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Abstract

Cell competition is a process that compares the relative fitness of progenitor cells, resulting

in winners, which contribute further to development, and losers, which are excluded, and is

likely a universal quality control process that contributes to the fitness of an individual. Cell

competition also has pathological consequences, and can create super-competitor cells

responsible for tumor progression. We are studying cell competition during germline regen-

eration in the colonial ascidian, Botryllus schlosseri. Germline regeneration is due to the

presence of germline stem cells (GSCs) which have a unique property: a competitive pheno-

type. When GSCs from one individual are transplanted into another, the donor and recipient

cells compete for germline development. Often the donor GSCs win, and completely replace

the gametes of the recipient- a process called germ cell parasitism (gcp). gcp is a heritable

trait, and winner and loser genotypes can be found in nature and reared in the lab. However,

the molecular and cellular mechanisms underlying gcp are unknown. Using an ex vivo

migration assay, we show that GSCs isolated from winner genotypes migrate faster and in

larger clusters than losers, and that cluster size correlates with expression of the Notch

ligand, Jagged. Both cluster size and jagged expression can be manipulated simultaneously

in a genotype dependent manner: treatment of loser GSCs with hepatocyte growth factor

increases both jagged expression and cluster size, while inhibitors of the MAPK pathway

decrease jagged expression and cluster size in winner GSCs. Live imaging in individuals

transplanted with labeled winner and loser GSCs reveal that they migrate to the niche, some

as small clusters, with the winners having a slight advantage in niche occupancy. Together,

this suggests that the basis of GSC competition resides in a combination in homing ability

and niche occupancy, and may be controlled by differential utilization of the Notch pathway.

Introduction

Cell competition is a process that compares the relative fitness of progenitor cells, and results

in healthier cells contributing a higher proportion to the final tissue composition, while dam-

aged, stressed or otherwise suboptimal cells are removed. First described in Drosophila in the

1970s [1], cell competition has been demonstrated in organisms that range from the social
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amoebae Dictyostelium, to humans, and is likely a universal quality control mechanism that

plays a role both during development, and tissue homeostasis in adults (reviewed in [2]). Cell

competition is dependent on cells competing for extrinsic survival factors [3], or comparing

some intrinsic limiting resource, such as rates of translation, growth, or expression levels of

certain proteins (e.g., Myc, p53), to neighboring cells and responding to the status of their

neighbors. The outcome of competition varies with the organism and tissue studied. For exam-

ple, in the developing Drosophila wing, winner cells instruct loser cells to commit apoptosis

[2]. In contrast, studies focused on Drosophila ovarian stem cells have shown that competition

occurs for niche occupancy via differences in cell adhesion. The winner cell displaces the loser

cell from the germ cell niche, and concomitant instructive cues for self-renewal and/or differ-

entiation- thus losers are excluded from contribution to further development [4].

These kinds of competitive events have also been observed in adult stem cell populations in

mammals. For example, it has been shown that successful engraftment of transplanted

hematopoietic stem cells involves competition between the donor and recipient cells for niche

occupancy, with successful engraftment correlating to levels of p53 expression [5]. In addition,

competition is likely involved in pathological processes such as cancer. When genes involved

in competition are overexpressed, they can create super-competitors that overgrow normal

cells (reviewed in [6]), thus competitive interactions likely underlie tumor cell selection and

progression. In summary, cell competition is a phenomenon observed from single cell organ-

isms to humans, and plays a role in multiple processes.

Despite its ubiquity, the molecular mechanisms underlying cell competition are not well

understood. For example, differences in expression of a number of genes correlate to the com-

petitive interactions between cells, including myc, p53, and wnt; but it is not known if there is

a common downstream regulatory mechanism that interpret those measurements [2, 7]. In

addition, competition is context dependent; cells are comparing themselves to nearby cells,

thus even the concept of cell fitness is difficult to define, and not yet quantifiable. Most impor-

tantly, the examples above are interactions between somatic cells, but it is an individual that is

under selection, not just the competitive interactions. As such, there could be multiple redun-

dant mechanisms contributing to competition that will be difficult to separate out without

genetic variants to compare.

We are studying cell competition in a novel model organism, the colonial ascidian, Botryllus
schlosseri. Ascidians are marine organisms which grow in shallow waters throughout the

world, and are part of the Tunicata, considered the basal chordates [8]. Embryogenesis results

in a chordate tadpole larva that commences a short swimming phase, culminating in the iden-

tification of a suitable substrate for the adult form. The larva then settles and undergoes meta-

morphosis into a sessile and transparent adult body plan, called an oozooid. The oozooid is a

filter-feeding individual with a complex anatomy, including a GI tract, heart, both a central

and peripheral nervous system, a complex musculature and hematopoietic system. Botryllus

belongs to a subset of ascidians that have a colonial life history- meaning that an individual

does not grow by increasing in size, but rather by a lifelong, recurring asexual budding process

during which entire bodies are regenerated de novo every week. This results in a constantly

expanding colony of genetically identical individuals, called zooids, with the same body plan as

the oozooid. All zooids are connected by a common extracorporeal vasculature, which ramifies

throughout the colony. At the periphery of the colony, these blood vessels terminate in blind

ended protrusions called ampullae (S1 Fig). While all zooids are connected by a common vas-

culature, they are not dependent on each other. In the lab, colonies grow on glass slides, and

portions of a colony can be surgically removed, transferred to a new slide, and will continue to

grow- these are called subclones, and this can be done multiple times. In summary, indepen-

dent experiments can be carried out using the exact same genotype.
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Each week, each zooid initiates the regeneration of 1–4 new buds, during which all somatic

and germline tissues develop de novo in a synchronized fashion throughout the colony. The

best understood regenerative process in Botryllus occurs in the germline. Like most metazo-

ans, Botryllus sets aside a population of PGCs early in embryogenesis [9]. However, unlike

most model organisms, Botryllus retains a population of mobile, self-renewing, lineage-

restricted adult germline stem cells (GSCs) that retain pluripotency for life of the individual,

which ranges from 6 months to> 2 years in the lab [9, 10]. Every week a subset of these GSCs

settle and differentiate into gametes, while others self-renew, and will migrate to the newly

forming niches in the subsequent generation of developing bodies. Migration occurs over a

defined 48 hr. period, and during this window GSCs are also found in the colony vasculature

and ampullae [11]. So, while in most model organisms PGC migration occurs once during

embryogenesis, in Botryllus a population of long-lived, lineage restricted, self-renewing GSCs

migrate synchronously from an old niche to a new niche during a defined 48-hour period each

and every week during the life of an individual (S1 Fig; [11]).

