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Abstract 
 
 

Germline maintenance and regeneration in the amphipod crustacean, Parhyale hawaiensis 
 

by 
 

Angela N. Kaczmarczyk 
 

Doctor of Philosophy in Molecular and Cell Biology 
 

University of California, Berkeley 
 

Professor Nipam Patel, Chair 
 

Because the germline eventually gives rise to gametes, which have the potential to become the 
next generation, it is arguably one of the most important cell types and understanding how the 
germline is specified and maintained throughout an organism’s lifetime is a fundamental 
question in biology. This dissertation investigates the underlying mechanisms of germline 
specification, maintenance, and regeneration in the amphipod crustacean Parhyale hawaiensis.  
First I identified additional germline markers, Ph-piwi1, Ph-piwi2, Ph-tudor, and Ph-gustavus in 
Parhyale. Then I characterized the Parhyale adult germline stem cell (GSC) niche by using a 
combination of molecular markers (for germline and stem cell niche components) and using cell 
proliferation assays.  I generated an antibody to Parhyale Vasa, which was instrumental in 
confidently identifying germline cells.  In the Parhyale adult ovaries, this GSC niche likely 
resides within the germline ridge.  Understanding where the putative GSC niche is important for 
evolutionary comparisons and can give clues as to how germline regeneration occurs. Finally, I 
investigate the potential role of bone morphogenetic protein (BMP) signaling in Parhyale 
germline maintenance and regeneration. This study provides insight into germline specification, 
the GSC niche, and adult regeneration in the amphipod crustacean, Parhyale hawaiensis. 
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Chapter I: Introduction 
 

The germline gives rise to the sex cells that are required for propagation of the next 
generation of organisms, which makes it a unique and privileged cell type. It remains 
undifferentiated and it has the potential to become a zygote, which by definition is totipotent. 
August Weisman reasoned that these cell types are ‘immortal’ because they continually give rise 
to the next generation. This makes the germline unique but this also makes it vulnerable. In 
several organisms that do not harbor pluripotent stem cell lineages (like planarians) and cannot 
undergo whole-body regeneration, if the germline is ablated, since there is no other equivalent 
cell type to replace it, this results in infertility. However, an emerging model organism, Parhyale 
hawaiensis, provides us with the unique opportunity to study reprogramming and regeneration of 
the germline post-embryonically in an organism that is not known to contain pluripotent stem 
cells and does not have vast regenerative abilities. This dissertation addresses this phenomenon 
by focusing on identification and characterization of the adult germline stem cell (GSC) niche In 
Parhyale. In the introduction I review germline specification and regeneration and present my 
hypothesis for how Parhyale regenerate their germline. 

 
Germline identification 

Germline cells can be identified among somatic cells through a combination of techniques 
including immunostaining for known germline-specific proteins, lineage tracing experiments, 
and detection of known molecular markers that are unique to the germline. Germline cells, at 
certain stages can be labeled with alkaline phosphatase staining. One defining feature of 
germline cells that stands them apart from nearly any other somatic cell type is that they contain 
a germline-specific organelle that tend to localize just outside the nucleus. This organelle tends 
to be electron-dense and can be identified through transmission electron microscopy (TEM). 
This membraneless organelle comes in many disguises or names: nuage, mitochondrial cloud, 
balbani body, P-body, with the most common being germ granules. This nuage, houses RNAs 
and proteins (RNPs) which are involved in maintaining the germline’s identity and it is likely 
primarily post-transcriptional regulation that is occurring (Voronina et al., 2011). One of the 
most well studied and most conserved germline markers is the DEAD-box RNA helicase, Vasa. 
Other commonly used markers are nanos, piwi, tudor, and gustavus. Some of these additional 
markers will be discussed in more detail in the next chapter. 

 
Over the span of millions of years, organisms have evolved different strategies for making 

their germline. There is a diversity of ways the germline can be specified and variation in the 
timing but there are two distinct methods of germline specification (Extavour and Akam, 2003). 
The first way, which has been classically named preformation usually involves specification 
during early embryogenesis because it involves segregation of specialized maternally deposited 
cytoplasm commonly called germ plasm. This germ plasm includes mRNAs and proteins that 
define the cell that inherits this specialized cytoplasm as a PGC. Through preformation, the 
germline is set aside from its somatic counterparts early in embryogenesis. Its descendant lineage 
remain separate, from embryo to adult. The alternative method, which was historically called 
epigenesis, is an inductive mechanism that involves cell-cell communication and specification of 
a somatic cell into a germline fate. This second method, which is a zygotic inductive mechanism, 
tends to occur during early embryogenesis. There are several species that do not fit into either 
mode of germline specification. Many of these organisms have pluripotent stem cell populations, 
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capable of producing both somatic and germline lineages, which allows some to even specify 
their germline post-embryonically. However, like the two previous mentioned methods, this third 
method still involves many of the same germline-related genes. Interestingly, many of these 
pluripotent stem cells express many of these conserved germline genes (Juliano et al., 2010). 

 
Germ plasm 

Several genetic and developmental model organisms like Caenorhabditis elegans, 
Drosophila melanogaster, Xenopus laevis, and Danio rerio are known to use the preformation 
mechanism. This mechanism involves segregation of the maternally deposited germ plasm very 
early in embryogenesis (usually before gastrulation) to the PGCs, which allows for the germline 
to segregate from the soma very early on. In the case of Drosophila, this germ plasm, called pole 
plasm, localizes to the posterior pole, before fertilization. The posterior cells that inherit this pole 
plasm, known as the pole cells, become PGCs (reviewed in Saffman and Lasko, 1999). In fact, 
transplantation experiments have shown that pole plasm is a bona fide germline determinant 
(Illmensee and Mahowald, 1974). In C. elegans, electron-dense P granules, which are 
synonymous to the previously mentioned nuage, are equally distributed throughout the egg. 
However when fertilization occurs, the P granules are asymmetrically segregated to the P4 
blastomere, which is the PGC (Strome and Wood, 1982). In X. laevis, the electron-dense germ 
plasm starts out at the vegetal pole of the egg, which also includes the mitochondrial cloud. At 
least in Xenopus, the germ plasm is also very rich in mitochondria, and can be traced with 
Mitotracker during early embryogenesis (Robb et al., 1996). In Xenopus, this germ plasm 
disperses and gets a fragmented pattern, and asymmetrical divisions result in the PGCs being the 
sole inheritors of the germ plasm (Whitington and Dixon, 1975). In D. rerio, the germ plasm 
initially localizes to the first and second cleavage furrows, but by the 32-cell stage, the germ 
plasm localizes to the four PGCs (Knaut et al., 2000). 

 
Zygotic induction 

In some species the germline is specified by a zygotic signal that switches a somatic cell 
into a germline fate. Bone morphogenetic protein (BMP) signaling seems to be the common 
player in this germline induction in various species. In mice, signaling from the extraembryonic 
ectoderm is required for the specification of PGCs (Lawson et al., 1999). Just before and during 
gastrulation, the PGCs arise from the proximal epiblast cells (Lawson and Hage, 1994). At this 
stage, these PGCs are not completely segregated from the soma just yet, because these cells are 
still capable of giving rise to other cell types, like the extraembryonic mesoderm. This suggests 
that the epiblast cells at this stage still display pluripotency. Grafting experiments also show that 
there is nothing special about the proximal epiblast cells, if they are grafted more distally, they 
acquire somatic fates and the distal epiblast cells have the same capacity to become PGCs (Tam 
and Zhou, 1996). These experiments suggested that a signal is indeed necessary for instructing 
these epiblast cells into a germline fate. Ligands from the BMP class of transforming growth 
factor beta (TGF-beta) superfamily signaling proteins are required for the induction of epiblast 
cells to a PGC fate (Lawson et al., 1999; Ying, 2001; Ying et al., 2001). Axolotl germline 
specification also appears to involve an inductive mechanism; their germline come from the 
lateral plate mesoderm (Humphrey, 1925). The signal appears to come from the ventral 
endoderm (reviewed in Johnson et al., 2003). Any cell coming from the animal half of the 
blastula is competent to become PGCs (Sutasurja and Nieuwkoop, 1974). Studies have suggested 
that BMPs may be involved in axolotl PGC fate (reviewed in Johnson et al., 2003). It was 
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previously thought that this inductive mechanism may be a feature that evolved within the 
vertebrates, however it is now coming into light that invertebrates can also use an inductive 
mechanism for germline specification. Germ plasm has not been found in the leech Helobdella 
robusta and it is known that PGCs do not segregate fully from other lineages until several rounds 
of mitosis. Interestingly, the leech PGCs are derived from segmental mesoderm during 
embryogenesis (Kang et al., 2002). Expression patterns of vasa and nanos in developing rotifer 
embryos suggest that these lophotrochozoans use zygotic induction for germline specification 
(Smith et al., 2010). No evidence of germ plasm has been identified in the embryos of the 
centipede Strigamia maritima and based on ubiquitous expression of germline markers it is 
suggested that this arthropod species may also utilize an inductive germline specification 
program (Green and Akam, 2014). Finally, a recent study in the cricket reveals that they lack 
germ plasm and specify their germline at least in part through BMP-like signaling (Ben Ewen-
Campen et al., 2013; Donoughe et al., 2014).  

 
Pluripotent progenitors and regeneration 

Interestingly, some animals use specialized pluripotent stem cell populations to specify 
their germline. Pluripotent stem cells have the capacity to give rise to virtually any cell type from 
any of the three germ layers, including the germline. In this dissertation, multipotent stem cells 
are defined as cells that can give rise to any cell type other than the germline. Poriferans, 
Ctenophores, Cnidarians, and some lophotrochozoans can produce germline cells from 
pluripotent stem cells (Juliano et al., 2010). It is argued that some these pluripotent stem cells 
should be renamed primordial stem cells, and that these cell types likely carry germ plasm since 
they have both the potential to give rise to germline and somatic cells (Solana, 2013). Many of 
these organisms that use pluripotent stem cells are indirect developers that have to undergo 
metamorphosis before reaching their adult form. In sea urchins, the small micromeres that form 
at the fifth division give rise to both somatic lineages and the germline (Yajima, 2011). Many 
species containing pluripotent stem cells also display the remarkable ability to perform extensive 
whole-body regeneration. For example, cnidarians have pluripotent Interstitial (I) cells that are 
known to give rise to both germline and nematocytes (Eddy, 1976). Poriferans have pluripotent 
cells called archaeocytes that give rise to both germline and somatic cell types. It is also 
suggested that ctenophores may specify their germline from the meridional canal endoderm in a 
post-embryonic stage via an inductive mechanism (Extavour and Akam, 2003).  

 
In 1902, the great geneticist Thomas Hunt Morgan cut off the head of a planarian that was 

devoid of reproductive tissue; this head fragment not only grew into a completely new body, but 
also regenerated the germline. From this experiment Morgan concluded that the germline could 
come from somatic cell types. In planarians the neoblast cells, which are the pluripotent stem 
cells appear to be the source of replacement germline. Interestingly, these neoblast cells resemble 
the germline in that they also contain electron-dense nuage organelles, which have been named 
chromatoid bodies (Rouhana et al., 2012). Although it is clear that neoblast cells can give rise to 
replacement germline, germline specification in planarians may also require an inductive signal, 
but the nature of this signal is still unclear (Newmark et al., 2008). These pluripotent cells also 
appear to be germline-like in that they also have specialized electron-dense organelles just 
outside the nucleus called nuage. Moreover, germ plasm components appear to be expressed in 
the pluripotent stem cells of these animals. This has been observed in the I-cells of hydrozoans 
(Kato et al., 2013), in the mesodermal growth zone (MPGZ) in polychaetes (Rebscher et al., 
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2007; 2012), as well as in the neoblast cells of planarians (Guo et al., 2006; Reddien et al., 2005; 
Solana et al., 2009; 2012). Some of the common genes expressed in both germline and 
pluripotent stem cells are vasa, piwi, and nanos. These observations lead to the idea of a 
conserved germline multipotency program that functions in both germline and somatic 
pluripotent cells (Juliano et al., 2010). One could reason that if these pluripotent cells are indeed 
capable of regenerating germline cells, they should express germline-related genes. 

 
Germline specification and regeneration in Parhyale 

One fundamental feature of Parhyale embryogenesis is that it displays early restriction of 
cell fate. At the eight-cell stage, each blastomere contributes to a specific germ layer: there are 
three mesodermal blastomeres (ml, mr, Mav), three ectodermal blastomeres (El, Er, Ep), one 
endodermal blastomere (en), and finally, the germline (g) blastomere that gives rise exclusively 
to the embryonic PGCs (Gerberding et al., 2002). This makes it very convenient to do lineage-
tracing studies and targeted ablations of specific lineages through microinjection of a fluorescent 
dye, genetic construct, or ablation cocktail into one or more of these early blastomeres. It has 
been suggested that Parhyale germline specification requires a cell-autonomous mechanisms 
since isolated g micromeres, in the absence of contact with other blastomeres, can autonomously 
proliferate to generate additional germline cells, suggesting that Parhyale uses a maternal 
segregant (Extavour, 2005). Indeed, it appears that germ plasm exists in Parhyale and that beta-
catenin mRNA is a component of this germ plasm since it segregates asymmetrically in a 
centrosome-dependent manner to the g-micromere and its lineage (Melinda, 2007). A More 
recent study suggests that upon removal of the germ plasm in Parhyale, the embryo fails to 
maintain a germline lineage (Gupta and Extavour, 2013). This study also claims that Parhyale 
vasa (Ph-vasa) is also a component of this germ plasm, however this result is in disagreement 
with previous results showing that Ph-vasa mRNA is initially expressed throughout the embryo 
and only until later stages does it get restricted to the germline (Özhan-Kizil et al., 2009). 
Parhyale also displays intra-germ layer compensation for the ectodermal and mesodermal 
lineages, where if a blastomere is ablated its missing lineage is replaced by cells from an 
equivalent lineage group (Price et al., 2010). So far, this early compensation has not been 
observed for the endodermal lineages as well as the germline or “g” lineage. However, Parhyale 
has the remarkable ability to regenerate their germline (Modrell and Winchell et al., manuscript 
in preparation).  

