granulosa cells (arrows) surrounding them that appeared squamous or flattened in shape. (G) 15 

dph, pre-follicle germ cells (arrow) were still present. (H,I) 21 dph, at this intermediate age 

primordial follicles (asterisk) had the characteristically normal cuboidal granulosa cells (arrows). 

For measuring the diameter of a primordial follicle and primary oocyte within, a clear external 

basement membrane and internal cellular membrane (arrow heads) were visible, respectively. (J) 

28 dph, at this time point large blood vessels (arrows) appeared in the cortical region. (K,L) 35 

dph, (K) blood vessels (arrows) became larger, and (L) immature theca cells (arrows) were 

present surrounding the largest of the primordial follicles. Scale bars (A-L) 20 µm. 
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Figure 4.3 Diameter of (A) pre-follicular germ cells and (B) primary oocytes (grey) and primordial 

follicles (black) in turkey ovarian tissue 1 – 35 dph. (n = 4/age group, mean ± SEM). a-d or A-C Means 

with no common superscript within the same cell or follicle type differ significantly (P £ 0.05). 
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Figure 4.4 Density of (A) pre-follicular germ cells and (B) primordial follicles in the cortex of the 

left ovary in poults 1 – 21 dph. (n = 4/age group, mean ± SEM) a-dMeans with no common 

superscript differ significantly (P £ 0.05). 
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Preface for Chapter Five 

 

 Now that we have successfully evaluated the morphological changes during the first 5 

weeks in the domestic turkey’s left ovary, we can return to our original goal which was to 

determine if age or maturity affects the transplantability of the tissue. As we established that germ 

cell nest breakdown starts around 7 dph within the left ovary, and that the majority of prefollicular 

germ cells have transitioned into their follicle form around 15 dph, it seemed prudent to evaluate 

the transplantability of the tissue from 1 to 15 dph. To evaluate the transplantability of the ovarian 

tissue an in-ovo culture system was used, as this has been used prior, to evaluate quail ovarian 

tissue after cryopreservation. With this system the transplant stays stationary, and the recipient’s 

immune system is not functional so there cannot be rejected. Both variables would have been 

possible confounding factors if the tissue was transplanted into living birds, making the results 

harder to interpret. Here the only factors which need to be taken into consideration with respect to 

the transplantability of the ovarian tissue were age, and the culture system. It should be noted that 

in 2020 this chapter was published in Poultry Science, under the same title (99:7109–7121). 
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CHAPTER 5: In ovo Culturing of Turkey (Meleagris gallopavo) Ovarian Tissue to assess 

Graft Viability and Maturation of Prefollicular Germ Cells and Follicles 

 

5.1 Abstract 

Biobanking of turkey ovarian tissue appears to be the most cost-effective method for the long-

term preservation of female genetics. However, to ensure the successful transplantation of 

biobanked ovarian tissue for breed or line revival, the transplantation and development of fresh 

ovarian tissue must be evaluated. To assess transplantability, ovaries from poults 1 to 15 dph were 

cultured in-ovo in chicken eggs for 6 days and compared to the equivalent fresh tissue. The 

viability of cultured ovarian tissue was evaluated visually, whereas the level of late-stage apoptosis 

was measured via the TUNEL assay. In addition, the diameter and density of prefollicular germ 

cells and follicles (primordial and primary) were measured to assess maturation. Results showed 

that all cultured grafts (74/74), on surviving chicken chorioallantoic membrane, were viable with 

low levels (0.8 ± 0.1%) of late-stage apoptosis. The diameter of prefollicular germ cells in cultured 

ovaries from poults at 5 and 7 dph were larger (P < 0.002) compared to their preculture 

counterparts but weren’t able to reach their in-vivo size. No significant follicular growth was 

observed in ovaries cultured in-ovo, however, prefollicular germ cell density was over four-fold 

greater in ovaries cultured from 7 dph poults (81,030 ± 17,611 /mm3) compared to their in-vivo 

counterpart (16,463 ± 6,805 /mm3). Interestingly, cultured ovaries from all other ages displayed 

equal or lower (P £ 0.05) prefollicular germ cell densities than their in-vivo counterparts. Cultured 

ovaries from poults at 5 and 7 dph also exhibited an increase (P £ 0.05) in follicle density compared 

to their preculture counterparts; whereas cultured ovaries from 15 dph poults had decreased 

densities (P < 0.001) compared to their preculture counterparts. This study demonstrated that, 

while age of ovarian tissue cultured in-ovo did not affect the overall viability, 7 dph ovaries 

appeared to have a better cellular morphology after culturing in-ovo than other ages. Additionally, 

we also demonstrated for the first time that avian follicles can form during tissue culturing in-ovo.  
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5.2 Introduction 

Biobanking of poultry ovarian tissue and semen as a means of preserving the entire genome 

is fast becoming a reality. Cryopreservation of ovarian tissue is required along with semen due to 

the fact that in birds, the female is the heterogametic sex (WZ) and provides the mitochondria 

DNA. Without the ovarian tissue being incorporated into poultry cryopreservation strategies, 

important genetic material would be lost. In the case of the domestic turkey, semen 

cryopreservation techniques have improved (Iaffaldano et al., 2016b) although, for many breeds 

fertility rates from cryopreserved semen may still be too low to be relied on for guaranteed 

reconstitution (Long et al., 2014). On the other hand, cryopreserved turkey ovarian tissue has not 

been successfully transplanted into recipient poults and therefore ovarian maturation and 

production of donor-derived progeny have not been possible. Developing a successful 

cryopreservation and transplantation protocol for turkey ovarian tissue is therefore necessary.  

As a first step, before cryopreserved tissue can be used, it is important to establish and 

validate a protocol for the transplantation of fresh ovarian tissue. Successful fresh tissue 

transplantations have been reported in other species such as chicken, quail and duck, with success 

measured either by donor-derived progeny or via genotyping of the transplants (Song and 

Silversides 2007b; 2008a; 2008b; Song et al., 2011; Liptoi et al., 2020). In the case of donor-

derived progeny, the highest success rates for chicken, quail, and duck have been 40% (4/10), 63% 

(5/8), and 13% (1/8), respectively. Similarly, when fresh chicken transplants were evaluated by 

genotyping transplants from recipient birds at 8, 11 and 30 wks of age, 52% (10/19) of the hens 

still possessed transplants (Liptoi et al., 2020). Interestingly, quail had the highest reported success 

rate suggesting species-specific differences, however, transplantations were performed using 

ovaries collected at 7 dph in quail, and 1 dph in chickens and ducks. This raises the possibility that 

a more mature tissue is required for successful transplantations and species difference may have 

been confounded with transplant age. 

A number of reasons may be responsible for the reported failures of ovarian transplantation 

in poultry, which include poor graft attachment rate, insufficient revascularisation leading to 

ischemia, reperfusion injury, and graft rejection by the recipient’s adaptive immune system (Song 

and Silversides 2007b; 2008b). Even when the graft develops successfully, the transplanted ovary 

may be incorrectly positioned within the abdominal cavity or the oviduct could have been 
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inadvertently damaged during the surgical procedure, both would result in unwanted internal 

ovulations (Liptoi et al., 2020).  

To effectively assess the impact of donor age on ovarian transplantation success rates in 

the domestic turkey, we opted to utilize a chorioallantoic membrane (CAM) in-ovo culture system. 

This requires attachment and revascularization of the transplant to the CAM of an early-stage 

chicken embryo. The benefit being that this culture system avoids the possible immune rejection, 

which could occur if the tissue was transplanted into a recipient poult, since the chicken embryo 

doesn’t reach immunocompetency until the 14th day of embryonic development (Tizard, 2008). 

This system also guarantees immobilization of the graft since the graft remains stationary with 

respect to the CAM. However, this system does mimic certain conditions that the transplanted 

ovarian tissue would experience in a recipient poult, with 1-3 days of ischemia followed by 

reperfusion after revascularization to the CAM blood vessels (Beck et al., 2018). The successful 

culturing in-ovo of fresh and cryopreserved ovarian tissue has been demonstrated in several other 

species including cattle (Cushman et al., 2002; Gigli et al., 2005; Beck et al., 2018; 2020), mice 

(Gigli et al., 2005), sheep (Qureshi et al., 2008; Vatanparast et al., 2018), humans (Martinez-

Madrid et al., 2009; Isachenko et al., 2012; 2013a; 2013b), cats (Vilela et al., 2016), chickens 

(Yuan et al., 2009), and quail (Liu et al., 2012). In the quail study, the focus was on cryopreserved 

tissue, although a fresh tissue control (7 dph) was also cultured for 5-6 days. Only 53% (9/17) of 

these fresh quail grafts survived with good or partial vascularisation, while the others failed due to 

poor vascularisation and necrosis (Liu et al., 2012). Interestingly, these results from the in-ovo 

culturing of quail ovaries closely mirrors the success rate (63%) of ovarian transplants in live quail 

(Song and Silversides 2008b), suggesting that the in-ovo culture system may be appropriate to 

predict the success rate of grafts transplanted into recipient birds. 

Using an in-ovo CAM culture system, turkey ovarian tissues ranging from 1 - 15 dph were 

cultured for six days and were then visually graded for vascularization, processed for histological 

analyses, and evaluated for late-stage apoptosis (cell death) using a terminal TUNEL assay.  The 

aim was to determine if tissue viability, prefollicular germ cell and follicle maturation and 

development within transplanted turkey ovarian tissue was affected by the age of the donor.  

5.3 Material and Methods 

5.3.1 Animals and sampling  
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Fertilized white leghorn chicken eggs obtained from the University of Guelph poultry 

research station (Guelph, Ontario, Canada) were used for the in-ovo tissue culturing protocol. After 

tissue culturing, all white leghorn embryos were euthanized at 15 days of incubation by 

decapitation. Day old female poults were supplied by Hybrid Turkeys (Kitchener, Ontario, 

Canada) from a female parent-stock line. Poults were housed in group floor pens and given ad 

libitum food and water. Photoperiod was set at 23 hr during the 1st dph followed by a stepwise 

decrease of 1 hr light per day until an 18 hr photoperiod was reached at 6 dph. Poults were 

euthanized by cervical dislocation between 1 and 21 dph, with the age defined as dph ± 6 hrs based 

on the hatch window. The use of animals and all procedures were reviewed and approved by the 

Institutional Animal Care Committee and adhered to the principles described by the Canadian 

Council on Animal Care.  

After euthanasia, the poult’s abdomen was opened, and the left ovary removed and placed 

into a petri dish containing holding media (PBS with 20% Fetal Bovine Serum) at RT. Each ovary 

was then cut into 2 × 2 mm segments (3 segments per ovary) under a dissecting microscope. After 

dissection, ovaries from poults (n = 4) at 1, 3, 5, 7, 11 and 15 dph were immediately fixed and 

histologically processed as fresh controls to represent ovarian morphology at the start of each 

timepoint (preculture ovaries; Table 5.1). A second set of ovaries from poults at 1, 3, 5, 7, 11 and 

15 dph (n = 4 or 5/age) were instead cultured in-ovo for 6 days (cultured ovaries; Table 5.1). Each 

ovarian segment was in-ovo cultured separately, making them technical replicates. If the chicken 

embryo died during culturing in-ovo, the experimental replicate was removed from the study. If 

two or more experimental replicates were removed for one particular ovary, the ovary was 

removed from apoptosis and cellular morphology analysis, although the remaining graft was 

measured for size and visually assessed for vascularization. This occurred for one ovary at the 3 

and 7 dph ages, in addition, one ovary from the 11 and 15 dph time points were also randomly 

removed from the apoptosis and cellular morphology analysis, so as to maintain an equal sample 

size (n=4) for each age group. A final set of ovaries from different poults at 7, 9, 11, 13, 17 and 21 

dph (n=4 per age class) were also immediately fixed for histological processing to represent the 

normal cellular development of ovaries during this 6 day period (in-vivo ovaries; Table 5.1). Bursa 

of Fabricius from the 11 dph poults were also collected, fixed and processed as a source of known 

apoptotic tissue. 

5.3.2 In ovo tissue culturing  
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Culturing in-ovo of turkey ovarian tissue was performed in a similar manner to previous 

studies (Qureshi et al., 2008; Martinez-Madrid et al., 2009; Liu et al., 2012; Isachenko et al., 2013b; 

Beck et al., 2020). Initially, 112 fertilized white leghorn eggs were rinsed with water, wiped with 

70% ethanol and then incubated in an egg incubator with a rotating tray (1588 Genesis Hovabator 

with 1611 Automatic Egg Turner; GQF Manufacturing Company, Savannah, GA, USA) for 3 

days. The eggs were incubated at a constant 37.5oC and a relative humidity of 71-74%. On day 3 

of incubation, eggs were moved to a stationary plastic egg tray, placed in a horizontal position and 

returned to the incubator for a further 2 hrs. Windowing was performed one egg at a time, in a 

biosafety cabinet. First, a small hole was created at the apex of the large end of the egg. Albumin 

(2ml) was then aspirated through the hole using an 18-gauge needle without damaging the yolk 

sac. Next, the egg was positioned horizontally and a window (1 × 2 cm) was made in the eggshell 

using a rotary tool (DREMEL 100; Dremel, Racine, WI, USA) with cut-off wheel attachment (No. 

420; Dremel, Racine, WI, USA). A piece of clear plastic tape was used to cover the windowed 

area, and the egg was placed back in the incubator on the stationary tray, window side up. For the 

next 6 days, embryos were observed daily for heartbeat and eggs containing dead embryos were 

removed. On day 9, grafting of ovarian tissue was performed in a biosafety cabinet. First, the tape 

covering the window was removed and the CAM was manually traumatized by laying a sterilized 

(dipped in acetone) strip of filter paper (9-12mm2) onto an area adjacent to major blood vessels. 

The filter paper was removed gently to minimize damage and the ovarian tissue segments were 

then placed on the area of traumatized CAM with the medulla side lying directly on the CAM (Fig. 

5.1B). The importance of ensuring the blood vessel rich medulla is in contact with the CAM has 

previously been demonstrated, as ovarian grafts with both medulla and cortex have a higher 

success rate of grafting than grafts with only cortical tissue (Isachenko et al., 2012). The window 

was then resealed with tape, and the egg returned to the incubator. The entire grafting procedure 

was completed within 5 mins or less. At this stage, the 5 control embryos did not receive grafts 

and were left in the incubator. On day 15 of incubation (6 days after ovarian grafting), the eggs 

were removed from the incubator, and the entire CAM surrounding the graft was exposed by 

removing the tape and more of the eggshell (Fig. 5.1C). The grafts and surrounding CAM were 

photographed and excised using a dissecting microscope (Leica EZ4 W; Optic-Tech Scientific 

Inc., Pickering, Ontario, Canada), and both graft and surrounding CAM were removed and fixed 
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for histological examination (Fig. 5.1E). All chemicals and supplies were purchased through Fisher 

Scientific (Hampton, NH, USA) unless otherwise stated.  

5.3.3 Measurement and grading of cultured grafts  

The area of the grafts were determined by measuring the width and length from the 

captured images. Grafts were then visually assessed as previously reported in other in-ovo culture 

studies using human (Martinez-Madrid et al., 2009), sheep (Qureshi et al., 2008), and quail (Liu 

et al., 2012) ovarian tissue. In our study, well-vascularized, defined as blood vessels can be seen 

over the entire graft, and partially vascularized, defined as less than 50% of the graft appearing to 

possess blood vessels, were combined into one group referred to as well/partly vascularized grafts 

(Fig. 5.1F). Our rationale for combining these groups is that vascularization is by nature a three-

dimensional property of the tissue, whereas visual assessments are based on two dimensions. 

Consequently, tissue assessed as partially vascularized could be more vascularized than well-

vascularized tissue if it had more blood vessels closer to the center of the graft, and the well-

vascularized tissue only possessed blood vessels within its peripheral edges. The other two types 

of grafts identified here were poorly vascularized grafts, defined as being attached to the CAM but 

appearing white, with no blood vessels, and dead grafts which appeared yellow or brown.  

5.3.4 Tissue processing and imaging  

All tissues were fixed using Bouin’s fixative, for 1 hr at RT, and then for an additional 23 

hrs at 4 oC as described in Section 4.3.3. For the cultured grafts, fixation was performed within a 

small petri dish, with the CAM spread out on the petri dish surface, so as to allow the surrounding 

CAM to be fixed in a flattened position. After fixation, all tissues were washed with PBS and 

transferred into tissue cassettes. For the cultured grafts, a small sponge was also placed within the 

cassette to keep the surrounding CAM in a flattened position. The cassettes were then stored in 

70% ethanol at 4 oC until further processing. All tissues were dehydrated, cleared with xylene, 

embedded with paraffin wax and immobilized in paraffin blocks as previously reported for 

dissected ovaries in Section 4.3.3, with the exception of the positioning of the cultured graft within 

the block. Here, grafts were positioned with the CAM perpendicular to the cutting plane, allowing 

the sectioning of each graft to occur in a similar orientation. All tissues were sectioned at a 

thickness of 5 µm using a Finesse ME microtome (ThermoShandon, Cheshire, UK). For each 

block, 4 serial sections were collected per slide with 100 µm (20 sections) discarded between 

slides. For preculture and in-vivo ovaries, 8 to 10 slides were collected per block; whereas for the 
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cultured ovarian grafts, slides were collected throughout the entire graft (10 to 17 slides per block). 

For the bursa of Fabricius blocks, 3 sections were randomly collected throughout each of the 

samples.  

For all ovaries (preculture and in-vivo) and cultured grafts, every other slide was stained 

with hematoxylin and eosin (H&E). For the TUNEL assay, one of the sections on a randomly 

selected slide was analyzed per segment or per graft for preculture, in-vivo, or cultured ovaries 

(three sections per ovary), whereas all the bursa of Fabricius sections were evaluated for apoptosis. 

The In-situ Apoptosis Detection Kit (ab206386, Abcam Inc. Toronto, Ontario, Canada) was used 

according to Gao et al. (2017), however, hematoxylin was used instead of methyl green for 

counterstaining. Slides from bursa of Fabricius were used as a positive control as this tissue is 

known to have naturally high levels of apoptosis. All slides (H&E and TUNEL) were examined 

under a Leica DM 5000B light microscope (Leica, Wetzlar, Germany) equipped with a B-Series 

LED light source (ScopeLED, Richmond, CA, USA) for sequential RGB imaging. For the H&E 

slides, the first section on each slide was imaged using a Hamamatsu Orca-Flash 4 camera 

(Hamamatsu Photonics, Hamamatsu City, Japan). Images were captured (mag. 40x) over the entire 

ovary section; these images were then subsequently stitched together to give a large, high-

resolution image, using Volocity ver. 6.3.1 (Quorum Technologies, Guelph, ON, Canada). For the 

TUNEL sections, 3 random images of the cortex area of the segment or graft were captured at 

mag. 40x from each section. In the case of the bursa of Fabricius, the 3 images were taken within 

bursa follicles for each sample. This meant that for late-stage apoptosis analysis a total of 9 images 

were used per ovary, and per bursa of Fabricius. 