As individuals grow by asexual reproduction, they continuously expand over the substrate,

and when two grow into contact, the first tissues to touch are the ampullae. This contact initi-

ates a natural transplantation reaction that can result in either fusion of the two ampullae,

forming a parabiosis between the two individuals- or an inflammatory rejection response that

blocks parabiosis (S1 Fig). Fusion or rejection is controlled by a single highly polymorphic

locus, called the fuhc, and two individuals fuse if they share one or both fuhc alleles, and reject

if no alleles are shared between them [12]. Following fusion of two compatible individuals, the

GSCs can migrate from one genotype to the other via the parabiotic linkage. When GSCs from

two individuals co-exist in a single body, they will compete for germline development. In some

cases, GCSs from one genotype will win, and only that genotype will contribute to the germline

of all of the zooids from both individuals- and this dominance will remain for years following

transplantation, even if the two colonies are surgically separated (S1 Fig [13–16]. This competi-

tive trait, called germ cell parasitism (gcp), is both repeatable in independent pairings of the

same genotypes, and heritable. There are winner and loser genotypes found in both natural

populations and reared in our lab [10, 14].

If fusion occurs between two genotypes with equal competitive abilities, GSCs from both

genotypes will contribute to the mature gametes throughout the chimera (S2 Fig). Both GSCs

and blood progenitors are mobile and can migrate between two individuals in a parabiotic

pair, but the rest of the somatic tissues cannot [17, 18]. Thus, a zooid can consist of somatic tis-

sues from one genotype, but be making the gametes of the other.

Importantly, the parasitic phenotype is autonomous to the GSCs, as their competitive pheno-

type is retained during experimental transplantation [10]. GSCs can be isolated by FACS and

transplanted into recipient individuals and their contribution to gamete development monitored.

If GSCs are isolated from a winner genotype, and transplanted into a loser, they contribute to

germline development in the recipient. In contrast, if GSCs from a loser genotype are transplanted

into a winner, they do not [10]. Using serial transplantation, we have also found that GSCs are

lineage restricted and self-renewing, but how these long-lived progenitors compete for germline

development is not well understood [10]. Here we have utilized the natural genetic variability in

gcp to study the cellular and molecular mechanisms which underlie stem cell competition.

Materials and methods

Animal husbandry identification of winner/loser pairs

B. schlosseri colonies used in this study were lab-cultivated strains, spawned from individuals col-

lected in Santa Barbara, CA, cultured in laboratory conditions at 18–20˚C, and staged as described
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in detail previously [19]. Winner/loser pairs are defined as 1) genotypes which are histocompatible

and naturally fuse to form parabiotic pairs; and 2) show complete germline parasitism, i.e., follow-

ing fusion all mature gonads are descendant from only one genotype. In addition, parasitism

must be repeatable (consistent among multiple pairings of naïve subclones of each genotype) and

stable [10, 14]. Here we assayed chimerism of testes, as they can be easily isolated with no somatic

tissue contamination. To identify winner/loser pairs, we used large healthy genotypes that could

be repeatably separated into pieces (also called subcloning, the independent pieces are called sub-

clones). Genotypes were visually tested for fusion by placing subclones in direct contact on glass

slides. If colonies were compatible and fused, the parabiotic chimeras were maintained in a sepa-

rate tank and allowed to go through at least 6 blastogenic cycles, then individual testis (n = 10)

were genotyped. Three independent experiments were done for each fusible genotype pair, and 3

winner/loser pairs of individuals were identified (i.e., all testis were from one genotype) and used

in this study. Parasitism was observed in 15% of the fusible pairs tested here. To normalize for any

potential genotype specific results, in each experiment in this study, each pair was used inter-

changeably at least once, and the data was aggregated. No significant differences were found.

Genotyping

For genotyping, we used codominant length and dominant presence/absence polymorphisms

in 10 polymorphic loci (S2 Fig). Initially, somatic tissue from naïve subclones of each genotype

were characterized for polymorphisms for each locus, and specific combinations of loci were

identified which could uniquely identify each genotype used in this study. Parabiotic pairs

were tested at 6 and 12 weeks following fusion. A subclone was removed from the chimera was

placed in a shallow dish of 70% ethanol. Zooids were sliced open and individual testis isolated

under a dissecting microscope. Somatic tissue and blood were removed using small tweezers

and repeated dipping into the ethanol until visibly clean. Genomic DNA was extracted using

the Nucleospin DNA XS kit (Machery Nagel) following the manufactures instructions. Prim-

ers are listed below (Table 1), and PCR conditions were 5 min at 95˚ C, followed by 36 cycles

of 95˚ for 20 seconds, 56˚ C for 20 seconds and 72˚ C for 45 seconds. Samples were separated

by gel electrophoresis using a 3% MetaPhor agarose (Lonza) using standard techniques. Indi-

vidual testes contain about 105 sperm, and as can be seen in previous studies [10, 15–17] and

S2 Fig, individual testis are clonally derived.

Cell sorting

FACS-based enrichment of GSCs were performed as previously described [10, 20]. Briefly,

genetically identical, stage-matched animals were pooled, and a single-cell suspension was gen-

erated by mechanical dissociation. Whole animals were minced and passed sequentially through

70μm and 40μm cell strainers in ice-cold sorting buffer (filtered sea-water with 2% horse serum

and 50mM EDTA). FACS was performed using a FACSAria (BD Biosciences) cell sorter. Sam-

ples were gated with two previously identified markers for Botryllus germ cells, ALDH activity

(detected using Aldefluor (Stem Cell Technologies)) and a monoclonal antibody to integrin

alpha 6 (Anti-Human/Mouse-CD49f-dFlour450 (Ebioscience, San Diego, CA USA, clone

GoH3)). Analysis was performed using FACSDiva software (BD Biosciences). Cells were sorted

using a 70μm nozzle and collected into dissociation buffer. Cell purity was assessed by expres-

sion of the germline marker, vasa using qPCR, as described previously [10, 20].

