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The undifferentiated spermatogonial population in  mammalian testes contains
a spermatogonial stem cell (SSC) population that can regenerate continual
spermatogenesis following transplantation. This capacity has the potential to be
exploited as a surrogate sires breeding tool to achieve widespread dissemination of
desirable genetics in livestock production. Because SSCs are relatively rare in testicular
tissue, the ability to expand a population in vitro would be advantageous to provide
large numbers for transplantation into surrogate recipient males. Here, we evaluated
conditions that would support long-term in-vitro maintenance of undifferentiated
spermatogonia from a goat breed that is endemic to Kenyan livestock production.
Single-cell suspensions enriched for undifferentiated spermatogonia from pre-pubertal
bucks were seeded on laminin-coated tissue culture plates and maintained in a
commercial media based on serum-free composition. The serum-free media was
conditioned on goat fetal fibroblasts and supplemented with a growth factor cocktail
that included glial cell line-derived neurotrophic factor (GDNF), leukemia inhibitory
factor (LIF), stromal cell-derived factor (SDF), and fibroblast growth factor (FGF) before
use. Over 45 days, the primary cultures developed a cluster morphology indicative
of in-vitro grown undifferentiated spermatogonia from other species and expressed
the germ cell marker VASA, as well as the previously defined spermatogonial marker
such as promyelocytic leukemia zinc finger (PLZF). Taken together, these findings
provide a methodology for isolating the SSC containing undifferentiated spermatogonial
population from goat testes and long-term maintenance in defined culture conditions.

Keywords: spermatogonial stem cells, goat, culture, markers, serum-free, spermatogonia

INTRODUCTION

Spermatozoa are male gametes derived from undifferentiated spermatogonia through a series of
cellular divisions (mitotic and meiotic) and morphological transformations collectively referred
to as spermatogenesis. The process begins shortly before puberty and is continuous throughout
a male’s life and this continuity is dependent on the continuous self-renewal of a subset of the
undifferentiated spermatogonia population that continues as spermatogonial stem cells (SSCs) (1).
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The SSCs are unique adult stem cells that contribute genes
to subsequent generations making them a perfect target for
genetic manipulations and development of transgenic animals
through germ cell transplantation of gene-edited SSC (2) and
also utilization in the surrogate sire breeding technology (3). In
1994, seminal studies by Brinster and Avarbock (4) demonstrated
in mice that SSCs from a donor testis can re-establish
spermatogenesis when transplanted to a compatible recipient
male (4). This report opened the intriguing possibility of adapting
SSC transplantation as a tool for improving reproductive capacity
in a variety of animals. Recently, a major step in translating
the technique into a utilizable tool for livestock production was
achieved by demonstrating that genetically sterile male NANOS2
knockout cattle, pigs, and goats can serve as hosts for donor-
derived spermatogenesis following SSC transplantations (3).

Slow rates of genetic gain in low- and middle-income
countries (LMICs) represent a major constraint to the
improvement of performance in smallholder livestock
systems (5) and modeling demonstrates the potential of
SSC transplantation technologies to have a dramatic impact (6).
Due to their relative rarity in testicular tissue (7, 8), the capacity
to isolate and grow SSCs in vitro is important to provide sufficient
numbers for transplant into a host of surrogate recipient males.
For mice, conditions that support long-term maintenance and
exponential expansion of SSCs in vitro have been devised (9-14).
Under supporting conditions, in-vitro expanded mouse SSCs can
engraft in recipient testes following transplantation and produce
colonies of long-lasting donor-derived spermatogenesis. To date,
similar accomplishments have not been reported for SSCs of
livestock, yet some progress has been made in growing primary
cultures with undifferentiated spermatogonial characteristics for
cattle and pigs (15-17).

