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Abstract 

Characterization of whole-organism and cultured epithelial cell stress responses to nickel toxicity 

in a marine tunicate. 

Celeste Valdivia 

Chair of the Supervisory Committee: 

Alison M. Gardell 

School of Aquatic and Fishery Sciences 

Botryllus schlosseri is a globally invasive colonial marine tunicate that relative to other 

chordates, possesses a remarkably high regenerative capacity through the maintenance of 

lifelong multipotent adult stem cells. B. schlosseri are comprised of several individual zooids 

that each contribute to the expansion of the colony through a form of weekly asexual budding 

termed blastogenesis, by which new clonal zooids arise as primary buds from the epithelial 

layers of the body walls of the prior zooid generation. As such, somatic cells of B. schlosseri, 

including those in the epithelia, have a significant potential to serve as powerful in vitro tools for 

revealing the cellular programs that drive regeneration and aging in one of our most closely 

related invertebrate species. Despite more than 40 years of research efforts, a continuous 

immortal cell line has not been established for B. schlosseri. For epithelial cells, the constrained 

cellular proliferation period for primary epithelial cells in culture presents a significant limitation 

in immortalization, with all documented cases entering a state of arrested cellular division after 

24- to 72-hours. As such, characterizing the molecular networks regulating cell growth and arrest 

in this species is a critical step in developing strategies to overcome limited proliferation and 



 

 
 

facilitate the development of an immortalized epithelial cell line. To address this, this thesis 

evaluated organismal and in vitro cellular responses of B. schlosseri to elevated concentrations of 

nickel, an oxidative stressor and clastogenic compound with the potential to serve as an 

immortalizing agent. In chapter 1, an in vivo study evaluated the phenotypic and molecular 

nickel-induced stress responses of whole B. schlosseri colonies. This study was the first to 

establish estimates of median lethal nickel concentrations (LC50) for B. schlosseri at both 24- and 

96-hours of exposure in full strength artificial seawater. B. schlosseri exhibited remarkably high 

nickel tolerance (24- hour LC50 = 177 mg L-1 and 96-hour LC50 =159 mg L-1, nickel) where 

mortality was only observed at the highest dose administered (1000 mg L-1 nominal nickel (II) 

chloride [NiCl2]). Although B. schlosseri persisted in the second-to-highest dose evaluated (100 

mg L-1 nominal NiCl2), colonies exhibited blastogenic arrest whereby primary buds suspended 

further growth and senescent zooids did not fully resorb. Differences in superoxide dismutase 1 

(SOD1) activity for colonies in control, 1, or 100 mg L-1 nominal NiCl2 were evaluated at both 

24- and 96-hours post-exposure. B. schlosseri exhibited a moderate non-monotonic SOD1 

activity response in which elevated activity was observed only in colonies exposed to the 

intermediate 1 mg L-1 nominal NiCl2 dose. We then evaluated the transcriptomes of whole 

colonies exposed to control artificial seawater or 100 mg L-1 nominal NiCl2. B. schlosseri 

colonies exhibited a tight transcriptional response with only 54 differentially expressed genes out 

of 13,970 reliably expressed gene transcripts. Significantly differentially expressed pathways 

included gene transcripts associated with redox balance, extracellular matrix maintenance, 

vasculature remodeling, cellular differentiation, and apoptosis. In chapter 2, a series of in vitro 

experiments updated the methodology for culturing B. schlosseri epithelial cells, assessed 

primary epithelial cell phenotypic responses to NiCl2 exposure, and uncovered limitations for 



 

 
 

total RNA isolation from primary epithelial cells with proposed approaches for improved RNA 

extraction outcomes. Primary epithelial cells were cultured under an explant tissue method that 

partially desiccated intact zooids and buds for improved attachment to the plastic culture-ware 

substrate. The media formulation was simplified from prior reported attempts, with a final media 

composition of a 1:1 mixture of supplemented media and sterile artificial seawater (~750 

mOsmo/kg; pH 8.1). Under these culturing conditions, both zooids and buds in late blastogenesis 

produced a comparable number of epithelial cells and proliferated for up to 24-hours in culture. 

Cells displayed typical epithelial morphological characteristics as reported previously for this 

species, including the generation of tunic-like secretions in culture. In an acute nickel toxicity 

assessment, cells displayed no changes in phenotype or cell number, suggesting an overall 

tolerance to the chemical. Assessment of transcriptional responses to elevated nickel exposure 

for primary epithelial cells was attempted, however RNA quality and yield remained below the 

threshold required for bulk-RNA sequencing. In a systematic evaluation to improve RNA 

isolation, these cells were not conducive to typical methods of animal cell lysing including, 

needle shearing, chemical detergents, and bead beating. Proposed improvements for molecular 

phenotyping of epithelial cells will involve the evaluation of the protective role of tunic-like 

secretions as well as alternative enzymatic digestion for improved RNA isolation. Together, 

these findings provide valuable insights into the molecular networks that regulate nickel-induced 

cellular stress responses and identified key methodological barriers that remain to be addressed 

for working towards immortalization of primary epithelial cell cultures of B. schlosseri. 
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Background 
The golden star tunicate, Botryllus schlosseri is a near-globally distributed marine 

invertebrate that has emerged as a highly relevant model for exploring mechanisms in 

regeneration (Qarri et al., 2020; Ricci et al., 2022), innate immunology (Cima et al., 2010; 

Goldstein et al., 2021), stress resilience (Franchi et al., 2017; Qarri et al., 2020; Zerebecki and 

Sorte, 2011), and phenotypic plasticity (Gao et al., 2022; Kültz et al., 2025; Tobias et al., 2024). 