Quantitative RT–PCR

Sorted cells were pelleted at 700Xg for 10 min, and RNA was extracted using the Nucleospin

RNA XS kit (Macherey Nagel), which included a DNAse treatment step. RNA was reverse
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transcribed into cDNA using random primers (Life Technologies) and Superscript II Reverse

Transcriptase (Life Technologies). Quantitative RT-PCR was performed using a LightCycler

480 II (Roche) and LightCycler DNA Master SYBR Green I detection (Roche) according to the

manufacturer’s instructions. The thermocycling profile was 5 min at 95˚C, followed by 45

cycles of 95˚C for 10 s, 60˚C for 10 s. The specificity of each primer pair was determined by

BLAST analysis (to the Botryllus transcriptome database [46]), as well as by melting curve anal-

ysis and gel electrophoresis of the PCR product. To control for amplification of genomic

DNA, ‘no RT’-controls were used. Primer pairs were analyzed for amplification efficiency

using calibration dilution curves. All genes included in the analysis had cycle threshold (CT)

values<35. Relative gene expression analysis was performed using the 2-ΔΔCT Method. The

CT of the target gene was normalized to the CT of the reference gene elongation factor 1 alpha
(EF1α): ΔCT = CT(target)–CT (EF1α). To calculate the normalized expression ratio, the ΔCT of the

test sample (IA6-positive cells) was first normalized to the ΔCT of the calibrator sample

(IA6-negative cells): ΔΔCT = ΔCT(IA6-positive)-ΔCT(IA6-negative). Second, the expression ratio was

calculated: 2-ΔΔCT = Normalized expression ratio. The result obtained is the fold increase (or

decrease) of the target gene in the test samples relative to IA6-negative cells. Each qPCR was

performed at least three times on cells from independent sorting experiments, and each gene

was analyzed in duplicate in each run. The ΔCT between the target gene and EF1alpha was

first calculated for each replicate and then averaged across replicates. The average ΔCT for

Table 1. Primers used in this study: Both gene and genotyping primers are shown.

Genes Genotyping Loci

ef1-α F CGTGGTCATTGGCCACGTAGA STR1 F ACTGCGCTAATCAGTAGAC

ef1-α R ATGAAATCACGATGACCGGGA STR1 R CTTCGCAATTTAAACTTCGG

VASA F GGCGGATTTAGCGATGATGAG STR2 F AGTGAGCGAGAAGAGTGATG

VASA R TTCCCCCATAGCGACTGTTAGAC STR2 R ATTTCCTGATTTGGTCTAAC

Notch 2 F AGGTGTCATCGGTGCATTGT STR3 F GCGATCAAAAACGAACTGCT

Notch 2 R TACGACGCGCTTCAAAGAGT STR3 R ACCTGTTTGATGCTGGTGTG

Notch 4 F CGCGGAGCCTATGAGGATTT STR4 F CCAGATTTGATGCTTGAGTGG

Notch 4 R TTGAGCAGGCAACTGGAACA STR4 R TGTCGCGTCACTCGTCAGT

Delta 1 F CTCTTCCGTTCTCCGCTTGT STR5 F AGCGGCGGTTAGCCACAC

Delta 1 R AATCTTGGAAGGCAGACCCG STR5 R AATCGTTAGCACGATGGGTA

Jagged 1 F AGGGTGACGCTCATCTTTCA STR6 F TGTTCAAGTGACCCCATCAA

Jagged 1 R CGCCGTCTCTGTTTTCTCTG STR6 R ACAATGCGTGCAGGGTATTC

Jagged 2 F GAGAAAACAGAGACGGCGTC STR7 F TGGTCTTAGGCCCAATGAAG

Jagged 2 R GGGTTGGTCAATCACGATCG STR7 R AATAAACGGATTTGCGTTCG

RFP 121 F AAGAATGTTTCCGTCGCCGT STR8 F TGCGCCAATTCCTACTAGGTG

RFP 121R ATGCCTGCACGAGAAACAA STR8 R CGTAGATCCGA GCTGGTA

RFP 121–2 F TTGTTTCTCGTGCAAGGCAT STR9 F CATGCCTCCTCTTTACAT

RFP 121–2 R TCGTAACAGCGCCTGTGATA STR9 R CAGGATAAACTGGATTTCG

AIF3-1 F GGCTGCGTGTGTTCCATTTT STR10 F CACCCTGTCAATACCGGAAA

AIF3-1 R GGCCACAACTTCCTCACCTT STR10 R CGGGAGTGACCTTACGAGAC

AIF3-2 F TGCGATCATGAAAGAGGCGA

AIF3-2 R GATTGGTATGGCGCAGCAAG

cPLA2 F GCAAGAGGGGACCTTAACCC

cPLA2 R ACACCCGATGCTTGCTTACA

Alox 5 LF AGCGGAAACGAAGACGAGTT

Alox 5 R GGTTTTGGTTCAACCTCCGC

https://doi.org/10.1371/journal.pone.0291104.t001
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each target gene was then used to calculate the ΔΔCT as described above. Data are expressed as

averages of the normalized expression ratio (fold change). Standard deviations were calculated

for each average normalized expression ratio. Statistical analysis was performed using a paired,

two-sided Student’s t-test. **P<0.05.

Cell tracking

GSCs were isolated as above from winner and -1 animals and labeled with either CM-Dil

(Loser) (Cell Tracker™, Thermo Fisher Scientific) or Syto59 (Winner) (Cyto™ Red Fluorescent

Nucleic Acid Stain, Thermo Fisher Scientific.). Isolated cells were spun at 1500rpm for 5 min-

utes, washed in filtered sea water, and incubated in label for 2 hrs. They were the spun at

1500rpm for 5 minutes and resuspended at 20,000 cells/uL. Loser genotype colonies were

microinjected with the labeled cells into the blood stream, 24 hours later colonies were imaged

using an Olympus FLV1000S Spectral Laser Scanning Confocal at 20X.

Transwell migration assays

Migration assays were done as published previously [20, 21]. Briefly, transwell filters with 8μm

pore size inserted in a 24-well plate (Corning) were coated with laminin over night at 4˚C and

briefly air dried before adding 50,000 sorted cells, resuspended in 100 μl filtered sea water with

10% DMEM, 1% FBS. The bottom of the well contained filtered sea water with 10% DMEM/

1% FBS, and vehicle (control) or S1P (2μM or 0.2μM). After 4hr incubation at room tempera-

ture, nuclei were stained with Hoechst 33342 and counted in images taken at three random

locations at x100 magnification. Average cell coverage was analyzed using “cell count” in FIJI

software. All assays were performed in triplicates with cells from three independent sorts, and

each winner/loser pair was used in each assay at least once. Data from all genotypes were com-

bined and statistical analysis was performed using a paired, two-sided Student’s t-test.

