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Abstract

There is increasing interest in the use of marsupial models in research, for use in next-generation conservation by improving fitness through
genetic modification, and in de-extinction efforts. Specifically, this includes dasyurid marsupials such as the Thylacine, Tasmanian devil, quolls,
and the small rodent-like dunnarts. Technologies for generating genetically modified Australian marsupials remain to be established. Given
the need to advance research in this space, the fat-tailed dunnart (Sminthopsis crassicaudata) is being established as a model for marsupial
spermatogonial stem cell isolation, modification, and testicular transplantation. This species is small (60-90 mm body size), polyovulatory (8-12
pups per birth), and can breed in standard rodent facilities when housed in a 12:12 light cycle. To develop the fat-tailed dunnart as a model for
next-generation marsupial conservation, this study aimed to enrich dunnart spermatogonial stem cells from whole testis digestions using a fluo-
rescent dye technology and fluorescence-activated cell sorting. This approach is not dependent on antibodies or genetic reporter animals that
are limiting factors when performing cell sorting on species separated from humans and mice by large evolutionary timescales. This study also
assessed the development of spermatogonia and spermatogenesis in the fat-tailed dunnart, by making the first definition of the cycle of the
seminiferous epithelium in any dasyurid. Overall, this is the first detailed study to assess the cycle of dasyurid spermatogenesis and provides a
valuable method to enrich marsupial spermatogonial stem cells for cellular, functional, and molecular analysis.
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Introduction

The fat-tailed dunnart (Sminthopsis crassicaudata), a mouse-
sized marsupial from south-eastern Australia, provides several
benefits over existing models in the study of spermatogonial
stem cells. Other than its small size that makes for convenient
housing and husbandry, spermatogenesis in the dunnart has
several characteristics that make it unique. First, the anatomy
of the testis is relatively simple, containing only 1-2 tubules
with simple connections to collecting structures.! Second,
dunnart testis tubules have the largest diameter of any known
species, even amongst other dasyurids,! and are 2-3 times
wider than in the laboratory mouse though half as long. This
makes handling tubules in experiments more straightforward.
These features make the dunnart an attractive model to in-
vestigate the regulation of spermatogonial stem cells (SSCs)
in unique ways. To enable the use of the fat-tailed dunnart
as a model in this regard, we have established a technique to
allow for the enrichment of dunnart spermatogonia for use
in downstream culture and molecular analysis. Furthermore,
we have defined the stages of spermatogonial development
and characterized the cycle of the seminiferous epithelium in
the fat-tailed dunnart, to identify features shared and distinct
with/from eutherians.

Enriching spermatogonia from single-cell suspensions
broadly relies on the use of transgenic reporter models and/or
antibodies specific for cell surface markers that are amenable
to fluorescence-activated cell sorting (FACS). Extracellular
proteins exhibit relatively rapid deviation during evolution,
making the application of antibody-based FACS sorting dif-
ficult in species other than humans, mice, and a few closely
related species. Marsupials are separated from humans and
mice by roughly 180 million years of evolution. Therefore,
currently, available antibodies raised to cell surface proteins
relevant to germ cell research are not widely applicable for
FACS-based enrichment of spermatogonia in marsupials.
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An alternative approach is to use cell-permeable dyes that
fluoresce in response to the presence of specific proteins
within specific cell types of the testis. One such molecule is
BODIPY-aminoacetaldehyde, which fluoresces when acting
as a substrate for aldehyde dehydrogenase (ALDH) proteins.
ALDH enzymes are responsible for the conversion of retinal
to retinoic acids that have 20-fold greater biological action
and are critical in multiple steps during spermatogenesis.
Undifferentiated spermatogonia are dependent on ALDH
expression by Sertoli and meiotic germ cells to switch from
self-renewal to differentiation® and enter cycles of the semi-
niferous epithelium. The expression of ALDH enzymes is cell-
type specific in the seminiferous epithelium and is known to
be high in Sertoli and Leydig cells, as well as meiotic and post-
meiotic germ cells, but low in early spermatogonia.* Thus,
the use of ALDEFLUOR should enrich dunnart SSCs from
single-cell suspensions without the need for antibodies spe-
cific to these SSCs.

Of the 19 known human ALDH isoforms, 9 have been
found to be detectable by ALDEFLUOR.’ In mouse testis,
4 isoforms Aldhlal, Aldhla2, Aldhla3, and Aldh8al are
known to be expressed, and of these Aldhlal, 1a2, and 1a3
can strongly induce ALDEFLUOR fluorescence.*> ALDH
expression in the mouse testis varies by cell type. Leydig
cells strongly express all 4 isoforms, Sertoli cells express
Aldhlal and Aldh8al, spermatogonia only express Aldh8al,
preleptotene, leptotene, and zygotene spermatocytes express
Aldh1a3, pachytene, and diplotene spermatocytes and mei-
otic cells express Aldh1a2 and Aldhla3, round spermatids
express only Aldhla2 and elongating spermatids express
Aldh1al, Aldh1a2, and Aldh8al.* Based on these works,
we hypothesize that in dunnart testis ALDH activity will
be lowest in spermatogonia, as in mice these cells only ex-
press Aldh8al that can only weakly activate ALDEFLUOR
fluorescence.
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Staging of the seminiferous epithelial cycle has been de-
termined in many eutherians including the rat (Rattus
norvegicus—14 stages,® mouse (Mus musculus—12 stages,’
bovine (Bos taurus—12 stages®), dog (Canis familiaris—8
stages®!?), and horse (Equus caballus—8 stages''). The sem-
iniferous epithelial cycle has also been determined in several
marsupials including: the brush-tailed possum (Trichosurus
vulpecula)'>'3); South American White-belly Opossum
Didelphis albiventris), and the southeastern four-eyed
opossum (Philander frenatus)'* all with 10 stages; The Koala
and southern hairy-nosed wombat (Lasiorbinus latifrons),"
common ringtail possum (Pseudocheirus pergrinus),'® musky
rat-kangaroo (Hypsiprymnodon moschatus),"” tammar wal-
laby (Macropus eugenii), red-necked wallaby (Macropus
rufogriseus), and long-nosed bandicoot (Perameles nasuta)'®
all observed to have 8 stages. It has previously been shown
that while fundamentally similar in cellular associations,
spermatids of some marsupials undergo morphological
changes unique from eutherians. These changes include: the
flattening of the nucleus at right angles relative to the length
of the elongating flagellum, the rotation of the nucleus at the
point of connection to the flagellum, and the incomplete cov-
erage of the nucleus by the acrosomal cap.!>!>"” These unique
marsupial features, as well as the dasyurid-specific charac-
teristics described above, suggest that unique mechanisms of
germ cell regulation can be revealed through a more detailed
interrogation of spermatogenesis in the fat-tailed dunnart.