Efficient propagation of SSCs in vitro requires recreation of
the cognate microenvironment or niche, which the cells reside in
vivo (13, 14, 18). A series of studies with mouse spermatogonia
have demonstrated the importance of feeder cells, growth factor
supplements, and oxygen tension to support SSC maintenance
and growth in vitro (14). In particular, supplementation of
serum-free media with recombinant forms of the growth factors
such as glial cell line-derived neurotrophic factor (GDNF),
fibroblast growth factor 2 (FGF2), Colony stimulating Factor
1 (CSF1), and stromal-derived factor-1 (SDF-1) is of critical
importance for the long-term culture of mouse SSCs, as well
as bovine spermatogonia (13, 14, 19, 20). Additionally, the use
of feeder cell monolayers to culture SSCs is thought to mimic
somatic cell structural support of the in-vivo environment and
provide undefined growth factors that support the survival and
proliferation of the cells. From a practical standpoint, the co-
culture of bovine undifferentiated spermatogonia with feeder
cell monolayers could be problematic. If the cultured cells
are intended for transplantation into the testes of recipient
bulls, the presence of feeder cells could have a negative impact
on colonization efficiency. Since the main application of SSC
is the transplantation into surrogate sires for re-establishing
spermatogenesis, the use of feeder cells negatively impacts the
ability of the cells to colonize the seminiferous tubules basement
membrane (15). The use of monolayer of feeder cells presents

a variable component that is difficult to standardize across
culture platforms for an array of species (15). Thus, feeder-free
culture systems are attractive for use in an SSC transplantation
breeding concept.

Outside of cattle, reports on long-term in-vitro maintenance
of undifferentiated spermatogonia from ruminants are limited.
In this study, we devised strategies for isolating a cell population
enriched for undifferentiated spermatogonia from the testicular
tissue of goats indigenous to Kenya and maintaining them as a
primary culture.

Goats are considered to be “climate-smart” livestock in
this area due to their resilience and thriftiness in the face of
climate change (21). The outcomes of the studies described
herein represent a significant step in advancing SSC culture and
transplantation as a breeding tool to achieve large-scale and
widespread dissemination of desirable genetics in sub-Saharan
goat production.

MATERIALS AND METHODS

Unless otherwise indicated, reagents and chemicals were
purchased from Gibco (Grand Island, New York, USA). All the
animal procedures were carried out using 10 pre-pubertal male
goats of which five were 3 months old and the other five were
5 months old. The procedures adhered strictly to the approved
guidelines of the Institutional Animal Care and Use Committee at
the International Livestock Research Institute in Kenya (IACUC
Ref. No: 2018-15) and the University of Nairobi (Ref.. FVM
BAUEC/2019/243). The testicular tissue was obtained following
the orchiectomy of the goats. Semi-open orchiectomy of the
goats was done following the routine aseptic procedure (22).
Scrotal skin incisions were made on the distal one-third of the
lateral aspects to expose the testicles within the tunica vaginalis.
Each testicle was exposed and the spermatic cord was ligated
before removal. After testicular removal, the incision was sprayed
with betadine solution and 0.5ml of tetanus toxoid vaccine
(Antivax Limited), anti-inflammatory drug (dexamethasone),
and amoxicillin (Betamox®) were administered to prevent post-
castration wound infection. The animals were monitored for 24 h
for signs of pain. The testicles were sterilized in 70% ethanol and
placed in a beaker with Hank’s Balanced Salt Solution (HBSS)
supplemented with 100 TU ml~! penicillin and 100 g ml™!
streptomycin on ice. The testes were transported on ice to the
laboratory within 3 h. In the laboratory, the testis was cleaned and
the cell isolation steps were performed in a sterile hood.