 
Organisms that possess whole-body regeneration can ultimately replace any cell type, 

including the germline. For example, oligochaete worms can regenerate their germline, but they 
can regenerate whole parts of their body (Tadokoro et al., 2006). However, there are a few 
known cases of germline regeneration in organisms, which are not known to have these 
pluripotent savior cells. For example, a study on C. elegans mutants with increased longevity 
revealed that these near to immortalized soma cells were activating germline-associated genes, 
except that these soma cells were not actually functioning as germline cells (Curran et al., 2009). 
There is also the case of germline regeneration in Ciona intestinalis, however it has not been 
shown if these replacement germline can actually function as sperm or egg cells (Kawamura et 
al., 2011). Many crustaceans like Parhyale are able to regenerate limbs and a recent study 
investigated limb regeneration in Parhyale, showing that at least for muscle regeneration in the 
limb, satellite-like stem cells (which were originally thought to be vertebrate-specific) are the 
likely source of replacement (Konstantinides and Averof, 2014).  
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Parhyale does not exhibit extensive regeneration, but its uniqueness can be attributed to its 

ability to replace its germline postembryonically. When the PGCs are ablated, up to the 
germband stage, the PGCs are absent for the remainder of embryogenesis. Surprisingly these g-
ablated Parhyale are fertile as adults. Expression of vasa mRNA and protein suggests that the 
germline replacement occurs 2-4 weeks post-hatching, in g-ablated juveniles (Melinda, 2007).  
Genetic lineage tracing experiments have revealed that the somatic portions of the gonads are 
mesodermally derived and that mesodermal lineages are responsible for the replacement 
germline (Modrell and Winchell et al., manuscript in preparation).  Based on these results, and 
that germline replacement occurs post-embryonically, we posit that the replacement cells likely 
come from a mesodermally-derived adult somatic gonadal cell.  This replacement process likely 
involves an inductive signal to instruct certain somatic gonadal cells into a germline fate. From 
an evolutionary standpoint, Parhyale is interesting because we hypothesize that Parhyale posses 
both a maternal segregant method, but also a zygotic inductive mechanism. Because regeneration 
occurs post-embryonically and the source of replacement likely comes from the mesodermally-
derived somatic gonad, we hypothesize that the GSC niche may be important for germline 
replacement in Parhyale.  

 
GSCs, which continually replenish the pool of gametes within an individual’s life, rely on 

their somatic stem cell niche to continuously self-renew and produce gametes.  Close proximity 
to the niche and signaling from the stem cell niche are generally required for the maintenance of 
the GSCs. In D. melanogaster, Decapentaplegic (Dpp) signaling from the somatic niche cells is 
necessary for the maintenance of the GSCs (Xie and Spradling, 1998). The GSC niche has been 
extensively studied in Drosophila. While flies cannot regenerate their germline per se, 
differentiating germline cysts can de-differentiate into GSCs if dpp is overexpressed in somatic 
cells of the niche (Kai and Spradling, 2004). Additionally when the GSCs are genetically ablated 
by overexpression of differentiation factor bag-of-marbles (bam), somatic cells and stem cells 
within the ovariole respond to Dpp signaling from the niche by proliferating and entering the 
GSC niche (Kai and Spradling, 2003). However, these somatic cells that enter the niche are not 
induced into a germline fate. I hypothesized that in g-ablated Parhyale juveniles, a signal 
emanating from the empty GSC niche actively recruits surrounding somatic gonadal cells to 
transdifferentiate into GSCs. Since the somatic portion of the gonad develops separately from the 
germline, I reasoned that the somatic portion of the Parhyale GSC niche develops normally and 
functions similarly to a wildtype niche, except that the germline cells are missing. Indeed, at least 
in Drosophila, the GSC niche is robust and can develop in the absence of germ cells (Fielding, 
1967; Engstrom et al., 1982). Identifying the signaling systems active within the niche and 
locating the source of the replacement cells within the somatic gonad is important to 
understanding how the germline is replaced post-embryonically.  

 
It is this remarkable ability for Parhyale to regenerate its germline that influenced the 

primary questions this Dissertation sought to answer. Where is the GSC niche in adult Parhyale 
ovaries? Are there molecular markers, which can be used to characterize it? I used a combination 
of immunostaining, in situ hybridization (ISH), and cell division labeling to address this 
question. Locating the position of the GSC niche in Parhyale is important for gaining a better 
understanding of how these crustaceans regenerate their germline post-embryonically. Another 
goal of this dissertation was to test the role of BMP signaling in germline maintenance and 
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potentially germline regeneration in Parhyale. Finding which signaling mechanisms play a role 
in these biological processes will give us a better understanding of the control of germline 
maintenance and replacement in an organism without extensive regeneration. In the conclusions 
chapter, I summarize my results and suggest future directions for studying the GSC niche and 
germline regeneration in Parhyale. 
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Chapter II: Germline-specific genes and proteins in Parhyale 
 
Summary 
 

In this section of my Dissertation, I describe the expression pattern of several genes and 
proteins in Parhyale gonads. I have generated a polyclonal antibody to Parhyale Vasa, which has 
been extremely useful for experiments presented not only in this chapter but also in all of the 
chapters. I isolated additional germline markers and performed ISH to describe their expression 
patterns in embryos and adults: Ph-gustavus, Ph-tudor, Ph-piwi1, and Ph-piwi2. I also identified 
a cross-reactive rabbit anti-Piwi antibody that stains germline and potentially somatic cells in 
Parhyale. Having additional germline markers will give us a better idea of how conserved these 
genes are in a non-insect arthropod but it will also provide us a way to better understand 
germline regeneration in Parhyale. 

 
Introduction 

 
Germline cells are typically viewed as being transcriptionally or translationally quiescent, 

to preserve their “potency” and to prevent the germline from taking the transition that is 
generally a point of no return, towards terminal differentiation (Nakamura and Seydoux, 2008; 
Nakamura et al., 2010a; Juliano et al., 2010). Although many somatic differentiation genes are 
transcriptionally and translationally silenced in the germline, these cells do express several 
conserved genes, some of which are included in the Germline Multipotency Program proposed 
by Gary Wessel (Juliano et al., 2010). Many of these well-conserved genes including nanos, 
vasa, tudor, and gustavus were isolated from large-scale genetic screen for maternal-effect lethal 
mutation. Some of these mutants had the grandchildless phenotype, which resulted in a female 
mutant producing offspring that were sterile, because the embryos failed to develop properly and 
develop proper germline. Thus some of these mutants were named after entire extinct royal 
European families or members of these families. In a general sense, these genes function by 
maintaining the totipotency of the germline, from embryogenesis to adulthood (Seydoux and 
Braun, 2006). These proteins serve to protect and maintain the potency of germline cells. 

 
Vasa proteins 

Vasa is perhaps the most well known and most widely used marker for germline cells in 
animals. Vasa proteins are RNA helicases that are ATP-dependent and belong to the family of 
DEAD box containing helicases (Linder et al., 1989; Linder and Lasko, 2006). These DEAD box 
containing helicases are usually involved in RNA metabolism. In Drosophila it is known to be a 
component of maternally provided germline determinant (germ plasm), which segregates to the 
pole cells or PGCs in embryos. In vasa mutants, PGCs are absent or defective (Lasko and 
Ashburner, 1988). In many other metazoan species vasa also plays an important conserved role 
in germline maintenance and localizes to the germline-specific organelle, the nuage (reviewed in 
Raz, 2000; Gustafson and Wessel, 2010). In mice, the vasa homolog mvh is expressed in PGCs 
(Toyooka et al., 2000). Mvh expression is also detectable in adult germline of both males and 
females, however it is only required for spermatogenesis (Tanaka et al., 2000). The expression of 
vasa has been described in the freshwater prawn (Qiu et al., 2013). Vasa expression has also 
been detected in stem cells in a colonial species of barnacle (Shukalyuk et al., 2007). Among 
crustaceans, the expression of vasa has been best characterized in Parhyale. The full length 
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sequence of Ph-vasa was cloned by Melinda Modrell (Melinda, 2007). Based on ISH 
experiments it was shown that Ph-vasa is expressed in PGCs and in adult germline (Melinda, 
2007). Morpholino knockdown experiments in Parhyale embryos have also revealed that Ph-
vasa is important for the maintenance of the PGCs but not for the specification of the germline 
(Özhan-Kizil et al., 2009).  

 
Given that Vasa is an RNA-helicase, it is thought to function via translational regulation 

(Raz, 2000). However, some mechanistic functions of this protein remain a mystery. Vasa can 
bind to RNA in vitro, but so far it is unknown if binds to mRNAs in vivo. Part of the difficulty is 
that the function of DEAD-box proteins depend on the additional factors that interact with them 
(Sengoku et al., 2006). Vasa typically localizes to the perinuclear localized nuages, however in 
some cases, Vasa protein has been shown to associate with microtubules and chromatin during 
mitosis. It has been revealed in a few species so far that vasa also plays an important role in cell 
cycle regulation (Yajima and Wessel, 2011b). In early developing sea urchins, vasa is expressed 
uniformly and it is necessary for proper cell cycle progression (Yajima and Wessel, 2011a). 
Additionally, at this very early stage of development, Vasa protein levels oscillate during the 
mitotic cell cycle and interestingly localizes to microtubules located at the vegetal pole during 
asymmetric division (Yajima and Wessel, 2011a). RNAi experiments have also suggested a 
mitotic role for vasa and another conserved germline gene, piwi in the spider Parasteatoda 
tepidariorum (Schwager et al., 2014). Finally, vasa is required for mitotic chromosome 
condensation in Drosophila GSCs by indirectly interacting with chromatin via an interaction 
with Barr, a Condensin 1 complex component that is required for proper chromosome 
segregation (Pek and Kai, 2011). Several other germline-specific proteins are known to interact 
with Vasa either directly or in the form of a complex. 

 
Gustavus and tudor genes 

Gustavus is a SOCS-box/SPRY-domain gene that encodes an E3 ubiquitin ligase. It was 
first identified as binding to Drosophila Vasa and necessary for proper localization of Vasa 
protein to the posterior pole cells (Styhler et al., 2002). In early sea urchin embryos, although 
vasa transcripts are present everywhere, Vasa protein is enriched in the small micromeres that 
give rise to progenitors that give rise to the PGCs. Gustavus is necessary for the proper 
localization of Vasa protein in Sea Urchin embryos, and in vitro binding analysis shows that 
Gustavus indeed binds to the N-terminal and DEAD box domains on Vasa (Gustafson et al., 
2011). In zebrafish, a gustavus homolog, ssb-4 localizes to the PGCs during embryogenesis (Li 
et al., 2009). A gustavus homolog has been isolated in the Oriental River Prawn Macrobrachium 
nipponense and based on its expression levels in ovaries it is suggested to play a role in 
oogenesis (Zhang et al., 2011). Finally, two gustavus homologs exist in mice, ssb-1 and ssb-4. 
While these genes are expressed in ovaries they are not present in oocytes. Instead they are 
expressed in the somatic granulosa cells of the ovaries, however the expression of these gustavus 
homologs have not been investigated in the embryonic PGCs (Xing et al., 2006). 

 
Tudor genes are another conserved component of the nuage (Thomson and Lasko, 2004). 

These proteins contain conserved Tudor domains. The first tudor mutant was identified by Eric 
Wieschaus and Christiane Nüsslein-Volhard (Boswell and Mahowald, 1985). Tudor domains 
indeed localize to the nuage of the germline in flies, zebrafish, and mice (reviewed in Arkov, 
2006). At the molecular level, the Tudor domain is predicted to interact with methylated 
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arginines and lysine residues, including Sm proteins, components of the spliceosome. 
Interestingly, Sm proteins have been found to localize to the nuage in mice, Xenopus, and C. 
elegans (Thomson and Lasko, 2005). Aside from their essential role in the spliceosome, recent 
experiments have highlighted a novel non-splicing function of Sm proteins in germline 
specification. For example, in C. elegans when Sm proteins (which do localize to the nuage in 
PGCs) are depleted, the PGCs are lost (Barbee et al., 2002; Barbee and Evans, 2006). More 
recently, in Drosophila it has been revealed that some of the Sm proteins are necessary for 
formation of the PGCs. Specifically, SmB and SmD3 form part of the oskar messenger 
ribonucleoprotein (mRNP). These Sm proteins mediate localization of oskar mRNA towards the 
posterior pole of the Drosophila embryo, which is necessary for PGC specification (Gonsalvez et 
al., 2010). Thus, Tudor proteins and their interactions with Sm proteins are important for the 
function of the nuage and likely the RNP-complexes that function in the nuage. Tudor is also 
known to interact with another conserved germline component, Piwi, which interacts with 
piRNAs. Piwi proteins require symmetrically methylated arginine residues in order for proper 
interaction with Tudor proteins, which is important for their localization to the nuage (Vagin et 
al., 2009; Kirino et al., 2009). In zebrafish, tudor1 (tdrd1) acts as a molecular scaffold for Piwi 
proteins (Huang et al., 2011). 

 
Piwi proteins, their role in germline maintenance, and implications in regeneration 

Piwi got it’s name back in the mid 90’s when Spradling’s group identified a mutation that 
resulted in severe defects of spermatogenesis in Drosophila testes and loss of GSCs, which was 
appropriately name p-element Induced Wimpy Testes or piwi (Lin and Spradling, 1997). Piwi 
proteins belong to the Argonaute (AGO) family of proteins and they all share the ability to 
handle and modify various non-coding RNAs. In general, these proteins contain three conserved 
protein domains: a PAZ protein domain that usually functions as a binding domain for the 3’ end 
of non-coding RNA, a MID domain that binds to the 5’ end of non-coding RNA, and finally a 
PIWI domain that has an RNase H-like fold and likely has slicer activity (reviewed in Peters and 
Meister, 2007; Thomson and Lin, 2009). The AGO family is divided into two sub-families, the 
AGO subfamily that associate with microRNA biogenesis and the PIWI subfamily which are 
usually associated with the germline and piRNA biogenesis (Carmell et al., 2002). Traditionally, 
it was proposed that the mechanistic function of Piwi proteins as regulators of transposons 
primarily in the germline through silencing via piRNAs (Siomi et al., 2010; 2011).  

 
Piwi genes are known to play an important role in germline specification and maintenance 

in Drosophila embryos (Megosh et al., 2006; Harris and Macdonald, 2001). The mouse genome 
contains three piwi homologs, mili, miwi, and miwi2. These mouse piwi homologs are all 
expressed in mouse testes and are all necessary for proper spermatogenesis but have no effect on 
female oogenesis (Deng and Lin, 2002; Kuramochi-Miyagawa, 2004; Carmell et al., 2007). Of 
the three mouse piwi paralogs, only mili is expressed in mouse oocytes and embryonic PGCs 
(Kuramochi-Miyagawa et al., 2001; Watanabe et al., 2008; Carmell et al., 2007). Piwi proteins 
have also been characterized in aquatic vertebrates like zebrafish and frogs (Houwing et al., 
2007; 2008; Wilczynska et al., 2009). Zebrafish have two Piwi-like proteins: Ziwi and Zili 
(Houwing et al., 2007; 2008). Based on its expression in early zebrafish embryos, ziwi appears to 
be maternally deposited, however it does not become restricted to the germline until later stages 
of embryogenesis where it colocalizes with zebrafish vasa in nuage-like structures. Zebrafish 
ziwi mutants develop wildtype germline during embryogenesis, however their germline are prone 
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to apoptosis and these mutants become sterile (Houwing et al., 2007). Zili expression appears to 
be an adult specific germline marker where it is expressed in germline cells in both testes and 
ovaries. Zili-null zebrafish reveal that zili may function in GSC maintenance (Houwing et al., 
2008). Four piwi-like genes have been identified in Xenopus, however only two of them, xiwi1 
and xili are expressed in oocytes. Experiments show that xiwi1 interacts with small RNAs, 
providing further evidence that xiwi1 is functioning as a Piwi protein in these sex cells 
(Wilczynska et al., 2009). However, Piwi proteins are also present in somatic cells.  