Tunicates are sessile marine urochordates defined by a gelatinous, cellulose-like outer tunic, 

hermaphroditic reproductive anatomy, paired siphons and branchial basket for filter feeding and 

respiration, an endostyle homologous to the vertebrate thyroid, and a larval planktonic life stage 

(Supplemental Figure 2A-C.) As the closest extant relatives to vertebrates, tunicates bridge a key 

phylogenetic gap, providing a critical window into the evolution of key chordate traits (Holland, 

2016). Of the three tunicate classes, ascidians are exceptional for their regenerative capacity, 

with species of the botryllid family (Botryllidae), Botryllus and Botrylloides, asexually 

regenerating entire zooid bodies as part of their regular life histories (Supplemental Figure 1). In 

addition, botryllid maintain regenerative abilities entirely lost in vertebrates where whole body 

regeneration can occur following traumatic injury or excision of all tissues except vascular 

remnants (Kassmer et al., 2019; Manni et al., 2019; Qarri et al., 2020). Altogether, B. schlosseri 

is an excellent system for exploring the molecular regulatory mechanisms defining cellular 

differentiation and regenerative processes, especially under the context of extreme stress. 

Like other botryllid, B. schlosseri reproduces through two distinct modes that both 

generate the same adult body plan. The lifecycle of B. schlosseri begins as a sexually produced 

free-swimming larva that within hours of hatching, settles onto a substrate and metamorphoses 

into a single sedentary oozooid (the founding zooid of a colony) (Supplemental Figure 2C). 

https://www.zotero.org/google-docs/?aSJIbG
https://www.zotero.org/google-docs/?zedeCk
https://www.zotero.org/google-docs/?zedeCk
https://www.zotero.org/google-docs/?WuNKgi
https://www.zotero.org/google-docs/?WuNKgi
https://www.zotero.org/google-docs/?Y1upnS
https://www.zotero.org/google-docs/?TpE1pr
https://www.zotero.org/google-docs/?TpE1pr
https://www.zotero.org/google-docs/?YDhPNy
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Within the first week of settlement, one to two clonal primary buds develop into blastozooids off 

the lateral body wall of the oozooid, initiating blastogenesis, a form of stem-cell mediated 

asexual reproduction. Blastogenesis proceeds cyclically (weekly at 18-20 °C) over the colony's 

life span, with the colony expanding to several hundred zooids that aggregate into star-shaped 

systems of 5 to 15 zooids, all embedded in a common tunic and connected by an extracorporeal 

vasculature system (Manni et al., 2014). The blastogenic cycle, first detailed by Sabbadin (1955) 

in a seven-stage system, characterizes the state of degeneration and development of the three 

constitutively co-occurring generations – the adult zooid, developing primary bud, and emerging 

secondary bud – each emerging from the preceding stage. In order to simplify the complexity of 

the staging system, the four main stages of blastogenesis were assigned A, B, C, or D (or 

takeover) (Mukai and Watanabe, 1976) (Supplemental Figure 1). Blastogenic takeover (TO) 

marks the transition between generations, during which the adult zooids close their siphons and 

undergo extensive apoptosis and autophagy (Cima et al., 2010) (Supplemental Figures 1 and 2). 

During this process, senescent TO zooids are resorbed and their cellular components are recycled 

within the colony to support the final maturation of developing primary buds into the next 

generation of zooids. (Franchi et al., 2016; Lauzon et al., 2007). 

https://www.zotero.org/google-docs/?DSpGZp
https://www.zotero.org/google-docs/?Ok8DGH
https://www.zotero.org/google-docs/?iEoeCR
https://www.zotero.org/google-docs/?T9rAwr
https://www.zotero.org/google-docs/?Z2kvnl
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Supplemental Figure 1. Schematic illustration of the weekly blastogenic cycle of Botryllus schlosseri. 
Blastogenesis occurs weekly throughout a colony's lifespan at 18 to 20 °C. Key characteristics of the 
illustrated colony (made up of six zooids, clustered into a single star system) are highlighted in the initial 
and final blastogenic stages, stage A and D, respectively. Zooids in stages A through C maintain open 
incurrent siphons and sustain primary buds as they undergo growth and organogenesis (not detailed). At 
stage D during takeover (TO) zooids close incurrent siphons and are resorbed by the primary buds. When 
primary buds open their siphons and begin feeding, TO concludes and the cycle begins again as primary 
buds assume the role of the former generation of zooids. Created in BioRender. Valdivia, C. (2026) 
https://BioRender.com/lfqrgvs, licensed under CC BY 4.0.  

https://biorender.com/lfqrgvs
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Supplemental Figure 2. Schematic illustration of colony organization, individual zooid anatomy, 
and life history of Botryllus schlosseri. (A) Representative colony organization of a single-star system or 
ramet made of six individual zooids that share a cloacal excurrent siphon. Zooids are embedded within a 
shared tunic and interconnected by an extracorporeal vascular system terminating in ampullae that fringe 
the colony. A single primary buds arise laterally from each adult zooid. (Not depicted here: younger 
colonies typically host a pair of primary buds on either side of the adult zooid, allowing for exponential 
doubling of the colony each week.) (B) Generalized internal anatomy of an individual zooid illustrating 
key tunicate features, including an incurrent and excurrent siphon, branchial basket, endostyle, heart, 
stomach, and reproductive structures. Ventral (V), dorsal (D), anterior (A), posterior (P), left (L), and 
right (R) axes illustrated to top right. (C) Sexual and asexual life history of B. schlosseri. The internal 
cycle with blue arrows illustrates progression of embryo to larval development. The outer cycle with red 
arrows illustrates asexual developmental progression of a zooid and its primary bud. Internally fertilized 
embryos develop within brooding zooids and are released during takeover as a free-swimming larva that 
rapidly settles and metamorphoses into a single founding oozooid. The oozooid enters the blastogenic 
cycle, initiating colony expansion and the asexual reproductive mode. Created in BioRender. Valdivia, C. 
(2026) https://BioRender.com/avhjt8x, licensed under CC BY 4.0. 

https://biorender.com/avhjt8x
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Chapter 1  

1.1 Introduction 

Marine invertebrates regularly face a broad suite of environmental stressors, owing to the 

dynamic nature of their environments. Among the key environmental factors contributing to 

stress in marine invertebrates are pollutants like trace metals (Naranjo et al., 1996; Nydam et al., 

2017), which have become ubiquitous in coastal habitats as a result of metal-based antifouling 

paints, mining operations, and industrial runoff (Kenworthy et al., 2018; Ya’la et al., 2025). 