Testicular Cell Isolation

A two-step cell isolation process by Oatley et al. (15) with minor
modifications was used to isolate testicular cells from the goat
testes. Briefly, testes were washed in HBSS and disentangled
gently to expose seminiferous tubules with blunt-edged forceps.
About 150-200mg of tissue was digested in 0.25 mg/ml of
collagenase type IV enzyme and 7 mg/ml DNase I in HBSS for 5-
7 min in a water bath at 37°C. Elimination of the interstitial cells
was done through gravity sedimentation of seminiferous tubules
Of (replace with on) ice and discards the supernatant and five
times repeated the same process done. The seminiferous tubules
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were then incubated with 0.25% trypsin/0.04 EDTA and DNase
7 mg/ml in a water bath at 37°C for 30-35min. The trypsin
reaction was terminated by the addition of fetal bovine serum
(FBS). The cell suspension was passed through a 40-pm cell
strainer, washed in HBSS twice, using centrifugation, and then
enrichment for spermatogonia was done.

Enrichment Procedure for Undifferentiated

Spermatogonia

The cell suspension was overlaid on a continuous 30% Percoll
gradient and subjected to centrifugation (600 g at 4°C for 8 min)
for separation based on cellular density. The cell suspension
was seeded on gelatin-coated six well cell culture plates for
differential plating (15, 23). The somatic cells attached at the
bottom of the plate, while the SSC remained floating in the
media were collected. Single (overnight differential plating only)
and double enrichment protocols (Percoll density separation and
overnight differential plating) were compared to select the best
protocol that results in high concentrated SSC in the testicular
cell suspension. Cell fractions obtained after enzymatic digestion
were divided into three portions to test enrichment for SSC [cell
fraction (1) direct seeding without enrichment, (2) enrichment
through differential plating only, and (3) double enrichment
through Percoll gradient and differential plating]. The double-
enriched portion had the highest number of PLZF-positive cells
and transparent colonies with fewer somatic cells; therefore,
this protocol was used in the study going forward similar
to documented studies (15, 23). After overnight incubation
for differential plating, the non-adherent cells (spermatogonia-
enriched fraction) were collected, washed, and cultured. The cell
concentrations and viability obtained from testicular isolation
and the enrichment steps were estimated using a hemocytometer
and trypan blue exclusion. The adherent cell population on the
gelatin-coated plate made up of a heterogeneous population of
somatic cells was harvested by trypsinization and cultured on
10% FBS/Dulbecco’s Modified Eagle Medium (DMEM). The cells
were mitotically inactivated on confluency by treatment with
mitomycin C (20 pg/ml) for 3-4 h, followed by three washes in
phosphate-buffered saline (PBS) to remove mitomycin (cells were
used as feeder cells in a different study) (data not shown).

Goat Fetal Fibroblasts Cell Line

Establishment

Goat fetuses aged 30-45 days of gestation were collected after
the slaughter of pregnant dams (n = 5). The head, viscera, and
gonads were removed. The tissues were minced and digested
with an enzyme solution of 0.25% trypsin, 0.5 mM EDTA, and
DNase I (1 mg/ml) in PBS to generate a single-cell suspension.
The cells were plated in T75 culture flasks in 10% FBS/Dulbecco’s
Modified Eagle Medium (DMEM). The cells were mitotically
inactivated by treatment with mitomycin C (20 pwg/ml) for 3-
4h, followed by multiple washing in PBS. These cells were then
used for conditioning of serum-free medium that was used for
the culture of SSC.

Feeder-Free, Serum-Free Culture of

Undifferentiated Spermatogonia

The spermatogonial-enriched cell fraction was seeded on
laminin-coated plates and three different base media were
evaluated after 7 days in culture, namely, MEMa, DMEM/F-
12, and StemPro™-34 SFM. StemPro™-34 SFM medium had
the highest colony formation, increased number of cells, and
was chosen as the medium for continued use in the current
study (data not shown). The medium was supplemented
with human forms of growth factors: human glial cell line-
derived neurotrophic factor (\GDNF) (20 ng/ml; R&D Systems),
human fibroblast growth factor 2 (hFGF2) (1png/ml; BD
Biosciences), human leukemia inhibiting factor (hLIF) (10 ng/ml;
R&D Systems), and human stromal-derived factor 1 (hSDF-1)
(10 ng/ml; PeproTech, Inc.). The cells at a concentration of
0.02 x 10° cells per well in the StemPro™-34 SFM culture
medium (Table 1) were seeded on 96-well laminin-coated plates
in the incubator with an air atmosphere containing 5% CO,
at 37°C and the media changed every other day. The serum-
free medium was conditioned by incubating goat fetal fibroblast
monolayer of cells overnight and then passing through a 0.2-
pm filter Oatley and Oatley (16). The cells were passaged
after 7 days. The colony growth was monitored for up to 45
days and images were taken using the ZEISS Axio Vert.Al
inverted microscope.