 
In Drosophila there are three piwi paralogs: piwi, aubergine (aub), and argonaute3 (ago3). 

All three piwi paralogs are expressed in the ovarian germline, however piwi is also expressed in 
the somatic portion of the ovaries and testes (Brennecke et al., 2007). The expression of piwi in 
the terminal filaments is important for controlling division of GSCs (Cox et al., 1998). Piwi is 
autonomously important in GSCs for their maintenance and expression on piwi in escort cells in 
the anterior region of the germarium, are important for the survival of the escort cells and for the 
development of the germline (Ma et al., 2014). It has been demonstrated that different piRNA 
clusters are activated between germline and somatic cells in the fly ovary (Malone et al., 2009). 
Aside from its major role in germline maintenance, piwi has also been implicated in 
regeneration. It is a common marker of pluripotent stem cells in animals with extensive 
regenerative capabilities. The neoblast cells of planarians express all three piwi genes: smedwi-1, 
smedwi-2, and smedwi-3. Of the three piwi-like genes, only smedwi-2 and smedwi-3 are 
necessary for neoblast maintenance and knockdown of either of these piwi paralogs results in a 
reduction of piRNAs and defective regeneration (Reddien et al., 2005; Palakodeti et al., 2008). 
Piwi-like transcripts have been detected in the neoblast cells of two other flatworm species, 
Dugesia japonica and Macrostomum lignano (Mulder et al., 2009; Rossi et al., 2006). More 
recently, a piwi-like gene was found to be expressed in neoblast cells of an acoel worm Hofstenia 
miamia, and it was found that piwi1 was necessary for Hofstenia regeneration (Srivastava et al., 
2014). As mentioned in chapter I, cnidarians have pluripotent cells that can give rise to a 
diversity of cells types including the germline. In Hydra, these I-cells contain Piwi proteins along 
with Tudor-like proteins (Lim et al., 2014; Juliano et al., 2014). 

 
In this chapter, I report the isolation and expression pattern of several conserved germline-

related genes in Parhyale. Expression of Ph-gustavus, Ph-tudor, Ph-piwi1, and Ph-piwi2 has 
been detected in ovarian germline. Out of all these genes, Ph-piwi1 is expressed in germband 
stage embryos.  I have identified a polyclonal rabbit anti-Piwi antibody that labels germline cells 
in both embryos and in adult ovaries and potentially in somatic cells. I also generated a 
polyclonal antibody in rat to Ph-Vasa, which labels the germline in both males and females in 
various life stages of Parhyale. Finally, I discuss the importance of identifying additional 
germline markers for their implications in post-embryonic germline replacement. 

 
Materials and methods 

 
Parhyale husbandry, dissection, and fixation 

 In general, most animal husbandry, fixation and dissections were performed according to 
published protocols (Rehm et al., 2009d). Animals were collected from the Patel lab breeding 
cultures. Animals were anesthetized in a clove oil solution for 8-10 minutes (10 microliters clove 
oil in 50 milliliters filtered seawater). For embryo collection, females were anesthetized and 
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embryos were gently scooped out from the brood pouch using forceps and a modified glass 
pasture pipette that was carefully melted and shaped into a “rake” under a low-flame bunsen 
burner. Embryos were grown in filtered artificial seawater (32% salinity) and embryonic stages 
were determined according to (Browne et al., 2005). 

 
Dissection and fixation of embryos 

Germband stage embryos were dissected with care using sharpened tungsten needles 
(Rehm et al., 2009b). The embryos were dissected according to a protocol first described in 
(Chaw and Patel, 2012). The embryos were swirled and incubated in a high salt fixation solution 
(8 parts Artificial Sea Water, 1 part 10x PBS, 1 part 37% Paraformaldehyde) for one minute. 
This initial swirling makes the tissue shrink from the membranes, making it easier to dissect 
them off. The rest of the dissection protocol follows (Rehm et al., 2009b).  For antibody staining, 
the embryos were fixed for 25-30 minutes, whereas for ISH, embryos were fixed for at least one 
hour. 

 
Dissection of gonads 

Before dissection, males and females were anesthetized. Ovaries and testes were dissected 
from adult females and males using dissecting forceps. The dissections were carried out in a 
fixation solution (9 parts PEM, 1 part 37% Paraformaldehyde). An instructional video on how to 
dissect the ovaries is available online (https://www.youtube.com/watch?v=QtUhaWNSxRk). 
Dissection of the testes is carried out similarly, however the testes are more difficult to identify. 
Both the testes and ovaries tend to have fatty tissue in between the two gonads. This is especially 
helpful for finding the testes during a dissection. For antibody staining, the gonads were fixed in 
the same dissection fixation solution  (9 parts PEM, 1 part 37% Paraformaldehyde) for 20-30 
minutes and for ISH they were fixed for at least 1 hour. After fixation the tissues are washed 
three times in PT over a span of 30 minutes before continuing either the antibody stain or ISH. 

 
Ablation of the g micromere in Parhyale embryos 

I collected 8-cell stage embryos and injected a cocktail of RNAse and DNAse into the g 
micromere. The ablation cocktail consisted of 43.5 microliters of double-deionized water 
(MilliQ), 1 microliter of RNAse A, 1 microliter of DNAse and 5 microliters of FITC-dextran 
(Sigma). After injections of the g were done, each embryo was carefully screened under the 
Zeiss Lumar fluorescent scope with the GFP filter to ensure that the g micromere was targeted. 

 
Immunofluorescence 

Antibody stains were carried out according to published protocols (Rehm et al., 2009a). 
Most washes and stains were carried out in 1.5 ml tubes in a volume of 500 microliters. 
However, if the antibody was an expensive commercial antibody a smaller volume was used to 
be economical. The primary antibodies used were rat anti-Ph-Vasa at a dilution of 1:1000-
1:2000, and rabbit anti-Piwi (ab5207, Abcam) at a dilution of 1:250. Fluorescently-tagged 
secondary antibodies (Abcam) were used at a dilution of 1:500 

 
Microscopy 

Most images were taken on a Confocal Laser Scanning Microscope, the Zeiss-700 
Observer 2.1, nicknamed “Lakshmi”. The software used to obtain the images was the Zeiss ZEN 
2010 hardware. All image rendering was done using Volocity Version 6.0 software, Photoshop, 
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and finally illustrator to generate figures. 
 

Whole mount ISH 
Histochemical ISH was performed as described (Rehm et al., 2009c). digoxigenin or 

fluorescein-labeled antisense and sense ribroprobes for genes of interest were synthesized using 
T7, Sp6, or T3 polymerases (Roche) and then diluted and stored in either hybridization buffer or 
DEPC treated water at −80 degrees Celsius. For fluorescent ISH, the methods described in 
(Hannibal et al., 2012) were used. 

 
ISH followed by antibody stain protocol 

Previous methods have been described for dual fluorescence of protein and RNA 
(Toledano et al., 2012). Performing ISH followed by Vasa antibody stains was very useful in 
determining where in the gonad these genes are expressed. Briefly, the ISH protocol was 
followed as usual, with the slight modification to the second day of the protocol. Instead of just 
adding the primary anti-DIG antibody, the other primary antibody was also added at the same 
time. In most cases, this additional primary antibody was the rat anti-Ph-Vasa antibody I 
generated. Then on the third day the ISH reaction was performed, followed by the 2-hour 
secondary fluorescent antibody incubation. Subsequent steps of the antibody staining protocol 
were continued from that point. 

 
Cloning of additional germline markers 

Using cDNA from ovaries, partial mRNA sequence of Ph-piwi1 was cloned with the 
following degenerate primers: forward primer 5’-ACN GGN YTN ACN GAY GAR ATG-3’ and 
reverse primer 5’-NGC NAR YTT RTG NGC RTA YTG-3’.  The Genbank accession number 
for Ph-piwi1 is KJ879239 and its identity has been sequestered until July 1, 2015 or until it 
appears in a publication. A fragment of Ph-gustavus was cloned via degenerate PCR with the 
following primers: forward outer 5’-AAY ATH TTY GTN AAR GAY GAY-3’ forward inner 
5’-ACN TTY CAY MGN CAY CCN GTN-3’, reverse inner 5’-NCC CCA NAC NGC NSW 
NAC DAT-3’, and reverse outer 5’-NGG RTC NAG NCC NCC DAT RTA-3’. Using an EST 
database for Parhyale, (http://genome.jgi-psf.org/parha/parha.home.html) I found a tudor 
homolog. For Ph-tudor, gene specific primers were designed: forward primer 5’-CTG CTC CGT 
CTC CAA ATG TT-3’ and reverse primer 5’-GGA CAC CTG ATG CCA GAG AT-3’. I 
screened Publicly available transcriptomes for additional germline candidates (Zeng and 
Extavour, 2012; Zeng et al., 2011; Blythe et al., 2012). I identified Ph-piwi2 by screening a 
transcriptome generated by Heather Bruce and assembled with the help of Jessen Bredeson. I 
screened genes by running either blastn or tblastn locally (on a desktop in the lab) with a query 
of either mRNA sequence or amino acid sequence of a homolog from an arthropod, downloaded 
from the online NCBI database.  

 
Protein domains were identified using the Simple Modular Architecture Research Tool 

(SMART) server (Schultz et al., 2000). Additional sequence was achieved using 5’ and 3’ RACE 
(Ambion FirstChoice RLM-RACE kit). In general molecular cloning used the Pdrive system 
(Qiagen). Total RNA was isolated from either Parhyale ovaries or a range of embryos (S1-S24) 
using Trizol reagent (Gibco). First strand cDNA synthesis was done using the Superscript III 
First-strand kit (Invitrogen). 
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Phylogenetic analysis 
Additional piwi-like genes were identified from a Parhyale transcriptome. Phylogenetic 

analysis of these genes reveals that at least two piwi-subfamily genes exist in the Parhyale 
genome. Alignments of amino acid sequence was performed using MEGA software (Hall, 2013; 
Tamura et al., 2013). Maximum Likelihood method was used to estimate the tree based on 
rtREV + G model. Analysis involved 43 amino acid sequences and a total of 150 amino acid 
positions from the PIWI protein domain. Bootstrap support values (in percent) are based on 250 
replicates. 

 
Antibody production 

I generated a polyclonal antibody in rat to Ph-Vasa (rat anti-Ph-Vasa). The antibody was 
generated using a TrpE-Vasa fusion protein containing amino acids 162-707 of Ph-Vasa, which 
was expressed from a pATH vector in XL1 blue bacteria (Koerner et al., 1991). Expression and 
purification of the fusion protein was carried out as described previously (Patel et al., 1992) and 
injected into rats for immunization (Covance Immunology Services). A 69 day regimen of 
injections for rat immunization was used. The sequence of Ph-Vasa used to make the antibody is 
546 amino acids long and it contains two zinc finger domains, DEAD-like helicase superfamily 
domain, and helicase superfamily c-terminal domain (Appendix A). All antibody stains labeling 
Vasa in this dissertation were done using the rat anti-Ph-Vasa antibody. 

 
Control experiments were done to ensure that the rat anti-Ph-Vasa targets the Ph-Vasa 

sequence in the TrpE-Vasa fusion protein. Briefly, the rat anti-Ph-Vasa antibody was diluted 10-
fold and incubated with TrpE-Vasa fusion protein, which was at a concentration of 1milligram 
per milliliter. After 12 hours of incubation, the antibody/fusion protein mixture was diluted to the 
optimal dilution for the anti-Ph-Vasa antibody at 1:2000. This diluted mixture was then used as a 
primary antibody stain for ovaries, testes, and embryos. A positive control of using rat anti-Ph-
Vasa (1:2000) and a negative control of just secondary (1:500) were done alongside this 
experiment. As expected, the antibody stains using the primary antibody incubated with the 
fusion protein yielded no signal. This provides evidence that the antibody recognizes Ph-Vasa in 
the fusion protein I generated (Appendix B). 

 
Results 

 
Rat anti-Ph-Vasa detects germline in Parhyale 

One issue with any antibody stain in ovaries is that oocytes are full of yolk, which tends to 
be auto-fluorescent when the laser or UV lamp intensity settings are intense enough on a 
microscope. As noted and discussed in (Haagsman, 2011), when only secondary antibody (a 
secondary rat IgM) was used, it virtually looked identical to the sample that was stained with 
both primary Vasa and secondary fluorescent antibody. Even a Drosophila-specific Ultrabithorax 
antibody stained the germline in the ovaries (Haagsman, 2011). Based on these results it was 
clear that the previous Vasa antibodies being used were not very specific to Ph-Vasa protein and 
germline. Marjolein Haagsman  designed the primers for cloning the region of Ph-Vasa to be 
used for making Vasa-fusion proteins, and I generated the Vasa-TrpE fusion protein and purified 
it for antibody production.  

 
This rat anti-Ph-Vasa antibody cleanly labels the germline in both ovaries and testes and it 
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has perinuclear localization. This antibody stains not only the developing oocytes but the smaller 
immature germline cells along the germline ridge of the ovaries (figures 2.1.a-c). It also labels 
the germline in the male testes (figure 2.1.f). This antibody has a very specific signal and works 
so well that it labels the germline in undissected whole hatchlings where antibody access is quite 
limited (figure 2.1.e). This antibody has proven to be very effective in labeling the germline at all 
stages (from embryo to adult) and has allowed me to identify the germline at various stages of 
gonad development (figures 2.1.a-e).  Furthermore, it will provide a convenient method of 
phenotyping animals for the presence of germline for functional experiments (see chapter IV). 

 
Both Ph-tudor and Ph-gustavus are expressed in ovarian germline 

Fluorescent ISH experiments revealed that both of these genes are expressed in the 
germline of ovaries (figure 2.2). Based on ISH experiments these two genes do not appear to be 
expressed in germband stage embryos (data not shown). However, it is possible that the embryos 
dissected for these experiments still had inner membrane or that the tissues were not reacted long 
enough. 