5.3.5 Diameter and densities of prefollicular germ cells and follicles  

Diameter and density measurements were calculated using the method described in 

Sections 4.3.4.2 and 4.3.4.3, using the high-resolution images, with the exception that the 3 types 

of follicles (primordial, growing and primary) defined by Guo et al. (2019a; 2019b) and Zhao et 

al. (2017) were combined into a single classification and referred to as “follicles”. With respect to 

diameter measurements, 40 prefollicular germ cells, and 10 follicles were sampled per segment or 

graft. Giving a total of 120 prefollicular germ cells, and 30 follicles per ovary. For prefollicular 

germ cell and follicle densities, 2 high-resolution images were randomly selected and used per 

segment or graft, meaning 6 images were used per ovary. The values obtained from each ovary 

(preculture, cultured, and in-vivo) not individual segments or grafts were then statistically 
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compared. 

5.3.6 Percent of late-stage apoptotic cells 

To determine the percentage of late-stage apoptosis within each of the randomly captured 

images, 200 nuclei were analyzed per image. Nuclei that appeared dark brown (Fig. 5.2B) and 

condensed were considered apoptotic (TUNEL positive), whereas nuclei that appeared blue or 

light blue (Fig. 5.2A) were considered not going through late-stage apoptosis (TUNEL negative). 

The number of TUNEL positive cells within all captured images was summed and divided by the 

total number analyzed and converted into percentages.  

5.3.7 Statistical analysis  

Statistical analyses were performed using SPSS 25.0 for Mac (SPSS Inc., Chicago, IL). 

For graft size, percentage of TUNEL positive cells, and prefollicular germ cell and follicle 

diameter and density, the data were presented as means ± standard error of the mean (SEM). 

Normality and equal variance of data were evaluated by residual plots and Levene’s tests, 

respectively. For graft size, a one-way ANOVA was used to analyze the variance based on age of 

the tissue at the start of culture. If age had a significant (P £ 0.05) effect, then a post-hoc (Tukey) 

test was run to determine which ages differed. For TUNEL percentage, diameter, and density 

analysis a two-way ANOVA was used to analyze the effects of ovary type (preculture, cultured 

and in-vivo) and age. If the interaction (type vs. age) was shown to be significant, a “simple effects” 

test was run to determine differences within ovary types at certain ages. 

5.4 Results and Discussion 

The number of studies across several poultry species and breeds demonstrating that ovarian 

transplants can graft, mature, and eventually produce donor-derived progeny is encouraging (Song 

and Silversides, 2007b; 2008a; 2008b; Song et al., 2011; Liu et al., 2015; Liptoi et al., 2020). 

However, the mechanisms and factors that influence transplant success rates are for the most part 

still poorly understood. Knowledge of this information is crucial if this procedure is to be routinely 

used to conserve female poultry germplasm through biobanking. To that end, the current study 

investigated the potential impact of donor age on graft success rates. This was accomplished by 

culturing turkey ovarian tissue at varying ages, using the in-ovo (CAM) culture system 

5.4.1 Chicken embryo survival rates  

The overall chicken embryo survival rate was 71% (79/112), which was lower than 

previously reported for CAM culture systems (Beck et al., 2018; 2020; Martinez-Madrid et al., 
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2009; Isachenko et al., 2013a). By day 3 of incubation 96 out of the 112 (86%) eggs were fertile 

and had survived the windowing procedure. Out of these 96 embryos, 89 (93%) survived to the 

9th day of incubation (post windowing), a higher survival rate compared with previously published 

values (Beck et al., 2018). The survival rate between the 9th and 15th day of incubation (post CAM 

traumatization) was slightly lower (89%; 79/89) than comparable studies (Beck et al., 2018; 2020; 

Martinez-Madrid et al., 2009; Isachenko et al., 2013a). Out of the 79 embryos that survived till the 

15th day of incubation, 74 contained successfully cultured turkey ovarian tissue segments, the other 

5 were the controls which lacked grafts. The higher embryonic mortality rate between the 9th and 

15th day of incubation could have been caused by the duration of the CAM procedure. Since it was 

not possible to perform this procedure under the recommended 3-minute threshold, which has been 

suggested for CAM traumatization and graft placement (Qureshi et al. 2008). Further, it has been 

shown that when traumatization of the CAM and transplantation exceeded 7 mins, the embryonic 

survival rate dropped to 20% (Qureshi et al., 2008). Given these metrics, it is possible that the 5-

minute duration of our procedure adversely impacted embryo survival. Another possible factor is 

the higher humidity in our incubators (71 to 74 %) compared to the standard 60% reported in 

previous studies (Qureshi et al., 2008; Martinez-Madrid et al., 2009; Liu et al., 2012; Vatanparast 

et al., 2018), as high humidity has been shown to decrease embryo survival rates (Christensen et 

al., 2006). Notwithstanding, a sufficient number of embryos survived, and all surviving embryos 

facilitated the successful vascularization of the turkey ovarian grafts.   

5.4.2 Visual assessment of turkey ovarian grafts  

The success of human, sheep, and quail ovarian tissue to vascularize to the CAM of a 

chicken embryo has been defined by the grafts appearance and it’s level of attachment to the CAM 

(Qureshi et al., 2008; Martinez-Madrid et al., 2009; Liu et al., 2012; Vatanparast et al., 2018). 

Here, a similar grading scheme was used to evaluate the in-ovo cultured turkey ovarian tissue. The 

turkey ovarian tissue did not show any easily visible blood vessels prior to culture (Fig. 5.1A). 

After culturing in-ovo, the blood vessels within the CAM were organized in a pinwheel formation 

around the grafts (Fig. 5.1D), while the surrounding CAM appeared glossy/shiny and lacked any 

keratinization (Fig. 5.1C). All grafts on viable chicken embryo CAM appeared well/partly 

vascularized, regardless of age (Table 5.2). The success rate here (100%) is higher than in any of 

previously mentioned studies. Three possible reasons for the success rate here are the size of the 

ovarian grafts, the developmental stage of the CAM, and the humidity level. When large ovarian 
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pieces (1´2´8mm and 1´1´5mm) from sheep were grafted onto CAM 3 to 4 days earlier than in 

our study, fewer (44 - 46%) ovarian grafts exhibited revascularization (Qureshi et al., 2008; 

Vatanparast et al., 2018). In contrast, when smaller pieces (1mm3, human) were grafted onto CAM 

1 day later than in our study, the revascularization was much higher (83%), this being the closest 

rate of revascularization compared to our study (Martinez-Madrid et al., 2009).  

As in-ovo culturing of quail ovarian tissue using parameters similar to ours (ovarian pieces 

measuring 2.5x2.5mm; CAM at day 8 of incubation) resulted in only 53% survival rate (Liu et al., 

2012), the size of the graft and the developmental age of the CAM may not be the only factors 

which influenced the success rate in the present study. We speculate that the higher humidity levels 

of 71 to 74% during the in-ovo culture period could have contributed to graft survival. Since 

preliminary trials showed that using the standard 60% humidity level reported in all previous 

studies, that involved the in-ovo culturing of ovarian tissue, resulted in partial keratinization of the 

CAM by 15 days of embryonic development (unpublished data). Keratinization has been linked 

to poor humidity conditions when the CAM is cultured ex-ovo (Nowak-Sliwinska et al., 2014). It 

is unknown if CAM keratinization might reduce the number of blood vessels within it, and 

therefore reduce the potential revascularization of the graft. If it does, then keratinization might 

affect the integrity of the CAM culture system, this though has not been reported in previous in-

ovo culture studies. Keratinization was not observed at the higher humidity level used here, which 

to the best of our knowledge is the first time 71 to 74% humidity has been used during in-ovo 

culturing of ovarian tissue. Meaning that it was removed as a possible environmental effect, 

although as previously mentioned the high humidity might have been a factor in reducing the 

chicken embryo survival rate.  

5.4.3 Tissue morphology and cellular maturation  

The gross morphology of grafts was similar for all ages, with prefollicular germ cells and/or 

follicles populating the cortical region (Fig. 5.3E-H). In the 1 dph + in-ovo grafts, however, there 

was a loss of definition between the cortex and medulla that was based on the lack of germ cells 

(Fig. 5.3E). Although, lacunar channels were still visible within the medulla region of the ovarian 

tissue and large blood vessels were visible within the CAM surrounding the graft. One notable 

difference between grafts, irrespective of age group, was that some appeared to have CAM 

surrounding them (Fig. 5.3E), whereas others appeared to only have CAM around their lower half 

(Fig. 5.3F-H). This could be due to the level of CAM traumatization or the thickness of the CAM 
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at the time of grafting, with thinner or more traumatized CAM leading to grafts sinking lower and 

allowing the membrane to heal over top of the transplanted segments.    

The size of prefollicular germ cells and follicles within preculture, cultured and in-vivo 

ovaries were compared to determine if these cells grew during in-ovo culture. In other words, 

growth would indicate that the tissue was developing on a cellular level and viable. There was no 

difference (P > 0.05) in prefollicular germ cell diameters between 1, 3, 11 and 15 dph + in-ovo 

grafts, compared to their preculture counterparts (Fig. 5.4A). In contrast, 5 and 7 dph + in-ovo 

grafts had larger (P £ 0.002) prefollicular germ cells (16.09 ± 0.48 µm; 17.89 ± 0.38 µm, 

respectively) compared to their preculture counterparts (13.30 ± 0.24 µm; 14.05 ± 0.16 µm, 

respectively). However, the size of the germ cells in the grafts were smaller (P £ 0.018) than the 

germ cells within the comparable in-vivo ovarian tissue (11 dph, 18.21 ± 1.03 µm; 13 dph, 20.74 

± 0.54 µm). No differences (P > 0.05) in follicle diameters were observed between 7, 11 and 15 

dph + in-ovo grafts (41.23 ± 1.19 µm; 49.43 ± 1.59 µm; 56.18 ± 1.00 µm, respectively) and their 

preculture counterparts (37.48 ± 1.45 µm; 48.95 ± 1.18 µm; 53.95 ± 1.15 µm, respectively), as 

shown in Fig. 5.4B. A comparison of 5 dph + in-ovo grafts with their preculture counterpart (5 

dph) wasn’t possible as the preculture ovaries lacked follicles. However, follicles (41.32 ± 0.73 

µm) within 5 dph + in-ovo grafts were smaller (P = 0.001) than the ones in 11 dph ovarian tissue 

(48.95 ± 1.18 µm). Statistical analyses of follicle diameters in 3 dph + in-ovo grafts was not 

possible as only one out of the four ovaries contained follicles. It was clear that turkey prefollicular 

germ cells can grow in ovarian tissue cultured in-ovo, however, there was no evidence that follicles 

can increase in size under the same conditions. In contrast, when cow ovarian tissue was cultured 

in-ovo for 8 days, a small number of follicles were able to increase in size (Gigli et al., 2005). We 

are not aware of other studies investigating the growth of prefollicular germ cells in an in-ovo 

culture system.  

The density of prefollicular germ cells and follicles within preculture, cultured and in-vivo 

ovaries were analyzed to evaluate the changes in cell populations. Evaluating density to predict 

changes in prefollicular germ cell and follicle populations within turkey ovarian tissues has already 

been validated in Chapter 4. Based on this approach, a dramatic change was observed in 

prefollicular germ cell and follicle populations, along with the appearance of new follicles, 

between 5 and 7 dph + in-ovo grafts and their preculture counterparts (Fig. 5.3). Moreover, the 

prefollicular germ cell density (116,025 ± 23,988 /mm3) within 1 dph + in-ovo grafts was lower 
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(P £ 0.001) compared to in-vivo (279,478 ± 52,239 /mm3) 7 dph counterparts (Fig. 5.5A), 

indicating that at this age prefollicular germ cell numbers decreased due to culturing in-ovo. This 

could be due to an accelerated natural decline, or these particular germ cells being more susceptible 

to cell death at this age. Based on the size of prefollicular germ cells within 1 dph + in-ovo grafts, 

the natural development of prefollicular germ cells does not appear accelerated. Therefore, this 

decline in prefollicular germ cell density is more than likely due to an increase in cell death.  

No other differences (P > 0.05) in prefollicular germ cell densities were detected between 

the in-ovo culture groups and the in-vivo counterparts. However, a four-fold numerical difference 

(P = 0.141) was observed between 7 dph + in-ovo grafts (81,030 ± 17,611 /mm3) and their in vivo 

counterpart (13 dph, 16,463 ± 6,805 /mm3). Although not statistically significant, it could be 

biologically relevant as prefollicular germ cell development may have been disrupted as previously 

mentioned for 1 dph + in-ovo grafts. In this case, the process might have been slowed down with 

fewer germ cells dying than normal through this transitional period. Once again, based on the size 

of prefollicualr germ cells within 7 dph + in-ovo grafts, it does appear as though the normal process 

of germ cell development was delayed, which resulted in more prefollicular germ cells being 

present at this age. This is the first evidence suggesting prefollicular germ cell development is 

affected by in-ovo culturing, and this effect is age-dependent. 

In terms of follicle densities, 1 dph + in-ovo grafts did not contain any follicles, although 

they were present in 7 dph in-vivo ovarian tissue (Fig. 5.5B). Conversely, follicles were present in 

3 dph + in-ovo grafts while none were present in their preculture counterparts. In 5 and 7 dph + in-

ovo grafts, there was an increase (P £ 0.05) in follicle densities (1,678 ± 384 /mm3;  2,511 ± 63 

/mm3, respectively) compared to their preculture counterparts (0 ± 0 /mm3; 437 ± 125 /mm3, 

respectively). However, levels did not reach that of their in-vivo (11 and 13 dph) counterparts. No 

change (P = 0.118) in follicle density was observed between 11 dph + in-ovo grafts (2,301 ± 156 

/mm3) and their preculture counterpart (3,315 ± 602 /mm3), while the density was considerably 

lower (P < 0.001) than in the 17 dph in-vivo (7,398 ± 776 /mm3) counterpart. When 15 dph ovarian 

tissue was cultured, a large decrease (P < 0.001) in follicle density (3,655 ± 336 /mm3) was 

observed compared to preculture (7,398 ± 776 /mm3) and in-vivo (7,633 ± 932 /mm3) counterparts. 

It appears that follicle formation or assembly, did occur for the 3, 5 and 7 dph + in-ovo grafts; 

however, the development was delayed compared to in-vivo ovaries.  
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A delay in growth was also apparent from the size of the follicles. The follicle density in 

the 11 dph + in-ovo grafts was not different from its preculture counterpart, suggesting that either 

additional follicles aren’t forming, or the rate of formation is counterbalanced by the rate of loss, 

resulting in no net change. As a decrease in follicle density was seen in 15 dph + in-ovo grafts, it 

would appear that follicular death was accelerating in older grafts while follicular formation 

ceased. This finding suggests that follicles within turkey ovaries are susceptible to atresia at the 

time of grafting. It is likely then, that for 11 dph + in-ovo grafts, the lack of change was a result of 

the formation of follicles being equal to the rate of loss. In mammalian studies, it was also 

demonstrated that follicles are lost during in-ovo culturing (Vilela et al., 2016; Beck et al., 2018), 

as well as during allotransplantation under the kidney capsule (Candy et al., 1997). Therefore, the 

loss of follicles here isn’t confined to turkeys or the in-ovo culture system, but rather 

transplantation of ovarian tissue in general. These losses potentially result from the ischemia and 

reperfusion injuries experienced by the ovarian tissue.  

This is the first study reporting that follicles can develop from prefollicular germ cells and 

immature granulosa cells within an in-ovo CAM culture system. While this transition has been 

relatively well documented in vitro for mammalian ovaries (Klinger and De Felici, 2002; Obata et 

al., 2002; Spears et al., 2003), the same cannot be said for birds. Previous reports on in-ovo 

culturing of cow and mouse ovarian tissue provided little evidence that primordial follicles can 

transition into primary follicles (Cushman et al., 2002; Gigli et al., 2005). Here we saw primary 

follicles within 7 dph + in-ovo grafts (Fig 5.3K), showing that this transition is also possible within 

avian ovaries cultured in-ovo.  

To determine the level of cellular death within cultured tissue and in-vivo ovaries, a 

TUNEL assay was utilized to detect late-stage apoptosis. It is assumed that cellular damage from 

ischemia and reperfusion would have occurred by day 3 or 4 of culturing in-ovo (Beck et al., 2018). 

After 6 days of culturing, any cells dying in response to the ischemic or reperfusion damage would 

be at the end of the apoptotic pathway. Overall, the percent of late-stage apoptosis ranged from 0.3 

– 0.8% (0.5 ± 0.1%) for in-vivo ovaries (7 to 21 dph) and from 0.4 – 1.3% (0.8 ± 0.1%) for their 

in-ovo cultured counterparts (P = 0.051). If cultured ovaries did have a slightly higher levels of 

late-stage apoptosis, this small increase would more then likely not be biologically relevant. 

Nonetheless, the age of the tissue did not affect (P = 0.091) the level of late-stage apoptosis, neither 

did the interaction between age and type of ovary (P = 0.610). All values were substantially lower 
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than the bursa of Fabricius (6.5 ± 0.3%), as shown in Fig. 5.2C. The percent of late-stage apoptosis 

within fresh ovarian tissue in our study was lower than what has been previously reported for fresh 

turkey ovarian tissue, collected from poults 1 to 7 dph (Liu et al., 2017b). The reason for this 

difference is unclear; however, we can conclude that the TUNEL results here for the ovarian tissue 

were accurate. Based on the level of late-stage apoptosis detected within the turkey bursa of 

Fabricius being comparable to broiler studies, which used birds at similar ages (Peng et al., 2015; 

Yuan et al., 2016; Killian et al., 2017), where there is a larger body of research. 

The overall goal for this project was to determine if donor age impacts turkey ovarian 

tissues transplantability, with the aim of recommending a suitable donor age for future studies. 

Since this could have been a possible factor which influenced the success rates in previous chicken, 

quail, and duck studies (Song and Silversides 2008a; 2008b; 2011). Based on graft viability and 

percent of late-stage apoptosis, all ages initially appeared suitable for transplantation, however, 

density results suggested otherwise. Ovarian tissue at 1 dph is not recommended based on the 

decrease in prefollicular germ cells during in-ovo culturing, and ovarian tissue at 11 and 15 dph 

would also not be recommended based on the smaller pool of follicles and the depleted 

prefollicular germ cell reservoirs after culturing. Of the remaining ages (3, 5 and 7 dph), ovarian 

tissue from 7 dph poults potentially showed the highest prefollicular germ cell density compared 

to its in-vivo counterpart, and at this age prefollicular germ cells were able to grow significantly, 

demonstrating their viability. Therefore, we would recommend using 7 dph turkey ovarian for 

future transplantation studies.  