Small-molecule inhibitor treatment

Isolated cells were incubated for 2 hours in 200 μl of filtered sea water with 10% DMEM, 1%

FBS containing one of the following reagents: 10μM U0126, 10μM Ly294002 (Cell Signaling),

40ng/ml Hepatocyte Growth Factor (Sigma Aldrich) or 5μM FR180204 (Tocris). Controls

were incubated in sea water without inhibitors plus vehicle (0.1% ethanol or 0.001% dimethyl-

sulphoxide). Inhibitor doses were determined empirically and represent the lowest concentra-

tion that gave maximum results in dose-response curves. For each treatment, three genetically

identical subclones of each winner/loser pair were treated simultaneously. Transwell Migra-

tion Assays and Quantitative RT-PCR was performed as described above and data are reported

as averages from all experiments. Statistical analysis was performed using a paired, two-sided

Student’s t-test (***p<0.001).

Results

Winner GSCs have increased migration capabilities compared to loser

GSCs

Two broad and potentially interrelated hypothesises could explain the basis of germline para-

sitism: first, the winner GSCs could be faster at detecting, migrating to and occupying the

developing germline niche; and/or there may be competition for maintaining access to the

niche during gametogenesis. Using a combination of in vitro transwell migration assays and in

vivo analyses, we had previously found that the migration of GSCs is controlled by a gradient

of sphingosine-1-phosphate (S1P) secreted by the newly developing niche [20, 21], and also
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that S1P chemotaxis may also be dependent on the generation of an autonomous gradient of

the bioactive lipid, 12-S-HETE [21]. In order to characterize general migration mechanisms,

these studies were done using multiple wild-type genotypes, without regard to the competitive

phenotype of the individuals. Here, we wanted to test whether GSCs isolated from winner and

loser genotypes respond differently to S1P. We identified three genetically distinct pairs of

winner/loser genotypes in our lab-reared cultures, isolated GSCs by FACS, and compared

their migration to S1P gradients in vitro (described in the Methods section).

As shown in Fig 1, in all conditions, the number of winner GSCs migrating during the incu-

bation period were higher than the loser GSCs- in other words, winner GSCs migrated faster

than loser GSCs. Both genotypes revealed the equivalent dose-dependency to S1P previously

observed [20], with an optimal migration to an S1P concentration of 2μM compared to a con-

centration of either 0.2 μM or 20 μM. Interestingly, winner GSCs also displayed slightly higher

migration in unstimulated control experiments. In summary, the results from this experiment

indicate that S1P induces chemotaxis in both winner and loser GSCs, however, winner-GSCs

possess seem to possess an intrinsically faster migratory activity compared to loser cells (Fig 1).

As described in the Methods, we assess migration in this assay via nuclear staining of cells

in the bottom of the transwell. Unexpectedly, in these experiments we found that following

Fig 1. Winner GSCs have increased migration capabilities, and expression of jagged and delta compared to loser

GSCs. A. Images of winner (top) and loser (bottom) GSCs after 4 h of migration in control treatment SB = 20 um. B.

Plot of total area of cells following 4 h of migration. Winner GSCs (purple), loser GSCs (blue), treatments on X-axis. C.

qRT-PCR analysis of isolated GSCs from winner and loser genotypes. Data expressed as averages of relative fold

change normalized to loser GSCs. Each winner loser pair was assessed 3 times, and standard deviation calculated

(n = 9). ***P<0.001 using Students t-test.

https://doi.org/10.1371/journal.pone.0291104.g001
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migration through the transwell filter, the majority of winner GSCs were found in larger clus-

ters, while the loser GSCs migrated mostly as small clusters and some single cells (Fig 2A, 2D).

Interestingly, the presence of S1P slightly increased cluster size in both winner and loser GSCs

vs unstimulated controls (Fig 2), and these observations were consistent between all three win-

ner/loser genotypes. In summary, GSCs, which are FACS sorted as single ALDH+/IA6+ cells,

appear to coalesce into clusters during incubation and migration, with winners forming larger

clusters than losers. In addition, cluster size correlates to the speed of migration.

Fig 2. Genotype specific manipulation of cluster size. A-C. Representative images of cell clusters following transwell

migration assays. A. Under control conditions winner GSCs are found in larger clusters versus loser GSCs. B. Treatment

with HGF causes clustering of loser GSCs but has no major effect on winner GSCs. C. Blocking MAPK signaling with

UO126 has no effect on loser GSCs, but lowers cluster size in winner GSCs. D. Summary of average cell cluster size from all

three winner loser pairs following HGF stimulation and MAPK inhibition. Data is normalized to the average cluster size of

loser GSCs under control conditions. *p<0.05 **p<0.01 ***p<0.001. n = 30 (control); n = 27 (Ly294002 treatment); n = 15

(UO126 and FR180205 treatments), n = 9 (HGF treatment).

https://doi.org/10.1371/journal.pone.0291104.g002
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The Notch ligands Delta and Jagged are upregulated in winner GSCs

We have carried out both bulk mRNA sequencing and single cell quantitative RT-PCR on

ALDH+ cells [10]. Although not a highly enriched population, differential gene expression anal-

yses revealed a significant increase in components of the Notch pathway, including Delta and

Jagged. Next, we directly assessed Delta, Jagged and Notch expression by qPCR from FACS iso-

lated GSCs isolated from both winner and loser genotypes. We found that, on average, a Jagged

2 (JAG2) homolog was upregulated ca. 8X, and Delta 6X in winners vs loser GSCs (Fig 1C). In

contrast, expression of Notch was equivalent in between both genotypes (Fig 1C).

The parallel increase in JAG2 expression, cluster size and migration kinetics in winner

GSCs was intriguing, as a similar mechanism have been described in metastasis. In mammals,

Jagged expression positively correlates with cancer invasiveness [22, 23], as well as playing a

role in collective migration [24]. In addition, multiple studies suggest that aggressiveness and

clustering may be linked [25]. We next took a candidate approach, focusing on manipulating

GSC behavior.

HGF stimulation results in increased JAG2 expression, and a concurrent

increase in migratory ability and cluster size in loser GSCs

It has been previously shown that several growth factors effect both stem cell migration as well

as expression of proteins in the Notch pathway, and one interesting candidate was Hepatocyte

Growth Factor (HGF). In several cancer models, HGF has been shown to increase both expres-

sion of jagged and tumor invasiveness [26–29], including human germ cell tumors [30] In

addition, HGF has been shown to play a role in collective migration of epithelial cells [31].