 
Cloning and phylogenetic analysis of piwi-like genes 

Ph-piwi1 was isolated via degenerate PCR. 5’ and 3’ RACE was performed to generate a 
near full coding sequence. The sequenced fragment contains a PAZ and PIWI domain (figure 
2.5). I identified two additional piwi-like genes by screening a transcriptome generated by 
Heather Bruce. Upon phylogenetic analysis of all three identified piwi-like genes, two of the 
three clustered to the Piwi protein sub-family clade, which included Ph-piwi1 and Ph-piwi2 
(figure 2.4). The third piwi-like homolog clustered to the Argonaute protein sub-family and was 
named agol1 (argonaute-like1). Based on phylogenetic analysis, because both Ph-piwi1 and Ph-
piwi2 clustered to the Piwi sub-family of proteins, I hypothesized that these two paralogs would 
likely be components of the Parhyale germline and would interact with piRNAs. On the other 
hand, based on the phylogenetic position of agol1, I reasoned that it would function in a more 
ubiquitous microRNA pathway. Based on my phylogenetic and sequence analysis I proceeded to 
clone Ph-piwi2 as an additional marker to investigate. For Ph-piwi2 I used gene specific primers 
and I was able to amplify a sequence that matched the RNA-seq assembled read from Heather 
Bruce’s transcriptome data set. 

 
Localization of a Piwi protein and expression pattern of Ph-piwi1 and Ph-piwi2 paralogs 

I identified a cross-reactive antibody that labels the germline in Parhyale embryos and 
ovaries. Stem cells traveling in the vasculature of a colonial tunicate contain Piwi proteins and a 
commercial antibody, rabbit polyclonal anti-Piwi (Abcam, Cambridge, MA; ab5207) labels these 
specialized stem cells (Brown et al., 2009). I found that a 1:250 dilution worked best for this 
antibody and it did indeed label the germline (figure 2.3.a). By performing double antibody 
stains for Vasa and Piwi, I was able to determine whether or not this commercial antibody labels 
Piwi proteins in Parhyale and if it is germline-specific. The rabbit anti-Piwi antibody labels the 
germline in adult ovaries, however not all germline cells appear to be Piwi positive. Some of the 
smaller immature germline cells appear to not contain Piwi protein (figure 2.3.a). This antibody 
also labels cells that are either PGCs or somatic cells closely associated with PGCS (figures 
2.3.c-e). Rabbit anti-Piwi also labels germline in 2 week old juvenile gonads, and interestingly 
also appears to label non-germline or somatic cells, based on the Vasa antibody stains (figure 
2.3.b). 
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Ph-piwi1 is expressed in PGCs in germband stage embryos and its expression is lost upon 

g-ablation, suggesting that this paralog may be important for the maintenance of embryonic 
PGCs (figures 2.6.a-b). Piwi1 is also expressed in the germline cells of ovaries (figure 2.6.c). No 
expression of Ph-piwi2 has been detected in germband stage embryos yet. Dissections of 
embryos are difficult and sometimes the ISH experiment does not work if some of the membrane 
is still attached to the embryo. It is also possible that these experiments were not reacted long 
enough. For example, it takes at least 24 hours of colormetric BCIP/NBT reaction to detect the 
signal of Ph-piwi1 mRNA in embryos. However, Ph-piwi2 is expressed in the germline cells of 
ovaries (figure 2.7). A dual fluorescent ISH followed by fluorescent antibody stain for Vasa was 
done to determine if Ph-piwi2 transcripts localize to the germline. Ph-piwi2 is expressed in both 
the larger oocytes as well as smaller immature germline within the germline ridge (figures 2.7.a-
d). 

 
Discussion 

 
Other than documenting the conservation of these germline-related genes in a non-insect 

arthropod, a major incentive for identifying additional germline markers was to test the 
hypothesis that germline respecification occurred post-embryonically. In g-ablated embryos, 
replacement of the germline does not occur until sometime between 2-4 weeks post-hatching. 
This was validated by Ph-vasa ISH (Melinda, 2007). However it is possible that other germline-
related genes could be transcriptionally activated before Ph-vasa does. Of the genes that I cloned 
so far, only Ph-piwi1 is expressed in embryonic PGC clusters in germband stage embryos. 
However, like Ph-vasa, Ph-piwi1 expression is lost in g-ablated embryos, supporting the idea 
that the germline has not yet regenerated at this point of embryogenesis (figures 2.6.a-b). It 
would be interesting to g-ablate several embryos, grow them up to just before 2 weeks post-
hatching, and perform ISH on the gonads to test if any of these other germline markers are 
expressed before Ph-vasa is. 

 
Generation of the rat anti-Ph-Vasa antibody was very important for all the experiments 

done for this dissertation. This antibody can resolve the discrepancy between when and where 
Vasa protein is actually present in Parhyale embryos. A cross-reactive Rabbit For2 (anti-Vasa) 
antibody made to grasshopper Vasa (Chang et al., 2002) was used in Parhyale embryo stains to 
show that Vasa protein is absent until the 8-cell stage where the g-micromere contain a hint of or 
“barely detectable” Vasa protein (Extavour, 2005). However, another study used a cross-reactive 
rabbit K12-3 anti-Vasa antibody (Knaut et al., 2000)  and found that Vasa protein does not 
appear until just after gastrulation, at about the 100-cell stage in PGCs (Özhan-Kizil et al., 2009). 
Using this rat anti-Ph-Vasa antibody in various stages of Parhyale embryos will help to sort out 
when exactly Ph-Vasa protein appears in embryos. So far, this antibody is known to be cross-
reactive in Ciona intestinalis (Appendix B). However, it seems likely that this antibody would 
work in other crustaceans. Studies have investigated the expression pattern of vasa mRNA in 
some crustaceans, however it would be useful to know when and where Vasa protein shows up 
in other crustacean embryos. 

 
So far, both Ph-vasa and Ph-piwi1 are expressed in the PGCs at the germband stage and 

after ablation of the g-micromere, the expression of these two genes is abolished throughout 
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embryogenesis. Based on their expression pattern, Ph-gustavus, Ph-tudor, Ph-piwi1, and Ph-
piwi2 likely have a conserved role in germline maintenance since all are expressed at least in 
ovarian germline cells. However, Ph-gustavus, Ph-tudor, and Ph-piwi2 were not expressed in 
germband stage embryos. It is possible that these genes are not expressed in embryonic PGCs 
and only function in maintaining adult germline cells. In the oriental river prawn Macrobrachium 
nipponense, gustavus expression does not increase until late stages of embryogenesis, but 
localization of gustavus has not been investigated yet (Zhang et al., 2011). Some germline 
markers such as vasa and piwi in the cricket Gryllus bimaculatus do not have specific 
localization in the early embryos. Instead, their expression is ubiquitous and it is only until later 
in development that their expression localizes to the PGCs, suggesting that these genes are 
transcriptionally activated and are not maternally provided via germ plasm (Ben Ewen-Campen 
et al., 2013). Both piwi and vasa transcripts are expressed ubiquitously in early developing spider 
(Parasteatoda tepidariorum) embryos and it is not until late stages of embryogenesis that these 
transcripts are localized to the PGCs (Schwager et al., 2014). However, both the spider and 
cricket species are thought to use an inductive mechanism so expression of these germline genes 
would not be expected until the germline was specified. It will be interesting to test for 
expression of Ph-piwi1, Ph-piwi2, Ph-gustavus, and Ph-tudor in early-stage embryos before 
gastrulation to test whether or not these genes are maternally provided. It will be important to 
investigate the expression pattern of these genes in Parhyale testes to test for sex-specific 
expression of these germline markers. 

 
Antibody stains for Piwi suggest that some somatic cells may express Piwi protein in 

Parhyale (figures 2.3.b-e). Aside from their role in the germline, these highly conserved genes 
are also expressed in pluripotent and somatic stem cells (Juliano et al., 2010). For example, vasa, 
piwi, and other germline-related genes are expressed in not only germline cells, but also strictly 
somatic stem cells (not giving rise to germline) in the ctenophore Pleurobrachia pileus. These 
results suggest that these conserved germline genes may also have an ancestral role in 
maintaining animal stem cells in general (Alié et al., 2011). Piwi-like genes are associated with 
regeneration and they are common markers for pluripotent stem cells that are capable of giving 
rise to replacement cells of all possible identities. Interestingly, two piwi-like genes are 
expressed in blastema cells of regenerating limbs in the Mexican axolotl. Moreover, functional 
experiments show that these piwi homologs are necessary for effective limb regeneration (Zhu et 
al., 2012).  

 
It is possible that Parhyale may have pluripotent stem cells and these serve as the source of 

replacement germline in g-ablated Parhyale. However, a challenge in identifying pluripotent 
cells is that it will be hard to tell the germline cells apart from the pluripotent cell types, since 
both cell types share expression of conserved germline genes. Pax3/7 positive cells are likely the 
replacement source for muscle in the regenerating limbs of Parhyale (Konstantinides and 
Averof, 2014). It would be interesting to test whether Ph-piwi1 or Ph-piwi2 expression exists 
within the satellite-like cells or to other cell types within the blastema of the regenerating 
Parhyale limb. With respect to Parhyale germline replacement, certain cells in the Parhyale 
gonads must be pluripotent, since we observe a reversion of somatic cells into a germline fate. It 
is possible that either Ph-piwi1 or Ph-piwi2 in Parhyale could be playing an important role in the 
transition of a somatic cell into a germline cell. It would be interesting to test whether these piwi 
paralogs are expressed in the gonads of g-ablated juveniles before Ph-vasa expression returns. 
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I have identified and isolated two piwi paralogs, and additional homologs for tudor and 

gustavus may exist in the Parhyale genome. Some other germline markers that I did not 
investigate in Parhyale are nanos, dazl, and boule. From results of previous experiments done in 
the lab, it appears that Ph-nanos labels all germline in Parhyale and that this germline marker 
does not have an interesting expression pattern other than it labels germline. However, it would 
be worthwhile to revisit a Ph-nanos ISH followed by Vasa antibody stain to determine if all 
germline cells are Ph-nanos positive or if only a subset of the germline are.  

 
In this chapter I describe the expression pattern of several germline-related candidates that 

I have isolated from Parhyale. I show that in Parhyale, these genes have conserved expression in 
the germline. Of all the germline markers characterized so far, only Ph-piwi1 and Ph-vasa are 
expressed in embryonic PGCs. I found a cross-reactive Piwi antibody that labels most germline 
cells and possibly somatic cells in young hatchling gonads. I also describe making and using the 
rat anti-Ph-Vasa antibody for confidently labeling germline in Parhyale. These results 
demonstrate the conservation of additional germline markers in a non-insect arthropod and 
suggest the possibility of piwi-like genes having a role in germline regeneration. 
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Figure 2.1 Rat anti-Ph-Vasa antibody stains the germline in Parhyale 
(a) Rat anti-Ph-Vasa staining of smaller immature germline cells and larger oocytes in germline 
ridge of an adult ovary. (b) Vasa (red) and DAPI (cyan). (c) Close-up of smaller immature 
germline cells in ovary. (d) Rat anti-Ph-Vasa stains PGCs in a germband stage embryo. (e) Rat 
anti-Ph-Vasa staining in a sonicated whole juvenile. Credit: image taken by Nipam Patel on 
confocal, antibody staining performed by Chris Winchell and Clara Klöcker. (f) Rat anti-Ph-
Vasa stains germline cells in the male Parhyale testes.  
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Figure 2.2. Ph-tudor and Ph-gustavus are expressed in the germline of Parhyale ovaries 
Both Ph-tudor and Ph-gustavus are expressed in the germline of ovaries in Parhyale. (a) Ph-
gustavus antisense (red). (b) Ph-gustavus sense. (c) Ph-tudor antisense (red). (d) Ph-tudor sense. 
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Figure 2.3. Rabbit anti-Piwi antibody stains germline in Parhyale. 
Rabbit anti-Piwi and rat anti-Ph-Vasa was used for these antibody stains. 
(a) Piwi (red) and Vasa (green) in adult ovary. (b) Piwi (red) and Vasa (green) in a juvenile 
dissected gonad. (c) Piwi (red) and Vasa (green) in a germband stage embryo. (d) Piwi (red), 
Vasa (green), and DAPI (cyan). (e) A close-up of a single plane showing localization of Piwi 
(red) antibody signal with respect to Vasa (green) antibody localization. 
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Figure 2.4 A phylogenetic tree showing the placement of Ph-piwi1 and Ph-piwi2 with 
respect to other piwi-like genes. 
Additional piwi-like genes were identified from a Parhyale transcriptome. Phylogenetic analysis 
of these genes reveals that at least two piwi-subfamily genes exist in the Parhyale genome. 
Maximum Likelihood method was used to estimate the tree based on rtREV + G model. Analysis 
involved 43 amino acid sequences and a total of 150 amino acid positions from the PIWI protein 
domain. Bootstrap support values (in percent) are based on 250 replicates. 
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Figure 2.5. Percent identity of Ph-Piwi1 in comparison to Daphnia and Drosophila PAZ and 
PIWI protein domains. 
A diagram showing the percent identity of the PAZ and PIWI domain of Parhyale predicted Ph-
PIWI1 protein in comparison with Daphnia and Drosophila PAZ and PIWI domains. The PIWI 
domain of Parhyale shares a higher percent identity with Daphnia PIWI domain than the 
Drosophila PIWI domain.  
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Figure 2.6. Ph-piwi1 is expressed in embryonic and adult ovarian germline. 
Ph-piwi1 is expressed in PGCs of germband stage embryos. However, ablation of the g-
micromere results in loss of Ph-piwi1 during embryogenesis. Ph-piwi1 is also expressed in 
germline cells of ovaries. (a) Ph-piwi1 (red) and DAPI nuclear stain (cyan) in germband stage 
embryos (b) g-ablated embryos do not contain PGCs and do not express Ph-piwi1 anywhere. (c) 
Ph-piwi1 (red) antisense probe labels germline cells in Parhyale ovaries. (d) Ph-piwi1 sense 
probe.  
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Figure 2.7. Ph-piwi2 is expressed in germline of Parhyale ovaries. 
(a) Ph-piwi2 antisense probe (magenta), rat anti-Ph-Vasa antibody (yellow), and DAPI (cyan) in 
the Parhyale ovary. (b) Ph-piwi2 (magenta) and Vasa (yellow), showing that there is some 
overlap of Ph-piwi2 expression and Vasa protein in some smaller immature germline cells. (c) 
Just Vasa (yellow). (d) Just Ph-piwi2 (magenta). (e) Ph-piwi2 sense probe (magenta) and Vasa 
antibody (yellow). In the sense experiment Ph-piwi2 does not label germline however there 
appears to be some minor background expression in the nucleus of some somatic cells. (f) Just 
Ph-piwi2 (magenta).  
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Chapter III: Characterization of adult germline in Parhyale 
 
Summary 
 

In this section of my study, I describe the characterization of the germline and somatic cells 
within primarily the Parhyale adult ovaries. To document the behavior of both germline and 
somatic cells, I have used EdU and BrdU cell proliferation labeling techniques and also 
developed a method for short-term timelapse imaging of cultured ovaries. Finally, though the use 
of cell proliferation labeling and immunolabeling I have identified a way to label putative GSCs. 
I also discuss the importance of defining the GSC niche in Parhyale gonads and for better 
understanding the process of post-embryonic germline replacement in Parhyale. 