If in poultry overall ovarian graft viability is not affected by the donor age, then it appears 

that the difference is success rates observed between the chicken, quail, and duck studies are a 

result of other factors (Song and Silversides 2008a; 2008b; 2011). However, the 7 dph turkey 

ovarian tissue had a higher density of prefollicular germ cells after culturing, which could indicate 

that upon maturation these grafts would possess more viable germ cells. This could potentially 

lead to more donor-derived progeny or a higher ratio of donor- to host-derived. In fact, the quail 

study did see a higher ratio (173:57) of donor- to host-derived progeny within the 

immunosuppressed group; compared to a similar group in the chicken (351:611) study. Therefore, 

it appears that the increased number of surviving germ cells within the older tissue could 

potentially lead to a higher donor- to host-derieved progeny ratio. Meaning that donor age may 

still be an important factor to consider when transplanting poultry ovarian tissue. 
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In conclusion, the overall viability of turkey ovarian tissue cultured in-ovo is not affected 

by age (1 to 15 dph) of the transplants, however, the survival of prefollicular germ cells and 

follicles within the transplanted ovarian tissue is. Out of the ages tested, 7 dph tissue was 

recommended for future transplantation studies. Beyond in-ovo culturing, the next step should 

focus on determining the factors that influence the ovarian tissue’s ability to attach and 

revascularize in the abdominal cavity of a recipient poults. This step wise approach to determining 

the best conditions for ovarian transplantation in the domestic turkey is important if the protocol 

is going to be consistent, and reproducible.   
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5.5 TABLE 

Preculture 
(dph) 

Cultured 
(dph) 

In-vivo 
(dph) 

1 1 + in-ovo 7 
3 3 + in-ovo 9 

5 5 + in-ovo 11 

7 7 + in-ovo 13 
11 11 + in-ovo 17 
15 15 + in-ovo 21 

 

Table 5.1 Classification of ovarian tissue. During this study, ovaries were classified as preculture, 

cultured and in-vivo. Preculture refers to fresh ovaries which have yet to be cultured, whereas, 

cultured ovaries refer to ovaries that have been cultured in-ovo for 6 days. The age at which in-

ovo culturing began is listed first followed by “+ in-ovo”. In-vivo fresh ovaries represent normal 

ovarian development after 6 days, which is the same length of time the in-ovo grafts were cultured. 

For each age within the three classifications, four poults (n =4 /age) each provided three ovarian 

segments as technical replicates. 
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Ovarian age 
(dph)  

Grafts  
cultured 

Embryos 
survived 

Graft Size 
(mm2) 

Vascularization  

Necrotic  
Well/Partly Poor  

1 + in-ovo 12 11 3.3 ± 0.4a 11 0  0 

3 + in-ovo 15 10 4.5 ± 0.3a 10 0  0 

5 + in-ovo 12 12 4.0 ± 0.3a 12 0  0 

7 + in-ovo 15 13 4.2 ± 0.3a 13 0  0 

11 + in-ovo 15 14 4.3 ± 0.3a 14 0  0 

15 + in-ovo 15 14 4.7 ± 0.4a 14 0  0 

Total 84 74       - 74 0  0 

 

Table 5.2 Graft size and visual assessment of vascularization within turkey ovarian tissue after 

culturing in-ovo for 6 days. Also included are the number of ovarian grafts per age, and surviving 

chicken embryos used for in-ovo culturing. Before culturing, the ovaries were collected from poults 

1 – 15 dph. Graft size data are means ± SEM, (P £ 0.05). 
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5.6 FIGURES 

 

Figure 5.1 In-ovo culturing of turkey ovarian tissue. (A) Preculture fresh ovarian tissue with no 

obvious signs of blood vessels. (B) Preculture ovarian tissue (arrow) was placed onto the agitated 

CAM. (C) After 6 days of culturing the graft (arrow) appeared pink, and the CAM shiny. (D) 

Magnified view (5x) showing blood vessels in the CAM (arrows) being positioned in a pinwheel 

formation around the grafts. (E) Excised CAM containing a graft laid out flat on a petri dish. (F) 

Magnified view (4x) as an example of well/partly vascularized graft with large novel blood vessels 

(arrows). Scale bars (A,F) 0.5 mm, (B,C) 4.0 mm, (D,E) 2.0 mm. 
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Figure 5.2 Late-stage apoptosis demonstrated via the TUNEL assay in turkey ovarian tissue (A, 

B, D) and bursa of Fabricius (C). (A) Negative control, with water replacing terminal 

deoxynucleotidyl transferase. (B) Positive control, with ovarian tissue treated with DNase1 before 

the quenching step. (C) Bursa of Fabricius (known apoptotic tissue) saw an increase in TUNEL 

positive cells (arrows) which can be distinguished compared to normal nuclei appearing blue. (D) 

Cultured grafts contain a small number of apoptotic cells (arrow) as most cell nuclei appear blue. 

Scale bars (A-D) 20 µm. 
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Figure 5.3 Histological appearance of turkey ovarian tissue preculture, and after culturing in-ovo 

for 6 days. Images of the cortical area from preculture ovarian tissue at 1, 5, 7 and 15 dph are 

shown in A-D. In 1, 5 and 7 dph preculture tissue the cortex is predominately made up of 

prefollicular germ cells, whereas, at 15 dph the cortex is populated with follicles. Images through 

the center of the grafts from 1, 5, 7, and 15 dph + in-ovo are shown in E-H. Arrows indicate large 

blood vessels within the CAM close to the grafts, whereas the arrowheads show lacunar channels 

within the medulla portion of the grafts. In addition, I-L corresponds to higher magnifications of 

the cortex of the grafts (dotted square). In 1 dph + in-ovo (I) the prefollicular germ cells (arrows) 

are still present within the cortex although at a lower number. In 5 dph + in-ovo (J) novel growing 

primordial follicles are now visible within the cortex (arrow) while in 7 dph + in-ovo grafts (K), 

primary follicles can be seen (arrow). Lastly, in 15 dph + in-ovo grafts (L) follicles are present, 

although in lower numbers. Scale bars (A-D) 30 µm, (E-H) 200 µm, (I-L) 20 µm. 
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Figure 5.4 Prefollicular germ cells in turkey ovarian tissue can grow while cultured in-ovo for 

6 days, however, follicles do not. Prefollicular germ cell (A), and follicle (B) diameters within 

cultured ovaries (black), were compared to fresh ovaries (grey). With fresh ovaries being 

defined as preculture (grey bar to the left) or in-vivo (grey bar to the right), based on their 

relative age. For 5 and 7 dph + in-ovo grafts prefollicular germ cells grew based on the 

significant increase in size compared to their preculture counterparts (5 and 7 dph). There 

was no difference in follicle diameter within grafted ovaries compared to their preculture 

counterparts. Therefore, 5, 7 and 11 dph + in-ovo grafts had smaller follicles compared to 

their in-vivo counterparts (11, 13 and 17 dph). Data are means ± SEM of n=4 (*P £ 0.05). 
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Figure 5.5 The donor age affects the outcome of prefollicular germ cell and follicle densities after 

culturing turkey ovarian tissue in-ovo. Prefollicular germ cell (A), and follicle (B) densities within 

cultured ovaries (black) were compared to fresh ovaries (grey). Fresh ovaries are defined as 

preculture (grey bar to the left) or in-vivo (grey bar to the right), based on their relative age. The 

density of prefollicular germ cells within 1 dph + in-ovo grafts, was lower compared to its in-vivo 

counterpart (7 dph). Whereas 7 dph + in-ovo grafts had a four-fold difference in its numerical 

value compared to its in-vivo counterpart. For follicles within 5 and 7 dph + in-ovo grafts, there 

was an increase in their densities compared to their preculture counterparts. However, 11 and 15 

dph + in-ovo grafts saw no change or a decrease compared to their in-vivo counterparts. Data 

are means ± SEM of n=4 (*P £ 0.05). 
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Preface for Chapter Six 

 

As we have determined that the age of the tissue appears to affect the germ cell morphology 

post-transplantation, seen by the increase in pre-follicular germ cells, when tissue was transplanted 

at 7 dph, it therefore, seems prudent to use this age moving forward. It should be noted again 

though that age did not affect the overall viability, which means this factor does not appear to be 

responsible for the failure seen to date when turkey ovarian tissue is transplanted.  

 Since age isn’t a factor involved in the overall viability of transplants, the next logical step 

was to evaluate the surgical technique itself, since it is unclear how much of the recipient tissue 

should be removed. In previous work the full removal was attempted, however since gonadal 

chimeras were often created, it is clear that not all the recipient tissue was removed. Removing all 

the tissue would guarantee that no recipient-derived progeny, are produced, however, this might 

reduce the number of transplants that attach, since the traumatized remnant recipient tissue could 

be an idle attachment site for the transplant. This along with the use of the abdominal air sac 

membrane to anchor the transplant was evaluated in the following chapter, to see if they could 

improve the attachment rate. 

In addition, as we were able to collect tissue 6 days post-transplantation, evaluating its 

cellular composition was possible. This evaluation looked for the presence of germ cells, but more 

importantly any signs of immunological rejection since immunosuppressants weren’t used here.  
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CHAPTER SIX: Turkey Ovarian Tissue Transplantation: Effects of Surgical Technique on 

Graft Attachment and Immunological Status of the Grafts, Six days Post-Surgery  

 

6.1 Abstract 

Biobanked poultry ovaries can be revived via transplantation, into a recipient female, 

which upon maturity will produce donor-derived progeny. Previously, a large portion of these 

recipients also produced recipient-derived progeny, making them gonadal chimeras. These were 

potentially created when portions of the recipient’s ovary were inadvertently left behind. 

Completely removing the recipient ovary would solve this problem, however, leaving a portion of 

the recipient’s ovary may have inadvertently increased the transplant attachment rate by providing 

a damaged area for the transplant to attach to. To test this hypothesis in the turkey, we removed 

various portions (33% to 100%) of recipient ovarian tissue and determined the transplant 

attachment rate. Furthermore, the use of the abdominal air sac membrane as an additional 

anchoring point was tested. Finally, the immunological status of the grafts was evaluated by 

analyzing the presence of CD3 and MUM-1 (T and B cell markers), 6 days post-surgery. 

The overall attachment rate of transplants was 91% (27/30), while the average size of the 

transplants was 4.2 ± 0.6 mm2. There was no difference (P > 0.05) in the attachment rates, or 

transplant size between groups with varying amounts of recipient tissue removed, or by using the 

abdominal air sac membrane as an anchor. However, all transplants were infiltrated by large 

numbers of T and B cells. This was shown by a high (P ≤ 0.001) percentage of CD3-positive 

immunostained cytoplasmic area (49.78 ± 3.90%) in transplants compared to remnant recipient 

tissue (0.30 ± 0.10%), as well as a high (P ≤ 0.001) percentage of MUM-1-positive immunostained 

nuclear area (9.85 ± 1.95%) in transplants over remnant recipient tissues (0.39 ± 0.12%). 

This study showed that neither the portion of the recipient ovary left behind nor the use of 

the abdominal air sac membrane affected the rate of attachment or the amount of donor tissue that 

attached. Thus, we recommend removing the entire recipient ovary to prevent gonadal chimeras. 

The high levels of lymphocytes within the grafts indicate possible tissue rejection, which could be 

overcome via immunosuppression with or without histocompatibility matching between donors 

and recipients.  
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6.2 Introduction 

Historically within the poultry industry, government agencies, and universities, 

maintaining poultry breeds generation to generation has been the preferred preservation technique 

to conserve desirable genotypes and phenotypes. However, this is a costly practice, and even if the 

breed or line is commercially viable or relevant, the current trend is to discontinue the maintenance 

of live populations, when financial concerns arise. This has resulted in a loss of genetic diversity, 

and the elimination of valuable phenotypes and genotypes (Muir et al., 2008; Long et al., 2019). 

Thus, a more cost-effective model for preserving poultry breeds needs to be established.  

Biobanking of ovarian tissue and semen is a viable alternative to maintaining living 

populations and is estimated to be sixteen times more cost-effective than the current model 

(Silversides et al., 2012). Poultry semen cryopreservation techniques are quite advanced and have 

been researched extensively (Sarkar, 2020). In contrast, cryopreservation and transplantation of 

poultry ovarian tissue are documented in only a handful of studies (Liu et al., 2010; 2013; Liptoi 

et al., 2020). Presently, the limitation remains the low transplantation success rates, even when 

fresh tissue is used, which has reduced the widespread adoption of ovarian biobanking. Therefore, 

our focus has been to determine why fresh transplants have a low survival rate and attempt to 

improve upon it, which was started in Chapter 5. To date, success has been defined as the 

production of donor-derived progeny. However, in most studies a majority of hens also produced 

recipient-derived progeny making them gonadal chimeras. As recipient-derived progeny are a 

waste of financial resources, reducing their occurrence by eliminating gonadal chimeras has been 

previously attempted through the removal of the entire recipient ovary either by using surgical 

forceps (Song and Silversides, 2007b) or via cauterization (Liptoi et al., 2020). The sterilization of 

recipients with busulfan before ovary removal and transplantation was also reported (Song and 

Silversides, 2008b). In chickens, the removal of the entire ovary alone, either with forceps or 

cauterization, still resulted in 6 out of 7 (86%) hens, being gonadal chimeras (Song and Silversides, 

2007b; 2008b; Liptoi et al., 2020). When hens were sterilized with busulfan prior to the removal 

of the entire recipient’s ovary, gonadal chimeras still developed. Although, a higher ratio of donor 

to recipient-derived progeny was achieved compared to birds that just had their ovaries removed 

(Song and Silversides, 2008b). In quail, removal of the entire ovary with forceps still resulted in 

15 out of 27 (56%) of the hens being gonadal chimeras (Song and Silversides, 2008a; Liu et al., 

2010; 2013; 2015). 
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Since primordial germ cell migration occurs only during embryonic development in 

poultry, it is unlikely that the donor ovarian tissue was repopulated by recipient primordial germ 

cells, but rather, the recipient’s ovary was not entirely removed leaving donor germ cells in situ 

(Liptoi et al., 2020). Therefore, improving upon current techniques of removal, might lower the 

number of gonadal chimeras generated. However, we hypothesize that the remnant recipient tissue 

may have improved the attachment rate of the donor tissue by providing a traumatized area for the 

transplant to anchor to and for reanastomosis to occur. Because surgical anastomosis of major 

blood vessels is not possible for this procedure, successful transplantation relies on natural 

angiogenesis. Thus, removing all the recipient’s tissue before transplantation might inadvertently 

decrease the number of transplants that successfully attach, therefore outweighing the benefits of 

reducing gonadal chimeras.  

Therefore, our aim was to use the domestic turkey as a model to determine whether remnant 

recipient tissue is required for successful transplantation of ovarian tissue in the domestic turkey. 

Furthermore, it has also been suggested that laying the abdominal air sac membrane over the 

transplant might improve the attachment rate (Song and Silversides, 2007b), which was also tested 

here. For analysis, the appearance and cellular composition of the transplanted ovarian tissue were 

analysed to determine the immunological status 6 days post-transplantation. 

6.3 Material and Methods 

6.3.1 Animals and tissue collection 

Donors, recipients, surgical controls and unoperated female poults from a broad breasted 

white female parent-stock line were supplied by Hybrid Turkeys (Kitchener, Ontario Canada) at 

1-dph. Donor poults were given food and water ad libitum and housed in groups on wood shavings. 

Donor poults were euthanized via manual cervical dislocation at 8 ± 1 dph. After euthanasia, the 

donor poult’s ovary was removed and dissected into 2 ´ 2 mm pieces and held in holding media 

(PBS with 20% Fetal Bovine Serum) at RT for no longer than 20 mins before being transplanted. 

The optimal age of donor ovarian tissue was chosen based on a previous study, with this age 

resulting in better germ cell and follicle morphology post-surgery, as laid out in Chapter 5. 

Recipients and surgical controls were given only water and were kept in groups without shavings 

prior to surgery at 1 or 2 dph. Fasting ensured that the digestive tract did not obscure the view of 

the ovary during surgery. Since poults still possess and rely upon the remnant yolk sac for nutrition 

at that age, fasting is not an issue. After surgery, recipients and surgical controls were immediately 
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offered food and water ad libitum and were housed in the same manner as donors. An unoperated 

group served as controls and were treated the same as the recipient and surgical controls except 

they did not undergo surgery. Recipients, surgical controls, and unoperated poults were all 

euthanized via manual cervical dislocation at 7 or 8 dph, 6 days post-surgery in the case of the 

recipients and surgical controls.  

6.3.2 Experimental groups 

Four surgical procedures were compared, and all involved allotransplants of fresh tissue 

placed orthotopically. In the first three groups, either 33%, 66%, or 100% of the left ovary was 

removed before receiving the donor ovarian tissue (n=8/group). In these groups, the dorsal portion 

of the left abdominal air sac membrane was fully opened, thus preventing it from covering or 

serving as an anchor for the transplants. In the fourth group, in addition to 100% ovary removal, 

the dorsal portion of the left abdominal air sac membrane was left partially intact over the 

transplants (n=6 poults). Surgical controls had varying portions of the ovary removed but did not 

receive transplants (n=2/group). Lastly, unoperated poults (n=8) served as an additional control 

group.  