Immunocytochemical Staining of Cultured

Testicular Cell Populations

Testicular isolate and cultured cells adhered on poly-L-lysine-
coated slides and SSC was localized using PLZF marker as
described (24) with minor modifications. Briefly, the slides
were fixed in 4% paraformaldehyde in PBS for 10min at
room temperature, followed by washing three times with 1X
PBS/0.1% (v/v) Triton X-100 (PBST) for 5 min. Then, cells were
permeabilized by treating with 0.3% (v/v) Triton X-100 for
15 min. Cells were blocked for unspecific binding by incubation
in 10% normal goat serum (w/v) in PBST overnight at 4°C.
The cells were washed three times with 1X PBS and incubated
at 4°C overnight with primary antibodies diluted in 0.5%
bovine serum albumin (BSA) and 0.1% Triton X-100 in PBS.
Primary antibodies used: Dead box helicase 4 (DDX4)/VASA
polyclonal antibody (bs-3597R, Bioss Antibodies, dilution factor
1:200), PLZF antibody (sc-28319, Santa Cruz Biotechnology,
dilution factor 1:200), and NANOS2 Antibody (sc-393868, Santa
Cruz Biotechnology, dilution factor 1:200). After overnight
incubation, the cells were washed in 1X PBS and stained with
fluorescent dye-labeled secondary antibodies (dilution factor
1:1,000) in 0.5% BSA/PBST and incubated for 1h at room
temperature in the dark. Subsequently, the cells were washed
with PBS and mounted with ProLong Gold Antifade mounting
medium with 4’6-diamidino-2-phenylindole (DAPI) for nuclei
staining for viewing under fluorescence microscopy (EVOS
M5000 Thermo Fisher microscope) and analysis of images
performed (Celleste 5.0 software analyzer). The percentage of
undifferentiated spermatogonia positive to PLZF marker was
estimated by counting the total number of cells positive for PLZF
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TABLE 1 | Serum-free media components that support long-term maintenance of goat SSC in vitro.

Media Product company and catalog number Required concentration
MeM «a alpha (1x) or StemproTM734 SFM (1X) or DMEM/F12 Gibco; 41061-029 or Gibco: 10639011 or 11320033 1X

Iron saturated transferrin Sigma 71283 10 mg/ml
Sodium selenite Sigma S5261 0.008 M
2-mercaptoethanol Sigma M3148 100 mM
Insulin Life technologies 12585-014 4 mg/ml
Putrescine hydrochloride Sigma P5780 16.1 mg/ml
MEM NEAA (100X) solution Gibco 11140050 100X
MEM vitamins solution Gibco 11120052 100X
Glutamine Gibco 25030024 100X
BSA stempro™ Gibco A100081 1X
Stempro® hESC supplement Gibco A10006-01 1X
Hepes solution Sigma H0887 10mM
Penicillin-streptomycin Gibco 15070-063 (5,000 U/ml)

marker in the enriched cell population and the non-enriched in
10 different fields of view for each slide and dividing by the total
number of DAPI-stained nuclei in the fields viewed. PLZF was
selected as a marker based on previous studies in sheep (25) and
goats (26-28).