 
Introduction 

 
It could be argued that GSCs are the most important stem cell population in an organism. A 

simple assumption is that many organisms that are fecund throughout their lifetimes require 
these GSCs to continually provide gametes. It has been proposed that natural genetic variation in 
GSC maintenance could be a mechanism responsible for the evolution of life-history traits like 
fecundity (Kaczmarczyk and Kopp, 2010). Long before GSCs became a hot topic in science it 
was a little over 30 years ago that the idea of a stem cell niche was proposed. In 1978, Schofield 
proposed the “niche” hypothesis, he thought that there had to be a microenvironment that would 
support mammalian hematopoietic stem cells (Schofield, 1978). This idea of a stem cell niche 
was not proven to exist until the dawn of the 21st century.  

 
In the year 2000, Xie and Spradling provided the first evidence of a GSC in Drosophila 

melanogaster ovaries, where the anterior most-tip adjacent to the GSCs was defined as the niche 
to harbor and maintain the GSCs (Xie and Spradling, 2000). Soon after this, the hub cells located 
at the apical end of Drosophila testes were shown to act as the GSC niche (Tulina, 2001). Next, 
scientists showed that in C. elegans, just one cell, the distal tip cell located at the very distal end 
of the gonad, served as the niche in supporting the GSCs (Crittenden et al., 2002). In the recent 
years, work to describe vertebrate GSC niches has been made. After the first GSC niche was 
discovered, it became very clear that niches exist for other stem cell populations. It became clear 
that in general, the GSC niche consists of the GSCs and their niche cells, which provide both 
signaling and structural support for the survival of the GSCs (Xie, 2008) (figure 3.1). 

 
GSC niche in insects 

The GSC niche is probably most well known in the Drosophila melanogaster ovariole 
model, where Spradling and Xie first characterized it (Xie and Spradling, 2000; 1998; Kai and 
Spradling, 2004).  In Drosophila, each ovary consists of approximately 12-16 ovarioles. At the 
very tip of these ovarioles is the germarium, where the GSC niche exists. Each germarium 
consists of on average, 2-3 GSCs. A GSC-specific organelle known as the spectrosome is a 
specialized cytoskeletal component that contains the proteins alpha-spectrin and adducin. The 
spectrosome plays an important role in the orientation of the spindle in the GSC (Lin et al., 
1994). In the cystoblast, the spectrosome functions as a fusome, which extends between dividing 
cysts and regulates their division. The maintenance of the GSC requires a physical attachment to 
the cap cells and E-cadherin is important for this physical attachment. Upon loss of e-cadherin 
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expression in the cap cells, the GSCs detach from the cap cells and differentiate (Song et al., 
2002). The cap cells and escort cells in the anterior-most region are the cells that serve as an 
immediate niche for the GSCs. A GSC will divide asymmetrically to produce a daughter 
cystoblast that will upregulate expression of bag-of-marbles (bam) that starts the progression: the 
cystoblast will undergo four rounds of incomplete mitosis to generate a 16-cell cyst. Only one of 
these cysts becomes the actual embryo, the rest sacrifice their mRNAs and proteins for the 
development of the chosen one, the oocyte. If a GSC divides symmetrically, the GSC may fail to 
self-renew and instead generate two daughter cystoblasts, which results in pre-mature loss of the 
GSC. However, if there is a vacant space in the niche, it is possible for the symmetrical division 
to result in two GSCs. A well-studied signal that is sourced from the cap cell are Dpp signaling 
ligands; since Dpp signaling is the focus of chapter IV, I will describe it in more detail then.  

 
In Drosophila testes, there are 7-10 GSCs and the hub cells and potentially cyst progenitor 

cells, serve as the niche for these male GSCs. It wasn’t until 2001 that the niche was defined in 
the Drosophila testes (Tulina, 2001). In the testes, after the GSC divides asymmetrically, it will 
generate a gonialblast (equivalent to the cystoblast in female Drosophila) that is eventually 
surrounded by the cyst progenitor cells that support their development (Hardy et al., 1979; 
Gönczy and Dinardo, 1996). Similar to the Drosophila ovary, BMP signaling from the hub cell is 
important for GSC self-renewal (Shivdasani and Ingham, 2003; Kawase et al., 2004), however 
another big player is the Unpaired signal, which activates the JAK-STAT pathway in the male 
GSCs (Kiger et al., 2001). JAK-STAT signaling clearly prevents differentiation of the GSCs and 
can actually de-differentiate germline cysts back into a GSC fate (Kiger et al., 2001; Brawley, 
2004). In both Drosophila GSC systems, a specialized cytoskeletal structure, called the fusome, 
plays an important role in the maintenance of the GSCs (Hime et al., 1996). Researchers have 
characterized the anatomy of other insect GSC niches by using TEM instead of molecular 
markers (Tworzydlo et al., 2010; Büning, 2005). 

 
GSC niche in C. elegans 

In C. elegans, the anatomical structure is a bit different and much simpler. In contrast with 
Drosophila, a pool of hundreds-up to 200 mitotically undifferentiated germline cells function as 
GSCs. This mitotic region exists at the distal end in the two gonad arms in hermaphroditic C. 
elegans and meiotic region of germline cells exist more proximally (reviewed in Kimble and 
Crittenden, 2007). It has been definitively shown that a single cell, the Distal Tip Cell (DTC) in 
each gonad serves as the niche for the GSCs and mitotic cells. If the DTC is laser-ablated, this 
results in loss of the mitotic germline region, supporting that this DTC is important for GSC 
maintenance and germline proliferation (Kimble and White, 1981). Moreover, if it is relocated to 
a different part of the gonad, it is sufficient to induce mitotic germline cells (Kipreos et al., 
2000). The signal that is important for the maintenance in C. elegans GSCs is Notch/Delta 
signaling and the DTC is the source of Delta-like LAG-2 which activates the Notch-like 
receptor, GLP-1 in the mitotic germline cells, which is necessary and sufficient for their 
maintenance (Crittenden et al., 1994; Fitzgerald and Greenwald, 1995). Interestingly in C. 
elegans, the orientation of GSC divisions can be symmetrical (Crittenden et al., 2006). 

 
GSC niche in the vertebrates 

Studies investigating and defining the GSC niche in vertebrate systems are underway; 
however, the existence of mammalian ovarian GSCs remains controversial. In mice, the male 
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GSCs are known as spermatogonial stem cells (SSCs). It has been shown that these rare cells live 
on the basal membrane in the margins of the seminiferous tubule and divide to produce 
spermatogonia (de Rooij and Grootegoed, 1998). At least one of the likely candidates for 
functional niche cells for the male mouse GSCs are sertoli cells. Transplantation of healthy 
sertoli cells into infertile mice with deficient Sertoli cells via injection into the seminiferous 
tubule resulted in restoration of spermatogenesis, supporting that sertoli cells may play an 
important role in the male GSC maintenance (Shinohara, 2003). Work on determining whether 
an ovarian GSC niche exists in adult mammals has been controversial and has remained 
unresolved (Hanna and Hennebold, 2014).  

 
Research in teleost fish models has made great progress in defining the GSC niche 

(Nakamura et al., 2010b; 2011; Beer and Draper, 2013). Many fish species are iteroparous and 
the best defined teleost fish GSC niche has been made in Oryzias latipes, commonly known as 
medaka. It has been described that within the ovary exists two major compartments: On the 
ventral side exists the oocytes that are undergoing maturation. Once they are matured enough, 
they are ovulated into the dorsal compartment which is known as the ovarian cavity. It is 
between these two major compartments that an epithelium known as the germinal epithelium 
(with a basement membrane lining the ventral side) exists (Nakamura et al., 2011). Sox9b-
positive somatic cells surround the immature germline cells and they formed distinct units 
referred to as germinal cradles. Medaka germline cells in the ovaries also express conserved 
markers vasa and tudor. However, only the germline cells surrounded by the sox9b-positive 
somatic cells express nanos2, suggesting that these germline cells could be serving as GSCs and 
that the sox9b-positive cells could be acting as their supportive niche.  

 
Genetic lineage tracing experiments revealed that nanos2-positive germline cells serve as 

the progenitors of the germline and are capable of giving rise to functional gametes and 
offspring, thus supporting that the nanos2 positive cells are presumptive GSCs (Nakamura et al., 
2010b). Now that presumptive GSCs and their niche have been identified, genetic dissection of 
the signals emanating from the sox9b cells can be performed to understand which signaling 
mechanisms and proteins involved in physical attachment, if any, are required for the 
maintenance of medaka GSCs. More recently, a population of mitotic germline cells were 
identified in zebrafish gonads and it has been strongly implicated that a GSC population must 
exist in zebrafish to account for its great fecundity throughout its lifetime. Evidence suggests that 
GSCs in zebrafish are also nanos2 positive, and that another nanos paralog, nanos3 is important 
for the maintenance but not the specification of these GSCs (Beer and Draper, 2013). 

 
Approach to identifying the Parhyale GSC 

Parhyale live an iteroparous lifestyle and I argue that this amphipod likely has GSCs, or 
mitotic undifferentiated germline cells that contribute to the seemingly endless supply of 
embryos a female produces. At least in Drosophila, age-related reduction in fecundity is linked 
to a decline in division and maintenance of GSCs has been observed (Zhao et al., 2008). 
However, Parhyale appear to resist this aspect of the aging phenomenon. A Parhyale female’s 
fecundity does not decline with age. In fact, brood size increases as she ages from a single brood 
carrying as little as four embryos to carrying nearly 50 embryos at old age. This may have to do 
with the continuously growth observed in Parhyale, because they molt throughout life. Since 
they do not cease to grow, certain physiological or local signals for growth and development are 
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still in progress, which may be the reason that Parhyale are efficient at regenerating lost limbs 
(Konstantinides and Averof, 2014). The intention of identifying the Parhyale GSC niche was to 
better understand how post-embryonic germline replacement could occur. While regeneration of 
germline occurs in both males and females, I have focused my efforts on studying the niche in 
female ovaries. Stem cells are important and necessary for replenishment for a lost or damaged 
tissue type, however the stem cell niche or stem cell microenvironment is equally or more 
important in these regeneration processes(Lane et al., 2014). This dissertation has identified 
putative GSCs and I have developed several tools and techniques for further characterization of 
the Parhyale GSC niche. 

 
Materials and methods 

 
Immunofluorescence 

Antibody stain protocols were described in chapter II. The primary antibodies used were 
rat anti-Ph-Vasa at a dilution of 1:1000-1:2000, mouse anti-BrdU (MoBU-1; Abcam) at a 
dilution of 1:50-1:100, Phalloidin 488 at a dilution of 1:200. Finally to stain nuclei, DAPI was 
used at 1 microgram per microliter. The fluorescently tagged secondary antibodies used were all 
from Abcam and used at a dilution of 1:500. 

 
EdU and BrdU treatment and labeling 

For labeling cell proliferation, I used with two types of thymidine analogs, ethynl-2’-
deoxyuridine (EdU) and 5-bromo-2'-deoxyuridine (BrdU). EdU or BrdU treatment involved 
transferring of animals to a medicine cup of .2 Molar EdU solution or 1 milligram per milliliter 
BrdU solution (by diluting 50 microliters of 10 milligrams per milliliter BrdU) diluted into 5 
milliliters of ASW. Animals were incubated in the treatment for 12-24 hours, then recovered for 
the desired amount of time. A maximum of 4-6 Parhyale were put into these medicine cups to 
prevent asphyxiation. If performing just a pulse experiment, I would usually allow them to swim 
for approximately one hour before dissecting them. After dissecting out gonads, EdU reactions 
were performed using a commercially available kit from Invitrogen (Cat.No. C10338, Click-iT 
EdU Alexa Fluor 555 Imaging Kit, Invitrogen). The EdU reaction cocktail was prepared 
according to the protocol “Click-iT EdU imaging Kits” (Molecular Probes, Invitrogen) and 
ovaries were incubated in the solution for 30 minutes. Ovaries were then washed with PT and 
treated with the antibody reactions. Antibody stainings were conducted according to a standard 
protocol (Rehm et al., 2009a).  

 
For BrdU labeling, after fixation, gonads were incubated in 2N Hydrochloric acid for 30 

minutes in a 37 degree Celsius water bath. Next they were washed in 1X PBS for 4 rounds of 5 
minute washes at room temperature. Afterwards a final wash was done in PT for 5 minutes 
before placing them into antibody blocking solution. BrdU-positive cells were labeled using a 
mouse anti-BrdU antibody (ab8039, MoBu-1, Abcam). This anti-BrdU antibody specifically 
recognizes BrdU and not EdU, which was helpful for EdU-BrdU pulse chase experiments 
(Liboska et al., 2012). When processing an EdU-BrdU pulse chase experiment I performed EdU 
reaction first, then Hydrochloric acid treatment, then add the primary antibodies mouse anti-
BrdU (1:50-1:100) and rat anti-Ph-Vasa (1:2000). 

 
Use of transgenic Parhyale: the PhHsp70-DsRed-NLS line 
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For timelapse imaging of the cultured ovaries, females transgenic for nuclear localized 
DsRed (DsRed-NLS) driven by the Parhyale heat shock 70 promoter (PhHsp70) were used. 
These transgenic animals came from a transgenic line that was generated by Melinda Modrell. 
However, the first transgenic DsRed line was generated in another lab (Pavlopoulos and Averof, 
2005). Typical heatshock treatment involved placing females in pre-warmed artificial seawater in 
an air incubator at 37 degrees Celsius for one hour, then placed back into a tank or small 
container with room temperature artificial sea water. For a high accumulation of DsRed protein 
and optimal fluorescence for timelapse imaging, females were treated with the one-hour 
heatshock treatment for two days in a row, 24 hours apart, and on the third day the ovaries were 
dissected out carefully. Females that were paired with males were selected for heat-shock 
treatment and dissection. 