Materials and methods

Collection and processing of dunnart adult testis

Fat-tailed dunnart samples were obtained from a breeding
colony maintained at the University of Melbourne, School of
BioSciences. All animal handling and sample collection were
approved by The University of Melbourne Animal Ethics
Committee (#10206). Vitamin-supplement Pentavite was
added to water at a ratio of 1:100 Pentavite:water. Animals
were fed a daily wet mixture of 51% beef mince cat food,
36% beef and lamb flavored cat biscuits, 12.7% Wombaroo
small carnivore food, and 0.3% calcium carbonate. Animals
were kept between 21 and 25°C under a 16:8-hour light:dark
cycle. Adult dunnarts killed for sample collection were
euthanized by CO, inhalation before cervical dislocation.
Testis samples were punctured with fine forceps before fix-
ation in Bouin’s solution (Merck). Samples were fixed over-
night at 4°C then washed at room temperature rotating for
30 minutes in Phosphate-buffered saline (PBS) twice before
storage in 70% ethanol at 4°C before processing for paraffin
embedding. Sections for hematoxylin & eosin analysis were
processed as described previously.?

Testis digestion and FACS for ALDH activity

Testes were dissected in 1:1 Dulbecco modified Eagle me-
dium and Ham F12 (DMEM-F12), removing the tunica
and placing the decapsulated seminiferous tubule in diges-
tion mix containing collagenase type 1A (0.5 mg/mL) and
DNasel (0.65 mg/mL) in DMEM-F12 with 10% fetal bovine
serum. Digestion occurred at 37°C for 15 minutes inverting
every 5 minutes and ceasing when a single-cell suspension
was achieved. Samples were then passed through a 40 um
mesh filter before centrifugation at 4°C for 5 minutes at
850 rpm All DMEM-F12 medium contained 20 mM HEPES
buffer. The digested single-cell suspension was diluted to one

million cells/mL in ALDEFLUOR assay buffer (STEMCELL
Technologies) and divided between tubes, including a con-
trol containing DEAB inhibitor, as a negative control for
the ALDEFLUOR reagent and to determine gates for FACS.
Tubes were incubated with 2 pL/mL of ALDEFLUOR reagent
at 37°C for 45 minutes. The tubes were centrifuged at 212 x g,
4°C for 5 minutes before being resuspended in ALDEFLUOR
assay buffer containing 0.2 uM DAPI (Sigma-Aldrich). Cells
were sorted using a FACS-ARIA II (BD Biosciences), into
1.5 mL tubes containing DMEM-F12 medium supplemented
with 10% FBS and 25 mM HEPES (Gibco) before cells were
cultured in vitro or lysed using lysis buffer from the GeneElute
Total RNA kit (Sigma-Aldrich).

In vitro culture of testis cell fractions and
quantification of colony-forming ability

Sorted and unsorted fractions were resuspended in
DMEM-F12 medium supplemented with 10% FBS (Gibco),
and 1% antimycotic/antibiotic (Gibco). Culture medium was
changed every 3-4 days.

For colony quantification, entire wells of a 12-well plate
were imaged, and the total number of colonies was counted.
Examples of count images are shown in Supplementary Figure
1. Colonies composed of 3 or more round cells adhered to the
primary feeder layer were used to determine colonies per cm?
in each of the sorted fractions after 20 days of culture. Data
is presented as mean = SD. Differences in colony-forming
ability were analyzed using 2-tailed #-tests between all sorted
populations

RNA purification, reverse transcription and qPCR

RNA purification of sorted fractions was performed
using the GeneElute Total RNA kit (Sigma-Aldrich) as
per manufacturer’s instructions. Reverse transcription
was performed using Superscript IV reverse transcriptase
(Thermo Fisher Scientific) as per manufacturer’s instructions.
Cell number input was standardized between samples
for downstream qPCR analysis. qPCR was performed as
described previously?! using the PowerTrack Sybr reagent
(Thermo Fisher Scientific) in a total of 10 puL. Gene-specific
primers were based on a newly assembled dunnart genome??
and designed to amplify regions spanning introns. Primers
demonstrated a single curve by melt analysis. A control reac-
tion without reverse transcriptase was used to verify primers
were specific for cDNA. Primer sequences can be found in
Supplementary Table 1. Fold change was analyzed using
2-tailed #-tests between all sorted populations. Significance
was set at a P-value of<.05 and data were expressed as
mean = SEM.

Results

Testicular tubule diameter

The most notable feature of the dunnart testis, and of sev-
eral dasyurid species including a large number belonging to
the Antechinus genus, is having the largest tubule diameter of
any known closely linked group of species.! Replicating early
studies in the dunnart and compiling more recently published
data in a broad range of species (Table 1), no eutherian spe-
cies with a larger diameter has been found, to the date of this
publication. This is not a feature common in marsupials more
generally, as other Australian marsupials possess diameters
much closer to those of humans and mice.
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Table 1. Seminiferous tubule diameter of select marsupial and eutherian species (asterisks denote dasyurids).

Species Common name Tubule Reference
diameter (pm)
Present study
Sminthopsis Crassicaudata™ Fat-tailed dunnart 452 +7 This study
510 !
Marsupials
Antechinus bellus* Fawn antechinus 371.8 23
Antechinus bilarni* Sandstone false antechinus 269.4 2
Antechinomys laniger spenceri* Kultarr 460-520 !
Antechinus stuartii* Brown antechinus/Stuart’s antechinus/ Macleay’s marsupial mouse  360-570 = 75 12
460-520
Dasyuroides byrnei* Kowari 410-450 !
Didelphis virginiana Virginia opossum 230-250 11,25
3037
Lasiorbinus latifrons Southern Hairy-nosed Wombat 244 « 4 15
Macropus giganteus and Macropus fuliginosus ~ Grey kangaroos 180-320 2
Megaleia rufa Red kangaroo 200-250 27
Phascolarctos cinereus Koala 228 6 15
Philander frenatus South-eastern four-eyed opposum 279 =17 28
Sarcophilis harrisii* Tasmanian devil 360 !
Sminthopsis leucopus* White-footed dunnart 430 !
Trichosurus vulpecula Common brushtail possum 226-288 »
Eutherians
Bos grunniens Datong yak 246 = 1 30
Bos taurus Zebu bull 257.0=+7 31
Holstein—Friesian 228.04 = 89
HK 183.43 =5
Calotes versicolor Oriental garden lizard 248.02 + 3 32
Camelus dromedarius One humped camel 202.3+9 3
Capricornis crispus Tokara (Japanese native Goat) 198 + 1.0 34
Canis familiaris Dog 143-245 = 3 3
Cerdocyon thous Crab-eating fox 236 22 36
Cnemidophorus gularis Common spotted whiptail lizard 260 37
Cophosaurus texanus Greater earless lizard 355 37
Diphylla ecaudata Hematophagous bat 195.1+6 38
Equus asinus Donkey 222 +6 39
Equus asinus x Equus caballus Mule 127 =+ 4 ¥
Felis catus House cat 2235 40
Heterocephalus glaber Naked mole rat 192 =21 4
Homo sapiens Human 163.0 =9 2
227.9 23 43
Leopardus tigrinus Oncilla (little spotted cat) 228.29 +22 a4
Mus musculus C57Bl/6 2162 +
Swiss 228 +2
Balb/c 2103
Rattus norvegicus Albino rat 265 46
319.8 =12 &
330 48
Rhea americana Greater rheas 122.5 = 30 +
Sceloporus aeneus Mexican endemic oviparous lizard 319.1 50
Sus scrofa Boar 280 +20 st
Ursus arctos horribilis Grizzly bear 165.23 £23.6 2
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Figure 1. Twelve stages of the seminiferous epithelial cycle during dunnart spe