6.3.3 Transplantation of ovarian tissue 

Orthotopic transplantation of ovarian tissue between breeds has been reported in chicken, 

quail, and turkeys (Song and Silverside 2007b; 2008a; Hall et al., 2015), while inter-species 

transplantation has also been reported for ducks (Song et al., 2012). Based on these previous 

studies, a modified procedure was used here. Firstly, recipient poults 1 to 2 dph were moved to an 

intensive care unit (ICU; TLC-40, Brinsea Products Ltd., Florida, USA), set at 37.5 oC, to maintain 

body temperature before surgery. The poults were then weighed and given an intramuscular 

injection of butorphanol (2 mg/kg body weight [BW]) and returned to the ICU for 10 mins. An 

intramuscular injection of xylazine (2 mg/kg BW) was then administered. The poult was then 

placed in a supine position on a silicone pad on top of a heating plate (15x10 cm, World Precision 

Instruments, Florida, USA), which was connected to an ATC2000 small animal temperature 

controller (World Precision Instruments) fitted with a mouse rectal probe (RET-3, World Precision 

Instruments) which was inserted into the cloaca of the bird. This equipment monitored poult 

temperature and adjusted the heating plate as required. A rodent facemask, connected to a Bain 

circuit, was then placed over the beak, with the oxygen flow rate set at 0.8 L/min. For induction, 

the isoflurane vapor was set at 1.5%, and the anesthesia was maintained with the setting of the 
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vaporiser ranging between 1 and 4%. The respiration and heart rate, and rectal temperature were 

monitored and recorded manually. Before and during surgery, the pedal reflex response of 

pinching the skin between the toes was used to assess the depth of anesthesia. Once the poult was 

fully anesthetized, feathers on the left side of the abdomen were shaved with a small electric shaver 

(Fig. 6.1A). The skin was then cleaned with Germi-stat gel (Cardinal Health Canada, Ontario, 

Canada) followed by 70% ethanol. A 2 cm incision across the chick’s abdomen (Fig. 6.1B) just 

below the ribs was then made using micro scissors (Vannas 8 cm with 5 mm blade, World Precision 

Instruments, Florida, USA). First, only the skin, rectus, and oblique abdominal muscles were cut, 

then, the peritoneal membrane was opened exposing the abdominal viscera (Fig. 6.1C). The yolk 

sac, which was located caudally within the abdominal cavity, was then gently pulled out to prevent 

rupturing (Fig. 6.1D). The connection between the yolk sac and intestine was ligated and then cut 

to remove the yolk sac. The abdominal viscera were then gently pushed down into the cavity the 

yolk sac previously occupied, allowing access to the ovary. At this point, a pair of front-lens-

mounted PrismPro 8.0x surgical loupes (EVK 800, Surgitel, Michigan, USA) with a high intensity 

mini-LED mounted headlight was used to provide sufficient illumination and magnification. The 

ovary was reached by first pushing back the left hepatic lobe and gizzard, to expose the ventral 

aspect of the abdominal air sac (Fig. 6.1F). The air sac was opened via blunt dissection using micro 

forceps, exposing the dorsal portion of the membrane overlaying the ovary (Fig. 6.1G). For surgery 

groups, 1 to 3, this part of the abdominal air sac was opened via blunt dissection again to expose 

the ovary (Fig. 6.1I). For surgery group 4, the dorsal part of the air sac was only partially opened 

below the ovary, keeping the portion overlaying the ovary intact. Varying portions of the ovary 

were then removed using micro forceps (Dumont 90o bend, World Precision Instruments, Florida, 

USA). Poults in group 1 had 33% of the left ovary removed, along its right side, whereas group 2 

had 66% of their left ovary removed along its right and left side (Fig. 6.2A-B), and groups 3 and 

4 had all their left ovary removed. In all groups two pieces of donor tissue were positioned 

orthotopically (Fig. 6.1L). For group 4, the transplants were covered using the abdominal air sac 

membrane. The abdominal viscera were then gently repositioned over the transplants, and the 

abdominal muscles and skin were sutured closed (4-0 Monocryl PC-5 19 mm 3/8c Multipass, 

Ethicon, New Jersey, USA). A simple interrupted pattern was used with sutures spaced ~ 2 mm 

apart. At the end of the surgery, poults were given an intramuscular injection of ceftiofur 

hydrochloride (5 mg/bird, EXCENEL® RTU), and a neck tag for identification purposes. The 
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poults were then moved back into the intensive care unit, to recover from the anesthesia. Once 

recovered, poults were given meloxicam via crop gavage (0.5 mg/bird, Metacam® Oral 

Suspension) for 3 days post-surgery to mitigate pain. Poults were weighed daily to confirm that 

they were eating and growing. 

6.3.4 Transplant processing, staining, and imaging  

Upon euthanasia of the recipients, surgical controls, and unoperated birds, the abdomen 

was opened and photographed using a dissecting microscope equipped with a camera (Leica EZ4 

W; Optic-Tech Scientific Inc, Ontario, Canada). The recipient’s ovary and surrounding tissue were 

then removed and fixed in Bouin solution for 1hr at RT, followed by an additional 23 hr at 4 oC, 

as described in Section 4.3.3. After fixation, the ovary was washed with PBS and transferred to a 

tissue cassette before being stored in 70% ethanol at 4 oC until processing.  The ovary was then 

dehydrated and cleared with xylene and embedded in paraffin blocks as previously described for 

whole ovaries in Section 4.3.3. Transplants and recipient ovarian tissue were positioned in the 

paraffin blocks so that sectioning occurred parallel to the sagittal plane of the ovary. Ovaries were 

sectioned at a thickness of 5 µm using a Finesse ME microtome (ThermoShandon, Cheshire, UK). 

Every 8th section was collected through the transplants and recipient ovarian tissue, with five 

sections collected per slide and approximately 10 slides collected per ovary. Slides were stained 

with H&E to allow examination of the entire specimen and ensured that small amounts of recipient 

tissue or transplants were not overlooked. During sectioning, two additional slides were created, 

each with five randomly collected sections. These two slides were used for IHC analyses. The 

H&E sections were imaged using a Leica DM 5000B light microscope (Leica, Wetzlar, Germany) 

equipped with a B-Series LED light source (ScopeLED, Richmond, CA, USA) for sequential 

red/green/blue imaging. Images were captured using a Hamamatsu Orca-Flash 4 camera 

(Hamamatsu Photonics, Hamamatsu City, Japan). 

6.3.4.1 Immunohistochemistry for CD3 and MUM-1 

Immunohistochemistry for CD3 and MUM-1 antigens was performed at the University of 

Guelph Animal Health Laboratory, an American Association of Veterinary Laboratory 

Diagnosticians (AAVLD) accredited laboratory, using an automated staining instrument (Dako 

autostainer, Dako / Agilent, Ontario, Canada). Following manual deparaffinization and 

rehydration, the sections were treated with 3% hydrogen peroxide to quench endogenous 

peroxidase activity. For CD3, heat-induced epitope retrieval (HIER) was carried out using citrate 
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buffer (pH 6) and a decloaking chamber (BioCare Medical, Concord, CA, USA). For MUM-1, 

HIER was performed using an EDTA buffer (pH 9) and a similar pressure cooker device (PT Link, 

Dako). Primary antibodies against CD3 (rabbit polyclonal, Dako) and MUM-1 (mouse 

monoclonal, clone MUM1p, Dako) were diluted 1:100 and 1:50, respectively, and incubated at RT 

for 30 mins. Slides were then incubated with a dual anti-mouse / anti-rabbit anti-IgG horseradish 

peroxidase–linked polymer (EnVision for CD3, EnVision FLEX for MUM-1, Dako) for 30 mins 

at RT, and reactions were visualized using Nova Red chromogen (Vector Laboratories, Burlington, 

ON, Canada). Slides were counterstained with hematoxylin. 

Tissue known to have high levels of T cells (thymus), and B cells (bursa of Fabricius) were 

used as positive controls for CD3 and MUM-1 IHC, respectively. These tissues were collected, 

fixed, and sectioned in the same way as for the transplants, although only a couple sections were 

collected, as needed. For negative controls, non-immune rabbit serum was substituted for anti-

CD3 polyclonal antisera, and antibody diluent was substituted for MUM-1 antibody. Sections were 

imaged using the same microscope and camera setup as for H&E slides. 

6.3.5 Identification, size, and pathological analyses of recipient and transplanted ovarian 

tissues 

Remnant recipient ovarian tissue and transplants were first identified by comparing the 

surgical control birds to those that received donor ovarian tissue, using the gross dissecting 

microscope images. The size, shape, position, and color of the surgical control ovaries, remnant 

recipient tissue and transplants were all taken into consideration during the identification process. 

For birds that received donor tissue, ovarian tissue which was inconsistent with the ones from the 

surgical control birds were identified as possible transplants. Ovarian tissue which was consistent 

with the ones from the surgical control birds was classified as being remnant recipient ovarian 

tissue. Histological analysis of the potential grafts and remnant recipient tissue, using the H&E 

slides, was carried out to confirm their identity. To be confirmed as remnant ovarian tissue, the 

tissue required attachment via the ovary ligament to the abdominal cavity. With the medulla 

possessing normal lacunar channels, and a well-defined medulla-cortex border, with the cortex 

having a mixture of prefollicular germ cells, and primordial follicles, as outlined in Chapter 4. 

Conversely, transplants were classified as tissue with or without prefollicular germ cells and 

primordial follicles, that also lacked attachment via the ovarian ligament. Transplants could also 

be surrounded by fibrous connective tissue, around the entire or a portion of the transplant (sign 
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of transplantation). The surgical control ovary, remnant recipient tissue and transplants were then 

measured (diameter and height), using the dissecting microscope gross images. The measurements 

were then used to calculate the area occupied by surgical control ovaries, remnant recipient tissue 

or transplants. 

6.3.6 Percent of positive CD3 and MUM-1 area 

The amount of T and B cells infiltrating the grafts was determined to evaluate the immunological 

status of the transplants. T and B cell infiltration was determined by the amount of cytoplasmic 

and nuclear immunostained area for CD3 and MUM-1, respectively. This was performed using a 

computer assisted image analysis tool in ImageJ (Open-source image processing software, 2.0.0-

rc-69/1.52p). For each IHC stain, one image from each category (remnant recipient tissue, and 

transplant) was analyzed per bird. The image was captured at 40x magnification resulting in an 

area of approximately 105,625 µm2 being analysed. For both IHC tests, the image colors were 

adjusted via the input levels using photoshop CC 2019 (Version 20, Adobe, California, USA). This 

was done to achieve a white background, changes were kept consistent with the two different IHC 

stains, thus improving the contrast between background and the stain. The color channel feature 

(color deconvolution) was used to separate the blue (Hematoxylin) and brown (Nova Red 

chromogen) color for each image. For the brown channel, the threshold feature was used to 

determine the percentage of immunostained (brown) area on each image, as expressed either by 

CD-3-positive cytoplasm or MUM-1-positive nuclear area, on a particular section. The total 

nuclear (blue) and cytoplasm (white) area on each image was determined on the blue channel. For 

CD3, the percentage of immunostained area was divided by the percentage of total cytoplasm to 

provide a percent of immunostained cytoplasmic area. For MUM-1, the percent of immunostained 

nuclei area was divided by the percent of total nuclei area, corresponding to the percent of 

immunostained nuclei area.  

6.3.7 Statistical analysis 

For bird survival, recipient ovary presences, and size values were combined between the 

birds that received transplants and their respective surgical controls, for analysis. Statistical 

analyses were performed using SPSS 25.0 for Mac (SPSS Inc., Chicago, IL). For each 

experimental group, the average ovarian size (surgical control, remnant recipient tissue or 

transplant) and percentage of CD3- or MUM-1-immunostained area were presented as means ± 

standard error of the mean (SEM). Normality and equal variance of the data were evaluated by 
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residual plots and Levene’s tests, respectively. A one-way ANOVA followed by a post-hoc 

(Tukey) test was used to analyze the effect of surgery group.  Significance was set at (P £ 0.05). 

For poult survival and presence of ovarian tissue or transplants within the surgical controls or 

recipients, the data was presented in count form with percentages. The data was analyzed via a 

generalized linear model (binary logistic), to determine if the surgery group affected the survival 

rate or presence of remnant ovarian tissue or transplants. After an effect (P £ 0.05) was determined, 

a pair-wise comparison was run to determine the varying groups.  

6.4 Results 

6.4.1 Surgery survival rates 

Of the 45 surgeries performed, 37 poults (82%) survived with 1 poult further euthanized 

post-surgery resulting in an overall study survival rate of 80% (Table 6.1). The cause of death 

during surgery was attributed to exsanguination after a major blood vessel was inadvertently 

damaged, while the poult euthanized two days after surgery was not feeding or gaining weight 

sufficiently. The highest survival rate (91%) was seen in the two groups which had 33% and 100% 

of the recipient ovary removed. Compared to these two groups, the survival rate (60%) was lower 

(P ≤ 0.01) in the group which had 100% of the recipient ovary removed and had the abdominal air 

sac membrane only partially opened. On a technical note, leaving the abdominal air sac membrane 

intact obstructed the view of the ovary, and blood vessels below, which increased the difficulty 

level of the procedure. 

6.4.2 Differentiation of recipient ovarian tissue and transplants 

To identify grafts and remnant recipient ovarian tissue, comparisons were made between 

the surgical controls and the birds that received transplants (Fig. 6.3). From a gross anatomical 

perspective, the remnant recipient ovary appeared more translucent, seen by the clear appearance 

of the adrenal gland, and major blood vessels positioned dorsally (Fig. 6.3B) compared to the 

opaquer transplants (Fig. 6.3B). Transplants also had a white to cream colour in contrast to the 

pale pink color of the recipient ovary (Fig. 6.3D). These gross descriptions were consistent for all 

transplants and remnant recipient tissue in this study. After remnant tissue and transplants were 

identified, further histological analysis was performed to confirm the origin of the tissue. The 

remnant recipient tissue appeared histologically normal with the presences of a distinct cortex and 

medulla containing lacunar channels (Fig. 6.4A). Within the cortex, prefollicular germ cells and 

immature granulosa cells were present (Fig. 6.4B). In contrast, the transplants appeared as 
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coalescing inflammatory foci (Fig. 6.4A), rich in blood vessels and composed mainly of what 

appeared to be lymphocytes, with scattered macrophages and heterophils (Fig. 6.4C). The presence 

of blood vessels indicated that there was blood flow to these inflammatory foci. Scattered 

throughout this inflammation, were primordial follicles (Fig. 6.3D) and prefollicular germ cells 

(Fig. 6.3E). Fibrosis was also seen around some of the transplants (Fig. 6.3F).  

6.4.3 T and B lymphocyte infiltration 

In addition to the visual comparison, IHC for CD3 (T cell marker) and MUM-1 (B cell maker) 

demonstrated that the remnant recipient tissue had few lymphocytes present within. This was in 

stark contrast to the transplants which were highly immunostained for these T and B cell markers 

(Fig. 6.5). A substantial increase in the percentage of CD3 immunostained cytoplasmic area (P ≤ 

0.001) was observed between the remnant recipient tissue (0.30 ± 0.10%) and the transplants 

(49.78 ± 3.90%). This was also the case (P = 0.033) for the percentage of MUM-1 immunostained 

nuclei area with 0.39 ± 0.12% and 9.85 ± 1.95% for the remnant recipient tissue and transplants, 

respectively. The overwhelming presence of T and B cells was consistent with inflammation or 

graft rejection, although the specific function of these lymphocytes was not determined in the 

present study. 

6.4.4 Recipient ovarian tissue and transplant presences and size 

As shown in Table 6.1, partial removal of the recipient ovary (either 33% or 66%) increased 

(P ≤ 0.01) the presence of recipient tissue 6 days post-surgery, compared to the groups which had 

all the recipient’s ovary removed. Within the two groups that had 100% removal, the group that 

did not use the abdominal air sac membrane to cover the transplants, had 1 recipient (10%) still 

possessing its own ovarian tissue, although the piece was very small. Whereas the group which 

used the partially intact abdominal air sac membrane to cover the transplants, had 2 recipients 

(33%) still possessing their own ovarian tissue. In this group, the remaining recipient tissue 

appeared to be in the most cranial portion, which was located furthest from the point at which the 

abdominal air sac membrane was partially opened.  

As expected, there was a significant (P ≤ 0.001) drop in ovarian size between the 

unoperated group (16.6 ± 0.8 mm2) and the group which had 33% of the recipient ovary removed 

(9.3 ± 1.1 mm2). There was a further decrease (P = 0.001) in remnant ovarian size between the 

33% removal group and the group which had 66% removed (4.2 ± 1.2 mm2).  

 Overall, the attachment rate (presences of grafts) was 90% (27 out of 30), varying between 
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83 and 100% across individual surgery groups, however, there no difference was seen (P = 0.556) 

between groups. The average size of the transplants was 4.4 ± 0.6 mm2, meaning only 1 out of the 

2 transplanted pieces successfully attached, or both attached and then reduced in size. There was 

also no statistical difference (P = 0.699) in transplant size between surgery groups.  

6.5 Discussion 

The successful transplantation of fresh turkey ovarian tissue is a vital first step in 

establishing a working protocol for biobanking. Ovarian transplantation in poultry breeds is a 

challenging procedure, and although success in other species has been reported (Song and 

Silverside, 2007b; 2008a; Song et al., 2012), a detailed and comprehensive account of the 

procedure is absent from the literature making it difficult to replicate. Here, we first present a step-

by-step approach on the procedure, guided by visual references to ensure ease of replication.  

For ovarian transplantation work, the first crucial step is to ensure survival of the poults 

during surgery, as the most common cause of death is exsanguination due to accidental damage to 

the left illaca communis vein, a major blood vessel positioned dorsal to the ovary. The use of 

surgical loupes, as previously reported (Hall, 2015), allowed for greater precision and accuracy in 

avoiding this major blood vessel. With the use of loupes and improved surgical ability, we were 

able to increase the survival rate compared to the above-mentioned paper. In the present study, 

differences in survival rates were observed between surgery groups. The highest survival rates 

were seen when 33% and 100% of the recipient ovary was removed, showing that survival rate is 

not influenced by the amount of recipient tissue removed. Conversely, the lowest poult survival 

rate was seen in the group which used the abdominal air sac membrane to cover the transplants. 

With the abdominal air sac membrane left intact, the view of the ovary was obstructed making it 

difficult to avoid blood vessel damage, and thus resulting in higher mortality. Unfortunately, a 

majority of studies in other avian species do not report surgery survival rates, making comparison 

with chicken, quail, and duck studies difficult (Song and Silversides, 2007b; Song et al., 2012; Liu 

et al., 2013; 2015; Liptoi et al., 2020). Furthermore, out of the studies which did report survival 

rates, no differentiation was made between deaths on the operating table or deaths during the 

recovery period (Song and Silversides, 2008a; 2008b; Liu et al., 2010).  

As suturing the ovarian transplant in place is not feasible due to its fragility and size, the 

second crucial step is optimizing the condition for successful attachment. To improve the 

attachment rate, previous groups have used the abdominal air sac membrane to cover the 
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transplants (Song and Silversides, 2007b; Liptoi et al., 2020), making it challenging to see the 

recipient ovary, which might have led to recipient ovarian tissue being accidentally left behind. 

This remnant tissue may have improved the attachment rate, by providing a damaged area to graft 

too, although this would also increase the chances of creating gonadal chimeras. To determine the 

relevance of these factors, we compared removing varying amounts of recipient ovarian tissue, 

and placing transplants under the abdominal air sac membrane. Overall, the effective removal of 

varying portions of recipient ovarian tissue was validated post-surgery by evaluating the presence 

and size of remnant recipient tissue. However, raising the birds to sexual maturity to produce 

offspring would be the only way to confirm without doubt the full removal of the recipient ovary. 

From our results the amount of recipient tissue remaining and the use of the abdominal air sac 

membrane to anchor the transplants had no effect on the presence nor the size of the transplants 6 

days post-surgery. This suggests that the remnant recipient tissue is not a necessary attachment 

point for the transplants, and the abdominal air sac membrane does not aid in anchoring the 

transplant. Therefore, to ensure the least amount of recipient-derived progeny are produced, it 

seems most advantageous to remove the entire recipient ovary, and not to use the abdominal air 

sac membrane as an anchor. In fact, trying to keep the abdominal air sac membrane intact while 

removing the recipient’s ovary resulted in the largest proportion of recipient tissue being 

mistakenly left behind, which may explain why so many gonadal chimeras have been reported, to 

date (Song and Silversides, 2007b; 2008a; 2008b; Liu et al., 2010; 2013; 2015; Liptoi et al., 2020). 