Finally, Botryllus GSCs express a HGF receptor (c-met) homolog. Thus, we next tested HGF

stimulation on migration. Following dose dependency and viability assays (see methods) iso-

lated GSCs were incubated in 10ng HGF and then tested for both JAG2 expression levels and

migration to S1P.

HGF treatment of GSCs resulted in increased expression of JAG2 in both cell populations

as seen in qRT-PCR (Fig 3A). Loser GSCs had increased JAG2 expression levels (p<0.001)

and were indistinguishable from untreated winner GSCs, (p<0.001) (Fig 3A). Interestingly

HGF-treated winner GSCs only had a slight increase in JAG2 expression, suggesting that there

is either an upper threshold of Jagged expression, or of HGF stimulation.

Transwell migration assays showed that loser GSCs had a 1.5X increase in migratory ability,

both in control and in response S1P (p<0.001), essentially converting the loser GSC migration

phenotype to that of the winner GSC phenotype. Interestingly, there was no statistical differ-

ence between winner GSC migration levels and HGF-treated loser GSCs (Fig 3B). Similar to

the mild increase in expression of JAG2 following HGF treatment, winner GSCs treated with

HGF had virtually no change in their migratory capabilities.

Analysis of the cell clustering revealed that HGF significantly increased clustering of the

loser GSCs to a level equivalent to winner GSCs (Fig 2B). In contrast, there was no observable

differences in cluster size of the winner GSCs between control vs. HGF (Fig 2). In summary,

HGF treatment of loser GSCs caused them to take on a winner phenotype in three categories:

JAG2 expression, migration kinetics and cluster size, but had little effect on winner genotypes.

Perturbation of MAPK pathway results in changes of JAG2 expression,

migratory ability and cluster size in winner GSCs

HGF is known to activate the MAPK and Akt pathways [26, 28, 29], both of which have been

shown to be upstream of Jagged expression. In the next set of experiments, we used small
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molecule inhibitors to block both pathways. We utilized the MEK inhibitor U0126 and the

AKT/P13 Kinase inhibitor Ly294002. Inhibiting the MAPK pathway using U0126 has been

shown to result in decreased Jagged expression in several systems, for example squamous cell

carcinoma cells, HUVEC, and breast cancer cell [32–34]. Ly294002 inhibits Akt through P13

Kinase [34] and has been shown to attenuate Jagged expression as well as mitigate activation of

the Akt pathway following addition of HGF [35, 36].

Following dose and viability assays (see methods), GSCs were incubated 10μM of U0126 for

and assessed for Jagged expression. Jagged expression levels decreased up to three-fold in win-

ner GSCs, with treated winner GSCs having similar expression levels to those of loser GSCs

Fig 3. Treatment with Hepatocyte Growth Factor (HGF) increases jagged expression and migratory activity of

loser GSCs. A. Quantification of jagged expression following treatment of winner and loser GSCs with HGF for 2 h.

Data shown as relative fold change normalized to loser GSCs. ***p<0.001 (Students t-test). B. Results from transwell

migration assays following HGF treatment on winner and loser GSCs. Show is the fold change of total cell count under

different conditions, normalized to loser GSCs (n = 6). ***p<0.001.

https://doi.org/10.1371/journal.pone.0291104.g003
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(Fig 4A). In contrast UO126 treatment only mildly decreased JAG2 expression. This suggests

that, opposite to HGF stimulation, there may be a lower threshold of JAG2 expression, and/or

jagged expression is also maintained by independent signals.

Transwell migration assays revealed that MAPK inhibition with UO126 resulted in a

decrease of the migration levels of the winner GSCs, decreasing them to the level of the loser

GSCs (p<0.001; Fig 4B). In contrast, migration levels of the loser GSCs were not significantly

lessened with MEK1/2 inhibition.

Analysis of the cluster size of the winner and loser GSCs following migration gave the exact

opposite results of HGF (Fig 2C and 2D). In this case, the winner clusters had decreased in

size, with a distribution reminiscent of the untreated loser GSCs. In contrast, the loser GSCs

were unaffected, again revealing a correlation between cluster size and migration kinetics.

Fig 4. Blocking the MAPK pathway with UO126 decreases jagged expression and migratory ability. A. Treatment

with UO126 results in decreased jagged expression in winner GSCs and has a small effect on loser GSCs as assessed by

qPCR. Treatment with Ly294002 which blocks Akt activity had no effect. B. Transwell migration assays of GSCs

following UO126 and Ly294002 treatment. Addition of UO126 to winner GSCs resulted in decreased migration to that

nearly equivalent of loser GSCs under both control and S1P stimulated conditions. Loser GSCs showed a small effect

from UO126 under S1P conditions. In contrast, Ly294002 had virtually no effect on winner or loser GSCs. Data

expressed as averages of relative fold change, normalized to loser GSCs under control conditions. n = 27. ***p<0.001.

https://doi.org/10.1371/journal.pone.0291104.g004
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We next inhibited Akt signaling using LY249002. Although Ly249002 has been used suc-

cessfully in a number of ascidian species [37], it had no measurable effect on migration of

either cell population, JAG2 expression levels, or cluster size, suggesting that the MAPK path-

way and not the AKT pathway is involved in winner phenotype migration (Fig 4A and 4B).

To further validate the finding that the MAPK pathway specifically affects Jagged expres-

sion and influences migratory ability, we next used the selective ERK1/2 inhibitor FR180204

[38]. Inhibition with FR108204 resulted in a three-fold reduction in JAG2 expression, similarly

to that of U0126 treatment as quantified with RT-PCR (Fig 5A; p<0.001). Equivalent to U0126

treatment, addition of FR108204 decreased migratory ability of winner GSCs, and winner

GSC migration levels matched the level of untreated loser GSCs (Fig 5B; p< 0.001). Analysis of

cluster size following migration showed equivalent results to UO126 treatment: winner

Fig 5. Blocking the MAPK pathway using FR180205 is equivalent to UO126 treatment. A. Treatment with both

MAPK inhibitors had equivalent effects on jagged expression on winner, but not loser GSCs as quantified using qPCR.

Data expressed as averages of relative fold change, normalized to loser GSCs. SDEVs were calculated for each average

expression ratio (n = 5) ***p<0.001 (Students t-test). B. Results from transwell migration assays following blocking

MAPK activity using UO126 and FR180205 decreases migratory ability of winner GSCs but has a small effect on loser

GSCs under both control and S1P stimulated conditions. Data expressed as average fold change in total cell count

normalized to loser control. n = 15. ***p<0.001.

https://doi.org/10.1371/journal.pone.0291104.g005
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clusters had decreased in size, while loser GSCs were unaffected by inhibition of MAPK signal-

ing. Thus, both MAPK inhibitors showed equivalent results.