rmatogenesis. The dunnart has a protracted process of spermiation,

occurring over 4 stages coincident with significant round spermatid nuclear compaction. Stages are denoted with roman numerals. See text for

detailed description of changes in cellular morphologies. (Scale = 25 um. SC =

Sertoli cell, A = A spermatogonium, In = Intermediate spermatogonia,

B = B spermatogonia, PL = preleptotene spermatocyte, L = Leptotene spermatocyte, Z = Zygotene spermatocyte, P = pachytene spermatocyte,
D = Diplotene spermatocytes, M = mitotic spermatocyte, R = Round spermatid, 1-16 = spermatid steps).

Cycle of the seminiferous epithelium

The seminiferous epithelial cycle in the fat-tailed dunnart can
be categorized into 12 stages based upon changes in round
spermatid acrosome and nuclear morphology (stages I-X), as
well as stages of spermatocyte development (XI-XII) (Figure
1). A conceptual summary of the cellular associations in each
stage of dunnart spermatogenesis can be found in Figure 2.

Spermatogonia

A spermatogonia are found in all stages along the base-
ment membrane, and clearly distinguishable from other cells
occupying this niche, particularly at stage I. A spermatogonia
possess a large spherical to semi-ovoid nucleus, with thin nu-
clear strands apparent around nuclear edges. A second pop-
ulation of spermatogonia distinguished by a smaller ovoid
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Figure 2. Conceptual diagram of cellular associations found in the 12 stages of the cycle of dunnart seminiferous epithelium. A = A spermatogonium,
In = Intermediate spermatogonia, B = B spermatogonia, PL = preleptotene spermatocyte, L = Leptotene spermatocyte, Z = Zygotene spermatocyte,
P = pachytene spermatocyte, D = Diplotene spermatocytes, M = mitotic spermatocyte, R = Round spermatid, 1-16 = spermatid steps).

cytoplasm, ovoid-to-round nucleus, and moderate to darkly
stained chromatin, are visible through stages II-IV and classi-
fied as Intermediate (I77) spermatogonia. An example in Figure
1, stage V shows 2 [n/B spermatogonia adjacent to the base-
ment membrane. Nuclear and cytoplasmic morphology of
these cells is distinct from A or B spermatogonia that have a
pale nuclear appearance (see stage V). B spermatogonia have
spherical nuclear morphology with a prominent nucleolus
and chromatin staining paler than found in Iz spermatogonia.

Stage |

Step 1 round spermatids from the second meiotic division are
newly formed at this stage, with no evidence of an acrosome.
Condensed chromatin strands are observed in pachytene
spermatocytes that are also apparent at many other stages
of the cycle. The Sertoli cell nucleus has a curved trapezoid
morphology, more closely resembling the human rather than
rodent nuclear morphology.

Step 13 elongated spermatids from the previous cycle of
spermatid development populate the most luminal layer of
the seminiferous epithelium, with the heads oriented perpen-
dicular to the basement membrane. Significant spermatid cy-
toplasm is still apparent extending near to the lumen, with
a relatively short tail evident. Pachytene spermatocytes have
clearly defined chiasmata and are increasing in size compared
with previous stages of development. A spermatogonia are
present at this stage, with a characteristic large round nucleus
with pale staining chromatin.

Stage Il

Step 2 spermatids are defined by the presence of a small
acrosome that has just made contact with the nuclear mem-
brane, without lateral spreading and condensation of nuclear

architecture. Nuclear position remains central in the cell. Step
14 spermatids have an elongated flagella extending into the
tubule lumen, with a reduced proportion of cytoplasm in the
basal aspects of these cells. Pachytene spermatocytes continue
to increase in size. In spermatogonia, defined by an ovoid nu-
cleus with a rim of condensed chromatin as well as an ovoid
cytoplasm, are frequently observed at this stage and reside
close to the basement membrane. Intermediate spermatogonia
are evident from this stage.

Stage Il

Step 3 spermatid acrosomes have contacted the nuclear mem-
brane and grown in size, and spreading across the membrane
is evident (arrow). In spermatogonia are still present at this
stage. Pachytene spermatocytes increase in size compared
with stage II.

Stage IV

Step 4 spermatids have a clearly defined nuclear indentation
at the site of acrosomal fusion. Though the nucleus is still cen-
trally located within the cell. Step 15 spermatids have a fur-
ther reduced cytoplasm and contain eosin-staining inclusions
within the basal cytoplasm. There is further elongation of
flagella. In spermatogonia are present along the basement
membrane, defined by an ovoid cell and nuclear morphology.

StageV

The nucleus of Step 5 round spermatids is still centrally
located within the cytoplasm, and the acrosome has spread
across the nucleus to indent a width close to that of the nu-
cleus, though still only occupying 20%-30% of the nuclear
area. Removal of cytoplasm in Step 15 spermatids is almost
complete at this stage. Spermatogonia with characteristics
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of both In and B subtypes are present along the basement
membrane.

Stage VI

Stage VI is the first stage to exhibit residual body formation
and apparent initiation of spermiation in Step 16 spermatids.
The presence of similar elongated spermatid morphology until
stage VIII, demonstrates a protracted process of spermiation
in the fat-tailed dunnart.

The step 6 spermatid nucleus begins to become basally
oriented in the cell, though no reductions in nuclear size are
apparent at this stage. The acrosome of the nucleus is not yet
oriented toward the basement membrane. B spermatogonia
are present along the basement membrane, characterized by a
round nucleus with a large central nucleolus and dense chro-
matin at the nuclear edges.

Stage VIl

Step 7 spermatids show a reduction in nuclear volume and
orientation of the acrosome to the basement membrane.
Preleptotene spermatocytes are still observed along the base-
ment membrane. Preleptotene spermatocytes continue to be
found at this stage. Step VII is where the first pre-leptotene
spermatocytes appear, which are discernible by their relatively
small cellular and nuclear size, and diffuse nuclear staining.

Stage VI

Step 16 spermatids undergo spermiation, leaving large,
darkly stained residual bodies on the luminal edge of Sertoli
cells. Compaction of chromatin is first apparent in step 8
spermatids, with the luminal side of spermatids more con-
densed than the basal side. Leptotene spermatocytes are
observed on the basement membrane, defined by a nuclear
and cellular size greater than preleptotene spermatocytes, and
sharing a similar diffuse pattern of chromatin.

Stage IX

The step 9 spermatid nucleus is further compacted, and chro-
matin is condensed. The cytoplasm of these cells extends out-
wards from the basally oriented nucleus as the cytoplasmic
length increases. Pachytene spermatocyte size is the greatest
of any stage. Leptotene spermatocytes are still present along
the basement membrane.