Interestingly, in a chorioallantoic membrane (in-ovo) culture system, we reported 

attachment rates of 100% when 7 dph ovarian tissue was used as grafts (Chapter 5) and based on 

previous studies in quail (Song and Silversides, 2008a; Liu et al., 2012) we hypothesized that 

results from in-ovo culturing might be transferable to live birds. The overall graft attachment rate 

in the present study (90%) suggests that indeed in-ovo culture system might be able to predict the 

attachment rate when the tissue is transplanted into a living bird. 

Beyond poult survival, the amount of recipient ovarian tissue remaining, and surgical 

technique, the last crucial step investigated was to determine the immunological status of the 

transplants. In mammalian whole organ transplantation, failure is usually caused by 

immunological rejection, when the recipient’s immune system recognizes the organ as foreign. 

However, tissue damage brought on by ischemia and reperfusion injury may also activate the 

inflammatory response (Lentsch et al., 2000). Both rejection and inflammation can cause the tissue 
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to become infiltrated by leukocytes, in particular T and B cells, in the case of rejection (Ingulli, 

2010; Sakai and Kobayashi, 2015). As expected, low levels of T and B cells were detected in the 

remnant recipient tissue, however, transplants were highly infiltrated with lymphocytes. Out of the 

2 types of cells identified by IHC, it appears most lymphocytes present within the transplants were 

T cells, which is expected in the case of acute cellular rejection (Benzimra et al., 2017). It should 

be noted that the B cell marker (MUM-1) used here was developed from plasma cells, and so some 

naïve B cells might not have been detected.  

Although cellular functional analysis was not performed, morphology was consistent with 

graft rejection, although inflammation cannot be ruled out until an autotransplant is compared to 

an allotransplant. As 6 days post-surgery was the only time point evaluated in our study, we cannot 

rule out that the lymphocyte infiltration occurred at an earlier stage. This is earlier than the 14 days 

graft rejection reported in skin transplantation between unsuppressed chickens (Wick et al., 1982), 

however, the timing here is in line with the average acute rejection seen (3 to 10 days post-surgery) 

in mammals (Wood and Goto, 2012).  

Immunosuppressants were not used in this study as in previous work, they were 

demonstrated not to be a requirement for success. In fact, when gonads were transplanted between 

chickens of the same breed, and recipients were unsuppressed, transplants were successful 71% of 

the time (Liptoi et al., 2013). Conversely, when transplantation was performed across different 

breeds in chickens and quails, 25% and 17% of the hens produced donor-derived progeny, 

respectively (Song and Silversides, 2007b; 2008a). The fact that immunosuppressants were not 

required in these previous studies was explained by the theory of acquired tolerance (Hedger, 2007; 

Liptoi et al., 2020). Acquired tolerance has been suggested to be inducible during a short window 

before or just after hatch in chickens (Billingham et al., 1956); however, more recent findings 

suggest this window occurs earlier during embryonic development (Seres et al., 2008) with 

immunocompetency reached at around the 14th day of embryonic development (Tizard, 2008). 

Thus, acquired tolerance may not be possible to induce at the time of hatch. In this study, transplant 

morphology and the high levels of T and B cell infiltration strongly suggest immune rejection even 

though both donors and recipients were from the same breed. Based on this high level of 

infiltration, it is doubtful that these transplants would be viable, in stark contrast to what was 

previously reported in chickens, which had ovarian tissue transplanted between the same breed 

(Liptoi et al., 2013). Without further timepoints, we cannot rule out that the infiltration may 
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subside, allowing the grafts to return to a functional state. Although incompatibility has been 

reported between different breeds in poultry (Liptoi et al., 2013), to the best of our knowledge, it 

has not been reported within the same breed.  

Ovarian transplantation in turkey poults is a delicate and complex surgery, and for effective 

partial or full removal of the ovary, the use of surgical loupes is recommended. The amount of 

remaining recipient ovarian tissue did not affect the rate of transplant attachment, nor did covering 

the transplant with the abdominal air sac membrane. Therefore, removing the entire recipient ovary 

before transplantation, and not using the abdominal air sac membrane is recommended to decrease 

the likelihood of creating gonadal chimeras, and recipient-derived progeny. This technique 

resulted in 91% attachment rate, well above reported values in any poultry species (Song and 

Silversides, 2008a; Song et al., 2012; Hall, 2015; Liptoi et al., 2020). However, based on the high 

level of CD3 and MUM-1 positive area within the transplants, it appears an immune rejection 

mediated by T and B lymphocytes is taking place by 6 days post-transplantation. It is therefore 

suggested that recipients be treated with an immunosuppressant following transplantation, or 

donors and recipients be immunologically matched before transplantation. Although to date, the 

type and dose of immunosuppressant to be used still needs to be optimized for turkeys. 
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6.6 TABLES 

Group 
Surgical 
Procedure 

Surgeries 
Performed 

Birds 
Surviving 
(% survived) 

Recipent 
Ovary 
Present 

Recipent 
Ovary 
Size mm2 

Ovarian 
Transplant 
Present (%) 

Ovarian 
Transplant 
Size mm2 

        

UO 0% removed   -   -        - 16.6 ± 0.8 a   - - 

1 
33% removed  
+ transplant 

  8   8   
(91) a 100% a   9.0 ± 1.1 b 

  7   (88) a 3.4 ± 1.2 a 
      

1SC 33% removed    3   2      - - 
         

2 
66% removed  
+ transplant 

11   8    
(77) ab   90% a   4.1 ± 1.0 c 

  7   (88) a 4.8 ± 1.2 a 
      

2SC 66% removed    2   2    - - 
         

3 
100% removed 
+ transplant 

  9   8     
(91) a   10% b   0.0 ± 0.0 d 

  8 (100) a 5.3 ± 1.5 a 
      

3SC 100% removed   2   2     - - 
         

4 
100% removed  
+ transplant, 
under air sac mem 

10   6     (60) b   33% b   0.7 ± 0.5 cd   5   (83) a 4.0 ± 1.4 a 

        

Total  45 36       (80)  - - 27   (90) 4.4 ± 0.6 

 

Table 6.1 Surgery survival rate, along with transplant, and recipient tissue presences and size. 

Size data are expressed as mean ± SEM. a-cMeans with no common superscript in the same column 

differ significantly (P < 0.05). 
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6.7 FIGURES 
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Figure 6.1 Ovarian transplantation in the domestic turkey. (A) The poult was first anaesthetised 

and placed in the supine position, the abdominal feathers were removed by an electric shaver, (B) 

an incision was made through the abdominal skin and muscle wall to expose the internal viscera 

(C). The liver (arrow), and gizzard (arrowhead), are visible. (D) The yolk sac was removed from 

the abdomen, then the connection between the yolk sac and small intestine (arrow) was ligated 

and cut to allow for the yolk sac to be detached. (E) The entry point above the ovary is located 

between the gizzard and liver, once pushed aside, the left abdominal air sac (arrow) and left 

posterior thoracic air sac (arrowhead) can be viewed. The most ventral portion of the left 

abdominal air sac membrane is then torn open, leaving the left posterior thoracic air sac 

(arrowhead) intact (F). (G) The dorsal portion of the abdominal air sac can then be grasped, and 

fully or partly torn open depending on the surgery group. (H) The ovary (arrow), and mesonephros 

kidney (arrowhead), can be seen clearly. (I) A small portion of the ovary can be gripped with 

forceps and removed (J). (K) When the ovary is removed, the adrenal glands (arrow) can be viewed 

with the mesonephros kidney (arrowhead) still being present. (L) The transplants (arrows) are 

then laid orthotopically, after which the abdominal viscera are pushed back into place, and the 

opening is sutured closed. The poult depicted in these images was euthanized beforehand, live 

animals were not used in this figure. Scale bars (A-D) 1.0 cm, (E-L) 2.0 mm. 
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Figure 6.2 Representative day-old turkey ovary. (A) Gross anatomical perspective. (B) 

Histological perspective. The ovary ligament (arrow) is located in the center portion (C), allowing 

the left (L) and right (R) sides to be removed individually, without causing the remaining portions 

to detach. Scale bars 1 mm. 
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Figure 6.3 Gross anatomy of transplants and surgical controls 6 days post-surgery. (A), (B) 

Surgical control ovaries showing clear signs of damage along the sides (arrow heads), where 

portions were removed. (C) Entire ovary removal, the asterisk designates prior location. (D – F) 

Identified transplants (arrows). Scale bars 1.0 mm. 
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Figure 6.4 Histological images of transplants and remnant recipient tissue. (A) Cross section of 

two transplants (asterisk) with 66% of the recipient ovary still being present (arrowheads). The 

cortex and medulla of the recipient tissue can still be seen, whereas the transplants are heavily 

infiltrated by coalescing inflammatory foci (asterisks). (B – D) Correspond to higher 

magnifications of the dotted squares. (B) The remnant recipient ovary cortex appears normal with 

prefollicular germ cells (arrowheads), and immature granulosa cells situated around the 

prefollicular germ cells. (C) The inflammatory foci appear predominantly composed of 

lymphocytes (small cells, high nuclear/cytoplasm ratio, with a round nucleus, and dispersed 

chromatin with one prominent central nucleolus). (D) Primary follicle found in the centre of a 

transplant. (E) Corresponds to higher magnifications of the dotted squares showing a prefollicular 

germ cell in the centre of a transplant surrounded by apparent lymphocytes. (F) Full cross section 

of the transplant in a 100% ovary removal recipient, many fibers connective cells can be seen in 

the top right-hand corner. Scale bars (A), (F) 300 µm, (B – E) 20 µm. 
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Figure 6.5 T and B cell infiltration of the allotransplants. (A) Shows two transplants (asterisk) 

above the remnant recipient ovary (arrows). (B) and (C) show the same segment after 

immunohistochemistry for CD3 and MUM-1 respectively. The areas positive for CD3 and MUM-

1 display as brown, whereas the counterstain is seen as blue. (D – G) Correspond to higher 

magnifications of the dotted squares. (D) Shows most of the cells within the transplant are T 

lymphocytes (arrows) while (E) shows very few T lymphocytes within the remnant recipient tissue. 

(F) shows B lymphocytes (arrows) present in the transplant while (G) highlights the minimal 

amount of B cells within the remnant recipient tissue. Scale bars (A – C, E, G, I) 500 µm, (D, F, 

H, J) 20 µm. 
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Preface for Chapter Seven 

 

 In the last chapter we demonstrated that the amount of recipient tissue left in does not affect 

the attachment rate, nor does covering the transplant with the abdominal air sac membrane, 

increase the attachment rate. Therefore, moving forward, the recommendation is to remove all the 

recipient tissue to ensure the least amount of recipient-derived progeny are produced, and to not 

cover the transplant with the abdominal air sac membrane. However, from the last chapter we did 

identify that by 6 days post-transplantation the grafts were highly infiltrated by T and B 

lymphocytes. This could be caused by inflammation due to the transplantation itself, or from an 

immunological rejection, as the recipients immune system recognizes the tissue as foreign. This 

means that this high level of lymphocyte infiltration, is probably the root cause of failure of these 

transplants to date, and figuring out how to reduce the infiltration will be the solution which is 

required to allow turkey ovarian transplants to develop normally. 

  To figure out if the lymphocyte infiltration is caused by inflammation, or an 

immunological rejection, we started out in the next section by comparing the infiltration between 

an auto- and allotransplant. After which we moved on to trying to determine how best to reduce 

the lymphocyte infiltration by testing several factors which have been implicated in avian and 

mammalian studies, to be able to reduce the inflammation. These factors included age of the tissue, 

temperature of the holding media, time in the holding media, and recipient immunological 

suppression. Once the best condition was determined transplants were taken to 5 weeks post-

transplantation, as this was determined in chapter 4 to be the time point when the follicle pool is 

established in the turkey ovary, to see if the transplants follicle pool can develop normally.  
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CHAPTER SEVEN: Cyclosporin A prevents ovarian graft rejection, and permits normal 

germ cell maturation within the first 5 weeks post-transplantation, in the domestic turkey 

(Meleagris gallopavo)    

 

7.1 Abstract 

Biobanked ovaries collected from recently hatched poults can only be revived through 

transplantation into a recipient bird. The main hurdle in transplantation is preventing graft 

rejection, which appears as lymphocytic infiltration upon histologic evaluation of the graft. In this 

study, the condition of the transplants (genetic compatibility, donor age, time in holding media, 

and temperature of holding media) and treatment of recipient poults with varying 

immunosuppressants (mycophenolate mofetil (MFM), cyclophosphamide (CY), and cyclosporin 

A (CsA)) were studied to determine which factors could reduce lymphocytic infiltration, during 

the first 35 days post-transplantation. Lymphocytic infiltration was determined via cytoplasmic 

CD3 (T cell) and nuclear PAX5 (B cell) expression.  

In the unoperated and autotransplanted groups there was no difference in the percent of 

cytoplasmic CD3 (P = 0.978) or nuclear PAX5 (P = 0.818) immunostained area, by 6 days post-

transplantation. At the same time point allotransplants had a more positive cytoplasmic (P < 0.001) 

and nuclear (P < 0.007) immunostained areas, compared to autotransplants, irrespective of donor 

age, time in holding media or temperature of the media. By 14 days post-transplantation, the CsA 

25 and 50 mg/kg/day treatment groups had fewer CD3 (P < 0.05) and PAX5 (P < 0.02) positive 

areas in their allotransplants, compared to the unsuppressed group. At 35 days post-transplantation, 

the CsA 25 mg/kg/day allotransplant group also had fewer CD3 (P = 0.001) and PAX5 (P = 0.014) 

positive areas compared to the unsuppressed group. The CsA 25 mg/kg/day transplants also had a 

similar ovarian follicular size (P = 0.211) compared to the unoperated group, although they 

contained fewer follicles (P = 0.007) based on a lower follicular density, 

Donor age, duration in holding media, temperature of media, and treatment of recipients 

with MFM or CY had no effect on reducing lymphocytic infiltration. However, genetic 

compatibility was associated with decreased lymphocytic infiltration, as autotransplants had little 

lymphocytic infiltration. Treatment of recipients with CsA at 25 mg/kg/day was also associated 

with reduced lymphocytic infiltration and allowed transplants to develop normally during the first 

35 days post transplantation. 
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7.2 Introduction 

To preserve and protect the genetics and biodiversity of poultry breeds and lines, there are 

two main methods of biobanking. The first is through cryopreservation of PGCs, either on their 

own (Nandi et al., 2016) or held within an immature gonad (Tajima et al., 1998). The second 

method relies on the combined cryopreservation of post-hatch ovaries and post-hatch testes, or 

sperm, from mature males (Long, 2006; Song & Silversides, 2007; Liu et al., 2010). Both 

techniques preserve the full genetic make-up of the breed or line, which can be revived within one 

generation. However, manipulation of PGCs is technically challenging and costly, and collection 

is limited to a small developmental window between 50 to 56 hrs of embryonic development. 

Alternately, collection of the ovary or testes from post-hatch chicks and sperm from mature males, 

is simpler, less expensive, and gonads can be collected from day old chicks to mature individuals 

(Silversides et al., 2012; Liu et al., 2013), increasing the age range of individuals that can be 

biobanked. Thus, the latter technique has a broader applicability, especially for rare and 

endangered poultry breeds, and their wild counterparts.  

 Although biobanking of sperm has been optimized for many species (Iaffaldano et al., 

2016b; Ciftci and Aygun, 2018), proper cryopreservation and transplantation of ovarian tissue 

requires further optimization. To date, ovarian transplant success rates in poultry breeds vary 

greatly between and within species and are technically challenging for routine use after biobanking 

(Song et al., 2010; Liptoi et al., 2020). Thus, to ensure this technique can be used in the future to 

conserve poultry genetics, it is paramount to identify the factors that negatively influence 

transplant success rates in each species of interest, and remedies found to counter those negative 

factors.  

Our group has been focussing on possible reasons for ovarian transplant failure in the 

domestic turkey. In previous Chapters 5 and 6, we elucidated the impact of age and ovarian 

developmental stage of the donor, along with the amount of recipient ovarian tissue which should 

remain to improve attachment rates. From these studies, we recommended that 7 dph donor ovarian 

tissue be used, when the ovary has few follicles, and that the entire recipient ovary should be 

removed, with the abdominal air sac membrane not used to cover the transplants. However, in 

these studies we also noted that by 6 days post-transplantation, the ovarian transplants were highly 

infiltrated by T and B cells, which indicated potentially graft rejection. Therefore, to increase the 
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success rate of ovarian transplantation, the current study aimed at reducing or eliminating 

lymphocytic infiltration.  

Factors that can reduce lymphocytic infiltration and promote transplant survival, can be 

categorized into two groups. These groups are transplant condition pre-surgery, and post-surgical 

treatment of the recipient. For pre-surgical condition of gonadal tissue, genetic compatibility has 

had one of the strongest effects on increased survival rate of transplanted tissue (Song et al., 2010; 

Liptoi et al., 2013). Marked differences in transplant survival rates between day old ovaries (Liptoi 

et al., 2020), and mature ones was also noted (Liu et al., 2013), suggesting that donor age might 

be another pre-surgery condition that effects the survival rate. Finally, poultry gonadal tissue is 

routinely chilled pre-surgery (Song and Silversides, 2007b; Liptoi et al., 2020), and although this 

has not been demonstrated to improve transplant survival rates, it is a common practice in 

mammalian whole organ transplantation, which and has been proven effective in increasing 

transplant survival rates, on the mammalian side (Weissenbacher et al., 2019). 

Immunosuppressants are the most common form of post-surgical treatment to improve 

transplant survival, as these work to stop the host’s immune response against the foreign tissue. In 

avian species, MFM was first used in ovarian transplantation between chicken breeds, however, it 

did not improve graft success (Song and Silversides, 2007b; Liptoi et al., 2013). However, in quail, 

MFM increased the number of successful transplants (Song and Silversides, 2008a). 

Dexamethasone was also used in poultry to suppress the immune system after ovarian 

transplantation; however, similar to MFM, dexamethasone did not improve transplant success rates 

(Liptoi et al., 2013; 2020). In contrast, immunosuppressants including CY (Corrier et al., 1991; 

Jones et al., 1992; Loa et al., 2002) and CsA (Wick et al., 1982; Bucy et al., 1990; Corrier et al., 

1991; Loa et al., 2002) were extensively used in avian species to suppress lymphocytic numbers 

in virological and bacteriological studies. With one case of CsA being used to promote skin 

transplantation success, between chickens (Wick et al., 1982). 

To elucidate the cause of ovarian graft rejection in turkeys, we investigated whether 

condition, or pre-treatment, of the transplants could reduce lymphocytic infiltration. These factors 

included genetic compatibility, age of the transplants, time in holding media, and temperature of 

holding media. Effectiveness was measured by determining the area of cytoplasmic CD3- (T cell 

marker) and nuclear PAX5- (B cell marker) positivity within the transplants 6 days post-surgery. 

Next, three different immunosuppressants (MFM, CY, and CsA) were tested at different doses and 
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administration routes during the first 14 days post-surgery. Again, area of CD3- and PAX5-

positive immunostaining were used as a marker of lymphocytic infiltration in transplants. 