These data support a link between JAG2 expression via the MAPK pathway. When loser

GSCs were stimulated with HGF their JAG2 expression levels matched those of untreated win-

ner GSCs. Furthermore, following HGF treatment loser GSCs gained migratory function, to

levels that phenocopied those of winner GSCs. On the flip side, inhibition of the MAPK path-

way through either MEK1/2 (U0126) or ERK1/2 (FR180204) in winner GSCs resulted in not

only a decrease of JAG2 expression, but also a decrease in migratory ability and cluster size. In

all cases, Jagged expression, migration kinetics and cluster size responses to these treatments

are linked.

These data also suggest that regulation of JAG2 expression is very specific, with a tightly

controlled minimal and maximum level. Winner GSCs had very little response to HGF treat-

ment, either in actual expression levels of JAG2 or in migratory abilities. Conversely, inhibi-

tion of the MAPK pathway through either inhibition of MEK1/2 or ERK1/2 resulted in a

minimal decrease in either JAG2 expression or migratory levels of loser GSCs.

Live imaging of the GSC niche following transplantation of winner and

loser GSCs

Next, we assessed the behavior of FACS-isolated labeled winner and loser GSCs in vivo using

live imaging. Isolated winner GSCs were labeled with CellTracker CM-DiI Dye and loser

GSCs were labeled with Syto59. Labeled cells were then co-injected into the loser genotype at

stage just prior to the normal GSC migration period between the old and new niche, and 24 h

later, when GSC migration is maximal, we imaged the new germline niche of the recipient col-

ony using spinning disc confocal microscopy (Fig 6A–6I; the niche is inside the protruding

region of the white dotted line [11]). In all three winner/loser pairs visualized, we observed

labeled cells in ca. 70% of the niches observed. In each positive niche, between 1–5 cells were

found, with a slight increase in the number of winner GSCs versus losers (1.9X; p = 0.018;

Fig 6J). This was a minority of the cells that were injected, most of which remained in circula-

tion and were moving too quickly to image. In addition, labeled cells that had migrated to the

new niche remained stationary during the observation window.

Representative images of the range of distribution of the labeled cells we observed are

shown in Fig 6. On average, about half the labeled cells observed in these experiments were

found in pairs (Fig 6A and 6D), and there were no noticeable differences in these results

between any of the winner/loser genotypes. We observed pairs of winners (top asterisk,

Fig 6A–6E) and also pairs consisting of winners and losers (arrow in Fig 6A–6C). Single cells

were also observed (Fig 6C asterisk on far right of panel; 6H asterisk on top right of panel).

Unfortunately, we did not visualize a migration event in any experiment, but only observed

cells once they had settled in the region being observed. In summary, in the time span between

FACS isolation of single cells and imaging of the niche we do observe clustering of about half

the labeled cells, but do not know if cells migrated as pairs, or interacted following arrival at

the niche.

Discussion

Here we utilized the natural phenotypic variation in germ cell parasitism to test the hypothesis

that differences in S1P-induced migration contribute to the competitive abilities of GSCs. We

found GSCs retained their competitive phenotype, initially characterized following in vivo

interactions between different genotypes, when assessed ex vivo. Specifically, GSCs isolated

from winner colonies migrated along a gradient of S1P faster than those from losers. We also
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found that this increase in migratory ability correlated to an increase in both the expression of

the notch ligand, JAG2, as well as size of the cell clusters. JAG2 expression, clustering and

migration speed could be increased by stimulation with the growth factor HGF, and decreased

via inhibition of the MAPK pathway. But unexpectedly, these affects were genotype specific:

HGF treatment converted GSC losers to a winner phenotype, while MAPK pathway inhibition

converted winner GSCs to a loser phenotype. This suggests that collective migration may be

part of germline stem cell competition, and that there may be minimum and maximum

thresholds for all three of these phenotypes. Finally, live imaging of germline niches following

transplantation of winner and loser cells revealed a slight, but significant increase winner cell

occupancy, as well as some small clusters of cells. However, during these experiments we did

not capture images of cells arriving in the niche, only after they had settled, thus do not know

if these interactions occurred prior to or during migration, or occurred on the niche.

Increased collective migration by winner GSCs may allow more efficient and faster migra-

tion to the newly developing niche. This is likely due to specialization within the cluster, lead-

ing to formation of leader and follower cells (reviewed in [39, 40]). Leader cells extend

filopodia and lamellipodia, remodel the extracellular matrix and sense the microenvironment,

providing direction for the follower cells [39], while follower cells may generate the dominant

traction forces for migration [41]. Interestingly, in a study on human lung cancer metastatic

lesions, leader and follower cells were separated and each population characterized. Leader

cells showed increased expression of Jagged-1, Myosin-X, and fibronectin, which together

Fig 6. Live imaging of the GSC niche following transplantation of fluorescently labeled winner and loser GSCs.

GSCs from each winner and loser pair were isolated by FACS and labeled with cell tracker dyes (winner GSCs (WG,

labeled green); loser GSCs (LG, labeled red)) and co-injected into a subclone of the loser genotype. 24 h later the newly

developing GSC niche was imaged (A-I). The dotted white line is superimposed on the epidermis, the evagination is

the newly developing zooid, and the niche is between the white line and the developing zooid viscera (see S1 Fig).

Representative images of the three types of phenotypes observed in this experiment are shown (A-C; D-F; G-I), and

described in detail in the text. Superimposed images of light and both fluorescent channels are shown in panels A, D,

and G. J. Labeled cells were observed in ca. 70% of the GSC niches visualized, shown is the quantification of the

number of winner vs loser GSCs observed (n = 9). Winner GSCs had a slight advantage versus loser GSCs (1.9X;

p<0.02).

https://doi.org/10.1371/journal.pone.0291104.g006
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affect the geometry of the leader cell filopodia and 3D invasion potential of the metastatic clus-

ters [23]. Interestingly, the top 5 genes found to be upregulated in leader cells in that study are

also upregulated in winner GSCs from Botryllus, including: Jagged, Myosin-X, fibronectin,

RIP4K and ALR4C [23]. In addition, a recent study in collective migration of MDCK cells has

shown that specification of leaders includes a positive feedback loop between HGF and ERK

signaling [31]. Together, this suggests that Botryllus uses conserved mechanisms to increase

collective migration in winner GSCs, perhaps by priming winner GSCs for leader cell fate, and

further that these can be manipulated in vitro by stimulating or inhibiting the MAPK pathway.