Stage X

Step 10 spermatid nucleus becomes oriented parallel with
the basement membrane. This is a unique feature found in a
limited number of other marsupials, particularly dasyurids.
Zygotene spermatocytes are first observed at stage X, with
small, highly condensed chromatin strands though still
occupying a basal position within the epithelium. At a later
point of stage X (Figure 1, Xb), the spermatid nucleus begins
to re-orient to be perpendicular to the basement membrane.
Zygotene spermatocytes are present and identified by con-
densed chromatin that has moved from the basement mem-
brane. The chromatin of pachytene spermatocytes begins to
become more diffuse at this stage, with an increase in cell size.

Stage XI

Step 11 spermatid cytoplasm reduces in length, along with the
size of the spermatid head. This is found in association with
the earliest evidence of a flagellum. Pachytene spermatocytes
undergo the first meiotic division at this stage, and the

nuclear size and re-orientation of chromatin in zygotene
spermatocytes from stage X increases to mark the initiation
of differentiation into early pachytene spermatocytes (Figure
1, X1, Z/P).

Stage XIlI

Step 12 spermatid cytoplasmic length continues to decrease,
with clear flagella that span less than 50% of total cell length.
Secondary spermatocytes are at the diplotene stage, with
diffuse chromatin filling a spherical nucleus. These cells un-
dergo the second meiotic division to become Step 1 round
spermatids at Stage 1.

Fluorescence-activated cell sorting to enrich
dunnart testicular cell types

We invested significant time in finding antibodies that could be
used for live cell FACS of dunnart testicular cell suspensions,
however, this was unsuccessful. This is likely due, at least
in part, to the evolutionary distance between marsupials
and human/mouse, and the relatively fast pace of evolution
in genes encoding extracellular proteins. An alternative ap-
proach is using live cell-permeable fluorescent dyes. One such
dye is ALDEFLUOR, a BODIPY-aminoacetaldehyde that acts
as a substrate for aldehyde dehydrogenase (ALDH) proteins
that are expressed only at low levels in spermatogonia but
higher in meiotic and post-meiotic germ cells, as well as in
major somatic cell types of the testis.

To verify the likelihood that ALDEFLUOR will show the
same cell type-specific expression in dunnart as in mouse
testis, we assessed the genetic phylogeny of major ALDH
genes (ie, those shown to activate ALDEFLUOR fluorescence
and that are expressed in mouse testis*’). Predicted ALDH
coding sequences were identified by BLAST searches in a
newly assembled dunnart genome (Frankenberg et al, unpub-
lished) and aligned with mouse ALDH genes. These ALDH
genes (ALDH1A1, 1A2, and 1A3) belong to the same clade
in mouse and dunnart (Figure 3A), aside from an additional
ALDH gene in mouse (Aldh1a7) that segregates with mouse
Aldhlal and forms a separate clade to 2 dunnart ALDH1A1-
like paralogues, which we refer to as ALDH1AI-A and
ALDHI1A1-B.

Nonetheless, the ALDHI1 genes between mouse and
dunnart show close evolutionary associations compared
with other ALDH genes, highlighting the likelihood that
ALDEFLUOR fluorescence reflects ALDH activity in the
same way in dunnart. In testing ALDEFLUOR on dunnart
cells, testes from adult dunnarts were digested to single-cell
suspensions, labeled with ALDEFLUOR, and sorted into 2
populations based on levels of fluorescence compared with
the ALDH inhibitor, DEAB (Figure 3B). Cells were sorted
for RNA extraction and qPCR analysis. Primers specific
ALDH1A1, and for genes expressed by dunnart testicular so-
matic cell subtypes (Leydig—CYP11A1, Leydig/peritubular
myoid cells—NR2F2, Sertoli cells—SOX9, GATA6) and
germ cells (SSCs—POUSF1, SSCs/spermatogonia—GFRA;
differentiating germ cells—ESCO2, PIWIL2) were developed
and tested on ALDH-high and -low fractions (Figure 3C).
As expected, ALDH-high cells expressed greater ALDH1A1
levels compared with ALDH-low cells. Significant enrichment
of markers specific for SSCs, spermatogonia, and spermatocyte
was observed in ALDH-low cells. ALDH-low cells expressed
very little of the Leydig cell marker CYP11A1, demonstrating
that ALDEFLUOR is able to enrich spermatogonia while
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excluding Leydig cells with high efficiency. However, Sertoli
cell markers GATA6 and SOX9 were not enriched in ALDH-
low or -high cells, and a marker of peritubular myoid cells,
NR2F2, was enriched 2-fold in ALDH-low cells. Altogether
this demonstrates that while ALDEFLUOR can successfully
enrich early germ cell types—including SSCs—and exclude
Leydig cells, it is not able to efficiently exclude Sertoli cells or
peritubular myoid cells.

To determine whether digestion and sorting by ALDH can
enrich cells with the potential to form colonies in vitro, un-
sorted and ALDH-sorted cells were cultured for up to 7 weeks
(Figure 3D). Within 2 weeks small colonies of germ cells
formed in ALDH-low sorted samples, as well as control and
dye-only samples. At 18 days, colony numbers were counted
(Figure 3D’), and a 55-fold increase in colony-forming ability
was measured in ALDH-low compared to ALDH-high sorted
samples. Within 6 weeks clear expansion of these colonies is
observed (note images are of the same region at each timepoint
in Figure 3D). The colonies in control wells included large
cellular aggregates and structures resembling testicular cords
(Figure 3D, arrow in 6-week control). In stark contrast, very
few colonies were established in ALDH-high samples by this
time. Further, when compared to cells sorted in the absence
of ALDEFLUOR, which better reflects stresses of handling,
fewer cellular aggregates are established in ALDH-low sorted
cells. Rather, cells grow more often as chains connecting
smaller clusters than in FACS-only cells. Of note, ALDH-high
sorted cells formed a confluent sheet of cells at 4 weeks, that
sloughed from the plastic surface, and then reseeded addi-
tional layers of cells. This phenomenon was not observed in
ALDH-low sorted cells. Assessment of SSC marker expressed
showed a 3-fold increase UCHL1 in ALDH-low cultured
samples (Figure 3D”)

In an attempt to overcome contamination with Sertoli
and peritubular somatic cells, a more refined gating strategy
was tested that differentiated FACS plots into 5 sub-
populations (denoted in red numbers in Figure 4A) based on
ALDEFLUOR fluorescence and an amplified forward-scatter
channel, where 5 gated populations were discernible (denoted
in red numbers in Figure 4A). These were used to enrich for
spermatogonia expected to be present in gates 1 and/or 2
where ALDH activity is low. Gates 3-5 are expected to en-
rich for other cell types. Cells were sorted and assessed for
cell-specific markers by qPCR (Figure 4B). Enrichment for
ALDH1AT1-expressing cells by ALDEFLUOR was consistent
with previous experiments. The Leydig cell-specific marker,
LHR, was enriched in populations 4 and 5 shows interme-
diate or high ALDH activity, respectively, while the Sertoli
cell-specific markers SOX9 and GATA6 were enriched in
populations 2, 4, and 5 to similar extents. Populations 1 is
low for all markers assessed and likely consists of haploid
spermatids and other interstitial cell types including immune
cells that likely also contribute to population 3. Overall, a
more refined gating approach did not further exclude Sertoli
cells from the ALDH-low sorted population