While many trace metals function as essential micronutrients in marine invertebrates (Guillén 

Matus et al., 2024; Orihuela-García et al., 2023), concentrations exceeding physiological needs 

may result in bioaccumulation and downstream toxic effects (Blewett and Leonard, 2017; 

Orihuela-García et al., 2023). Nickel (Ni) is a trace metal that is rarely utilized in physiological 

or metabolic processes in marine invertebrates (Bible et al., 1988; Kor et al., 2022; Lebar et al., 

2011), and is instead more widely recognized for its toxic effects (Blewett et al., 2016; Guillén 

Matus et al., 2024). In marine invertebrates, nickel uptake occurs primarily through dietary 

ingestion at the gut epithelia (Blewett and Leonard, 2017; Millward et al., 2012). Upon uptake at 

environmentally relevant concentrations (0.1-250 μg L-1) nickel bioaccumulates in marine 

invertebrate tissues (Blewett and Leonard, 2017) and drives toxicity through respiratory 

inhibition, disrupted ionoregulation, and induction of oxidative stress (Blewett and Leonard, 

2017). Through these main effects, nickel secondarily can impair embryonic development and 

promote DNA damage (Akpiri et al., 2017; Blewett et al., 2016; Dallas et al., 2013; Gissi et al., 

2018).  

https://www.zotero.org/google-docs/?3coykB
https://www.zotero.org/google-docs/?BMK1pH
https://www.zotero.org/google-docs/?1cDowM
https://www.zotero.org/google-docs/?qItnQr
https://www.zotero.org/google-docs/?qItnQr
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Nickel-induced oxidative stress occurs through various mechanisms including 

mitochondrial dysfunction, redox homeostasis disruption, and antioxidant system suppression, 

which collectively promote reactive oxygen species (ROS) production and subsequent 

macromolecular damage (Blewett and Leonard, 2017; Brix et al., 2016; Stohs and Bagchi, 1994). 

At elevated nickel concentrations (125–3000 µg L⁻¹), antioxidant defenses can become impaired 

through post-translational enzyme modification and transcriptional suppression, as observed in 

green shore crabs where nickel-mediated histidine interactions reduce catalase (CAT) activity 

(Blewett and Wood, 2015) and in the copepod Tigriopus japonicus, where nickel resulted in 

reduced activity of superoxide dismutase (SOD), glutathione peroxidase (GPx), and glutathione-

S-transferase (GST) (Wang and Wang, 2009). As nickel is consistently present in global open-

ocean surface waters at background concentrations of approximately 2-8 nM (0.1-0.5 μg L-1) 

(John et al., 2022), and is projected to increase in coastal areas in proportion to continued 

anthropogenic inputs (Gauthier et al., 2021; Orihuela-García et al., 2023), its bioaccumulation 

and potential toxicity in sessile marine invertebrates should also be expected to increase. 

 The globally invasive colonial marine tunicate, Botryllus schlosseri, preferentially 

colonizes and inhabits marinas and harbors, environments that function as sinks to anthropogenic 

pollutants such as trace metals (Hiscock, 2008; Kenworthy et al., 2018). While B. schlosseri is 

considered generally tolerant of environmental pollution (Gregorin et al., 2021; Naranjo et al., 

1996), this species sequesters and incorporates trace metals at concentrations thousandfolds 

higher than the surrounding seawater (Guillén Matus et al., 2024). Interestingly, nickel is among 

the least accumulated in B. schlosseri – even relative to metals present at lower environmental 

concentrations (up to 9 mg L-1 in tissue versus 0.1 mg L-1 of nickel in surrounding seawater) 

(Guillén Matus et al., 2024). This selective pattern of metal accumulation suggests that B. 

https://www.zotero.org/google-docs/?fVv3r4
https://www.zotero.org/google-docs/?aDzTHj
https://www.zotero.org/google-docs/?IPvGOR
https://www.zotero.org/google-docs/?YOg7gc
https://www.zotero.org/google-docs/?m9BSSr
https://www.zotero.org/google-docs/?m9BSSr
https://www.zotero.org/google-docs/?XnmLkB
https://www.zotero.org/google-docs/?SYdHNU
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schlosseri possesses physiological mechanisms to regulate metal uptake, incorporation, and 

detoxification in a metal-specific manner. However, whether low nickel bioaccumulation in this 

species is a result of active sequestration and detoxification mechanisms or efficient excretion 

through ionoregulatory processes remains unresolved. Moreover, although cadmium (Cd) and 

copper (Cu) have been shown to induce transcriptional and enzymatic antioxidant responses in B. 

schlosseri (Franchi et al., 2017; Leprêtre and Kültz, 2025), and nickel clearly elicits oxidative 

stress responses in other marine invertebrates (Blewett et al., 2016; Dallas et al., 2013; Wang and 

Wang, 2009), it remains unclear how nickel may disrupt specific antioxidant defenses or 

reshapes the broader redox equilibrium in B. schlosseri. 

In addition to B. schlosseri exhibiting a high tolerance to the persistent exogenous 

oxidative stress of their environments (Cima et al., 2015; Tasselli et al., 2017), this species also 

tolerates recurrent endogenous oxidative stress derived from its asexual reproductive mode 

(Supplemental Figure 1, Background). As a colonial tunicate, B. schlosseri, forms colonies of 

genetically identical zooids through weekly and cyclical blastogenesis, a type of asexual budding 

that enables continuous regeneration and rapid colony expansion (Manni et al., 2019). However, 

within the final blastogenic stage where buds takeover (TO) and assume the role of the next 

generation of zooids (Supplemental Figure 1 and 2, Background), senescent zooid apoptosis and 

degeneration drives intracellular accumulation of ROS (Cima et al., 2010; Franchi et al., 2017). 