Besides being faster at migration, larger clusters may also be able to overpower smaller clusters,

and push them off the niche.

Jagged expression has also been shown to be involved in a metastatic process which results

in the formation of a hybrid epithelial/mesenchymal phenotype that correlates with collective

migration [24]. Unfortunately, one issue we have not resolved yet is if JAG2 expression is cor-

relative with, or causative of changes cluster size, as experiments blocking notch signaling

using DAPT both in vitro and in vivo were not consistent, despite the fact that we have used

these inhibitors successfully before [42]. Dissecting a causal link between Notch signaling and

cluster size is currently an active area of research in the lab. Similarly, while the Botryllus GSCs

express a conserved HGF receptor (c-met) protein, there is not a single clear homolog of HGF.

In summary, while the ability to simultaneously manipulate JAG2 expression, cluster size and

migration speed are robust, at this point the underlying molecular mechanisms are unknown.

The potential for clustering during GSC migration and its role in competition may be due

to another aspect of chemotaxis in Botryllus, the generation of autonomous gradients, a phe-

nomenon known as relay signaling [43, 44]. We recently found that Botryllus GSCs may

require an autonomously generated chemotactic gradient of the bioactive lipid 12-S-HETE for

migration along an S1P gradient [21]. It is becoming appreciated that chemotaxis may require

the migrating cell to contribute spatial information via creating autonomous gradients [45–

47]. In turn, these autonomously-generated gradients cause self-organization of the cells, such

that they migrate as a group [46, 47]. Although we have not detected differences in mRNA

expression of the 12-S-HETE biosynthetic proteins, or the 12-S-HETE receptor (GPR31)

between winner and loser GSCs, in human prostate cancer expression levels of GPR31 and

12-S-HETE both positively correlate with metastasis [48, 49]. The link between relay signaling,

clustering and competition is the subject of current studies.

Differences in GSC cluster sizes observed ex vivo in this study are consistent with previous

studies from our lab done on germline migration in vivo- with one major difference [11].

Using whole mount in situ hybridization, we had previously found that GSCs, defined by the

expression of germline markers (e.g., vasa/piwi), always migrate in clusters between niches.

Moreover, a large range of cluster sizes was observed in this study- while over half were made

up of 10 cells or less, many larger groups were observed, including some with more than 100

cells. This is exciting, as these results were from observations of 241 GSC clusters in 21 ani-

mals, but was done without regard to gcp phenotype of the individuals tested [11]. However,

while these results clearly showed that GSCs migrate in clusters, and that the sizes can be

widely variable, they also revealed that the GSC clusters always included another cell type. This

second cell does not express vasa or piwi, but does express a TGFβ family member (TGFβ-f;

[11, 20]). In addition, the two cell types were associated with each other over 99% of the time,

Moreover, these vasa+/ TGFβ-f+ clusters are found in every stage of adulthood, from the

oozooid, to the fertile adult [11]. Thus, the association of these two cell types appears to be

obligatory.

These results bring up two issues we do not yet understand. First is the role of the TGFβ-f

+ cells (discussed below), and the second is the lineage relationship between the FACS isolated,
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single IA6+ cells studied here and previously [20, 21], and the clustered vasa+ cells detected by

in situ hybridization [11]. First, all of our functional studies have been based on enrichment of

adult progenitor cells by FACS using various methods, including levels of ALDH enzymatic

activity, cell surface lectins, and an antibody to IA6 [10, 20, 21]. These are single cells that are

highly enriched in expression of germline markers, including vasa and piwi, can be trans-

planted and will give rise to mature gametes [20]. However, in situ hybridization of both vasa

and IA6 identifies clusters of cells in the germline niche in fertile adults [20]. In addition, there

is a size difference in the FACS isolated IA6+ cells, which are in the 6–10 um range [20]—and

the GSCs identified by in situ hybridization using vasa or IA6, which are larger, in the 8–12

um range [20]. In summary, at this point we do not know the relationship between the single

IA6+ cells isolated by FACS, and the vasa+ cells found associated with TGFβ-f+ cells in clusters

observed in vivo. However, it is clear that isolated IA6+ cells can cluster within a few hours of

dissociation both in vitro and in vivo, and also migrate to the niche following transplantation

(Fig 6).

One observation suggests that IA6+ cells may be a precursor to both the germline progeni-

tor and TGFβ-f+ cell. When GSCs are transplanted between genetically distinguishable indi-

viduals, isolated testis and oocytes are clonal, and either derived from the donor or the

recipient genotype [9, 10]. TGFβ-f+ cells remain associated with mature gametes, TGFβ-f is

highly expressed in follicle cells that encompass both mature gametes [11], and these cells are

not usually removed during isolation of mature gametes [10, 15, 17]. This suggests that IA6

+ cells isolated by FACS are precursors to both the GSCs- defined by expression of germline

markers; and associated TGFβ-f+ expressing somatic niche cells- also defined by the absence

of expression of germline markers. In summary, while we clearly can see migration of labeled

IA6+ cells to the niche in vivo (Fig 6 and [20]), we do not yet know if the cells isolated by

FACS and tested here are from dissociated clusters, or another population not identified by in

situ hybridization. We hypothesize it is the former, as clusters of vasa+/ TGFβ-f+ cells are

observed in the oozooid, immediately following metamorphosis, and are found in the colony

in every stage of development [20]. And while single cells expressing vasa, IA6 or TGFβ-f have

been observed, they are at very low frequency, < 1% of the cells [20]. Together, this suggests

that single IA6+ progenitors are from clusters dissociated during isolation and have the ability

to proliferate and differentiate to reform vasa+/ TGFβ-f+ clusters. This is consistent with pre-

vious limit dilution studies [20], in which a small number of transplanted cells (n = 5) gave rise

to multiple testis in the recipient, and this chimerism was maintained for months.

Live imaging experiments revealed both a slight increase in winner GSCs vs. losers in indi-

vidual niches, as well as interactions between winner and loser cells. However, as we did not

observe a migration event, we could not discriminate between collective migration versus

interactions occurring after arrival of cells to the niche. As the process takes multiple days, fur-

ther imaging between 12–72 hours post injection could identify key timeframes of niche entry,

as well as any potential interactions that occur on the niche.