Discussion

Thisstudy provides a means to enrich marsupial spermatogonia
from digested testicular tissue, using a cell-permeable dye,
ALDEFLUOR. Further, this is the first study to successfully
culture marsupial germ cells in vitro, both with and without
enrichment. Results show that ALDEFLUOR is able to enrich

markers of dunnart spermatogonia up to 15-fold, and colony
forming ability > 30-fold. With the absence of contemporary
technologies to enrich SSCs from marsupial testis digests, such
as reporter models and SSC-specific antibodies, ALDEFLUOR
is a valuable tool to move research forward in marsupial SSC
biology. For example, spermatogonial-enriched fractions sur-
vive and robustly expand in long-term culture providing the
opportunity to genetically modify and transplant SSCs to gen-
erate marsupial reporter models.’® This furthers the broader
goal of developing marsupial genetic rescue technologies.
The use of the ALDEFLOUR dye and FACS in this study
allowed for enrichment of SSCs and early spermatocytes, as
well as the exclusion of Leydig cells from primary dunnart
testis digests. However, the SSC-enriched fraction still
contained somatic cell populations, in particular Sertoli and
peritubular myoid cells. However, it should be noted that the
number of colonies generated after FACS of ALDEFLUOR-
low cells was not higher than FACS alone (gating on all live
cells). We speculate that this is due to the supportive actions
of the additional somatic cells present in the ALDH-high
fraction. Nonetheless, the very low colony-forming ability
of ALDH-high sorted cells indicates that these cells may be
isolated using differential plating/serial passaging. This first
successful use of ALDEFLUOR in a marsupial species makes
use in other species likely to be equally successful, given that
marsupials and eutherians are segregated by roughly 180 mil-
lion years of evolution. ALDEFLUOR represents a straight-
forward way to enrich spermatogonia/SSCs from any species
where conventional approaches (antibody labeling and/or re-
porter models) are not available. While the technique is fast
and straightforward, it suffers from relatively low accuracy
of enrichment compared with mouse reporter models, par-
ticularly when used in combination with antibodies specific
for spermatogonia. This could be due to the stage-specific ex-
pression of Sertoli cell ALDH, required for the orchestration
of spermatogonial differentiation during the epithelial cycle,
that results in a subpopulation of Sertoli cells having lower
ALDEFLUOR fluorescence. This may be overcome with
stricter gating strategies and the identification/development
of antibodies able to specifically bind cell surface proteins on
dunnart spermatogonia. On this latter point, improvements
in the quality of a dunnart transcriptome will enable the de-
velopment of marsupial-reactive antibodies to key cell surface
markers on dunnart SSCs. Further, using ALDEFLUOR to
partially enrich SSC populations will be useful in facilitating
the identification of SSC-specific genes in dunnarts, through
the assessment sorted cell transcriptomes at single-cell res-
olution. These avenues provide fertile ground for future
study. This is particularly true in light of previous attempts
to use ALDEFLUOR with/without additional enrichment
techniques to isolate mouse SSCs.”*% In these studies, the
lack of ALDEFLUOR signal alone was unable to significantly
enrich transplantation-competent germs cells. However,
when used in combination with either CD9- or CDH1-
specific antibodies a lack of ALDEFLUOR greatly increased
testis colony formation after transplantation.* In addition,
the present study also collated data on seminiferous tubule
diameters in different species and showed that members of
the dasyurid family possess the largest tubule diameter of any
mammalian species assessed to date. This tubule diameter is
likely to aid in the success of SSC tubule injection, due to the
relatively large target area within the dunnart testis. This is an
important finding for plans to use the fat-tailed dunnart as a
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surrogate for the de-extinction of the Tasmanian tiger, and in
ongoing efforts to develop functional approaches for genetic
rescue of other dasyurid marsupials (eg, northern quoll).
This study is the first to define the stages of spermatogen-
esis in the dunnart, or any dasyurid, and identify a relatively
protracted process of spermiation that may be unique to this
species, or marsupials more generally. The results of this study
identified 12 distinct stages of the dunnart seminiferous ep-
ithelial cycle, which is larger than the number identified in
most other marsupials. It is possible that the smaller number

nd spermatocytes in ALDH-low population 2. Leydig cells are enriched
ns 2, 4, and 5. Asterisks denote levels of significance (*<.05, ** < .01,

of stages defined in previous studies of spermatogenesis in
some marsupials (see below) may be partly explained by the
difficulty in using spermiation to classify tubules as being in
stage VIII. In some marsupials, using this parameter alone to
define stage VIII tubules may identify more than one stage
when additional defining parameters are applied. The cellular
associations observed in the dunnart seminiferous epithelium
are fundamentally akin to associations observed in eutherian
species and other marsupials studied to date,'>!51856-58 eyen
within sub-populations of spermatogonia. The major
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difference is apparent in the development of spermatids at
stage X where the spermatid nucleus is arranged perpendic-
ular to the long axis of the cell, and the incomplete coverage
of the nucleus by the acrosomal cap. No direct mechanisms
have been found to explain the unique spermatid nuclear
organization found in marsupials, however, it is unlikely to
be associated with the large tubule diameter of the dunnart
seminiferous epithelium, as this feature is also found in non-
dasyurid marsupials that have tubular diameters closer to
mouse and human.'s'”

Overall this study provides a clear framework upon which
future studies of dunnart spermatogenesis can be interpreted,
along with a tool to enrich spermatogonia from digested pri-
mary testis tissue, without the need for antibodies specific for
cell-surface markers, and a method for their in vitro culture.
This knowledge can also be applied in efforts to target mar-
supial spermatogonial stem cells for genetic modification in
the context of current conservation and de-extinction efforts.

Acknowledgments

The authors wish to give credit to Dr. Vanta Jameson &
Dr Magdaline Sakkas from The University of Melbourne
cytometry core facility at the Melbourne Brain Centre for
assistance with cell sorting, Bioresources staff maintaining
dunnart husbandry, and members of the Biological Optimal
Microscopy Platform for maintenance of microscopy hard-
ware.