Consistent with this, both laboratory-reared and field-sourced B. schlosseri consistently exhibit 

molecular markers of endogenous oxidative burden, with unusually high levels of 4-hydroxy-2-

nonenal (HNE) adducted proteins across their proteomes (Kültz et al., 2025). HNE is a highly 

reactive electrophilic aldehyde generated through lipid peroxidation under oxidative stress that 

readily forms covalent post-translational adducts with nucleophilic amino acid residues on 

https://www.zotero.org/google-docs/?QMcxdP
https://www.zotero.org/google-docs/?IOOqvz
https://www.zotero.org/google-docs/?IOOqvz
https://www.zotero.org/google-docs/?FNxcsB
https://www.zotero.org/google-docs/?8JrrBM
https://www.zotero.org/google-docs/?JfbjwX
https://www.zotero.org/google-docs/?ItN934
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proteins (Schneider et al., 2008). In vertebrates, HNE protein modification is associated with 

impaired function, disrupted cellular homeostasis, and disease pathophysiology (Liu et al., 2026; 

Shoeb et al., 2013). However, in B. schlosseri, HNE-adducted proteins have been proposed to 

serve a protective role as macromolecular sinks for lipid peroxidation products, an evolutionary 

adaptive  arising from recurrent blastogenic oxidative stress (Kültz et al., 2025). 

While B. schlosseri tolerates and proliferates under recurrent oxidative stress from the 

environment and life history style, it remains unknown how its redox physiology may respond to 

an acute and severe oxidative perturbation. As nickel toxicity in other marine invertebrates is 

largely driven by oxidative stress (Blewett and Leonard, 2017), evaluating the physiological and 

molecular responses of B. schlosseri under concentrated nickel exposure provides an opportunity 

to examine the mechanisms underlying oxidative stress tolerance. Assessing responses of 

extreme nickel exposure during late blastogenesis, when intrinsic oxidative burden is expected to 

be at its highest, offers an especially relevant context for examining the mechanistic regulation of 

redox homeostasis. Despite this potential, our understanding of B. schlosseri stress responses at 

the molecular level remains limited, even with extensive genomic and transcriptomic resources 

(Campagna et al., 2016; De Thier et al., 2024; Voskoboynik et al., 2013). Most existing 

transcriptomic studies have largely focused on transcriptionally profiling immune- and 

developmental-related genes in this species (Campagna et al., 2016; Oren et al., 2007; Ricci et 

al., 2016), leaving stress-responsive transcriptional networks completely understudied. Clarifying 

the transcriptional profile underlying stress responses in late blastogenic stage B. schlosseri 

represents a critical step toward understanding how this species tolerates and adapts to 

environmental stress such as that associated with a high nickel exposure. 

https://www.zotero.org/google-docs/?ogCrib
https://www.zotero.org/google-docs/?qbhsen
https://www.zotero.org/google-docs/?qbhsen
https://www.zotero.org/google-docs/?Lsht5f
https://www.zotero.org/google-docs/?gXfn6u
https://www.zotero.org/google-docs/?DzhjIp
https://www.zotero.org/google-docs/?B4UFT5
https://www.zotero.org/google-docs/?B4UFT5
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To address this, the present study combines molecular and organismal phenotyping to 

comprehensively assess nickel-induced stress responses in colonies of B. schlosseri. Firstly, we 

evaluated the tolerance of colonies to increasing concentrations of nickel over an extended 

period of exposure (96-hours). Here we compared nickel-induced changes in morphology, 

superoxide dismutase (SOD) antioxidant activity, and approximated a crude median lethal 

concentration (crude-LC50) at 24 and 96 hours of exposure. Using the 24-hour crude-LC50, we 

selected a concentrated, yet sublethal, nickel dose to challenge colonies in late blastogenesis and 

evaluate transcriptomic changes associated with nickel stress response after 24-hours of 

exposure. Although previous studies suggest that B. schlosseri exhibits low nickel accumulation 

and generalized tolerance to metal exposure, it remains uncertain whether nickel challenge 

generates sufficient oxidative stress to transcriptionally activate classical antioxidant and metal 

detoxification pathways. We therefore evaluated whether transcripts encoding canonical 

antioxidant and redox regulatory pathways (e.g. sod, gst, gclm, and mts) were inducible, or 

whether nickel exposure elicited alternative strategies for maintaining redox balance and cellular 

integrity. By joining morphological phenotypes, antioxidant activity, and global transcriptional 

responses, this study provides a multi-level framework that clarifies how redox homeostasis is 

regulated in a stress-tolerant marine invertebrate, advancing our broader mechanistic 

understanding of how marine organisms maintain physiological equilibrium under increasing 

environmental stress. 
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1.2 Methods 

1.2.1 Animal Field Collection and Husbandry 

Colonies of Botryllus schlosseri, consisting of at least 100 zooids, were collected from 

floating docks at the City of Des Moines Marina (47°23'51.18''N, 122°19'46.01''W), Des Moines, 

Washington, USA, where high abundance of colonies are observed year-round. Field collections 

were conducted between April and May 2024 for the range-finding experiment and between 

September and November 2024 for the RNA-seq experiment. B. schlosseri colonies growing on 

Pacific blue mussels (Mytilus sp.) were preferentially selected for collection, as mussels typically 

supported larger colonies and could be removed from the substrate without damaging the colony. 

Pacific blue mussels with adhered colonies were gently removed by hand from the sides of the 

floating docks up to 36 cm deep into the water column and transferred into 400 mL containers 

filled with marina seawater. Containers were placed in an empty cooler to reduce temperature 

fluctuations throughout the sampling period (~1-2-hours).  

B. schlosseri were transported back to the University of Washington, Tacoma (30.7 km 

transportation distance) and immediately processed. Colonies were peeled from Pacific blue 

mussel shells using a clean stainless steel razor blade and transferred to a 15 cm glass petri dish 

filled with marina seawater for health evaluation under a stereomicroscope (Nikon, SMZ-745T). 