Previous studies using situ hybridization found large clusters of GSCs in the new niche at

the exact same timepoint which was being imaged here [11], so we were initially disappointed

at the low number of cells observed in vivo. However, an important potential confounding fac-

tor to these results is that the niche itself may be limiting. While the location of the new niche

is known [11], its structure is not clear. EM studies reveal it is a transparent region between

the bud epithelium and the epidermis (immediately inside the white dotted line in Fig 6) that

seems to be made of extracellular matrix, and GSCs do not seem to be associated with either

cell layer. (Di Maio, unpublished). Thus, it is important to note that in these transplantation

experiments the recipient is unmanipulated, and has a normal level of unlabeled GSCs that are

also present and migrating. This is unlike other experimental systems, for example, those on
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mammalian hematopoietic stem cell function, where the recipient stem cell niches are cleared

via radiation or chemical treatments prior to transplantation. This is interesting as we found

that the labeled IA6+ cells which did not migrate and settle in the new niche remained in cir-

culation. Cells also remained in circulation when sphingosine-1-phosphate receptor (S1PR1)

signaling was blocked in a previous study, which prevented GSCs from migrating to the niche

[20]. In summary, the presence of unlabeled donor cells in the niche may explain our

observations.

Another possible explanation is that the absence of the TGFβ-f+ cells is affecting migration

and/or niche occupancy. While it is clear that FACS isolated, single IA6+ cells migrate along

S1P gradients independently of TGFβ-f+ cells in vitro, and that winner GSCs migrate faster

than losers, the situation may be more complicated in vivo. For example, the TGFβ-f+ cells

could enhance migration capabilities of the GSCs, regardless of cluster size. In addition, the

TGFβ-f+ cells could be required or enhance niche occupancy, via expression of cell adhesion

molecules. Thus, the unlabeled IA6+/ TGFβ-f+ clusters in loser genotypes may outcompete

the labeled FACS isolated winner GSCs in vivo. As described above, we hypothesize that the

isolated IA6+ cells are precursors to the TGFβ-f+ cells, and both cells may play roles in the

competitive phenotype in vivo. Importantly, donor derived gametes are not usually present

until 2–3 weeks following transplantation of GSCs, regardless if this occurred naturally via vas-

cular fusion, or microinjection of FACS isolated progenitors [10, 17, 20]. In the case of trans-

plantation, this time period may allow the transplanted IA6+ cells to divide and differentiate

into IA6+/ TGFβ-f+ clusters. Taken together, the 1.9X increase in migration by labeled winner

GSCs versus loser GSCs, as well as identification of small clusters of labeled cells appearing in

the niche of an unmanipulated recipient 24 h following transplantation, may be more signifi-

cant than they appear.

Another possible explanation is based on the fact that GSCs migrate from the old niche to

the new niche in a synchronized fashion that is linked to somatic development, and is con-

trolled in part by secretion of S1P from the new GSC niche [11, 20]. In these experiments,

GSCs were not isolated with any regard to the stage of asexual development and it would be no

surprise if stage specific gene expression patterns controlled clustering and migratory ability.

Conversely, we do not see major changes in jagged or chemotactic genes (e.g., S1PR1) in stage

specific transcriptome data [50], nor was there any effect of stage on any of the in vitro assays

here or in previous studies [20, 21]. Finally, cells are being dissociated, treated with antibodies,

sorted by FACS, and microinjected, and this introduces multiple potential artifacts- although

this would not be unique to Botryllus or this study.

In summary, here we have found that winner GSCs show enhanced migratory ability to

chemotactic cues ex vivo, and that enhanced migration correlates with both expression of the

notch ligand, jagged, as well as cluster size. Collective migration and a plasticity to cluster size

is completely consistent with previous studies done in vivo, which found over a 10X range of

cluster sizes among different genotypes [11]. While we were unable to show that cluster size

was due to Notch signaling, the Notch pathway has been implicated in clustering and leader/

follower differentiation in a number of cell types, during both normal and metastatic collective

migration [22, 24, 51–53]. In addition, the role of HGF in specification of leader cells has also

been demonstrated [31], and the original description of HGF was based on an induced ‘scatter’

phenotype in MDCK cells that is remarkably similar to results here [54]. This suggests that

Botryllus GSCs use conserved mechanisms during cell migration and that these are likely part

of the cellular and molecular underpinnings of germ cell competition. The ability to study con-

served aspects of cell migration both in vivo and in vitro, coupled to the genotypic variation

provided by the competitive properties of GSCs, make Botryllus an excellent model for future

studies on competition, chemotaxis and collective cell migration.
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Supporting information

S1 Fig. Botryllus schlosseri morphology and germline stem cell parasitism. (A). Ventral

view of a Botryllus schlosseri colony. The colony is the combination of several rosette shaped

systems composed of adult animals (zooids). Individual animals are connected by a shared

extracorporeal vasculature, which ends in bulb like extensions called ampullae. Each zooid has

asexually developing primary buds and secondary buds. As new buds form during a weekly

regeneration process, germline stem cells (GSCs) migrate into the developing buds via the

shared vasculature (***) to the GSC niche. (B) Germ cells destined for the developing second-

ary bud germline niche migrate through the extracorporeal vasculature and contribute to the

developing bud. Fusion of related individuals results in each genotypes mobile progenitors

moving between animals. When GSCs of two individuals are mixed, one genotype will out-

compete the other, solely contribution to the germline of subsequent generations. Termed

stem cell parasitism (SCP), this clonal dominance is heritable, stable and repeatable, even if the

vascular connection is severed.

(TIF)

S2 Fig. Examples of parasitism and chimerism using dominant and codominant markers.

(A) Example of germline stem cell parasitism following fusion of genotypes 1087B and 1087G

detected using two polymorphic loci, STR3 (codominant marker) and STR6 (dominant

marker) amplified from DNA of individual testis isolated 4 weeks following vascular fusion.

Parental DNA samples are from somatic tissue isolated from naïve subclones of the same geno-

type. In this case, both loci show that all testis in the chimera are derived from genotype

1087B. Thus, 1087 B and G are a winner/loser pair. (B) Example of germline chimerism fol-

lowing fusion of SB1090A and SB1090D using STR4 (codominant marker). In this case, indi-

vidual testis in the chimera are derived from one genotype or the other. Note that all testis are

clonally derived. Black arrows are shared alleles at each STR loci, while red arrows and outline

are polymorphic alleles.

(TIF)
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