Author contributions

Tarulli, Gerard (Corresponding Author): Conceptualization
(Lead), Data curation (Equal), Formal analysis (Lead),
Investigation (Lead), Methodology (Equal), Project ad-
ministration (Equal), Supervision (Equal), Validation
(Equal), Visualization (Equal), Writing—original draft
(Lead), Writing—review & editing (Lead). Tatt, Patrick
Robert Samuel: Data curation (Equal), Formal analysis
(Supporting), Investigation (Supporting), Methodology
(Equal), Project administration (Supporting), Validation
(Equal), Visualization (Equal), Writing—review & editing
(Supporting). Howlett, Rhys: Data curation (Supporting),
Formal analysis (Supporting), Methodology (Supporting).
Validation (Supporting), Visualization (Supporting). Ord,
Sara: Resources (Supporting), Writing—review & ed-
iting (Supporting). Frankenberg, Stephen R.: Data curation
(Supporting), Formal analysis (Supporting), Funding ac-
quisition (Lead), Investigation (Supporting), Visualization
(Supporting), Writing—original draft (Supporting), Writing—
review & editing (Supporting). Pask, Andrew J.: Funding ac-
quisition (Lead), Project administration (Equal), Resources
(Lead). Supervision (Equal), Writing—review & editing
(Supporting)

Funding

This research was funded by the Australian Research Council
(#DP210102645), Colossal Biosciences & The Wilson Family
Trust.

Conflicts of interest

TIGRR laboratory receives funding from Colossal Biosciences.

1

Data availability

The data underlying this article will be shared on request to
the corresponding author.

Supplementary material

Supplementary material is available at Stem Cells online.

References

1.  Woolley P. The seminiferous tubules in dasyurid marsupials.
J Reprod Fertil. 1975;45:255-261. https://doi.org/10.1530/
ir£.0.0450255

2. Gewiss R, Topping T, Griswold MD. Cycles, waves, and pulses:
retinoic acid and the organization of spermatogenesis. Andrology.
2020;8:892-897. https://doi.org/10.1111/andr. 12722

3. Snyder EM, Small C, Griswold MD. Retinoic acid availability
drives the asynchronous initiation of spermatogonial differenti-
ation in the mouse. Biol Reprod. 2010;83:783-790. https://doi.
org/10.1095/biolreprod.110.085811

4.  Kent T, Arnold SL, Fasnacht R, et al. ALDH enzyme expression is
independent of the spermatogenic cycle, and their inhibition causes
misregulation of murine spermatogenic processes. Biol Reprod.
2016;94:12. https://doi.org/10.1095/biolreprod.115.131458

5. Zhou L, Sheng D, Wang D, et al. Identification of cancer-type
specific expression patterns for active aldehyde dehydrogenase
(ALDH) isoforms in ALDEFLUOR assay. Cell Biol Toxicol.
2019;35:161-177. https://doi.org/10.1007/s10565-018-9444-y

6. Leblond CP, Clermont Y. Spermiogenesis of rat, mouse, ham-
ster and guinea pig as revealed by the periodic acid-fuchsin sul-
furous acid technique. Am | Anat. 1952;90:167-215. https://doi.
0rg/10.1002/aja.1000900202

7. Oakberg EE. Duration of spermatogenesis in the mouse and
timing of stages of the cycle of the seminiferous epithelium. Am |
Anat. 1956;99:507-516. https://doi.org/10.1002/aja. 1000990307

8. Berndston WE, Desjardins C. The cycle of the seminiferous ep-
ithelium and spermatogenesis in the bovine testis. Am | Anat.
1974;140:167-179. https://doi.org/10.1002/aja. 1001400204

9. Ibach B, Weissbach L, Hilscher B. Stages of the cycle of the sem-
iniferous epithelium in the dog. Andrologia. 1976;8:297-307.
https://doi.org/10.1111/j.1439-0272.1976.tb01659.x

10. Soares JM, Avelar GE Franca LR. The seminiferous epithelium
cycle and its duration in different breeds of dog (Canis familiaris).
J  Anat. 2009;215:462-471. https://doi.org/10.1111/j.1469-
7580.2009.01122.x

11. Johnson L, Hardy VB, Martin MT. Staging equine seminiferous
tubules by Nomarski optics in unstained histologic sections and in
tubules mounted in toto to reveal the spermatogenic wave. Anat
Rec. 1990;227:167-174. https://doi.org/10.1002/ar.1092270205

12. Lin M, Harman A, Fletcher TP. Cycle of the seminiferous epithe-
lium in a marsupial species, the brushtail possum (Trichosurus
vulpecula), and estimation of its duration. Reprod Fertil Dev.
2004;16:307-313. https://doi.org/10.10371/rd02059

13. Harding HR, Carrick EN, Shorey CD. Spermiogenesis in the
brush-tailed possum, Trichosurus vulpecula (Marsupialia). The
development of the acrosome. Cell Tissue Res. 1976;171:75-90.
https://doi.org/10.1007/BF00219701

14. Figueiredo AFA, Cordeiro DA, Nogueira JC, et al. Spermato-
genesis in a neotropical marsupial species, Philander frenatus
(Olfers, 1818). Anim Reprod Sci. 2017;184:102-109. https://doi.
org/10.1016/j.anireprosci.2017.07.004

15. Oishi M, Takahashi M, Amasaki H, Janssen T, Johnston SD. The
seminiferous epithelial cycle and microanatomy of the koala
(Phascolarctos cinereus) and southern hairy-nosed wombat
(Lasiorbinus latifrons) testis. | Anat. 2013;222:380-389. https://
doi.org/10.1111/j0a.12020

16. Phillips DJ, McKinnon A, Keeley T, Johnston SD. Testosterone
secretion, testicular histology and the cryopreservation of cauda


https://doi.org/10.1530/jrf.0.0450255
https://doi.org/10.1530/jrf.0.0450255
https://doi.org/10.1111/andr.12722
https://doi.org/10.1095/biolreprod.110.085811
https://doi.org/10.1095/biolreprod.110.085811
https://doi.org/10.1095/biolreprod.115.131458
https://doi.org/10.1007/s10565-018-9444-y
https://doi.org/10.1002/aja.1000900202
https://doi.org/10.1002/aja.1000900202
https://doi.org/10.1002/aja.1000990307
https://doi.org/10.1002/aja.1001400204
https://doi.org/10.1111/j.1439-0272.1976.tb01659.x
https://doi.org/10.1111/j.1469-7580.2009.01122.x
https://doi.org/10.1111/j.1469-7580.2009.01122.x
https://doi.org/10.1002/ar.1092270205
https://doi.org/10.10371/rd02059
https://doi.org/10.1007/BF00219701
https://doi.org/10.1016/j.anireprosci.2017.07.004
https://doi.org/10.1016/j.anireprosci.2017.07.004
https://doi.org/10.1111/joa.12020
https://doi.org/10.1111/joa.12020

12

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

epididymidal spermatozoa in the common ringtail possum
(Pseudocheirus peregrinus). Reprod Fertil Dev. 2008;20:391-401.
https://doi.org/10.1071/rd07206

Lloyd S, Carrick F, Hall L. Unique features of spermiogenesis in
the Musky Rat-kangaroo: reflection of a basal lineage or a dis-
tinct fertilization process? | Anat. 2008;212:257-274. https://doi.
org/10.1111/;.1469-7580.2008.00861.x

Setchell BP, Carrick FN. Spermatogenesis in some Aus-
tralian marsupials. Aust | Zool. 1973;21:491-499. https://doi.
org/10.1071/209730491