Only healthy colonies were kept for lab acclimation – visually determined using the following 

criteria: a flat and firm tunic, normal zooid star-system formations, and at least one area or point 

of ampullae extension (Figure 1.1). Colonies were then tied to 76.2 x 50.8 x 1.2 mm glass slides 

with a cotton thread. Tied colonies were drip acclimated for one hour to the artificial seawater 

(Red Sea Salt; Red Sea, USA) in the University of Washington, Tacoma’s recirculating artificial 
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seawater system (RAS) (18 °C; pH 8.0; 30 ppt). Slides were then transferred into glass staining 

racks to maintain colonies vertically. Colonies were held at a stocking density of 12 genets per 5-

liter plastic container in the RAS and fed every other day with a mixture of Liquid RotiRich 

(Florida Aqua Farms) and Reef Phytoplankton (Seachem). Colonies were cleaned with a soft 

brush to remove any food debris and algal growth surrounding the ampullae and surface of the 

tunic and re-tied to their glass slides as needed to encourage gliding and adherence to glass 

slides. 

Colonies used in the range-finding study were acclimated to the RAS for 11 days prior to 

experimentation. At the 9-day acclimation mark, colonies with at least 2 star-systems adhered to 

the glass slide and in good observable health (Figure 1.1A) (flat, firm, and clear tunic; extended 

ampullae; normal pigmentation) were subdivided using a clean razor blade into single star-

system colonial fragments (ramets) (Figure 1.1B). Ramets for all range-finding experiments had 

an average of 11 zooids (± 4).   

Colonies used in the RNA-seq experiment were maintained in the RAS for 10 ± 3 days 

prior to exposure. During this period, blastogenic cycles were monitored to identify colonies 

entering stage B for ramet division (Figure 1.1B). Colonies were starved at early stage C and 

exposures were initiated at late stage C to allow maturation toward stage D over the 24-hour 

exposure period. 
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Figure 1.1. Exemplary healthy field-sourced B. schlosseri colonies acclimated to laboratory 
conditions and adhered to glass laboratory slides. (A) Orange color-morph colony of B. schlosseri 
composed of three star-systems. Ampullae extend beyond the borders of the clear and transparent tunic. 
Pigment intensity is low throughout the zooid bodies and ampullae indicating good health. (B) Black 
color-morph subdivided ramets of a B. schlosseri colony. Each star-system previously shared the same 
extracorporeal vascular system and tunic but were subdivided into separate ramets for experimental 
preparation. Ramets were divided with a clean stainless steel razor blade with any tunic or ampullae tissue 
between ramets excised to prevent re-fusion. White bars = 5 mm. 
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1.2.2 Range-finding Exposure Study 

To establish a sublethal dose for subsequent RNA-seq experiments, a range-finding 

exposure study was conducted. For all range-finding exposures, a stock solution of 1 g L⁻¹ nickel 

(II) chloride anhydrous (NiCl₂; Sigma-Aldrich, Cat. No. 339350) was prepared in Milli-Q water 

(18.2 MΩ·cm resistivity). Experimental range-finding concentrations of nickel (II) chloride were 

selected on a logarithmic scale from 0.1 to 1000 mg L-1 as a result of relevant literature (Trott et 

al., 1995) and previous pilot studies with B. schlosseri illustrating tolerance at lower 

concentrations (data not shown.) The stock solution was diluted to nominal nickel (II) chloride 

concentrations of 0.1, 1, 10, 100, and 1000 mg L⁻¹ in freshly prepared, aerated artificial seawater 

(33 ppt, pH 8.2, 18 °C). After spiking with the appropriate volume of stock nickel (II) chloride, 

solutions were thoroughly mixed and left to equilibrate for 30 minutes. Aliquots of 250 mL were 

then distributed into exposure vessels (473 mL wide-mouth mason jars) and sampled for 

analytical chemistry and Ni concentration verification using inductively coupled plasma mass 

spectrometry (ICP-MS), using instrumentation available at the University of Washington, 

Tacoma. 

B. schlosseri colonies adhered to glass slides, each containing two healthy ramets from 

the same genet, were transferred to exposure vessels and maintained in an environmental 

chamber (18 °C; 12:12 light:dark photoperiod). Colony health and survival were monitored over 

the 96-hour exposure period and were imaged under a stereomicroscope (Nikon, SMZ-745T) 

with a camera attachment (Excelis 4K Microscope Camera) at 24, 48, 72, and 96-hour 

timepoints. Mortality was defined by the absence of zooid body wall muscle responsiveness and 

cessation of hemolymph circulation. Ramets were removed at 24 and 96 hours using a sterile 

https://www.zotero.org/google-docs/?gjGIMy
https://www.zotero.org/google-docs/?gjGIMy
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steel razor blade and snap-frozen for downstream analysis of superoxide dismutase (SOD) 

activity. 

1.2.3 Total Protein Concentrations 

Whole frozen B. schlosseri ramets were weighed out and then homogenized in liquid 

nitrogen using a pre-chilled, autoclaved pestle. The pulverized samples were then resuspended in 

cold 1X PBS (0.5 mL per 100 mg of tissue) and centrifuged at 1,500 × g for 10 min at 4 °C. The 

resulting supernatant was collected for cytosolic protein analysis.  

Total cytosolic protein concentrations were quantified using the Pierce BCA Protein 

Assay Kit (Thermo Fisher Scientific; Cat. Nos. 23225, 23227) with bovine serum albumin 

standards (BSA), at 562 nm on a microplate reader. Standard curves were generated for each 

assay plate using BSA standards ranging from 0 to 2 mg L-1. For each plate, the mean 

absorbance of blank wells was calculated and subtracted from all standards and samples prior to 

model fitting. Plate-specific linear models were then fit to blank-corrected absorbance values as a 

function of known protein in mg L-1. As mean blank subtraction normalized 0 mg L-1 standard 

technical replicates to ~0 absorbance, standard curves were fit through the origin (0,0) using a 

no-intercept linear model. This approach constrained the model to reflect expected relationship 

between protein concentration and absorbance after blank correction (R2 > 0.989 per each plate). 