Immunohistochemical Analysis of PLZF

Expression in the Goat Testis

Pieces of goat testicular tissue were sectioned and fixed in 10%
formalin overnight. The tissue was then dehydrated, embedded
in paraffin, sectioned at a thickness of 7 um, and then adhered
to glass slides. The sections were deparaffinized in xylene and
rehydrated with a descending series of gradient ethanol and
water incubations. Antigen retrieval was done by boiling the
slides in sodium citrate buffer (pH 6.0) for 20 min in a water
bath at 95°C. Non-specific binding sites were blocked through
overnight incubation in 10% normal goat serum/1% BSA in
0.2% Triton X-100 in PBS at 4°C. On the next day, slides
were washed in PBS and incubated overnight with the primary
antibody at 4°C [1:100 DDX/VASA polyclonal antibody (bs-
3597R) and 1:100 PLZF antibody (sc-28319)]. The following
day, sections are washed in PBS and then incubated with the
secondary antibody for 2h at room temperature (dilution factor
1:500). Afterward, the tissue was washed in PBS and then a
glass coverslip was mounted on the tissue section using the
aqueous DAPI-containing medium. Slides were observed under
fluorescent microscopy.

Quantitative PCR Analysis of Expression
Levels of Spermatogonial Stem Cell

Markers

Quantitative PCR (qPCR) was performed as described previously
(29). Total RNA was extracted from SSC colonies on the
30th day of culture using the RNeasy Mini Kit (Qiagen,
California, USA) and TRIzol Reagent (Ambion by Life
technologies). Then, complementary DNA (cDNA) synthesis
was done using the SuperScript III Kit (Invitrogen). The
c¢DNA was quantified and purity was determined by Nanodrop.

Quantitative PCR was performed to assess the expression
of PLZF, B-cell CLL/lymphoma 6 member B (BCL6B), and
Ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCHLI)
genes in multiparameter-selected SSC and cultured SSC colonies.
The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene
was used as an internal reference gene in the qPCR. The primer
sequences used in the reactions were documented for goat
SSC gene expression (29) (Table 2). Relative gene expression
levels were analyzed using QuantStudio 3 and 5 data analysis
software version 1.5.2 using GAPDH served as the internal
reference gene. Gene expression data were normalized against
GAPDH expression.

Statistical Analysis

Mean differences and SEM were determined using the
unpaired/two-tailed #-test and ANOVA in R software. P <
0.05 was considered statistically significant.

RESULTS

Isolation of Undifferentiated
Spermatogonia From Pre-pubertal Goat

Testes

To obtain starting cell populations for the establishment of
primary cultures, we utilized a multiparameter selection process
devised previously for bovine testicular tissue (15) but with
modifications. Testicular tissue was digested in 0.25 mg/ml
collagenase type IV enzyme for 5min and the obtained
seminiferous tubules were digested in 0.25% trypsin/0.04%
EDTA trypsin enzyme for 30 min. After initial digestion of the
seminiferous tubules, the single-cell suspension was comprised
of ~70% undifferentiated spermatogonia, determined based on
immunochemical staining for the marker PLZF (Figures 1A-G).
Following the enrichment strategy, 2.7-3.2 x 10° (mean + SEM)
cells were isolated per 200 mg of testicular tissue and ~70% of
the population was determined to be PLZF + spermatogonia
(Figure 1D). Cell viability analysis showed that on average, 77.4%
=+ 1.2 of the isolated population was live cells.
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TABLE 2 | Primer sequences for genes expressed by SSC as described by (29).