Jones RC, Hinds LA, Tyndale-Biscoe CH. Ultrastructure of the
epididymis of the tammar, Macropus eugenii, and its relationship
to sperm maturation. Cell Tissue Res. 1984;237:525-535. https://
doi.org/10.1007/BF00228437

Tarulli GA, Laven-Law G, Shehata M, et al. Androgen receptor
signalling promotes a luminal phenotype in mammary epithelial
cells. ] Mammary Gland Biol Neoplasia. 2019;24:99-108. https:/
doi.org/10.1007/s10911-018-9406-2

Tarulli GA, De Silva D, Ho V, et al. Hormone-sensing cells re-
quire Wip1 for paracrine stimulation in normal and premalignant
mammary epithelium. Breast Cancer Res. 2013;15:R10. https://
doi.org/10.1186/bcr3381

Ibeh N, Feigin CY, Frankenberg SR, et al. De novo transcriptome
assembly and genome annotation of the fat-tailed dunnart
(Sminthopsis crassicaudata). GigaByte. 2024;2024:gigabyte118.
https://doi.org/10.46471/gigabyte. 118

Calaby JH, Taylor JM. Reproduction in two marsupial-mice, Ant-
echinus bellus and A. bilarni (Dasyuridae), of tropical Australia. |
Mammal. 1981;62:329-341. https://doi.org/10.2307/1380709
Kerr JBH, M P. Spontaneous spermatogenic failure in the marsu-
pial mouse Antechinus stuartii macleay (Dasyuridae: Marsupialia).
Aust | Zool. 1983;31:445-466.

Moore CRM, CF. Responses of the testis to androgenic treatments.
Endocrinology. 1942;30:990-999.

Poole WH. A study of breeding in grey kangaroos, Macropus
giganteus Shaw and M. fuliginosus (Desmarest), in central
New South Wales. Aust | Zool. 1973;21:183-212. https://doi.
0rg/10.1071/209730183

Sharman GBC, ] H. Reproductive behaviour in the Red Kan-
garoo, Megaleia rufa, in captivity. Wildl Res. 1964;9:58-85.
Ferreira VE, Dias FCR, Costa KLC, et al. Descriptive morphometry
and stereology in accessing the testis structure and function of the
marsupial Philander frenatus (Olfers, 1818) (Didelphimorphia:
Didelphidae). Anat Histol Embryol. 2021;50:379-386. https:/
doi.org/10.1111/ahe. 12642

Clarke M], Brown BK, Firth HJ. Breeding of the brush-tailed
possum, Trichosurus vulpecula (Kerr) in New South Wales. Wildl
Res. 1969;14:181-193.

Kalwar Q, Chu M, Ahmad AA, et al. Morphometric evaluation
of spermatogenic cells and seminiferous tubules and explora-
tion of luteinizing hormone beta polypeptide in testis of da-
tong yak. Animals (Basel). 2019;10:66. https://doi.org/10.3390/
ani10010066

Tripathi UK, Chhillar S, Kumaresan A, et al. Morphometric evalu-
ation of seminiferous tubule and proportionate numerical analysis
of Sertoli and spermatogenic cells indicate differences between
crossbred and purebred bulls. Vet World. 2015;8:645-650. https:/
doi.org/10.14202/vetworld.2015.645-650

Gaitonde SG, Gouder BYM. Spermatogenic and steroidogenic
activity in the testis of the lizard, Calotes versicolor, treated
with mammalian gonodatropins and testosterone. Ital | Zool.
2009;52:393-405. https://doi.org/10.1080/11250008509440544
Tingari MD, Ramos AS, Gaili ES, Rahma BA, Saad AH. Mor-
phology of the testis of the one-humped camel in relation to re-
productive activity. | Anatr. 1984;139 ( Pt 1):133-143.

Nishimura S, Okano K, Yasukouchi K, et al. Testis developments
and puberty in the male Tokara (Japanese native) goat. Anim
Reprod Sci. 2000;64:127-131. https://doi.org/10.1016/s0378-
4320(00)00197-4

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

Stem Cells, 2025, Vol. 43, No. 3

Woodall PE Johnstone IP. Dimensions and allometry of testes,
epididymides and spermatozoa in the domestic dog (Canis
familiaris). ] Reprod Fertil. 1988;82:603-609. https://doi.
org/10.1530/jrf.0.0820603

Caldeira BC, de Paula TAR, da Matta SLP, Balarini MK. Campos
PKA. Morphometry of testis and seminiferous tubules of the
adult crab-eating fox (Cerdocyon thous, Linnaeus, 1766). Anim
Biol Morphol. 2010;57:569. https://doi.org/10.1590/S0034-
737X2010000500001

Schrank GDB, R E. Male reproductive cycles in two species of
lizards (Cophosaurus texanus and Cnemidophorus gularis).
Herpetologica. 1973;29:289-293.

da Silva SFM, Silva CHDS, Dias FCR, et al. Testicular character-
ization and spermatogenesis of the hematophagous bat Diphylla
ecaudata. PLoS One.2019;14:¢0226558. https://doi.org/10.1371/
journal.pone.0226558

Neves ES, Chiarini-Garcia H, Franca LR. Comparative testis mor-
phometry and seminiferous epithelium cycle length in donkeys and
mules. Biol Reprod. 2002;67:247-255. https://doi.org/10.1095/
biolreprod67.1.247

Franca LR, Godinho CL. Testis morphometry, seminiferous ep-
ithelium cycle length, and daily sperm production in domestic
cats (Felis catus). Biol Reprod. 2003;68:1554-1561. https://doi.
org/10.1095/biolreprod.102.010652

van der Horst G, Kotzé SH, O'Riain MJ, Maree L. Testicular struc-
ture and spermatogenesis in the naked mole-rat is unique (Degen-
erate) and atypical compared to other mammals. Front Cell Dev
Biol. 2019;7:234. https://doi.org/10.3389/fcell.2019.00234
Dobashi M, Fujisawa M, Naito I, et al. Distribution of type IV col-
lagen subtypes in human testes and their association with spermat-
ogenesis. Fertil Steril. 2003;80:755-760. https://doi.org/10.1016/
s0015-0282(03)00775-1

Choudhury S, Khalil M, Chakraborty K, et al. Morphometry of
seminiferous tubules of human testes in different age groups in
Bangladeshi cadavers. Mymensingh Med J. 2012;21:34-38.
Balarini MK, de Paula TAR, da Matta SLP, et al. Stages and duration
of the cycle of the seminiferous epithelium in oncilla (Leopardus
tigrinus, Schreber, 1775). Theriogenology 2012;77:873-880.
https://doi.org/10.1016/j.theriogenology.2011.09.011

de Oliveira CFA, Lara NLEM, Cardoso BRL, de Franca LR, de
Avelar GE. Comparative testis structure and function in three
representative mice strains. Cell Tissue Res. 2020;382:391-404.
https://doi.org/10.1007/s00441-020-03239-0

Wing TY, Christensen AK. Morphometric studies on rat sem-
iniferous tubules. Am ] Anat. 1982;165:13-25. https://doi.
org/10.1002/aja.1001650103

Kumar A, Nagar M. Histomorphometric study of testis in
deltamethrin treated albino rats. Toxicol Rep. 2014;1:401-410.
https://doi.org/10.1016/j.toxrep.2014.07.005

Sertoli E. The structure of seminiferous tubules and the devel-
opment of [spermatids] in rats. Biol Reprod. 2018;99:482-503.
https://doi.org/10.1093/biolre/ioy 134

Freneau GE, Carvalho SFM, de Saboia-Morais SMT, Freneau
BN. Aspects of spermatogenesis and microscopic testicular mor-
phology in Greater Rhea, Rhea americana (Linnaeus, 1758).
Anim Morphophysiol. 2016;36:1045.