 
Short-term culturing and live-imaging of Parhyale ovaries 

Previously, short-term timelapses have imaged dissected out and cultured Drosophila 
gonads (Fichelson et al., 2009; Morris and Spradling, 2011). A previous paper describes the use 
of L-15 culture media to culture crustacean oocytes (Toullec, 1999). The animals used for these 
experiments were a heatshock nuclear DsRed line and females were collected and heatshocked 
every 24 hours for two days, then on the third day the ovaries were carefully dissected out and 
placed into thawed L-15 culture media. To keep the ovary in place, they were carefully 
embedded in 1% low melt agarose in 2x L15 media in artificial sea water so that the germline 
ridge was facing the glass bottom of a 10 x 35 mm squared Petri dish (MatTek, P35G-1.0-14-C). 
Once the embedding media solidified the dish was filled with additional artificial seawater and a 
lid was put on top of the petri-dish to avoid evaporation. The timelapse was taken on a confocal 
microscope (Zeiss LSM 700) and a tile scan with 20 z-stack slices was performed to get a better 
view of more of the ovary. For the timelapse, images were scanned on a 5 minute interval for 7.5 
hours. To avoid photobleaching, the laser intensity was at 3%, and a gain of approximately 750. 
All images and movies were rendered using Volocity version 6.0 software. 

 
Results 

 
The Parhyale ovary and germline ridge 

The paired ovaries are tubular sitting in a dorsolateral position and the ovaries, yolk, and 
eggs tend to range from faint white to a dark deep purple hue. The ovaries vary in their length, 
depending on the age of the female and the stage of the reproductive cycle. Between the two 
ovaries sits fatty tissue and on the posterior lateral edge of the ovaries the gonoducts are 
positioned. On the opposite side of the gonoducts, immature and maturing oocytes are organized 
along the length of the ovary in a medial position within the Parhyale body-plan, which is 
referred to as the germline ridge. Small somatic cells, possibly follicle cells populate not only the 
germline ridge but also around the entire surface of the ovary (figures 3.2.a-b). It is likely that the 
putative GSC niche exists within this organized germline ridge region. A gradient of germline 
size and maturation exists in a medial to lateral fashion, where the smallest germline cells are the 
most medial, and the larger maturing oocytes are almost always found in a more lateral position 
of the ovary, closer to the edge containing the gonoduct. Some of the somatic cells in this ridge 
are in close contact and appear to wrap around the smaller germline cells; these somatic cells 
could be serving as niche cells. Phalloidin staining reveals that the germline ridge may be 
encased in a sheath (figures 3.2.c-d). In Drosophila, each ovariole is encased in a sheath (Xie and 
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Spradling, 2000). Some of the germline cells appear to be actin rich, which could be indicating 
that they were about to divide (figure 3.2.d). 

 
Cell proliferation assay on gonads 

Since stem cells continuously divide, one approach to identifying stem cells is to use 
markers for cell proliferation. Both Parhyale males and females were treated with two different 
thymidine analogs: EdU and BrdU which label cells during the S-phase and their daughter cells 
after division. Pulse chase experiments can be done to follow the daughter cells of the cells that 
divided during treatment or to identify cells that divided twice between the two treatments. It was 
previously reported that it takes about 2 weeks for a slightly larger developing oocyte to become 
EdU labeled suggesting that the process of oogenesis is slow in comparison to other systems like 
C. elegans and Drosophila (Haagsman, 2011). 

 
EdU proliferation assays labeled dividing germline cells and somatic cells in both ovaries 

and testes (figures 3.3.a-b). Using the rat anti-Ph-Vasa antibody first described in Chapter II has 
been very useful for being able to discern between dividing germline and somatic cells. In an 
ovary from a female (which was likely paired with a male) treated with EdU for 12 hours, a few 
EdU positive germline cells were detected (figure 3.3.a). In contrast, when a male was treated 
with EdU for 7 hours, a large accumulation of EdU-positive cells exist, suggesting that cells in 
Parhyale testes divide at faster rate than ovarian cells (figure 3.3.b). Depending on what stage of 
ovary maturation a female is experiencing, different cell populations tend to divide. It has been 
reported that the stages of ovary maturation coincide with the stage of embryos the female has in 
her brood pouch (personal communication with Bryan Liyanto). When a female is paired up, 
only a few germline cells tend to be dividing (figure 3.3.a). Additionally, in a female that had 
early stage embryos (at the germcap stage in her brood pouch) it was mostly germline cells that 
were found to be dividing (figure 3.3.c). However, in a female with later stage embryos, such as 
germband stage embryos, a larger population of somatic cells in the ovary are EdU positive 
(figure 3.3.e). It seems probable that division of the follicle cells would be necessary for covering 
the matured large unfertilized eggs at some stage of ovary maturation.  

 
Finally by performing an EdU followed by BrdU pulse chase experiment, I identified 

putative GSCs or mitotic germline cells within the ovaries. We have observed that germline cells 
are more likely to divide in females that are paired. Based on this observation, I reasoned that to 
catch germline cells dividing multiple times, I would need to pulse the females with either BrdU 
or EdU only when they were paired. Specifically, I treated females (which were paired) with 
EdU for 24 hours and returned the females and their males back into isolated tanks with seawater 
for 25-32 days. During the chase period of the experiment, I allowed the females to mate with 
males and as soon as they had embryos, I collected them and put the females back into their tank. 
By the time the females were mating a second time I treated the females with a pulse of BrdU for 
18 hours. After this final BrdU treatment, the ovaries from the female were dissected and 
processed for EdU, BrdU, and Vasa labeling.  

 
In at least two separate ovaries from two different females I observed germline cells that 

were both EdU and BrdU positive (figure 3.4). One female was dissected after a 25 day pulse 
and one of the germline cells was both EdU and BrdU positive (figures 3.4.a-c). Another female 
didn’t pair up for a second time after the first EdU treatment until 32 days later and two adjacent 
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germline cells are both EdU and BrdU positive (figures 3.4.d-f). One of the adjacent germline 
cells could be a daughter cell that divided off the original GSC. This experiment further supports 
that germline cells are more likely to divide in ovaries of females that are mating and that smaller 
germline cells in the ovary can divide at least twice more than a week apart, suggesting that these 
cells are GSC candidates. 

 
Live-imaging of Parhyale ovaries 

Previously, live-imaging of the GSC niche has been done in Drosophila GSCs (Fichelson 
et al., 2009). The purpose of this experiment was to get a better idea of the cell dynamics within 
a cultured Parhyale ovary. The timelapse was taken from a PhHsp70-DsRed-NLS female that 
was paired just before heatshock treatment, thus this would increase the chances of filming a 
germline cell dividing. A 7.5 hour timelapse revealed two cells within the germline ridge 
dividing, which could be germline cells. Cells within the germline ridge region were also much 
more active and had more movement than cells that were farther away from the germline ridge. 
During this 7.5 hour timelapse, two separate cell divisions within the ovary are detected. These 
cells divisions occurred within the germline ridge region, suggesting that these may have been 
germline cells that were dividing. This method of live-imaging cultured Parhyale ovaries will 
help to uncover the real-time cell dynamics of both somatic and germline cells within the ovary. 

 
Discussion 

 
A major motivation for identifying and defining the GSC niche in Parhyale gonads is that 

we believe that the GSC niche is important for post-embryonic germline replacement. During 
embryogenesis the PGCs develop separately from the somatic gonadal precursor cells and 
eventually these PGCs must migrate to the somatic gonads (Richardson and Lehmann, 2010). 
We believe that the only difference between the g-ablated and non-ablated juvenile Parhyale is 
that the g-ablated juveniles are initially missing germline, however their GSC niche still likely 
exists and the signaling mechanisms necessary for germline maintenance is still functional. At 
least in Drosophila, the GSC niche can initially form in the absence of germline cells (Fielding, 
1967; Engstrom et al., 1982). Observations of “de-differentiation” has been documented in both 
Drosophila ovaries and testes, where differentiating germline cells can revert back into a GSC if 
they are close enough proximity to the GSC niche and can receive the typically short-range 
signals necessary for GSC renewal (Kai and Spradling, 2004; Brawley, 2004). Discussion of the 
signaling aspect to our hypothesis will be covered in chapter IV. Additionally, it would be 
helpful to characterize the GSC niche in Parhyale testes, since germline replacement is not 
restricted to just females. Of course characterizing the Parhyale GSC niche in gonads are also 
interesting in its own right and will further our understanding of the diversity and conservation of 
GSC niche structure and function. The GSC niche in a few other insect species have been 
described (Büning, 2005; Dorn and Dorn, 2008; Tworzydlo et al., 2010). However, the GSC 
niche has yet to be defined in a crustacean. In this chapter I describe the general structure of the 
germline ridge within the ovaries, within it contains smaller germline cells and slightly larger 
developing oocytes. These germline cells found in the germline ridge tend to be surrounded by 
several small somatic cells, some of which could be acting as GSC niche cells. 

 
In this chapter I also discuss how cell proliferation labeling is a way to identify stem cells. 

Based on the stage of ovary maturation a female is at, either the germline cells or somatic cells 
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within the ovary are more likely to divide. We observed that germline cells are more likely to 
divide when the female is paired with a male or when she has early staged embryos in her brood 
pouch. However, when the female holds mid stage, or germband stage embryos in her brood 
pouch, a greater amount of somatic cells are EdU positive. Although we interpret EdU positive 
cells as being cells that are in S-phase and ready to divide, it is also possible that some of these 
cells aren’t actually dividing, and are undergoing endoreplication. So far, we have not been able 
to rule out endoreplication. Finally, I show that EdU followed by BrdU pulse-chase experiments 
reveal putative GSCs, which divided twice between a 25-32 day spans. I believe that if a 
molecular marker for the Parhyale GSC is identified, performing this pulse-chase experiment in 
conjunction with the stem cell marker will provide even stronger evidence for a GSC. Varying 
the pulse and chase time in the  EdU followed by BrdU pulse-chase experiments may help to 
reveal how often germline cells in Parhyale ovaries divide and could help to reveal whether 
transit-amplifying germline cells exist in Parhyale. Transit-amplifying cells that typically have a 
finite number of divisions have been described in several stem cell niches including GSC niches 
(Fuchs et al., 2004). Finally, I introduce a new technique for analyzing the behavior of cells 
within the ovary by performing short-term timelapse on cultured ovaries. The timelapse reveals 
that within 7.5 hours, only two cells divide, it is possible that these are germline cells, however 
since all the nuclei are labeled with DsRed fluorescent protein there isn’t an easy way to discern 
between germline and somatic cells in culture. Generation of a transgenic Vasa-GFP line would 
be very helpful for labeling the germline in vivo for these timelapse experiments as well as other 
functional experiments. 

 
The GSC has been best described at the functional and structural level in Drosophila and 

C. elegans thanks to genetic manipulations that are available. Since a universal stem cell marker 
does not exist, it can be challenging to identify GSCs as well as their niche. It would be 
interesting to try a different microscopy technique such as TEM on Parhyale ovaries to 
characterize the GSC niche. Other studies have taken advantage of TEM to identify GSCs or 
characterize oogenesis in other insects (Büning, 2005; Dorn and Dorn, 2008; Tworzydlo et al., 
2010). Cell proliferation assays, in combination with the use of specific molecular markers may 
help define the Parhyale GSC niche, and ultimately contribute to our understanding of where 
within the ovaries does germline replacement occur in g-ablated animals. In this chapter I 
characterize the germline ridge in the Parhyale ovary and report general observations of stage-
dependent cell proliferation of germline cells versus somatic cells. By using EdU followed by 
BrdU pulse chase experiments, I identified putative GSCs or germline cells that divided twice, 
25-32 days apart. This study has provided a framework for defining the ovarian GSC niche in 
Parhyale. Understanding where this niche exists and functions will elucidate how and where 
exactly germline replacement is occurring in the gonads. 
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Figure 3.1. General properties of a GSC niche 
A simplified schematic of the major components and properties of GSC niches. The GSCs 
generally require a short-range self-renewing factor from the supporting niche cells, which is 
also necessary for their maintenance and to prevent differentiation. Then, once the GSC divides, 
which in many cases is an asymmetric division, the daughter cell will no longer be within the 
range of the self-renewing factor and proceeds with germline differentiation and development.  
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Figure 3.2. Overall structure of the ovaries and the germline ridge 
(a) A brightfield image of a dissected out ovary. The ovary appears segmented by the edges of 
the large unfertilized eggs, which are rich in yolk. (b) DAPI (cyan) staining of the ovary reveals 
the germline ridge that contains the smallest immature germline cells, as well as developing 
oocytes, and several smaller somatic cells. (c) Rat anti-Ph-Vasa (red), phalloidin (green), and 
DAPI (cyan) in an ovary reveal that the germline cells are encased in a sheath-like structure. (d) 
Some germline cells are enriched for actin. 
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Figure 3.3. EdU proliferation assay likely labels dividing germline and somatic cells in the 
gonads. 
(a) A 12-hour EdU treatment showing EdU positive cells (red), germline cells (green), and DAPI 
nuclear stain (cyan) in a Parhyale ovary. (b) A Parhyale testis after a 7 hour EdU treatment. (c) 
EdU treatment in a female with early-stage, or germcap stage embryos, shows mostly germline 
cells dividing. (d) EdU treatment of female with mid-stage or germband stage embryos showing 
several somatic cells not within the germline ridge being EdU positive (red) and no Vasa in this 
image.  
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Figure 3.4. EdU followed by BrdU experiments reveal putative GSCs. 
Panels a-c are from one ovary from a female after a 25 day chase and panels e-f are from another 
ovary from a female after a 32 day chase. The arrowheads point out putative GSCs, which are 
both EdU (red) and BrdU (green) positive. (a) EdU and Vasa. (b) BrdU and Vasa. (c) EdU, 
BrdU, and Vasa. (d) EdU and Vasa. (e) BrdU and Vasa. (f) EdU, BrdU, and Vasa.   
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Chapter IV: BMP signaling in Parhyale gonads 
 
Summary 
 

In this last chapter I summarize my work on investigating which inductive signaling cues 
may be involved in germline maintenance and post-embryonic replacement in Parhyale. 
Previous experiments have highlighted the potential role for BMP signaling in maintaining and 
regenerating the Parhyale germline, thus I focused on BMP-related genes and antibodies to test 
for relevant expression patterns in primarily ovaries. In this study, I have isolated and 
characterized the expression pattern of two additional bmp-homologs in Parhyale gonads. 
Finally, I generated transgenic animals that misexpress full coding sequence of Parhyale dpp 
(Ph-dpp) in the entire animal upon heatshock to test the role of Ph-dpp in germline maintenance 
and regeneration. 