Effectiveness of immunosuppression was also measured by lymphoid organ relative weights and 

peripheral blood white blood cell count. The most effective immunosuppressive treatment was 

repeated and analyzed until 5 weeks post-surgery. Finally, to determine if the tissue was 

developing normally, ovarian follicular size and density were also assessed.  

7.3 Material and Methods 

7.3.1 Animals  

Recipient and donor female poults were supplied by Hybrid Turkeys at 1 dph (Kitchener, 

Ontario Canada) from a converter parent stock line. Hence, all recipients and donors were from 

the same genetic line. Donor poults were given food and water ad libitum and were housed in 

groups. Prior to surgery, recipient poults were only given water and were kept in groups. Post-

surgery, recipient poults were offered food and water ad libitum and were housed with donor poults 

of a similar age to ensure recipients quickly became familiar with their feed. Donor poults were 

euthanized at 8 ± 1 dph via manual cervical dislocation. Recipient poults were weighed daily to 

monitor weight gain and development until 8, 16 or 37 dph when they were euthanized by manual 

cervical dislocation.  

7.3.2 Experimental design and immunosuppressants 

7.3.2.1 Study 1  

In this study, four factors hypothesized to influence lymphocytic infiltration were tested. 

These factors were: genetic compatibility (auto- vs. allotransplant), donor age (2 vs. 9 dph), time 

the transplant spent in holding media (15 vs. 60 mins) and media temperature (RT vs. 4 oC). These 

factors were tested in seven groups, laid out in Table 7.1. There was also an unoperated group 

which served as a control. There were five poults per group (n=5/group). All poults were 

euthanized at 6 days post-surgery, when the poults were 8 dph. 

7.3.2.2 Study 2 

In this study, nine immunosuppressive treatment protocols were tested (Table 7.2), along 

with a tenth unoperated group, which also did not receive any immunosuppressant as a control 

group. Starting pre-surgery MFM at 100 and 150 mg/kg/day (Cellcept, Roche, Mississauga, ON, 

Canada) was administered via crop gavage (c.g.) with treatment starting pre-surgery. In previous 

poultry ovarian transplantation studies, MFM was administered orally, and birds were not fasted 
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beforehand (Song and Silversides, 2007b; 2008a; Song et al., 2011; Liptoi et al., 2020), even 

though the manufacturer recommends oral administration on an empty stomach. This is most likely 

because fasting young birds’ post-surgery is not practical and discouraged, however, it cannot be 

ruled out, that this reduced the effectiveness of the drug. Thus, MFM at 100 mg/kg/day via 

subcutaneous injection (subc.) was also tried, with this being delivered between the scapulae, with 

this treatment starting post-surgery. CY at 200 mg/kg (Procytox, Baxter, Mississauga, ON, 

Canada) was administered via intramuscular injection (i.m.) into the left pectoral muscle. As a 

chemotherapeutic agent, CY has been shown to reduce the number of germ cells in mice ovaries 

(Desmeules et al., 2006; Comish et al., 2014). Treatment with this drug while the transplant was 

developing post-surgery, seemed counterproductive, therefore, CY was only given once pre-

surgery. Lastly, CsA at 12.5, 25 and 50 mg/kg/day (Sandimmune, Novartis, Mississauga, ON, 

Canada) was administered via subc. between the scapulae. The 50 mg treatment was started either 

pre- (50*) or post-surgery (50), whereas the 12.5 and 25 mg/kg/day treatments were both started 

post-surgery. This is because giving CsA pre-surgery resulted in anesthetic complications, which 

were obviated when the treatments started post-surgery. Euthanasia occurred at 14 days post-

surgery. Although five poults were allocated to each treatment group (n=5/group), a purposeful 

reduction was made to minimize the number of birds used during this study if an adverse effect 

was seen, or the treatment was determined to be ineffective, before others were placed into the 

treatment group. This occurred for the MFM at 100 mg/kg/day via c.g. group, and the CsA 50* 

mg/kg/day group. 

7.3.2.3 Study 3 

The final study included three groups of five birds that were euthanized 5 weeks post-

surgery (n=5/group). The first group was treated with 25 mg/kg/day of CsA administered via subc. 

in four separate injection sites to minimize tissue trauma. These were the left and right scapulae, 

and the left and right inner thigh. Sites were rotated starting the day of surgery through to the 34th 

day post-surgery. The second group underwent surgery but did not receive CsA, and the last group 

was unoperated and unsuppressed. The CsA was packaged in 1 ml vials at a concentration of 50 

mg/ml, which was diluted to 25 mg/ml before being injected into the birds. 

7.3.3 Ovarian transplantation 

The procedure for ovarian transplantation in neonatal turkey poults followed the protocol 

described in Section 6.3.3 with the following anesthetic modification. The anesthetic protocol was 
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changed to i.m. administration of butorphanol (2 mg/kg), and xylazine (4 mg/kg) into the left 

pectoral muscle. Poults were returned to the intensive care unit for 10 mins to allow for full 

sedation. They were then placed onto a heating plate, after which the interscapular feathers were 

shaved to permit subc. alfaxalone (30 mg/kg) administration. This induced and maintained the 

poults on a surgical plane of anesthesia for approximately 30 to 45 mins.  

Five sets of grafts (two pieces of ovarian tissue each) were weighed before transplantation, 

as 8 dph fresh transplants, to be compared with weights when the transplants were collected later. 

During surgery the entire recipient ovary was removed, and two pieces of ovarian tissue were 

transplanted into each recipient, but the abdominal air sac membrane was not used to cover the 

transplants, which had already been shown in Chapter 6 to be the most suitable procedure.  

7.3.4 Blood collection and leukocyte count 

For each recipient in study 2 and 3 the total leukocyte concentration and the absolute 

concentration of circulating lymphocytes, heterophils, eosinophils, basophils, monocytes were 

calculated and compared between groups. Blood samples (0.3 ml) were collected from the jugular 

(study 2) or wing vein (study 3) just prior to euthanasia and were placed into a neonatal blood vial 

coated with EDTA (Microvette CB 300 K2E, Starstedt AG & Co., Numbrecht, Germany). To 

determine the concentration of specific leukocytes a heterophil/eosinophil count was conducted 

using a hemocytometer, followed by a differential leukocyte count of 100 cells on a blood smear. 

For hemocytometer counts, 25 µl of blood was added to 775 µl of Eosinophil stain (ENG Scientific 

Inc., New Jersey, USA) resulting in a 32-fold dilution. The mixture was gently mixed on a shaker 

for 5 mins. Ten µl of the mixture was loaded into each side of a Neubauer hemocytometer (Fisher 

Scientific, Hampton, NH, USA) and cells were allowed to settle for 2 mins. All purple-stained 

cells (heterophils and eosinophils) were counted within the 1 by 1 mm square on each side of the 

hemocytometer, and the average was used to estimate the heterophil and eosinophil concentration 

within the 0.1 mm3 sample. This value was multiplied by the dilution factor, 32, to give the 

combined concentration of heterophils and eosinophils.  

To prepare the blood smear, 5 µl of blood was pipetted onto a microscope slide, a push 

preparation was made, and rapidly dried using a fan. The smear was stained using the Fisher 

HealthCare™ PROTOCOL™ Hema 3™ Fixative and Solutions. Based on the preference of the 

clinical pathologist, blood films received two dips in fixative and three dips in each of staining 

solutions I and II. Stained smears were air dried and coverslipped. Each blood smear was evaluated 
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at low power for red cell density and white blood cell distribution. A differential white blood cell 

count was performed in areas free of cell lysis at 400 x or 1000 x magnification until 100 

leukocytes had been counted. Cells enumerated included: heterophils, lymphocytes, monocytes, 

basophils, and eosinophils. One of the birds in the CsA 25 mg/kg/day treatments in the second 

study had two additional counts performed and averaged because it had extremely different 

leukocyte proportions compared to others in the same treatment group. 

The total leukocyte count was determined by dividing the hemocytometer count by the 

total value of heterophils, and eosinophils expressed as a percent. The absolute count for each type 

of leukocyte was calculated using the total leukocyte concentration multiplied by the percent they 

made up within the leukocyte differential count. Each bird’s absolute leukocyte concentration and 

the absolute concentration of circulating lymphocytes, heterophils, eosinophils, basophils, 

monocytes were compared between treatment groups. 

7.3.5 Organ sampling and relative weights 

In study 1, ovaries were removed from recipient poults, fixed in Bouin’s fixative for 1 hr 

at RT, followed by an additional 23 hrs at 4 oC as described in Section 4.3.3. For birds in studies 

2 and 3, the ovary, thymus, spleen, and bursa of Fabricius were collected and weighed. Ovaries 

were then fixed as in study 1. The ovary weight for birds in study 2 was then compared to the 8 

dph fresh transplant weight to determine if the tissue had grown during the study. In study 3, ovary 

weights were compared between the immunosuppressed and unsuppressed birds. The lymphatic 

organ weights were divided by the poult’s body weight and expressed as relative weights.  

7.3.6 Ovary processing, staining, and imaging 

After the ovaries were fixed, tissues were washed with PBS, transferred to a tissue cassette, 

and stored in 70% ethanol at 4 oC until processing.  Samples were then dehydrated and cleared 

with xylene, embedded in paraffin blocks, and sectioned at a 5 µm thickness, parallel to the sagittal 

plane, as described in Sections 4.3.3 and 6.3.4., using a Finesse ME microtome (ThermoShandon, 

Cheshire, UK). Four serial sections were collected onto a slide and then twenty sections (100 µm) 

were discarded before collecting another four serial sections. This was repeated until the whole 

transplant was sectioned. In all studies, two random slides were selected from each ovary for CD3 

and PAX5 immunohistochemical staining and analysis. In the third study, four slides were 

randomly selected and stained with H&E to assess follicular size and density. The first section on 

each of the H&E slides were imaged using a Leica DM 5000B light microscope (Leica, Wetzlar, 
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Germany) equipped with a B-Series LED light source (ScopeLED, Richmond, CA, USA) for 

sequential red/green/blue imaging. Images were captured using a Hamamatsu Orca-Flash 4 camera 

(Hamamatsu Photonics, Hamamatsu City, Japan) at 40 x magnification and processed using 

Volocity (ver. 6.3.1; Quorum Technologies, Guelph, ON, Canada) over the entire section; these 

images were subsequently stitched together to provide a large, high-resolution image of the first 

section. All chemicals were purchased through Fisher Scientific (Hampton, NH, USA), unless 

otherwise mentioned. 

7.3.6.1 Immunohistochemistry for CD3 and PAX5  

Immunohistochemistry for cytoplasmic CD3 and nuclear PAX5 antigens were performed 

at the Animal Health Laboratory, University of Guelph an AAVLD accredited laboratory, using 

an automated staining instrument (Dako Autostainer, Dako / Agilent, Ontario, Canada). The 

immunohistochemical reaction for CD3 followed the protocol detailed in Section 6.3.4.1. For 

PAX5, after manual deparaffinization and rehydration, the sections were treated with 3% hydrogen 

peroxide to quench endogenous peroxidase activity. Heat-induced epitope retrieval was carried out 

using an EDTA buffer (pH 9) and a pressure cooker device (PT Link, Dako). Primary antibodies 

against PAX5 (mouse monoclonal, clone 24, Biocare Medical) were diluted 1:50, and incubated 

at RT for 30 mins. Slides were then incubated with a dual anti-mouse / anti-rabbit anti-IgG 

horseradish peroxidase–linked polymer (EnVision FLEX, Dako) for 30 mins at RT, and reactions 

were visualized using Nova Red chromogen (Vector Laboratories, Burlington, ON, Canada). 

Slides were counterstained with hematoxylin. For CD3 and PAX5 immunohistochemical analysis, 

thymus, and bursa of Fabricius were used as positive controls, respectively. Negative controls were 

incubated in the absence of primary antibody. Sections were imaged using the same microscope 

and camera setup as described above. 

7.3.7 Percent of CD3 and PAX5 immunostained area 

The percent immunostained area for T and B cell markers were evaluated to determine the 

extent of graft infiltration as detailed in Section 6.3.6. In the current study, PAX5 was used instead 

of MUM-1 as a nuclear B cell marker, as PAX5 is more generally expressed in avian B cells 

(Kurokawa and Yamamoto, 2020), whereas the former is expressed in late-stage B cells, such as 

plasma cells (Gibson et al., 2021). In this study, three images were captured randomly throughout 

each transplant sample. This meant that for each sample the approximate area which was analyzed 

was 316,875 µm2. Since PAX5 is also a nuclear marker the images were analyzed in a similar 
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manner to MUM-1. For CD3, the total percent of positive cytoplasmic area from all three images 

were divided by the total percent of cytoplasm to provide a percent of positive cytoplasmic area. 

For PAX5, the total percent of positive nuclear area from all three images were divided by the 

percent of total nuclear area, corresponding to the percent of positive nuclear area.  

7.3.8 Follicular diameter and density 

In study 3, to determine if immunosuppression permitted transplants to mature and develop 

normally, the size and density of ovarian follicles were compared to unoperated birds. The 

calculation of follicular size and density followed the methods described in Sections 4.3.4.2 and 

4.3.4.3, with 30 follicles randomly selected and measured, and the density calculated using four 

slides (four serial sections per slide) per ovary. Both the size of the 30 follicles, and the density 

from the four slides were averaged, giving the specific follicle size and density for each ovary. 

7.3.9 Statistical analysis 

 Statistical analyses were performed using SPSS 25.0 for Mac (SPSS Inc., Chicago, IL). All 

data are presented as mean ± standard error of the mean (SEM). Due to the fact the CD3 and PAX5 

percent immunostained area data were not normally distributed the data were log transformed 

before analysis to conform to normality. Normality and equal variance of all data was evaluated 

by residual plots and Levene’s tests, respectively. A four-way ANOVA was used to analyze the 

CD3 and PAX5 immunostained data for study 1. The four factors were type of transplant (auto- 

vs. allograft), age of tissue (2 vs. 9 dph), time in holding media (15 vs. 60 mins), and temperature 

(RT vs. 4 oC). Significance of these factors and their interactions were reported. A one-way 

ANOVA followed by a post-hoc Tukey test was used for all other analyses throughout this study, 

except for ovary weight and follicular size in study 3, this was analyzed using an independent t-

test, as there were only two groups compared. Significance for all tests was set at (P £ 0.05). 

7.4 Results 

7.4.1 Surgery survival rate, and drug reactions  

The total number of surgeries performed during these studies was 113, with 108 (96%) 

recipients surviving, the roughly 30 min procedure. From the recipients who survived the surgery 

106, or 98% (106/108), regained consciousness within 1 to 2 hrs. Therefore, from the start of 

surgery to regaining of consciousness, the total survival rate was 94%. The only treatment group 

that reacted poorly to the surgery were the recipient poults that received CsA 50* mg/kg/day. Out 

of the six surgeries performed, two poults died on the operating table and one during recovery. It 
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appeared that the birds were either too weak to undergo the surgery or were experiencing a negative 

drug interaction between CsA and one of the anesthetics or analgesics. Thereafter, CsA was given 

to birds only post-surgery for the other CsA treatments. 

7.4.2 Study 1 

7.4.2.1 Lymphocytic infiltration  

There was no difference in area of percent positive CD3 cytoplasm (P = 0.978) and area 

of percent positive PAX5 nuclear (P = 0.818) between the unoperated and autotransplant groups 

(Fig. 7.1). However, ovaries from allotransplants showed a significantly stronger 

immunohistochemical staining for both CD3 (25 to 40% of the cytoplasmic area; P < 0.001) and 

PAX5 (2 to 4% of the nuclear area; P = 0.007) compared to the autotransplant group. 

Statistically, age of the tissue (p = 0.939 and 0.397), time in the holding media (p = 0.986 and 

0.346), and temperature of the media (p = 0.490 and 0.656), along with their interactions: 

age*time (p = 0.901 and 0.472), and age*temperature (p = 0.833 and 0.767) had no effect on the 

percent of CD3 or PAX5 positive areas, respectively. Although not statically significant, the 9 

dph transplants kept in holding media at 4 oC for 60 mins displayed the lowest mean CD3 

positive cytoplasmic area. Thus, to potentially maximize graft health and survival, this treatment 

protocol was applied in study 2 and 3. 

7.4.3 Study 2 

7.4.3.1 Poult health and body weight  

At the start of the second study all groups weighed the same, with poults weighing between 

55 to 62 g (Table 7.3). At 14-days post-surgery there was no difference in poult body weight 

between the unoperated group and the unsuppressed, MFM, and CsA 12.5 mg/kg/day treatment 

groups. However, poults in the CY (P < 0.001), CsA 25 (P = 0.031), CsA 50 (P < 0.001), and CsA 

50* (P < 0.001) mg/kg/day treatments had lower body weights compared to the unoperated group. 

With poults in the CsA 50* mg/kg/day having the lowest average body weight. For the CY and 

CsA 25 mg/kg/day, based on visual observation of activity level this lower weight did not appear 

to affect overall poult health. However, the CsA 50* mg/kg/day treated birds appeared to have a 

reduced activity level towards the end of the study. Birds in this group appeared lethargic and were 

excreting clear fluid from their vents, leading to soiling of the vent and abdomen. Samples of the 

fluid were not kept for analysis. Upon injection site examination during the post-mortem 

evaluation, there were large areas of scaring. Samples from these areas and from internal organs 
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were submitted to the University of Guelph’s Animal Health Laboratory for further analysis. 

Overall organ health appeared satisfactory, based on the pathologist’s opinion, although the 

injection site demonstrated heterophilic inflammation.  

7.4.3.2 Transplant weight, and lymphatic organ relative weight  

The relative weight of the bursa of Fabricius was smallest (P < 0.05) in the CY treatment, 

compared to all the other treatments (Table 7.4). For all other groups there was no trend with 

respect to bursa of Fabricius relative weight, and significance between groups was most likely 

attributed to the small sample size. For the thymic relative weight, only two treatments were 

significantly different from the others. The CY treatment had the lowest overall average thymic 

weight, which was significantly lower compared to the CsA 12.5 (P = 0.006), and CsA 25 (P = 

0.019) mg/kg/day treatments. The other was the CsA 12.5 mg/kg/day treatment itself, which also 

had a higher value compared to the unoperated treatment (P = 0.018). For splenic relative weights 

the CsA 25 mg/kg/day treatment had the lowest weight compared to the MFM 150 (P = 0.002), 

CsA 50 (P = 0.001), and CsA 50* (P = 0.038) mg/kg/day, however, there was no difference 

compared to the unsuppressed group (P = 0.273). Again, with no trend identified related to 

immunosuppressant, the biological relevance of these differences seems negligible.    

To assess the growth of the transplants at 14 days post-surgery the weights were compared 

to the 8 dph pre-surgery transplant weight, not the unoperated group (Fig. 7.2). The unsuppressed, 

MFM, and CY treatment groups had transplant growth (P < 0.05) during the 14 days, which 

equated to roughly a three-to-five-fold increase in size, whereas the CsA treatment groups did not 

demonstrate growth.  