Hernandez-Gallegos O, Méndez-de la Cruz FR, Villagrin-
SantaCruz M, et al. Seasonal spermatogenesis in the Mex-
ican endemic oviparous lizard, Sceloporus aeneus (Squamata:
Phrynosomatidae). Spermatogenesis. 2014;4:¢9885835. https://doi.
0rg/10.4161/21565562.2014.988585

Ding H, Luo Y, Liu M, Huang ], Xu D. Histological and
transcriptome analyses of testes from Duroc and Meishan boars.
Sci Rep. 2016;6:20758. https://doi.org/10.1038/srep20758

White DQJB, Berardinelli JG, Aune KE. Seasonal differences
in spermatogenesis, testicular mass and serum testosterone
concentrations in the grizzly bear. Ursus. 2005;16:198-207.

Ko K, Aratizo-Bravo MJ, Kim ], Stehling M, Schéler HR. Conver-
sion of adult mouse unipotent germline stem cells into pluripotent


https://doi.org/10.1071/rd07206
https://doi.org/10.1111/j.1469-7580.2008.00861.x
https://doi.org/10.1111/j.1469-7580.2008.00861.x
https://doi.org/10.1071/zo9730491
https://doi.org/10.1071/zo9730491
https://doi.org/10.1007/BF00228437
https://doi.org/10.1007/BF00228437
https://doi.org/10.1007/s10911-018-9406-2
https://doi.org/10.1007/s10911-018-9406-2
https://doi.org/10.1186/bcr3381
https://doi.org/10.1186/bcr3381
https://doi.org/10.46471/gigabyte.118
https://doi.org/10.2307/1380709
https://doi.org/10.1071/zo9730183
https://doi.org/10.1071/zo9730183
https://doi.org/10.1111/ahe.12642
https://doi.org/10.1111/ahe.12642
https://doi.org/10.3390/ani10010066
https://doi.org/10.3390/ani10010066
https://doi.org/10.14202/vetworld.2015.645-650
https://doi.org/10.14202/vetworld.2015.645-650
https://doi.org/10.1080/11250008509440544
https://doi.org/10.1016/s0378-4320(00)00197-4
https://doi.org/10.1016/s0378-4320(00)00197-4
https://doi.org/10.1530/jrf.0.0820603
https://doi.org/10.1530/jrf.0.0820603
https://doi.org/10.1590/S0034-737X2010000500001
https://doi.org/10.1590/S0034-737X2010000500001
https://doi.org/10.1371/journal.pone.0226558
https://doi.org/10.1371/journal.pone.0226558
https://doi.org/10.1095/biolreprod67.1.247
https://doi.org/10.1095/biolreprod67.1.247
https://doi.org/10.1095/biolreprod.102.010652
https://doi.org/10.1095/biolreprod.102.010652
https://doi.org/10.3389/fcell.2019.00234
https://doi.org/10.1016/s0015-0282(03)00775-1
https://doi.org/10.1016/s0015-0282(03)00775-1
https://doi.org/10.1016/j.theriogenology.2011.09.011
https://doi.org/10.1007/s00441-020-03239-0
https://doi.org/10.1002/aja.1001650103
https://doi.org/10.1002/aja.1001650103
https://doi.org/10.1016/j.toxrep.2014.07.005
https://doi.org/10.1093/biolre/ioy134
https://doi.org/10.4161/21565562.2014.988585
https://doi.org/10.4161/21565562.2014.988585
https://doi.org/10.1038/srep20758

Stem Cells, 2025, Vol. 43, No. 3

54.

5S.

stem cells. Nat Protoc. 2010;5:921-928. https://doi.org/10.1038/
nprot.2010.44

Kanatsu-Shinohara M, Morimoto H, Shinohara T. Enrich-
ment of mouse spermatogonial stem cells by the stem cell dye
CDyl. Biol Reprod. 2016;94:13. https://doi.org/10.1095/
biolreprod.115.135707

Kanatsu-Shinohara M, Mori Y, Shinohara T. Enrichment of mouse
spermatogonial stem cells based on aldehyde dehydrogenase
activity. Biol Reprod. 2013;89:140. https://doi.org/10.1095/
biolreprod.113.114629

Sé.

57.

S8.

13

Mason K, Blackshaw AW. The spermatogenic cycle of the bandi-
coot, Isoodon macrourus. | Reprod Fertil. 1973;32:307-308.
Orsi AM, Ferreira AL. Definition of the stages of the cycle of
the seminiferous epithelium of the opossum (Didelphis azarae,
Temminck, 1825). Acta Anat (Basel). 1978;100:153-160. https:/
doi.org/10.1159/000144894

Queiroz GE, Nogueira JC. Duration of the cycle of the seminiferous
epithelium and quantitative histology of the testis of the South Amer-
ican white-belly opossum (Didelphis albiventris), Marsupialia. Reprod
Fertil Dev. 1992;4:213-222. https://doi.org/10.1071/rd9920213


https://doi.org/10.1038/nprot.2010.44
https://doi.org/10.1038/nprot.2010.44
https://doi.org/10.1095/biolreprod.115.135707
https://doi.org/10.1095/biolreprod.115.135707
https://doi.org/10.1095/biolreprod.113.114629
https://doi.org/10.1095/biolreprod.113.114629
https://doi.org/10.1159/000144894
https://doi.org/10.1159/000144894
https://doi.org/10.1071/rd9920213

	Enrichment of spermatogonial stem cells and staging of the testis cycle in a dasyurid marsupial, the fat-tailed dunnart
	Introduction
	Materials and methods
	Collection and processing of dunnart adult testis
	Testis digestion and FACS for ALDH activity
	In vitro culture of testis cell fractions and quantification of colony-forming ability
	RNA purification, reverse transcription and qPCR

	Results
	Testicular tubule diameter
	Cycle of the seminiferous epithelium
	Spermatogonia
	Stage I
	Stage II
	Stage III
	Stage IV
	Stage V
	Stage VI
	Stage VII
	Stage VIII
	Stage IX
	Stage X
	Stage XI
	Stage XII
	Fluorescence-activated cell sorting to enrich dunnart testicular cell types

	Discussion
	Acknowledgments
	References