Protein concentrations of unknown samples were then calculated from the plate-specific slope 

and adjusted for dilution factor prior to downstream normalization of enzyme activity.   

1.2.4 Superoxide Dismutase 1 Activity Assay 

Superoxide dismutase 1 (SOD1) was isolated and quantified from cytosolic protein 

extracts using the colorimetric Invitrogen SOD Colorimetric Activity Kit (Cat. No. EIASODC), 
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following the manufacturer’s instructions. One unit (U) of SOD is defined as the amount of 

enzyme required to exhibit 50% dismutation of superoxide radicals under the assay conditions. 

Absorbance was recorded at 450 nm using a microplate reader. SOD1 activity was measured in 

duplicate technical replicates per homogenate with absorbance recorded at 450 nm both prior to 

and following xanthine oxidase incubation using a microplate reader. For each well, the change 

in absorbance was calculated (ΔA450). Plate specific blank wells were included in each plate and 

mean blank ΔA450 values were calculated per plate and subtracted from all wells to generate 

blank-corrected absorbance values. A standard curve was generated for each plate using known 

SOD standards ranging from 0 to 2 U mL-1. Because assay response is logarithmic, blank-

corrected absorbance values were modeled as a function of the natural logarithm of known SOD 

activity. Plate-specific linear regressions were then used to calculate SOD activity (U mL-1) for 

each unknown sample. Calculated SOD activity values were subsequently adjusted for dilution 

factor. Finally, SOD1 activity per mg of protein (U mg-1 protein) was calculated using the 

quantified values of protein concentration per homogenate from the BCA assay.  

1.2.5 RNA-seq Experiment 

Prior to the start of exposure, colonies of B. schlosseri were staged under a 

stereomicroscope and those with at least two ramets adhered to the glass slide, in stage C2, and 

in good health were selected to proceed in the study. Using a 1 g L⁻¹ nickel (II) chloride stock 

solution, exposure vessels (473 mL wide-mouth mason jars) containing 250 mL of freshly 

prepared, aerated artificial seawater (33 ppt, pH 8.2) were spiked to a nominal concentration of 

100 mg L⁻¹ NiCl₂. Control artificial seawater (ASW, 33 ppt, pH 8.2) exposure vessels were 

prepared concurrently. The NiCl₂ solution was thoroughly mixed and allowed to equilibrate for 

10 min, after which a 10-mL sample was collected from each vessel for quality assurance 
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analyses. After exposure water preparation, colonies were transferred into exposure vessels 

containing either control ASW or NiCl₂-spiked ASW. Colonies were then placed in an 

environmental chamber (18 °C; 12:12 h light:dark photoperiod; 90% humidity) and left for 24-

hours. At the end of the 24-h exposure period, colonies were removed from their exposure vessel 

and rinsed in triplicate with fresh artificial seawater to remove any remaining nickel. Colonies 

post-exposure were imaged using a stereomicroscope and camera attachment. Colony ramets 

were preserved in RNAprotect Tissue Reagent (Qiagen; Cat. No. 76104) and stored at -80 °C 

until RNA extraction. 

For RNA extraction, RNAprotect was removed from tubes before preserved ramets were 

pulverized in liquid nitrogen using a pre-chilled, autoclaved pestle. Total RNA was isolated with 

the RNeasy Mini Kit (Qiagen; Cat. No. 74104) following the manufacturer’s protocol. RNA 

quality and integrity were assessed using an Agilent Bioanalyzer. From twelve biological 

replicates per treatment, the six samples per treatment with the most comparable RNA quality 

and yield were selected for sequencing. 

1.2.6 RNA-seq Differential Gene Expression Analysis 

 Raw RNA-seq reads were processed using a standard transcriptomic workflow (Figure 

1.2). Briefly, reads were aligned to a B. schlosseri transcriptome (file in preparation for 

publication) using Salmon (Patro et al., 2017). Transcript counts were summarized to the gene 

level with the tximport package in Bioconductor (Soneson et al., 2015). Gene annotation was 

performed using eggNOG. Gene-level counts were filtered to remove lowly expressed genes and 

normalized for library size using the trimmed mean of M-values (TMM) method implemented in 

the edgeR package (Robinson and Oshlack, 2010). Normalized counts were then analyzed with 

the limma-voom pipeline (Law et al., 2014), which models the mean-variance relationship of 

https://www.zotero.org/google-docs/?FKdTIy
https://www.zotero.org/google-docs/?zuGump
https://www.zotero.org/google-docs/?q76KUM
https://www.zotero.org/google-docs/?jBhJje
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log-transformed transcript counts and fits a weighted linear model to each gene. To account for 

within-group dissimilarity, sample-specific weights were estimated from regression residuals that 

measured how much each sample’s expression deviated from its group mean across all genes; 

samples with larger deviations were down-weighted in the model. Differential expression 

between nickel-treated and control colonies was tested using empirical Bayes-moderated t-

statistics, with significance determined at a false discovery rate (FDR) < 0.1. 

Unannotated DEGs were further processed using BLASTx against the UniProt Swiss-

Prot database (release 2025_03). A custom BLAST database was constructed locally, and DEGs 

were queried with an E-value cutoff of 1E-20, retaining the top hit per sequence. BLAST output 

was parsed and merged with UniProt annotation tables to append gene symbols, protein 

descriptions, and organism information to previously unannotated sequences. 

 

Figure 1.2. Schematic representation of bioinformatics workflow for DEG analysis. Created 
in BioRender. Valdivia, C. (2026) https://BioRender.com/816i1cq, licensed under CC BY 4.0. 
1.2.7 Statistical analyses 

 SOD1 activity normalized to total protein concentration (U mg-1 protein) was analyzed to 

evaluate differences across control and two nickel exposure concentrations from the range-

finding experiment at 24 and 96 hours post exposure. Statistical analyses were conducted in R 

https://biorender.com/816i1cq
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(version 4.5.2). A two-way analysis of variance (ANOVA) was performed on biological 

replicates with nominal nickel (II) chloride concentration and exposure duration (24 and 96 hpe) 

as fixed factors. Model assumptions of normality and homogeneity of variance were evaluated 

using Shapiro-Wilk and Levene’s tests, respectively. When ANOVA indicated significant 

effects, Tukey-Kramer post hoc comparisons were conducted to evaluate pairwise differences 

among treatment groups within each time point. Statistical significance was assessed at a α = 

0.05.  