Gene Annealing temperature Primer sequence
1 PLZF 58 GCAACAGCCAGCACTATACTC Forward
TACAGCAGGTCATCCAGGTC Reverse
2 BCL6B 58 GCCACCACCTTTAATTTCTCAC Forward
GAAATCAGGCTTCCAGTCTC Reverse
3 UCHL1 58 GATAAAGCACTTACCCTCAACC Forward
GCCTTAACTTACAGACACAAACC Reverse
4 D4 56 TGTCACTGAGTTTCATGTCTG Forward
AGAAAGTGTTCATTGCCAAGAG Reverse
5 THY1 56 CTGACCCGTGATACAAAGAAGTG Forward
TGAAGTTGGACAGGTAGAGGA Reverse
6 GAPDH 56 TCAAGAAGGTGGTGAAGCAG Forward
CCCAGCATCGAAGGTAGAAG Reverse

Feeder-Free Culture of
Multiparameter-Selected Goat

Undifferentiated Spermatogonia

After initial plating on laminin-coated plates with serum-
free medium, clumps of cells with a germ cell morphology
similar to previous reports for other mammalian species
appeared at 3 days of culture on average (Figure2A). The
clumps increased concomitant with increasing time of in-
vitro maintenance until day 35 and leveled off after that
until the end of the analysis period at day 45 (Figures 2B,C).
To characterize the cultures further, we next used PCR
and immunocytochemical staining to assess the expression of
molecular markers. Positive immunostaining for the well-defined
germ cell markers such as VASA (also known as DDX4), PLZF,
and NANOS2 demonstrated that clump-forming cells were
goat undifferentiated spermatogonia (Figures 3A-I). In addition,
the qPCR analysis revealed the expression of the previously
defined spermatogonial markers, including BCL6B, Inhibitor of
DNA binding 4 (ID4), and UCHL1 (Figure 4A). Collectively,
these findings demonstrate long-term culture and expansion of
primary goat undifferentiated spermatogonia.

Polymerase Chain Reaction Analysis of
Spermatogonial Stem Cell Markers
Expressed in the Cultured Spermatogonial
Stem Cell

Conventional PCR and gel electrophoresis were carried out
to ascertain the SSC-related gene expression (PLZF, BCL6B,
UCHLI, and ID4) after 1 month of culture of goat germ cell
clumps. The results revealed the expression of these genes
(Figure 4A). qPCR was also carried out to check for relative
quantities of the genes. The ACt = ACt target-ACt internal
reference determined relative gene expression levels. GAPDH
was used as an internal reference gene in the experiment.
All the five genes tested were expressed in the SSC colonies
with PLZF and BCL6B having more messenger RNA (mRNA)
relative abundance (Figure 4B). Gene expression assessment by
PCR analysis for markers of undifferentiated spermatogonia

corroborated enrichment via the modified multiparameter
selection process.

DISCUSSION

Over the years, livestock genetic improvement has been through
a selection of elite sires for breeding. Male germplasm has
played a vital role in genetic improvement. For example, over
the years, tropical regions have benefited from the importation
of top bull semen for artificial insemination in dairy cattle.
This is primarily aimed at improving production traits, fertility,
longevity, and disease resistance in subsequent generations.
It suffices that artificial insemination has revolutionized the
dairy industries of developing countries. Kenya is an example
where milk production has dramatically increased over the
years. Additionally, this has led to the availability of purebred
dairy cattle as replacement heifers to apply superior genetics.
Comparatively, the small ruminants production system has
lagged in fully exploiting the genetic potential. This is
more apparent in indigenous goats with limited application
of reproductive technologies. There is potential through
reproductive technologies to facilitate the dissemination of
superior germplasm. Thus, the opportunity to reap the benefits of
genetic gains has not been fully tapped. Transplantation of SSCs
from elite bucks into the locally adapted bucks would provide
an alternative breeding method for disseminating genetically
superior semen within these existing infrastructural limited
breeding systems, especially in sub-Saharan Africa.