 
Introduction 

 
A major aim of this dissertation is to understand the molecular underpinnings of germline 

maintenance and regeneration in Parhyale. In general, part of the regenerative process involves 
redeployment of molecular developmental programs (Poss, 2010). Thus, it is possible that 
whatever mechanisms are involved in maintaining the adult germline are also necessary for the 
regeneration of the germline. Gonads are essentially divided into two cell types: germline cells 
and somatic gonadal cells. During embryogenesis the germline and somatic portion of the 
developing gonad initially develop and differentiate apart from each other in space and time. 
However, at some point the PGCs must migrate and settle into the somatic gonads to become 
GSCs in the adults (Richardson and Lehmann, 2010). Interestingly, at least in Drosophila the 
somatic GSC niche develops normally and can survive for a few weeks in the absence of 
germline cells (Niki, 1984). As mentioned in chapter III, signals from the adult GSC niche are 
necessary for the maintenance of the GSCs, which somewhat parallels to the process of germline 
specification mentioned in chapter I in which organisms use an inductive signaling mechanism to 
specify germline. Previous evidence suggests that Parhyale uses an maternal segregant method 
to specify PGCs (Melinda, 2007; Extavour, 2005; Gupta and Extavour, 2013). However, since g-
ablated embryos can regenerate their germline from somatic source of cells, an inductive 
signaling mechanism must exist in Parhyale to switch a somatic cell type into a totipotent 
germline fate. This suggests that Parhyale are masters of cellular reprogramming at least in their 
gonads. Alternatively, the source of replacement germline could come from pluripotent stem 
cells in Parhyale, however no evidence thus far suggests that these amphipods contains such 
specialized stem cell populations. Because BMP signaling plays an essential role in the 
specification of germline in some species and the maintenance of adult germline in other species, 
it is a top candidate for germline maintenance and regeneration in Parhyale. 

 
BMP signaling 

BMP signaling is a versatile signaling mechanism as many members of its protein family 
are involved in various developmental processes, from specifying dorsal-ventral patterning, to 
having a role in limb patterning, to patterning the Drosophila wing disc, and many other 
important developmental events. In general, BMP signaling involves production of the BMP 
ligands in one cell type, then the receiving cell which contains BMP receptors will have its 
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receptors bind to the ligand which results in a signaling cascade of events inside that cell. This 
results in activation via phosphorylation of a Smad transcription factor, which results in 
transcriptional regulation of downstream effectors, however Smad independent pathways have 
been described as well (Bragdon et al., 2011). In  the realm of germline cells, BMPs play a 
prominent role in their specification and maintenance. 

 
BMPs are essential for germline specification in some species 

At least in mice, BMP signaling plays an essential role in specification of PGCs (Saitou 
and Yamaji, 2010). Bmp-4 is at least one of the signals that are produced by the extraembryonic 
ectoderm for inducing proximal epiblast cells into PGCs (Lawson et al., 1999). Another homolog 
bmp8b, is also expressed in the extraembryonic ectoderm (Ying et al., 2001). Finally, a third 
homolog, bmp4, unlike the first two is expressed in the visceral endoderm and all three of these 
homologs play an important role in the specification of the PGCs (Ying, 2001). Remarkably, 
treatment of human induced pluripotent stem cells (iPSCs) with BMPs has a reported 5% success 
rate in programming them into germline cells (Panula et al., 2011). Preliminary evidence for 
BMP signaling playing a role in axolotl PGC specification also exists (Johnson et al., 2011). 
Moreover, a recent study in cricket embryos reveals that PGCs are specified at least in part by 
BMP signaling (Donoughe et al., 2014). 

 
BMPs play an important role in GSC maintenance and dedifferentiation 

BMP signaling plays an essential role in Drosophila GSC maintenance and renewal. It was 
first discovered that the expression of dpp, a bmp homolog is required for maintenance of GSCs 
in the Drosophila female GSC niche (Xie and Spradling, 1998). More specifically, both dpp and 
another homolog glass-bottom-boat (gbb) are important for the maintenance of GSCs (Kawase et 
al., 2004). In the testes, BMP signaling from the hub cell is important for GSC self-renewal 
(Shivdasani and Ingham, 2003; Kawase et al., 2004). The GSCs have receptors for these ligands 
that results in activation of the Mad and Madea transcription factor complex that targets the 
repression of the germline differentiation gene bam. If bam is upregulated in GSCs, this results 
in premature differentiation and loss of the GSCs. Interestingly these signals decline with age 
(Zhao et al., 2008). Also dedifferentiation of germline cysts into GSCs can occur with the help of 
some vacant space in the niche and functional Dpp signaling. If dpp is overexpressed in the 
somatic portion of the gonads, differentiating cystoblast cells can revert to a GSC fate (Kai and 
Spradling, 2004). Additionally, if GSCs are ablated via expression of bam in the GSCs and all 
germline cells within the germarium are depleted, other cell types respond to the intact Dpp 
signaling and eventually somatic stem cells move into the niche and proliferate to form a cyst of 
cells that are unable to reprogram into a germline fate (Kai and Spradling, 2003). Interestingly, in 
mouse testes, the sertoli cells, which are GSC niche candidates, express a glial derived 
neurotrophic factor (GDNF), a protein belonging to the TGF-beta superfamily is necessary and 
sufficient for GSC self-renewal in vivo (Meng, 2000). Finally in zebrafish, in which putative 
GSCs have been identified, adult germline cells express alk6b, which encodes a BMP receptor 
and disruption of this gene impairs spermatogenesis and oogenesis (Neumann et al., 2011). 

 
Because replacement of the germline appears to occur post-embryonically in Parhyale, I 

hypothesized that the adult GSC niche may play an important role in this replacement process. 
Since g-ablated embryos develop normally in comparison to their un-ablated siblings, we believe 
that g-ablation does not impair the development of the somatic gonad and the GSC niche. We 
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posit that since the replacement occurs postnatally, that a signal must be necessary for the 
conversion of somatic cells into a totipotent germline fate. In this chapter I report the expression 
pattern of three bmp homologs in the ovaries of Parhyale. Two of the three genes, Ph-dpp and 
Ph-gbb are expressed in maturing Parhyale oocytes, but not in small immature germline. 
Additionally, it appears that Ph-bmp6 is not expressed in germline and may be expressed only in 
a small subset of somatic cells in and out of the germline ridge. I show that a commercially 
available antibody, P-Smad3 labels the nuclei of some somatic cells and germline cells. 
Interestingly, signal in the nucleus of some germline cells have been observed, suggesting that 
these germline cells are responding to BMP signaling, and they could be serving as GSCs. 
Finally, I describe the generation of a transgenic line of animals for misexpressing Ph-dpp to test 
the gene’s role in germline maintenance and regeneration. 

 
Materials and methods 

 
Immunofluorescence 

Antibody stain protocols were described in chapter II. The primary antibodies used were 
rat anti-Ph-Vasa diluted to 1:1000-1:2000, rabbit anti-Phospho-Smad1/5 (Ser463/465) (41D10, 
Cell Signaling) diluted to 1:50-1:200, and rabbit anti-Smad3 (EP823Y, Abcam) diluted to 1:100. 
Fluorescently-tagged secondary antibodies (Abcam) were used at a dilution of 1:500. 

 
Generation of Ph-dpp misexpression constructs and PhHsp70Ph-dpp transgenics 

First I generated a dpp overexpression construct. The general protocol for generating an 
overexpression construct has been described in (Hannibal, 2010). Using PCR, the full-length 
coding sequence of Ph-dpp flanked with PacI on the 5’ end and SbfI on the 3’ end. After cutting 
the Ph-dpp with the PacI and SbfI enzymes, it was ligated into a shuttle vector nicknamed 
“J100” which resulted in a construct with Ph-Hsp70/Ph-dpp/SV40 poly A sequence. 
Conveniently, this sequence of DNA is flanked by FseI at the 5’ end and AscI on the 3’ end. 
Once I cut with these enzymes the Ph-Hsp70/Ph-Dpp/SV40 poly A sequence was ligated into a 
modified Minos construct that contained tdTomato red fluorescent protein driven by Parhyale 
muscle promoter as a transgenesis marker (figure 4.1). The first general methods of Parhyale 
transgenesis have been described in (Pavlopoulos and Averof, 2005). 

 
For generation of transgenic animals, both me and Royce Harner, a former undergraduate 

researcher in the lab, injected a transgenesis cocktail of 1.25 microliters of plasmid (250 
micrograms/microliter of maxi-prepped DNA, Qiagen) along with 1 microliter of transposase 
mRNA (100 micrograms) and .25 microliters of Phenol Red into one or both cells of two-celled 
embryos. We raised the embryos using a previously published protocol (Browne et al., 2005), 
and we scored them for transgenesis by tdTomato red fluorescent protein expression in all or a 
subset of the animal’s muscle. Three different first generation (G1) tanks were set up with either 
a partially or fully transgenic male or female. The third cross, “Cross 3” which contains a fully 
transgenic male (by expression of tdTomato red in all muscles) and a partially transgenic female 
with just expression in a head muscle always yielded 100% transgenic offspring. Thus, this cross 
has been used to establish a G1 line. To test if global expression of Ph-dpp occurs in these 
transgenic embryos, I heat-shocked a batch of them with a heatshock protocol similar to the one 
described in chapter III except that I only performed heatshock once and waited 24 hours to 
dissect them. Unfortunately all embryos died 24 hours later and they appeared to have severe 



 

51 

developmental defects. I heat shocked them so that I could perform ISH on them to check if Ph-
dpp is expressed everywhere in the embryo. Checking expression for Ph-dpp in heatshocked 
embryos versus non-heatshocked or wildtype embryos of the same stage should be an easy 
comparison, since it has been reported that dpp is not expressed in early Parhyale embryos 
(Chaw, 2011). For the G1 tank, so far there are two larger animals and about half a dozen other 
smaller Parhyale that are growing in this tank. 

 
Isolation and cloning of Ph-dpp, Ph-gbb, and Ph-bmp6 

The full-length sequence of Ph-dpp was previously isolated and by Dr. Ron Parchem, a 
former member of the lab. Using methods described in the previous chapters, sense and antisense 
probes for a fragment of Ph-dpp was made. Using an EST database for Parhyale, 
(http://genome.jgi-psf.org/parha/parha.home.html) I was able to uncover an additional TGF-beta 
family member that BLASTs to gbb in Drosophila. Using gene-specific primers I cloned a 
fragment of Ph-gbb and made antisense and sense DIG-labeled probes for ISH. The primers used 
to amplify Ph-gbb were as follows: Forward primer 5’-TTG GTA TTC CGG CTG TAA GG-3’ 
and Reverse primer 5’-CTA GAC CCT GCC CAC AGA GA-3’. Finally, I identified an 
additional member of the TGF-beta family by screening a transcriptome provided by Heather 
Bruce. This homolog BLASTS to bmp6 in an insect. The following primers were used to amplify 
a fragment of Ph-bmp6: Forward primer 5’-ATG CAG ACA TCA AGA CGT GC-3’ and 
Reverse primer 5’-TCA TTG CAG CTC CCA GAG AA-3’. I also made Ph-bmp6 antisense and 
sense DIG-labeled probes for ISH. 

 
Results 

 
Expression patterns of BMP homologs in the ovaries 

Previous ISH experiments describe Ph-dpp being expressed in the germline in ovaries. 
However, whether or not Ph-dpp is expressed in all germline cells had not been specifically 
addressed. By performing ISH followed by an antibody stain for Vasa, I was able to test whether 
or not all three of the BMP homologs are expressed in germline cells or somatic cells. Ph-dpp is 
expressed in some but not all germline cells. Specifically, it appeared to only label the larger 
maturing oocytes but not the smaller immature germline cells within the germline ridge (figures 
4.2.a-b). Similarly, Ph-gbb is also expressed in the larger maturing oocytes, but not in the 
smallest germline cells, and potentially Ph-gbb is expressed in the nucleus of a subset of somatic 
gonadal cells (figures 4.2.c-d). Finally, Ph-bmp6 was not expressed in any germline cells, but 
potentially in the nucleus of somatic cells (figure 4.2.e). If any of these bmp homologs are indeed 
expressed in somatic cells in the gonads, this would be exciting, since, in the Drosophila GSC 
niche, both dpp and gbb are expressed in the somatic cap cells and their production in the cap 
cells is necessary for the maintenance of the GSCs. The expression pattern of Ph-dpp and Ph-gbb 
in Parhyale is interesting in that they are actually only expressed in the larger developing 
oocytes, which could suggest a function for these two paralogs in Parhyale oocyte maturation. 

 
Phosphorylated-Smad antibody staining 

In Drosophila, the GSCs can be identified by being at the anterior region of the germarium 
and by being labeled with phosphorylated Smad in the nucleus, indicating that these GSCs are 
responding to BMP signaling in the niche. Randilea Nichols, a former rotation student in the lab, 
provided evidence that all germline cells respond to BMP signaling. While this result was 
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exciting, this experiment was only done once, and while I have been able to label cells with 
phosphorylated-Smad in Drosophila imaginal discs (Appendix C) I have been unable to get any 
nuclear staining of cells in Parhyale ovaries with the same antibody Randilea used. However, I 
found another commercially available antibody, rabbit anti-Smad3, which detects Smad3 
phosphorylated on two different serine sites. I found that anti-Smad3 labeled the GSCs in 
Drosophila germarium at a dilution of 1:100 (Appendix C). Finally, I found that this same 
antibody used at the 1:100 dilution labels a small set of somatic cells (data not shown) and 
smaller germline cells in the ovaries (figure 4.3). This staining for phosphorylated Smad in 
Parhyale germline suggests that these germline cells are responding to BMP signaling. However 
more experiments will need to be done to try to reduce background (figure 4.3). 