All analysis scripts used for data processing and figure generation were version-

controlled and are publicly available and maintained on GitHub (release v1.0-thesis). 

1.3 Results 

1.3.1 Phenotypic and Health Declines with Increasing Nickel (II) Chloride – 

Morphological Observations 

 In nominal concentrations below 100 mg L-1, changes in observable health markers were 

minimal (Figures 1.3B2- B5 and 1.4). Colonies in the 0.1 mg L-1 nominal NiCl2 treatment 

maintained typical morphology including, active hemolymph circulation, normal clustering of 

zooid systems, flat and clear tunics, and zooid contractions to physical stimulation. The colonies 

in the 1 and 10 mg L-1 nominal NiCl2 treatments exhibited similar, but moderate, declines in 

health over time, maintaining active hemolymph circulation and zooid response, but, 

accumulating morphological indications of stress by 96 hpe, including hyperpigmentation, tunic 

puffing, and ampullar retraction, and ampullar dilation (Figure 1.3C2-B3).  

All biological replicates in the 100 mg L-1 dose exhibited blastogenic arrest by 24 hpe, 

characterized by the halted development of primary buds, regardless of the blastogenic stage at 

https://github.com/valeste/Botryllus-Nickel-Tox
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which exposure began (Figure 1.3C2- C5). Colonies at this dose remained alive over the duration 

of the 96-hour exposure but displayed increasingly slowed hemolymph flow rate in the 

vasculature. Furthermore, in the 100 mg L-1 dose, colonies exhibited hyperpigmentation, puffed 

tunic, retraction and swelling of ampullae, and dissociation of typical star-system architecture. 

Mortality was observed only at the highest concentration tested (1000 mg L -1) over the 96-hour 

exposure period. Exposure to 1000 mg L-1of nominal nickel (II) chloride resulted in 100% 

mortality by 48 hpe (Figure 1.4).  
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Figure 1.3. Changes in observable health over the course of nickel exposure in three colonies of B. 
schlosseri. From top to bottom, in order of pre-exposure, 24, 48, 72, and 96-hours post exposure (hpe). 
(A1-A5) Control (0 mg L-1 nickel (II) chloride). (B1-B5) Colony exposed to nominal 0.1 mg L-1 nickel 
(II) chloride. (C1-C5) Colony exposed to nominal 100 mg L-1 nickel (II) chloride. Onset of ampullae 
retraction (red arrows) and development of hemolymph abscesses in primary buds (yellow arrows). White 
bars, 5 mm.  
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Figure 1.4. Mean health scores of colonies exposed to increasing concentrations of NiCl2 over time. 
Health score defined as the following: 0 = dead, no blood flow; 2 = very bad with heartbeat, 4 = poor with 
retracted ampullae, high pigmentation, and puffy tunic; 6 = fair, part poor; 8 = good with most ampullae 
extended, normal tunic, and normal pigmentation, 10 = great with all ampullae extended, tunic flat, clear, 
and normal pigmentation. (n = 30). 

1.3.2 Chemical Analysis 

  Nickel concentrations in control and treatment artificial seawater samples were verified 

by ICP-MS following nitric acid digestion. Measured dissolved nickel concentrations increased 

proportionally with nominal nickel (II) chloride additions across all treatments (Tables 1.1 and 

1.2). ICP-MS analyses of field-sourced seawater collected in May 2025 from the City of Des 

Moines Marina (site of tunicate collection) detected dissolved nickel at a mean concentration of 

1.3 ± 1.9 µg L⁻¹ (Ni-60, n = 6). 
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Table 1.1. ICP-MS quality assurance results of measured nickel-60 (Ni-60) concentration for range-
finding study exposure water samples. Stock solutions were prepared for each of the four iterations of 
range-finding study and spiked water distributed for each technical replicate. Ni concentrations were 
below the expected nominal Ni concentrations but fell within a proportionally increasing pattern with 
increasing target nominal NiCl2 concentrations. 

Analytical Chemistry ICP-MS Results for Range-finding Study 

Nominal NiCl2 
mg/L 

Nominal Ni 
mg/L 

Mean Ni-60 
mg/L SD Ni-60 mg/L 

Min. Ni-60 
mg/L 

Max Ni-60 
mg/L Sample Size 

0 0 0.01 0.01 0 0.01 4 

0.1 0.05 0.04 0.01 0.03 0.04 4 

1 0.45 0.29 0.01 0.28 0.3 4 

10 4.53 3.03 0.49 2.5 3.58 4 

100 45.29 27.64 10.14 16.7 38.69 4 

1000 452.88 289.66 30.11 261.16 319.56 4 

 

Table 1.2. ICP-MS quality assurance results of measured nickel-60 (Ni-60) concentration for RNA-
seq study exposure water samples. For each exposure vessel, exposure water was freshly prepared 
based on target nominal NiCl2 concentrations. Measured Ni-60 concentrations were below expected 
nominal Ni concentrations, but consistent with measured Ni-60 concentrations of range-finding exposure 
water samples of the same target concentrations. 