7.4.3.3 Circulating leukocytes  

No difference in the number of circulating eosinophils, basophils, and monocytes was 

observed between treatment groups (Table 7.5). Although absolute heterophils differed between 

experimental groups, the differences did not appear to be associated with the immunosuppressants 

used or route of administration, however, the lowest number was seen in the CsA 50* mg/kg/day 

group, and the highest number was seen in the MFM 100 mg/kg/day subc. treatment. Conversely, 

for lymphocytes, treatment had a significant effect, as the CsA groups displayed lower means than 

all the other treatment groups in a dose dependent manner with the two CsA 50 mg/kg/day 

treatment groups reaching statistical significance (P < 0.05) compared to the unsuppressed, and 

MFM 100 mg/kg/day c.g. treatments. This reduction in lymphocytes was also seen in the total 
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leukocyte count, which was lower in the two CsA 50 mg/kg/day treatments. Interestingly, although 

not statistically significant, the highest number of lymphocytes was observed in the unsuppressed, 

MFM 100 mg/kg/day c.g. and CY treatments. 

7.4.3.4 Lymphocytic infiltration  

There was a higher (P < 0.001) percent of CD3 positive cytoplasmic area in the 

unsuppressed, MFM, CY, and CsA 12.5 mg/kg/day treatments compared to the unoperated birds 

(Fig. 7.3), with these high values ranging between 30 to 40%. Conversely, no difference (P > 

0.865) in percent of CD3 positive cytoplasm was observed between unoperated birds and the CsA 

25, 50, and 50* mg/kg/day treatments with these percent positive cytoplasmic area values ranging 

between 0.1 to 4%. This pattern was similar for the percent of PAX5 positive nuclear area, with 

higher levels (P < 0.001) in the unsuppressed, MFM, and CsA 12.5 mg/kg/day treatments, 

compared to the unoperated birds, with values ranging between 10 to 20% of the total positive 

PAX5 area. However, there was no difference (P = 0.227) between the unoperated and CY 

treatment. Just as for CD3 there was no difference (P > 0.159) in the percentage of positive PAX5 

nuclear area between the unoperated, CsA 25, 50 and 50* mg/kg/day treatments. For these groups 

the positive PAX5 nuclear area values ranged between 0.01 to 0.2%.  Based on these results, CsA 

25 mg/kg/day treatment appeared to be the best immunosuppressant and was thus selected for 

study 3.   

7.4.4 Study 3 

7.4.4.1 Poult health and body weight  

At 5 weeks post-surgery the poults in the unoperated group had the highest (P = 0.019) 

body weight, compared to the unsuppressed group (Table 7.3). The immunosuppressed group had 

an even lower (P < 0.001) body weight, compared to the unsuppressed group, at 5 weeks post-

surgery. The problems which were seen with the CsA 50 mg/kg/day groups in study 2, e.g., skin 

damage and fluid discharge from the vent, were also present by the 5th week with the CsA 25 

mg/kg/day treatment group: however, the skin damage was not as severe, and the birds did not 

appear to have a reduced activity level in this case as compared to the poults in study 2.  

7.4.4.2 Circulating leukocytes 

After 35 days of CsA 25 mg/kg/day treatment the recipients had fewer (P < 0.001) 

circulating lymphocytes than either the unsuppressed group, or the unoperated group (Table 7.6). 

This decrease was reflected in the total leukocyte count which was also lower in the suppressed 
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group compared to the unsuppressed (P = 0.006), or the unoperated group (P < 0.001). There was 

no difference in the circulating numbers of heterophils, eosinophils, basophils, or monocytes 

among treatment groups. 

7.4.4.3 Transplant weight and histological evaluation  

There was a stark difference in the overall appearance of transplants from suppressed 

recipients versus unsuppressed (Fig. 7.4). The transplants from unsuppressed recipients were 

larger (P < 0.001), had a higher percentage of CD3 immunostained cytoplasmic area (P = 0.001) 

and PAX5 immunostained nuclear area (P = 0.014), and did not contain any follicles (Table 7.7). 

With these transplants resembling lymphatic tissue, more than ovarian tissue (Fig. 7.4B). The 

suppressed group had a similar CD3 positive cytoplasmic area (P = 0.469), and PAX5 

immunostained nuclear area (P = 0.884), compared to the unoperated group (Table 7.7). The 

suppressed group also had similar follicular size (P 0.211), although there were fewer follicles 

present (P 0.007), compared to the unoperated group.  It was clear that CsA 25 mg/kg/day was not 

only able to stop rejection (Fig. 7.4C), but it was also able to allow the transplants to mature, when 

compared to the 8 dph fresh transplants, before transplantation (Fig. 7.4A).  

7.5 Discussion 

Understanding why poultry ovarian transplants have varying success rates is vital if the procedure 

is to be routinely used to revive biobanked tissue. In the domestic turkey, transplant age, and 

amount of recipient tissue left behind were eliminated as possible causes for the low success rates, 

in Chapters 5 and 6. However, in the latter paper it was demonstrated that transplants became 

highly infiltrated with lymphocytes by 6 days post-transplantation, implying rejection by the 

hostess immune system. Therefore, the goal of this project was to ascertain if lymphocytic 

infiltration could be reduced and if that reduction would permit normal transplant development. 

Condition of the tissue with respect to genetic compatibility and age, along with treatment of the 

tissue, and time in and temperature of holding media pre-surgery were all investigated. 

Additionally, the effectiveness of three immunosuppressive drugs at varying doses and routes of 

administration were evaluated.  

 With a novel anesthetic protocol and increased surgical skill, the surgery survival rate of 

94% was 14% higher than we previously reported in Chapter 6. Only one drug had a negative 

effect on surgery procedure, and that was CsA, when administered the day before surgery and 

immediately prior to surgery. There are two explanations, either the dose was too high before 
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surgery, and this weakened the poults, or the CsA had a negative interaction with either 

butorphanol, xylazine and alfaxalone, or a combination of these drugs. Either way, it would not be 

recommended to treat poults with CsA before surgery and instead start treatment only post-

surgery. 

 In the first study, we determined whether lymphocytic infiltration could be reduced by 

improving genetic compatibility, increasing the age of the donor tissue, or keeping the tissue in 

chilled holding media for an extended period, pre-surgery. Improving genetic compatibility was 

accomplished by performing autotransplantations and comparing their lymphocytic infiltration to 

that of allotransplants. Autotransplants of dispersed testicular cells in chickens had a high level of 

success (Song et al., 2010), but the use of ovarian autotransplants have not been assessed. In this 

work the autotransplants showed significant improvement in T cell infiltration compared to the 

allotransplants, with the autotransplants having similar infiltration, compared to the unoperated 

birds. There was however no difference in the B cell population between the auto and 

allotransplants, noting that this was the minor lymphoid cell type present. Since all transplants 

undergo varying amounts of ischemia and reperfusion damage, which activates an inflammatory 

immune response (Ingulli, 2010), it is possible that even an autotransplant might display some 

lymphocytic infiltration. In this study we can rule out this a possible cause of our infiltration in 

turkey ovarian transplants, since the autotransplants had relatively no infiltration. Within the 

allotransplants, donor age, time in holding media, and temperature of the media had no effect on 

the level of lymphocytic infiltration. It is clear then that genetic compatibility had the only, and a 

large effect, on reducing lymphocytic infiltration by 6 days post-transplantation. Since 

lymphocytic infiltration triggered by genetic incompatibility was observed by 6 days post-

transplantation, this rejection could be classified as hyperacute or acute, since hyperacute occurs 

immediately and acute can happen by 3 days post-transplantation (Basadonna et al., 1993; 

Jalazadeh et al., 2015). Because transplanted ovarian tissue was not examined histologically before 

day 6 post-transplantation, we cannot know which type of rejection predominated. However, as 

poults exhibited no hyperacute decompensation and didn’t have any known prior exposure to the 

donor’s cells, we assumed the rejection was acute in nature. This is the first time that acute 

rejection of transplanted gonadal tissue has been identified in poultry species, and the first time 

this type of immunological response has been detected, after gonads were transplanted within the 

same breed. In fact, when gonads were transplanted between the same chicken line, a high level 
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of success was achieved (Liptoi et al., 2013), but this was not the experience in this and a previous 

study in turkeys (Hall, 2015).  

In the second study, immunosuppressants showed varying effects on ovary and lymphoid 

organ size, peripheral blood lymphocyte numbers, and transplant infiltration. In poultry ovarian 

transplantations, MFM is the most used immunosuppressant (Song and Silversides, 2007b; 2008a; 

Song et al., 2011; Liptoi et al., 2020). In mammals, MFM works by reducing the amount of 

guanosine and deoxyguanosine nucleotides in T and B cells, which impedes proliferation in both 

lineages (Allison and Eugui, 2005). In this study, at the standard dose (100 mg/kg/day) and 

delivery method (c.g.) MFM did not eliminate lymphocyte tissue infiltration or reduce their 

circulating concentration. In addition, increasing the dose, and administering it subcutaneously had 

no effect on these variables either. Therefore, MFM does not improve ovarian transplantation 

success rates, in the domestic turkey. These findings corroborate findings in chickens, which found 

that MFM did not improve transplant survival over unsuppressed birds (Song and Silversides, 

2007b; Liptoi et al., 2013) but contradict observations in quail (Song and Silversides, 2008a). 

Therefore, our findings support the narrative that MFM effectiveness for poultry ovarian 

transplantations is species-specific. 

The next two drugs discussed have not been used in conjunction with poultry ovarian 

transplantation but have been shown to effectively suppress the avian immune system (Bucy et al., 

1990; Corrier et al., 1991; Jones et al., 1992; Loa et al., 2002). The first drug, CY, works by 

disrupting DNA synthesis which disproportionately affects rapidly dividing cells, causing cell 

death. In young birds this drug causes degeneration of the bursa of Fabricius and lymphoid organs, 

which depend on bursal functionality (Elmubarak et al., 1981), effectively inducing a chemical 

bursectomy (Schlink and Olson, 1987). This preferential effect on B cells by CY specifically 

affects production of antibodies in response to foreign antigens (Loa et al., 2002). In the current, 

study CY-treated poults had a noticeable decrease in body weight by day 14 post-surgery, 

compared to the unsuppressed birds. This decrease was expected as it has been previously observed 

in turkeys and chickens (Corrier et al., 1991; Loa et al., 2002). When CY was administered to 

broiler chicks at a similar dose, bursal weight was reduced by 70% (Corrier et al., 1991). This 

result was similar to ours, although we did not see a reduction in circulating lymphocytes as 

previously reported in turkeys (Ficken and Barnes, 1988). However, in the latter study, circulating 

lymphocytes were monitored for 72 hrs after CY injection while in our study, analyses occurred 
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15 days after the drug was administered, indicating that circulating lymphocyte numbers can 

recover. At the level of the transplant, CY had no effect on T cell infiltration, but did reduce B cell 

infiltration, however, this did not prevent abnormal growth of the transplants. Therefore, CY as a 

monotherapy is ineffective at preventing graft rejection and is thus not recommend. 

The third drug assessed, CsA, works by selectively blocking the transcription of the 

interleukin-2 gene within T cells, thereby blocking cellular proliferation (Nowak et al., 1982). 

Therefore, this drug, conversely to CY, preferentially effects T cells. In this study CsA treated 

poults had a decreased body weight compared to the unsuppressed birds. This result was expected 

based on previous studies in turkeys and chickens (Corrier et al., 1991; Loa et al., 2002). However, 

based on another study (Wick et al., 1982), the negative health effects we observed, were not 

anticipated at the 50 mg/kg/day dose. Based on these deleterious effects this dose would not be 

recommend for future studies. However, CsA at this high dose did reduce the number of circulating 

lymphocytes, which is the first time this has been observed in any poultry species. All doses of 

CsA elicited a reduction in both T and B cell infiltration within the transplants. This finding 

matches a previous study (Wick et al., 1982), which demonstrated that CsA at a dose of 25 

mg/kg/day was effective at permitting chicken skin graft survival. Coupled with our results, it 

reaffirms that at this dose, CsA can prevent acute rejection in both chickens and turkeys, by 14 

days post-surgery.  

For the final study, based on the low concentrations of lymphocytic infiltration and normal 

ovarian follicular development, CsA 25 mg/kg/day again permitted healthy transplant 

development, up to 35 days post-surgery. However, the density of ovarian follicles was decreased, 

this was to be expected as transplantation decreases the number of follicles within the turkey ovary, 

as laid out in Chapter 5. Unfortunately, the deleterious effects noted in the CsA 50 mg/kg/day 

treatments in the second study, were seen here in the lower dose by 35 days post-surgery. Based 

on this observation an alternative method of administration such as an osmotic pump should be 

investigated to minimise tissue damage. Unfortunately, we did not analyse the fluid discharge, 

observed under CsA treatment but, since one of the most common side effects of CsA treatment is 

nephrotoxicity (Mason, 1990), we believe this could have caused excessive fluid loss at the level 

of the kidneys due to kidney damage. 

In examining all three studies, one noticeable trend emerged: this being the increase in B 

cell infiltration over time within the transplants. Within all groups in study 1, which were not 
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treated with any immunosuppressant, B cell infiltration was between 2 to 4% by day 6 post-

surgery. In the second study which took the unsuppressed birds to 14 days post-surgery the 

percentage increased to 7%, and in the final study which took unsuppressed birds to 35 days post-

surgery that percentage increased to 40%. Conversely, T cell infiltration for the same studies, 

involving the unsuppressed birds, had the percent of infiltration stay relatively high for all age 

groups, around 40%. To the authors’ knowledge this is the first time that the slow increase in B 

cell infiltration over time has been observed in transplanted organs in a poultry species. 

Despite multiple attempts, success rates in ovarian transplantations in poultry species 

remain low and variable (Song and Silversides, 2007b; Song et al, 2013; Liptoi et al., 2013; 2020). 

Our results suggest that acute rejection based on genetic incompatibility is the most likely cause. 

Thus, genetically matching donors and recipients based on their MHC II complexes might reduce 

the dose of immunosuppressants required. As the cause of ovarian transplant failure in turkeys has 

been identified, and a potential solution found, future studies should focus on determining whether 

ovarian transplants can survive into maturity and whether donor-derived progeny can be produced.  

 For ovarian transplantation in the domestic turkey lymphocytic infiltration (acute 

rejection), is clearly the major cause of transplant failure, by 35 days post-transplantation. Here it 

was demonstrated that genetic compatibility or an immunosuppressant were both able to overcome 

the acute rejection. The most widely used immunosuppressant MFM, with respect to ovarian 

transplantation between poultry breeds, did not work here. CY was able to reduce B cell 

infiltration, but not T cell infiltration, meaning that it should not be used on its own. CsA was able 

to reduce lymphocytic infiltration and allowed for normal transplant maturation. However, by 35 

days post-transplantation the CsA 25 mg/kg/day treated birds showed negative impacts on health. 

Moving forward, an alternative administration route, with or without reducing the dose of CsA if 

donors and recipients are genetically matched, could eliminate these negative side effects. If 

genetic incompatibility is eliminated, CsA will still likely play an important role in allowing turkey 

ovarian transplants to develop normally after transplantation.  
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7.6 TABLES 

Treatment Transplant 
type 

Age of transplants 
(dph) 

Time in HM 
(Temperature) 

A auto 2 15 min (RT) 
B allo 2 15 min (RT) 
C allo 2 15 min (4oC) 
D allo 2 60 min (4oC) 
E allo 9 15 min (RT) 
F allo 9 15 min (4oC) 
G allo 9 60 min (4oC) 

 

Table 7.1 Treatment groups for study 1. For study 1 there were seven groups, which varied based 

on transplant type and age, along with the temperature of the holding media and the time 

transplants remained in the media. Autotransplant (auto) refers to an ovary that was removed, and 

placed back into the same recipient poult, whereas allotransplant (allo) refers to an ovary that 

was placed in a different poult. There were five recipient poults in each group (n = 5/group). 
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Treatment 
Immuno- 

suppressant 
Aministration 

route 
Dosage 

(mg/kg/day) 
Treatment 

started (dph) 
Treatment 

finsihed (dph) 
Number 
of poults 

1 NS - - - - 5 
2 MFM c.g. 100 1 15 3 
3 MFM c.g. 150 1 15 5 
4 MFM subc. 100 2 15 5 
5 CY i.m. 200 1 1 5 
6 CsA subc. 12.5 2 15 5 
7 CsA subc. 25 2 15 5 
8 CsA subc. 50 2 15 5 
9 CsA subc.   50* 1 15 3 

 

Table 7.2 Treatment groups for study 2. For study 2 there were nine immunosuppressive 

treatments, which varied based on immunosuppressant, administration route, dosage, and the start 

and finish of the treatment. As surgery occurred at 2 dph, poults that started treatment at 1 dph 

had immunosuppressant in their system upon surgery, whereas poults that had their treatment 

begin at 2 dph were given their first dose following surgery. There were three to six recipient 

poults in each group (n = 3 to 5/group). (*) Distinguishes the 8th and 9th treatment groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 124 

Treatment 
[mg/kg/day] 

Days post-surgery 

 0    7 14  21   28    35 

Unoperated 55 ± 1a 189 ± 4c 389 ± 07e 688 ± 12b 1,165 ± 26b 1,822 ± 40c 

Unsuppressed 62 ± 1a 182 ± 5c 403 ± 17e 693 ± 30b 1,144 ± 46b 1,630 ± 51b 

MFM [100] c.g. 55 ± 1a  166 ± 5bc  381 ± 10de -    -     - 
MFM [150] c.g. 56 ± 1a  171 ± 5bc  395 ± 14de -    -     - 
MFM [100] subc. 60 ± 2a 181 ± 7c  397 ± 18de -    -     - 
CY 10 mg, i.m. 60 ± 2a    131 ± 9a  295 ± 16ab -    -     - 
CsA [12.5] subc. 58 ± 1a  173 ± 5bc   357 ± 09cde -    -     - 
CsA [25] subc. 58 ± 2a  169 ± 4bc   336 ± 03bcd 568 ± 12a    898 ± 18a 1,296 ± 30a 

CsA [50] subc. 60 ± 3a  160 ± 8ac   297 ± 16abc -    -     - 
CsA [50*] subc. 56 ± 1a  144 ± 6ab 239 ± 04a -    -     - 

 

Table 7.3 Body weight during studies 2 and 3. Body weight (g) did not vary at the beginning but 

as time progressed weights did vary based on treatment. In the end, the lightest group was the 

immunosuppressed followed by the not suppressed group, and finally, the heaviest birds were the 

unoperated ones. (*) Indicates the treatment where 50 mg/kg/day of cyclosporin A was started the 

pre-surgery. Weights are expressed as mean ± SEM or n = 3 to 5 per treatment, P £ 0.05. a-eMeans 

with no common superscript in the same column differ significantly. 
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Treatment 
[mg/kg/day] 