The exploitation of SSC transplantation in livestock
production has been limited by several factors, mainly, the
lack of optimized protocols for long-term maintenance of
SSCs in culture and the lack of methods to prepare ideal
SSC recipients. Recently, there was a published report on the
development of ideal surrogates, boars, bulls, and bucks for
SSC transplantation (3). These surrogates were genetically
deficient in the germ cell layer, but the somatic cell structure was
intact and functional. This was achieved by knocking out the
NANOS2 gene, which is responsible for germ cell layer survival
and development. These gene-edited surrogate sires exhibited
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FIGURE 1 | (A) Representative images (white arrow) of dispersed seminiferous tubules following initial digestion of the testicular tissue, with interstitial cells between
the tubules. (B) Unselected single cell suspension following secondary digestion in trypsin. (C) Representative image of single cell suspension following
multiparameter selection for enrichment of undifferentiated spermatogonia. Magnification factor x100. (D) Percentage of cells in the multiparameter selection
population that were determined to express the undifferentiated spermatogonial marker PLZF, different letters a,b represent significant difference in expression of PLZF
between non-enriched and double enriched SSC (P < 0.05). (E) Histological section of pre-pubertal testes stained with Haematoxylin and Eosin (arrows point to
spermatogonial within the seminiferous tubules basement membrane). (F) DAPI staining of cells in cross-section of the seminiferous tubules (white arrows represent
testicular cell nuclei). (G) PLZF staining of SSC in cross-section of the seminiferous tubules of pre-pubertal bucks (white arrows point to SSC). (Magnification x 100).
Goat testis was used as the positive control.

complete donor-derived spermatogenesis with normal semen in livestock production systems. With these advancements,
levels (3). These new developments are a significant milestone  there is an increased need for the establishment of a long-term
toward the utilization of the surrogate sires breeding approach ~ SSC culture system in livestock that will enable amplification
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FIGURE 2 | (A) Undifferentiated spermatogonia germ cell clumps at day 3
(white arrow) (Magnification factor x50). Undifferentiated spermatogonia germ
cells clumps at day 35 (B) (white arrows). Magnification factor x 100. Number
of clumps increased concomitant with increasing time of in vitro maintenance
until day 35 and leveled off thereafter until the end of the analysis period at day
45 (C).

of the low numbers of isolated SSC to millions for use
in transplantation.

In the last decade, efforts to culture SSCs from livestock
species have been made with varying success. Previous
reports have reported the isolation and long-term maintenance
of goat SSC in culture (26, 29). However, there is a
morphological variation of the SSC compared to rodent
SSC, whose stem cell capacity has been confirmed through
transplantation and donor-derived spermatogenesis (11, 12).
Rodents SSC long-term cultures have been established and the
conditions and characterization parameters have been optimized.
Morphologically, rodent SSC in culture forms germ cell clump
colonies with loosely attached cells that resemble many grapes. A
previous comparison of the SSC morphology in mice, pigs, and
bovine revealed a conserved similarity across the three species
(15, 30). Therefore, a similar morphology of SSC forming germ
cell clumps would be expected in goat species. In the current
study, the culture conditions used supported the formation of
germ cell clumps of goat SSC, which were almost identical to
SSC clumps reported in rodent cultures. Additionally, the goat

SSC germ cell clumps, stably expressed PLZF, a conserved specific
SSC marker in rodents and goats. We successfully cultured goat
SSC on serum-free medium yielding cultures morphologically
similar to those described in rodents and livestock species (15,
30). The media components of the serum-free medium included
StemPro™-34 SFM, bovine serum albumin, and StemPro™-34
Nutrient Supplement and were supplemented with the human
forms of growth factors such as GDNF, bFGE LIE SDE and
other additives. The StemPro™-34 SFM medium has been
documented for the successful culture of rodent SSC (10) and
sheep SSC (15, 23).

Some previous studies have reported the use of serum for
the propagation of goat SSC in culture (26, 31). However, in
the current study, preliminary trials using serum in the culture
medium did not result in the formation of typical SSC germ
cell clumps, but rather formed tightly packed spheres that
resembled masses of somatic cells outgrowth (data not shown
here). The current study further confirms that the use of serum
in SSC culture inhibits self-renewal and causes the proliferation
of somatic cells. Therefore, the results in the current study
provide further information for the development of long-term
maintenance of goat SSC in culture.