 
Discussion 

 
In this chapter I report experiments exploring the potential role of BMP signaling in the 

Parhyale ovarian germline. I combined immunofluorescence and ISH to test for evidence of 
BMP signaling in the ovaries. An important aim of this study was to test whether somatic cells 
near the germline ridge were expressing bmp homologs, which could be serving as an important 
signal for the maintenance of the ovarian germline cells. Any somatic cells found expressing 
these bmp-like genes would be candidates for somatic GSC niche cells. Previous experiments 
suggested that Ph-dpp was expressed in all germline cells of the ovaries. However, by 
performing ISH followed by antibody stains for Vasa, I revealed that Ph-dpp only appears to be 
expressed in slightly larger maturing oocytes. I also identified and isolated two additional bmp 
homologs: Ph-gbb and Ph-bmp6. I also found that Ph-gbb is exclusively expressed in the 
maturing oocytes and not the smaller immature germline. Ph-gbb may also be expressed in small 
somatic cells in the germline ridge as well. Ph-bmp6 is not expressed in any germline cells, but 
may be expressed in somatic cells within the germline ridge. The potential expression of any of 
these bmp homologs in somatic cells suggests that these cells are producing ligands that could be 
serving as signals necessary for the maintenance of germline cells. The expression of Ph-dpp and 
Ph-gbb in only slightly larger maturing oocytes suggests that BMP signaling could also be 
involved in ovary maturation in Parhyale. Interestingly, some BMPs are expressed in maturing 
mammalian oocytes (Gilchrist et al., 2004). In zebrafish, bmp15 is necessary for the inhibition of 
premature oocyte maturation (Clelland et al., 2007).  

 
To identify any germline cells or GSCs that may be responding to BMP signaling we tested 

different antibodies that may recognize phosphorylated Smad in the nuclei of germline cells or 
somatic cells in the ovaries. I found that a commercially available antibody anti-Smad3, labeled 
the nuclei of some somatic cells and germline cells suggesting that these cells are responding to 
BMP signaling. Now that these different components of BMP signaling have been characterized 
in adult ovaries, the next step will be to determine if BMP signaling is still functioning in g-
ablated juveniles, before regeneration of the germline occurs. If any of the three bmp homologs 
or phosphorylated Smad stains appear in the gonads of g-ablated juveniles before Ph-vasa or 
Vasa protein returns, this will suggest that BMP signaling is still functioning despite the absence 
of germline, and that this signal may serve as the inductive signal for switching a somatic 
gonadal cell into a germline fate.  

 
To test the role of one of the bmp homologs in germline maintenance and regeneration, I 
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generated a transgenic line (Ph-dpp misexpression line) of animals to ubiquitously misexpress 
Ph-dpp upon heatshock. This line of transgenics should soon have enough larger animals to 
perform preliminary heatshock experiments and test the effects of misexpressing Ph-dpp in the 
gonads of Parhyale. If Ph-dpp is important for germline or GSC self-renewal and proliferation, 
misexpression of Ph-dpp may lead to an increase in the quantities of germline cells in gonads. In 
Drosophila, dpp overexpression in the somatic ovarian cells leads to GSC tumors within the 
germarium (Kai and Spradling, 2004). If we find that misexpression of Ph-dpp in adult Parhyale 
gives an interesting germline phenotype, next we could test if disrupting BMP signaling has the 
opposite effect on the gonads. If dpp misexpression results in an increase of germline cells, we 
might expect that disrupting BMP signaling would result in loss of germline cells. Disruption of 
BMP signaling in Parhyale could be done through treatment of BMP inhibitor drugs or by 
making transgenic Parhyale to knock-down bmp homologs. In this chapter I report the 
expression pattern of bmp homologs in Parhyale ovaries and identify a promising antibody to 
label phospho-Smad positive germline cells. It would be interesting to analyze the expression 
pattern of Ph-gbb and Ph-bmp6 in testes as well as in embryos, since these experiments have not 
be done yet. This chapter focuses on the role of BMP signaling in germline maintenance and 
regeneration in Parhyale, however other signaling pathways have not been thoroughly examined 
yet. Understanding which signaling mechanisms are necessary for germline maintenance will be 
important for elucidating which inductive signals may be important for post-embryonic germline 
replacement in Parhyale.  
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Figure 4.1. Diagram of the Ph-dpp misexpression construct. 
The Ph-dpp full coding sequence is downstream of a PhHsp70 heat-shock promoter and 
upstream of a SV40 poly-A site. The sequence for fluorescent protein tdTomato red is 
downstream of a Parhyale muscle promoter and upstream of a SV40 poly-A site, which serves as 
a transgenesis marker. All of the sequence described is flanked by Minos inverted repeats.  
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Figure 4.2. Expression pattern of three bmp homologs in Parhyale ovaries 
Both Ph-dpp and Ph-gbb are expressed in slightly larger maturing oocytes in the Parhyale ovary. 
Ph-gbb and Ph-bmp6 may be expressed in somatic cells and Ph-bmp6 is not expressed in any 
germline cells in ovaries. (a) Ph-dpp (magenta) antisense and rat anti-Ph-Vasa (yellow) in an 
ovary (b) Just Ph-dpp (magenta) antisense. (c) Ph-gbb (magenta) antisense and rat anti-Ph-Vasa 
(yellow) antibody in an ovary. (d) Just Ph-gbb (magenta) antisense. (e)  Ph-bmp6 (magenta) 
antisense and anti-Ph-Vasa (yellow) antibody in an ovary.  
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4.3. Antibody stains for phosphorylated Smad in the ovaries 
The arrowhead points out germline that are phospho-Smad positive in the nucleus, suggesting 
that these two cells are responding to BMP signaling. (a) Rat anti-Ph-Vasa (magenta) and rabbit 
anti-Smad3 (yellow) and DAPI nuclear stain (cyan) in an ovary. (b) Just rat anti-Ph-Vasa and 
rabbit anti-Smad3 stain.  
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Chapter V: Conclusions and future directions 
 

In this dissertation, I describe a series of experiments that further define Parhyale germline 
cells. A key goal of this study was to characterize the adult germline and the adult GSC niche, 
which will provide us with a better understanding of how post-embryonic germline regeneration 
may be occurring in Parhyale. Parhyale likely uses a maternal segregant method and putative 
germ plasm has been identified (Melinda, 2007; Extavour, 2005; Gupta and Extavour, 2013). 
However, Parhyale are remarkably able to regenerate germline post-hatching, after ablation of 
their embryonic germline, which means that they are able to re-specify germline cells through an 
inductive mechanism.  

 
In this dissertation I generated a rat polyclonal antibody to Ph-Vasa and this antibody has 

been very useful for this dissertation in confidently labeling the germline. Every chapter in this 
dissertation that explains experiments I performed describes at least one experiment using this 
antibody. So far this rat anti-Ph-Vasa antibody has been shown to be cross-reactive in C. 
Intestinalis, but it seems likely that it will be cross-reactive with at least other crustaceans. This 
antibody could potentially be useful for investigations of the germline in other crustaceans for 
developmental biology, environmental physiology, or reproductive toxicology studies. I isolate 
additional germline markers: Ph-piwi1, Ph-piwi2, Ph-gustavus, and Ph-tudor. I show that these 
genes share a conserved role in being expressed in germline cells of the Parhyale ovary. It will 
be important to test the expression pattern of these genes in adult testes as well. Of the additional 
four genes I isolated, only Ph-piwi1 so far appears to have expression in embryonic PGCs. 

 
I also characterize the germline ridge in Parhyale ovaries, which consists of small 

immature germline cells, slightly larger maturing oocytes, and several small somatic cells, some 
of which could be functioning as the somatic portion of the GSC niche. We hypothesize that the 
GSC niche in Parhyale is key to germline replacement. Firstly, we believe that the wildtype 
signal required for GSC or germline maintenance could be required not only for induction of 
mesodermally derived somatic gonadal cells into a germline fate, but that this same signal is also 
important to maintain these newly transformed replacement germline. For stem cells to be 
maintained, whether they are the original or replacement cells, they still depend on a functional 
somatic stem cell niche (Jones and Wagers, 2008). I find that the cells within the germline ridge 
are encased in a sheath-like structure and through short term culturing of dissected out ovaries, 
that there is more cell movement within the germline ridge in comparison to outside of its 
boundaries. By using cell proliferation labeling I present the observation that germline cells are 
more likely to divide when the female is mating or when she has early stage embryos in her 
brood pouch. However if the female has mid-stage or germband stage embryos in her pouch, 
somatic cells in the ovary are more likely to divide. Finally, by using EdU followed by BrdU 
pulse-chase labeling, I have identified putative GSCs or germline cells that have divided twice 
more than a week apart. Combining this powerful method of EdU/BrdU pulse chase cell 
proliferation labeling with other molecular markers for a stem cell would provide further 
evidence for the existence of GSCs in Parhyale ovaries. 

 
We hypothesize that a signal necessary for germline maintenance and possibly germline 

regeneration in Parhyale could be BMP signaling. It is known the BMP signaling is important 
for germline specification in some species and that it is also important for GSC maintenance in 
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others (Lawson et al., 1999; Kawase et al., 2004; Xie and Spradling, 1998). Moreover, antibody 
stains for phospho-Smad suggest that some germline cells may be responding to BMP signaling. 
During germline induction in mice, BMP ligands sourced from both the extra-embryonic 
ectoderm and endoderm are important for inducing the proximal epiblast cells into PGCs. 
Similarly, Dpp and Gbb ligands that are supplied by the somatic cap cells in the Drosophila 
female germarium are necessary for the maintenance and self-renewal of the GSC. I isolated 
additional bmp homologs in Parhyale: Ph-gbb and Ph-bmp6. I found that of the three identified 
bmp homologs, Ph-gbb and Ph-bmp6 may be expressed in somatic gonadal cells. Additionally, 
both Ph-dpp and Ph-gbb are expressed in a subset of germline cells. They are only express in the 
slightly larger maturing germline cells suggesting that these bmp homologs could be involved in 
oocyte maturation and development. 

 
With respect to specifically investigating germline regeneration in Parhyale, a new focus 

on juvenile gonads would greatly advance our understanding of how replacement occurs. It is in 
the g-ablated juveniles at about two to four weeks, that replacement actually happens and despite 
the fact that juvenile gonads are much harder to dissect, investigating the ovaries at this stage 
may provide clearer results since the adult ovaries tend to be very yolky, which contributes to 
more background while imaging. Investigating the expression of the molecular markers I used in 
adults but in g-ablated juveniles would help to answer some questions. Are any other conserved 
germline markers being expressed before Ph-vasa in g-ablated juveniles? Is BMP signaling still 
functional in germline-less g-ablated juveniles, before germline replacement occurs? Are there 
somatic cells responding to BMP signaling at this stage just before germline regeneration? 
Investigating juvenile gonads will provide a new perspective in understanding how germline 
regeneration occurs.  

 
Taking advantage of next-generation sequencing technologies will also greatly advance 

this research. I isolated Ph-piwi1 by degenerate PCR and 5’ and 3’ RACE, but I amplified Ph-
piwi2 off of gene specific primers designed off of sequence generated by next generation RNA 
sequencing. More complete and better annotated transcriptomes will make isolating additional 
genes of interest much easier in Parhyale. I also believe that applying RNA-seq experiments to 
investigate this phenomenon in Parhyale could help narrow down candidate genes and signaling 
mechanisms involved in this regeneration process. Taking an unbiased approach to identifying 
all possible candidates for germline regeneration is more comprehensive. RNA-seq experiments 
could be run on total RNA extracted from 2 week old hatchling gonads, and the transcriptomes 
of control versus g-ablated animals could be compared. In the g-ablated data set we would expect 
to observe the absence of germline-related genes and an enrichment of transcripts associated 
with the somatic gonad cells. Differential expression of transcripts would provide an opportunity 
to identify additional germline and somatic markers and for genes involved in signaling 
mechanisms that may be active in the GSC niche of the juvenile gonad. Additionally, genes that 
are upregulated in g-ablated gonads would be great candidates for a response to an empty GSC 
niche and activation of germline regeneration. Defining the GSC niche in Parhyale and 
understanding which signaling mechanisms are important for this regeneration process will 
provide an example of germline regeneration in an organism that does not display extensive 
regeneration. This research has medical implications for treatment of infertility in men and 
women and could provide insight into how generating new stem cell niches could enhance 
transplantation of stem cells in regenerative medicine (Adams et al., 2007). 
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Appendix A: Amino acid sequence used to generate rat anti-Ph-Vasa antibody 

GKGCFKCGEDGHMARDCPQGGDGGGGGGGNRGCFNCGEQGHNKADCPNPPKDNTGE
LGPDGKPRPPLYVPEHIADEQLFSEGVNPGINFDAYHNIPVSVSGEGEIPDPIDTFGASGLR
DLLISNIERAGYKTPTPIQRVCIPTIMAGRDIMGCAQTGSGKTAAFLLPILHGILASGGGNS
GSMSSTAEPSAVVVAPTRELAIQIHNEARKFALDSIVRTVVCYGGASMNSQYRQLQNGC
AVLVATPGRLNDFVTRGRVSFSSVRYLVLDEADRMLDMGFIGDIEKIVNHQTMPAVGQ
RQTLLFSATFPEEIQTLACNHLQNYVFYAVGTVGAANTDVCQEVLNVPRQQKREVLMS
KIEEFMANGDNKVLIFVETKRTADFLATLLSSQQLNSTSIHGDRFQSQREEALAQFKAGI
RSILVATAVAARGLDIRGVSHVINYDLPKEVDEYVHRIGRTGRVGNKGHAVSFYDEEQD
GALAKNLVKILTDASQEVPEWLKNAAAHSGHSQTYHGVGDFASHDIRGEGLQREGSSQ
AFGGPAPVDEEEEW 
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Appendix B: Additional rat anti-Ph-Vasa experiments 
 
Figure B.1. Control experiments for rat anti-Ph-Vasa 
In all panels anti-Ph-Vasa is red and DAPI is cyan. Panels a-c are rat anti-Ph-Vasa at 1:2000 
dilution experiments. Panels d-f are rat anti-Ph-Vasa incubated with TrpE-Vasa fusion protein 
before antibody staining at a dilution of 1:2000. Panels g-i are just secondary antibody at a 
dilution of 1:500. (a,d,g) Parhyale ovaries. (b,e,h) Parhyale testes (c,f,i) Parhyale germband 
stage embryos. 
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Figure B.2. Rat anti-Ph-Vasa stains germline in Ciona intestinalis embryos 
Rat anti-Ph-Vasa appears to be cross-reactive in C. intestinalis for labeling the germline. 
(a) Rat anti-Ph-Vasa (red) and Phalloidin 488 (green). This vasa antibody labels PGCs in a C. 
intestinalis tadpole. The arrowhead indicates the location of the PGCs (b) Rat anti-Ph-Vasa (red) 
and Phalloidin 488 (green) in a C. intestinalis larva tail. Credit: Philip Abitua performed 
antibody stains. 
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Appendix C: Phospho-Smad antibody stains in Drosophila 
 
Figure C.1. Phospho-Smad control stains in Drosophila. 
(a) Rabbit anti-Phospho-Smad1/5 (pink) and DAPI (cyan) nuclear stain in Drosophila wing 
imaginal disc. (b) Rabbit anti-Smad3 (red) and rat anti-Ph-Vasa (green) in Drosophila ovarioles. 
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