14 days post-surgery   35 days post-surgery 

Bursa 
(RW) 

Thymus 
(RW) 

Spleen 
(RW) 

 Bursa 
(RW) 

Thymus 
(RW) 

Spleen 
(RW) 

Unoperated 0.137 ± 0.009 bc 0.255 ± 0.026ab 0.087 ± 0.007ab  0.105 ± 0.005a 0.257 ± 0.018a 0.098 ± 0.004a 
Unsuppressed 0.137 ± 0.008 bc 0.310 ± 0.009ac 0.091 ± 0.004ab  0.109 ± 0.004a 0.260 ± 0.013a 0.103 ± 0.005a 
MFM [100] c.g. 0.119 ± 0.014b 0.308 ± 0.005ac 0.098 ± 0.004ab  - - - 
MFM [150] c.g. 0.120 ± 0.011bc 0.317 ± 0.023ac 0.114 ± 0.009b  - - - 
MFM [100] subc. 0.098 ± 0.014b 0.322 ± 0.019ac 0.091 ± 0.004ab  - - - 
CY 10 mg, i.m. 0.046 ± 0.004a 0.250 ± 0.018a 0.085 ± 0.010ab  - - - 
CsA [12.5] subc. 0.167 ± 0.008c 0.352 ± 0.020c 0.079 ± 0.009ab  - - - 
CsA [25] subc. 0.137 ± 0.008bc 0.342 ± 0.016bc 0.061 ± 0.004a  0.124 ± 0.006a 0.256 ± 0.018a 0.091 ± 0.007a 
CsA [50] subc. 0.104 ± 0.012b 0.284 ± 0.015ac 0.116 ± 0.015b  - - - 
CsA [50*] subc. 0.096 ± 0.010b 0.323 ± 0.015ac 0.108 ± 0.010b  - - - 

 

Table 7.4 Bursic, thymic, and spleen relative weights from studies 2 and 3. At 14 days post-surgery 

the cyclophosphamide group had the smallest bursa. For the thymus and spleen, there was little 

variation in size between treatments. At 35 days post-surgery there was no difference in bursal, 

thymic, or splenic relative weights between the unoperated, unsuppressed, and suppressed 

treatment. (*) Indicates the treatment where 50 mg/kg/day of cyclosporin A was started the pre-

surgery. Relative weights (RW) are expressed as mean ± SEM of n = 3 to 5 per treatment, P £ 

0.05. a-cMeans with no common superscript in the same column differ significantly  
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Treatment 
[mg/kg/day] Lymphocyte Heterophil Eosinophil Basophil Monocyte Leukocyte 

Unoperated   7,996 ± 721ac   8,486 ± 276abcd    506 ± 162a    914 ± 336a 2,252 ± 311a 20,154 ± 1,239abc 
Unsuppressed 10,549 ± 2,531bc   7,055 ± 1,462abc    572 ± 159a 1,544 ± 376a 1,524 ± 267a 21,244 ± 2,729bc 
MFM [100] c.g. 16,940 ± 7,799c   9,418 ± 1,451abcd 1,088 ± 335a 1,616 ± 944a 2,315 ± 1,050a 31,378 ± 7,835c 
MFM [150] c.g.   8,529 ± 1,026ac   7,952 ± 1,049abcd    592 ± 180a 1,506 ± 607a 1,335 ± 323a 19,915 ± 2,506abc 
MFM [100] subc.   7,326 ± 1,187ac 15,460 ± 1,749d 1,020 ± 221a    864 ± 191a 2,491 ± 265a 27,161 ± 2,438bc 
CY 10 mg, i.m. 10,357 ± 2,821ac   6,422 ± 597ab 1,226 ± 318a    184 ± 48a 2,614 ± 428a 20,787 ± 3,069abc 
CsA [12.5] subc.   5,968 ± 1,372ab 12,238 ± 1,543bcd    434 ± 147a 1,238 ± 270a 3,576 ± 690a 23,455 ± 2,149abc 
CsA [25] subc.   2,780 ± 822ab 12,726 ± 1,119cd    298 ± 155a    719 ± 184a 1,270 ± 182a 17,793 ± 1,708abc 
CsA [50] subc.   1,994 ± 492a   6,995 ± 2,018abc    301 ± 148a    702 ± 390a 3,081 ± 743a 13,073 ± 2,663ab 
CsA [50*] subc.   1,863 ± 501a   4,514 ± 956a    179 ± 93a    761 ± 291a 3,185 ± 428a 10,502 ± 1,770a 

 

Table 7.5 Leukocyte concentrations for poults in study 2. For birds in study 2, the lowest numbers 

of circulating cells were seen in the cyclosporin A treatments. Heterophil and total leukocyte 

concentrations varied between treatments, but no specific pattern seems apparent. (*) Indicates 

the treatment where 50 mg/kg/day of cyclosporin A was started the pre-surgery. Cell 

concentrations are expressed as mean ± SEM of n = 3 to 5 per treatment, P £ 0.05. a-dMeans with 

no common superscript in the same column differ significantly. 
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Treatment 
[mg/kg/day] 

Lymphocyte 
(/ul) 

  Heterophil 
       (/ul) 

Eosinophil 
    (/ul) 

    Basophil 
       (/ul) 

   Monocyte 
       (/ul) 

Leukocyte 
         (/ul) 

Unoperated 16,464 ± 1,499b 7,881 ± 797a 899 ± 297a 1,642 ± 475a 2,145 ± 540a 29,031 ± 1,903b 
Unsuppressed 12,385 ± 1,805b 8,091 ± 397a 613 ± 184a 1,339 ± 264a 1,922 ± 577a 24,349 ± 2,401b 
CsA [25] subc.   2,786 ± 481a 9,084 ± 607a 276 ± 47a    971 ± 189a 2,087 ± 358a 15,204 ± 860a 

 

Table 7.6 Leukocyte concentrations for poults in study 3. For birds in study 3, lymphocyte and 

overall leukocyte concentrations were lower in the suppressed cyclosporin A treatment, compared 

to the unoperated and unsuppressed treatments. Cell concentrations are expressed as mean ± SEM 

with n = 5, P £ 0.05. a-bMeans with no common superscript in the same column differ significantly. 
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Treatment 
[mg/kg/day] 

Ovary 
weight (mg) 

Percent CD3 
immunostained 
cytoplasm (%) 

Percent PAX5 
immunostained 

nuclei (%) 

Follicular 
size 
(um) 

Follicular 
density 
(#/mm3) 

Unoperated -            0.13 ± 0.03a        0.05 ± 0.01a     110 ± 19a      2,103 ± 709c 
Unsuppressed       62 ± 11b          48.37 ± 7.78b      39.68 ± 11.68b            -             0 ± 0a 
CsA [25] subc.       33 ± 4a            9.62 ± 5.61a        4.93 ± 4.52a     130 ± 28a         936 ± 457b 

 

Table 7.7 Ovary and follicle morphology, from study 3. In study 3 ovary weight was higher in the 

unsuppressed group, along with increased presences of T and B cells, compared with the 

cyclosporin A treatment. The transplants which were not suppressed did not have any follicles 

present. The ovary follicular size was the same between the cyclosporin A treatment compared 

with the unoperated group, however, the follicular density was lower in the suppressed group. All 

values here are expressed as mean ± SEM with n = 5, P £ 0.05. a-bMeans with no common 

superscript in the same column differ significantly. 
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7.7 FIGURES 

 

Figure 7.1 After 6 days post-surgery there were high levels of T cells within the transplants for all 

treatment groups, compared to the unoperated and autotransplant groups; there was also an 

increase in B cells but not to the same degree. The (white bars) show the percent of CD3 

immunostained cyclopsam within the transplants, this was used to estimate the amount of T cells, 

whereas the (black bars) show the percent of PAX5 immunostained nuclei, used to estimate the 

number of B cells. The unoperated tissue was collected from birds at 8 dph. For the 

autotransplants, the tissue was collect at 6 days post-surgery, which meant the recipient was 8 dph 

as well. The same can be said with respect to ages for the other treatments which were all 

allotransplants and show the age of the tissue when it was transplanted (2 vs. 9 dph), the time the 

tissue spent in holding media (15 vs. 60 mins), and the temperature of the media (RT vs. 4oC). Data 

are means ± SEM of n = 5, P £ 0.05. A-Bmeans for percent of CD3 with no common superscript 

differs significantly. a-bmeans for percent of PAX5 with no common superscript differs 

significantly. 
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Figure 7.2 The weight of ovarian transplants 14 days post-surgery varied based on the 

immunosuppressive treatment. The 8 dph fresh tissue (white bar) represents the size of the two 

pieces of ovarian grafts when transplantation occurred, all other weights (grey bars) indicate the 

transplant size after the 14 days. The transplants within birds treated with CsA did not increase in 

weight during the 14 days, whereas the unsuppressed, MFM, and CY treated birds saw their 

ovaries increase in weight. * Indicates the treatment where 50 mg/kg/day of cyclosporin A was 

started the pre-surgery. Data are means ± SEM of n = 3 to 5, P £ 0.05.  a-dMeans with no common 

superscript differ significantly. 
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Figure 7.3 After 14 days post-surgery there were high levels of T cells within the unsuppressed, 

MFM, CY, and CsA 12.5 mg/kg/day treatment groups, compared to the unoperated and CsA 25 

and 50 mg/kg/day groups. The only difference between the T and B cell levels was that in the CY 

treatment there were low levels of B cells. The (white bars) show the percent of CD3 

immunostained cyclopsam, this was used to estimate the amount of T cells, whereas the (black 

bars) show the percent of PAX5 immunostained nuclei, used to estimate the number of B cells. The 

unoperated tissue was collected from birds at 16 dph. For all other treatments, the tissue was 

collected at 14 days post-surgery, which meant the recipient was 16 dph as well. The dose [mg] of 

the drug indicates the amount given per kg per day. * Indicates the treatment where 50 mg/kg/day 

of cyclosporin A was started the pre-surgery. Data are means ± SEM of n = 3 to 5, P £ 0.05. A-

Bmeans for percent of CD3 with no common superscript differs significantly. a-bmeans for percent 

of PAX5 with no common superscript differs significantly. 
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Figure 7.4 Histological appearance of ovarian tissue before transplantation and 35 days post 

transplantation without and with the recipient poult receiving an immunosuppressant. (A) shows 

8-day old ovarian tissue, before being transplanted, there is a clear cortex (Co) and medulla (M) 

with lacunar channels (arrowheads). (B) shows an ovarian transplant 35 days post-surgery, where 

the recipient was unsuppressed, the entire graft is infiltrated by lymphocytic masses (L). (C) Also 

shows a transplant 35-days post-surgery, however, this poult was treated with Cyclosporin A at 

25 mg/kg/day. Normal follicles (F) can be seen throughout the cortex and lacunar channels 

(arrowheads) within the medulla. 
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CHAPTER EIGHT: General Discussion 

 

 As austerity measures placed on the poultry industry, universities, government bodies, and 

local hobby farmers continue to increase, a decrease in the number of breeds and their biodiversity 

is expected. It is therefore paramount that biobanking strategies be developed and fully 

implemented before a critical number of breeds or biodiversity are lost, which could have long 

term negative consequences for all stakeholders. Here in this dissertation, we advocated for the 

biobanking of poultry ovarian tissue and semen, based on its cost effectiveness and ease of 

biobanking. Considering how advanced semen cryopreservation strategies are compared to 

ovarian tissue, we focused our efforts on the latter. In the case of the domestic turkey, the starting 

point was to determine the appropriate protocol for ovarian transplantation, which would normally 

occur after it has been biobanked for revival, which to date has not been demonstrated. Therefore, 

our overall goal was to determine why these transplants have failed in previous attempts (Hall, 

2015), and to also determine the most appropriate age of the ovarian tissue, transplantation 

technique, and the best immunosuppressant to use, in conjunction with this type of transplantation 

in the domestic turkey.  

8.1 Ovarian transplantation in the domestic turkey 

 From the research performed here the failure of turkey ovarian transplants to develop 

normally (Hall, 2015) can be attributed to a host immune response, seen by lymphocytic 

infiltration of the ovarian transplants. This rejection was prevented up to 5 weeks post-surgery by 

treating recipients with 25 mg/kg/day of CsA, which has never been used in conjunction with 

ovarian transplantation before, however, it has been used previously with chicken skin transplants 

(Wick et al., 1982). Although the age of the donor tissue, and surgical technique were not the cause 

of ovarian transplant failure, which was hypothesised here, these factors were demonstrated to 

impact germ cell morphology and the amount of recipient tissue that was accidentally left behind, 

respectfully. With this information, the recommendation for future studies is to use 7 dph tissue, 

remove the entire recipient ovary, and not to use the abdominal air sac membrane to cover the 

transplants.  

8.2 Ovarian transplantation in poultry 

 Although ovarian tissue has been transplanted between chicken, quail, and ducks breeds, 

with the eventual production of donor-derieved progeny, there are still many unanswered questions 
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from these studies (Song and Silversides, 2007b; 2008a; Song et al 2011). The findings from this 

dissertation might be able to shed some light on these unanswered questions. Additionally based 

on the findings we might be able to infer how to improve upon the already successful work, for 

other poults species. 

8.2.1 Age of the ovarian tissue 

 To date all ovarian transplantation work in chickens and ducks have used 1 dph tissue 

(Song and Silversides, 2007b; Song et al., 2011), whereas quail work involved 7 dph and 13-week-

old tissue (Song and Silversides, 2008a; Liu et al., 2013). From this dissertation, the age of the 

donor tissue had no effect on the overall survival rate of the tissue. However, it was determined 

here that transplanting the tissue at around the day the first primordial follicle develops can ensure 

a better germ cell morphology, post transplantation. Therefore, if this holds true for other poultry 

species, then it would seem wise to transplant chicken ovarian tissue at 4 dph, and at 3 dph in the 

case of the quail, as this is when the first primordial follicles develop for these species (Hughes, 

1963; Madekurozwa, 2012). Unfortunately, there is no publication, as far as we know, that outlines 

the development posthatch of the duck ovary, and therefore no recommendation can be made with 

respect to this species. 

8.2.2 Anesthetic protocol and Surgical technique 

 The anesthetic protocol for ovarian transplantation for chicks has changed over the years. 

The first protocol which was used was a combination of ketamine and xylazine (Song and 

Silversides, 2006), it is still used by some groups today (Liptoi et al., 2020). However, in later 

years another protocol utilizing isoflurane gas was used (Liu et al., 2013). It isn’t exactly clear why 

this change was made, but a gas anaesthetic is easier to control, and chicks can recover faster 

compared to the ketamine and xylazine combination. However, from our firsthand experience we 

found that gas anesthetic is extremely challenging, especially as the air sac is torn open, allowing 

the anesthetic to escape, and exposing the surgeon, while also providing more oxygen to the bird’s 

lungs leading to it regaining consciousness. Therefore, based on this, we reverted to injectable with 

the combination of three drugs outline in section 7.3.3. We would highly recommend using this 

combination for other species, since this provides a consistent anesthetic plane for the poults 

compared to the isoflurane, however, the dose would need to be optimized for each species.  

 In terms of surgical procedure, it is common to try and remove the entire recipient ovary, 

to reduce the number of recipient-derived progeny. This has been attempted with the aid of forceps 
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(Song and Silversides et al., 2007b), and with cauterization (Liptoi et al., 2020). However, in both 

cases gonadal chimeras were formed, showing that not all the recipient tissue was removed. Here, 

as in one previous study (Hall, 2015), the use of forceps aided by the surgeon wearing loupes 

enabled the entire recipient ovary to be removed. Thus, we would highly recommend using this 

protocol for other studies involving poultry species, to ensure the least number of gonadal chimeras 

are created. 

The second relevant part of the surgical procedure is that it is common that after the 

recipient ovary is removed and the transplants placed orthotopically, the abdominal air sac 

membrane is used to cover the transplants, as this is thought to potentially improve the attachment 

rate (Song and Silversides 2007b; 2008a; Song et al., 2011; Liptoi et al., 2020). However, in one 

study this was not performed, and the ovary was just placed orthotopically, without any type of 

anchoring (Liu et al., 2013). It is unclear if this change had any effect on the survival rate of the 

transplants, and in fact there has never been any definitive proof that covering the transplants with 

the abdominal air sac membrane has any effect. Based on the findings here, it has been 

demonstrated that it does not affect the attachment rate. In fact, it might have created more gonadal 

chimeras by obstructing the surgical view of the recipient’s ovary, making it more challenging to 

remove. Therefore, based on these two factors it seems wise not to use the abdominal air sac 

membrane to cover transplants for any species.  

8.2.3 Immunosuppressants 

  Although the use of the immunosuppressant MFM was demonstrated not to be a 

requirement for successful ovarian transplantation in chicken (Song and Silversides, 2007b) and 

quail breeds (Song and Silversides, 2008a), it did improve the success rate in quails but not in 

chickens. There is also no evidence that it had any effect when used in duck ovarian transplantation 

(Song et al., 2011). It is therefore perplexing why MFM is routinely used when there is no evidence 

of effectiveness with chickens and ducks. Here in chapter 7, we demonstrate that in the domestic 

turkey, MFM does not lower the number of circulating lymphocytes or reduce transplant 

infiltration of these cells. Additionally, changing the administration route to subcutaneous injection 

did not improve either of these factors. We would therefore strongly recommend that before more 

studies and research are performed on chickens and ducks using MFM, that its effectiveness be 

evaluated through circulating lymphocyte numbers and graft infiltration. Considering CsA 

effectiveness to maintain a healthy turkey ovarian transplant, and its proven success with chicken 



 

 136 

skin transplants (Wick et al., 1982) it seems wise to also test this immunosuppressant in ducks, 

and other poultry species. However, since MFMs effectiveness appears to be species-specific we 

cannot assume that CsA will universally work for all avian species and, and it should not be used 

on a new species until its effectiveness is properly evaluated.  
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CHAPTER NINE: Conclusion 

 

 Overall, this dissertation shows that the cause of ovarian transplant failure in the domestic 

turkey is due to immunological rejection, and that treating the recipients with CsA can overcome 

the host’s immune response. It can also be recommended that the ovarian tissue be transplanted at 

7 dph, to ensure the best germ cell morphology post-transplantation, and furthermore that the entire 

recipient ovary be removed during the surgical procedure without the use of the abdominal air sac 

membrane as cover for the transplant.  

The next logical step would be to first ascertain the cause of the subpar health of the birds 

treated with CsA. Potential remedies include reducing the dose, using an immunosuppressant 

cocktail, changing the administration route, or immunologically matching donors with recipients, 

with the eventual solution more than likely being a combination of the proposed remedies. After 

this it will be important to determine how long immunological suppression is required. If it can be 

halted before the production of offspring, this would reduce the financial cost, and the amount of 

labor required. Finally, it will be vital to show that donor-derived offspring can be produced. Once 

this has been completed the cryopreservation and biobanking can be evaluated, and the protocol 

fully established to preserve turkey genetics, using ovarian tissue.  
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