Stem cell renewal, survival, and functions within the stem
cell niche are dependent on the somatic cell support comprised
mostly of Sertoli cells and Leydig cells among others. One
way of mimicking this microenvironment is through culturing
SSC on the feeder layer. However, in the current study, goat
SSC was efficiently cultured on laminin-coated plates (feeder-
free) at 37°C in a 5% CO; incubator for extended periods
(and formed typical germ cell clumps morphology). Laminin
base coating has previously been utilized in the feeder-free
culture of SSC and successfully established feeder-free bovine
SSC (15). This is the first report of serum-free feeder culture of
goat SSC.

In the current study, primary cultures of SSC were obtained by
isolating testicular cells from pre-pubertal goats 3-6 months of
age; at this age, the majority of gonocytes have transformed into
undifferentiated type A spermatogonia. During the pre-pubertal
period, the undifferentiated spermatogonia are mitotically active
with regenerative capacity, which is a hallmark of SSCs (32,
33). Thus, donor bucks had a maximum concentration of
SSC in the testis compared with gonocytes and differentiating
spermatogonia. Consequently, the germ cell clumps obtained
in the study could have been derived from a population
with a high number of undifferentiated spermatogonia and
few gonocytes of which both are spermatogonial stem cells
with similar biochemical characteristics. This further provides
evidence together with morphology and expression of markers
that the population of testicular cells isolated and cultured in the
current study was made up of undifferentiated spermatogonia.

We believe that this is the first report of serum-free,
feeder culture of goat SSCs and culture of SSCs in African
livestock breeds in Africa. The conditions established here
can be used to develop robust long-term cultures of goat
SSCs enabling an improved rate of genetic gain in goats.
With the continued food insecurity due to the increase in the
human population, efficient and effective breeding technologies
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was used as the positive control. Arrows point germ cells clumps stained.

FIGURE 3 | Molecular characterization of primary goat spermatogonial cultures (A-l). (A) Staining of the germ cell clumps nuclei by DAPI. (B) Staining of germ cell
clumps with VASA marker and (C) Combined staining of germ cell clumps with DAPI and VASA. (D) Staining of the germ cell clumps nuclei by DAPI), (E) Staining of
germ cell clumps with PLZF marker, and (F) Combined staining of germ cell clumps with DAPI and PLZF. (G) Staining of the germ cell clumps nuclei by DAPI), (H)
Staining of germ cell clumps with NANOS2 marker, and (I) Combined staining of germ cell clumps with DAPI and NANOS2. Maghnification factor x100. Goat testis

are needed to match the demand for animal products. This
necessitates the exploitation of advanced technologies such as
surrogate sires breeding technology, where SSCs are utilized
in transplantation.

This will be highly applicable in arid and semi-arid areas
where huge numbers of goats are kept by pastoralist communities
and the infrastructure to support other reproductive technologies
is not sustainably available. The current technology will
be applicable through the initial introduction of surrogate
sires as rotational breeding bucks to community goat flocks

for the propagation of desirable genetics through natural
mating within the existing infrastructure. The male offsprings
born from rotational surrogate sire mating will continue
the natural propagation of the desirable genetics within
the flocks without the need for additional or improved
infrastructure. Kenya has research centers such as the
International Livestock Research Institute, universities, and
other livestock research institutes that have the capacity to
produce surrogate sires and distribute them to goat farmers for
improved productivity.
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FIGURE 4 | (A) PCR and gel electrophoresis analysis for expression of the
undifferentiated spermatogonial genes PLZF, BCL6B, UCHL1, ID4 in triplicate.
(B) RT-PCR analysis for expression of the undifferentiated spermatogonial
genes PLZF, BCL6B, UCHL1, ID4 A, and GAPDH. Data are Mean of the
triplicate CT values of individual genes + Standard error of the mean.
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