Analytical Chemistry ICP-MS Results for RNA-seq Study 

Nominal NiCl2 
mg/L 

Nominal Ni 
mg/L 

Mean Ni-60 
mg/L SD Ni-60 mg/L 

Min. Ni-60 
mg/L 

Max Ni-60 
mg/L Sample Size 

0 0 0 0 0 0.01 10 

100 45.29 38.07 9.13 29.06 54.44 9 

1.3.3 Median Lethal Nickel Concentration Approximation 

The median 24-hour lethal nickel concentration (LC50) for Botryllus schlosseri was 

estimated from the nickel concentrations measured from stock solutions pre-exposure using ICP-

MS and observed cumulative mortality after 24 and 96-hours of exposure. Because mortality was 

only observed at the highest concentration (ICP-MS measured mean 290 mg L⁻¹, SD = 30.1 mg 

L-1), a full dose–response curve could not be modeled using traditional logistic or probit 

regression approaches. Instead, mortality proportions were plotted against the measured nickel 
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concentrations, and an approximate LC50 value was interpolated graphically by connecting the 

observed data points with a linear trend line. This approach provides an estimated threshold 

concentration for acute lethality under the conditions tested and serves primarily to inform 

subsequent sublethal exposure assays rather than to define a statistically modeled LC50 value. 

The 24-hour and 96-hour LC50 values were calculated to be 177 mg L-1 and 159 mg L-1 (about an 

11% decrease) using a line of best fit (Figure 1.5).  

LC50 values for other marine invertebrates span similar concentrations (Table 1.3). Most 

available nickel toxicity data for marine species is derived from mollusks, crustaceans, and 

echinoderms. Notably, nickel LC50 data for any tunicate species is absent from the literature. 

 

Figure 1.5. Best fit survivorship curve for Botryllus schlosseri at 24- and 96-hours post-exposure 
(hpe). 100% mortality observed only at the highest nickel dose. Mortality classified by cessation of blood 
flow throughout the colony. Red dashed intersecting lines mark crude 50% survival dose (crude-LC50). 
Crude-LC50 Ni-60 values for 24-hpe and 96-hpe are calculated to be 177 and 159 mg L-1, respectively. 
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Table 1.3. Nickel LC50 values reported for select marine invertebrates under seawater exposure 
conditions. Reported toxicity thresholds vary widely depending on species, life stage, exposure duration, 
and water chemistry parameters. Relevant water chemistry parameters include temperature, salinity, pH, 
and seawater composition (natural seawater [NSW] versus artificial seawater [ASW]). Values 
contextualize the nickel tolerance observed in B. schlosseri in the present study. 

Species and Life Stage Water Chemistry Parameters Assay Parameters and Results Source 

Species 
Taxonomic 

group 
Life 
stage 

Temperature 
(°C) 

Salinity 
(ppt) 

Seawater 
Type pH 

Exposure 
(h) 

Exposure 
Regime 

LC50 
(mg/L Ni) DOI 

Botryllus 
schlosseri 

Tunicate 
(ascidian) Adult 18 33 ASW 8.2 24 static 177 present study 

Botryllus 
schlosseri 

Tunicate 
(ascidian) Adult 18 33 ASW 8.2 96 static 159 present study 

Allorchestes 
compressa 

Crustacean 
(amphipod) Juvenile 20 32 ASW N/A 96 static 34 

10.1016/0048-
9697(94)90391-3 

Babylonia 
areolata 

Mollusk 
(gastropod) Adult 24 37 ASW 

7.8 to 
8.2 96 static 34 

10.1080/0277224
8.2013.864450 

Crassostrea 
virginica 

Mollusk 
(oyster) Embryo 26 25 ASW 

7.0 to 
8.5 48 static 1 

10.1007/BF00367
984 

Mya arenaria 
Mollusk 
(clam) Adult 20 20 NSW 7.8 96 static 320 

10.1007/BF02097
772 

Asterias forbesi 
Echinoderm 

(starfish) Adult 20 20 NSW 7.8 96 static 150 
10.1007/BF02097

772 

Macoma balthica 
Mollusk 
(clam) Adult 15 35 NSW N/A 96 static 540 

10.3354/MEPS02
4139 

 

1.3.3 Superoxide Dismutase 1 Activity  

Superoxide dismutase 1 (SOD1) activity differed significantly among colonies exposed to 

different nickel concentrations (two-way ANOVA, F = 3.47, p = 0.041), with a moderate effect 

size (partial η² = 0.14) that indicates ~14% of the variance in SOD1 activity was attributable to 

nickel exposure (Figure 1.6). Neither exposure duration nor the interaction between time and 

concentration significantly influenced SOD1 activity (p > 0.05). Tukey-Kramer adjusted 

pairwise comparisons did not detect significant differences among concentrations (p > 0.05), 

although Fisher’s LSD comparisons indicated higher mean SOD1 activity at 1 mg L-1 nominal 

NiCl2 relative to both the control and 100 mg L-1 treatments (p < 0.05). Together, these results 

suggest that nickel exposure elicits a modest, non-monotonic SOD1 enzyme activity response in 



 

 
25 

colonies of B. schlosseri, though variability among colonies limited the detection of pairwise 

differences following correction for multiple comparisons (Tukey-Kramer). 

 

Figure 1.6. SOD1 activity (U mg⁻¹ protein) in B. schlosseri colonies exposed to control (0), 1, or 100 
mg L⁻¹ nominal nickel (II) chloride for 24 or 96 hours post exposure (hpe). Points represent 
individual biological replicates colored by blastogenic stages. Boxplots display the median and 
interquartile range with whiskers extending to 1.5x the interquartile range. Mean SOD1 activity per 
treatment is indicated by blue diamonds. Two-way ANOVA detected a significant effect of nickel 
concentration on SOD1 activity (p < 0.05), but no effect of exposure duration or interaction (p > 0.05). 
Tukey-Kramer adjusted pairwise comparisons averaged across exposure duration were not significant (p 
> 0.05). Fisher’s LSD comparisons indicated significantly elevated SOD1 enzymatic activity in colonies 
exposed to 1 mg L-1 relative to both colonies in the 0 mg L-1 (p = 0.03) and 100 mg L-1 (p = 0.02) nominal 
NiCl2 treatments, irrespective of time post exposure. Sample size per group is indicated on the plot. 
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1.3.4 Sequencing and Quality Control 

The samples were sequenced by NovoGene in paired-end mode (2 × 150 bp read length), 

yielding an average of 34.42 (± 6.25) million paired-end reads per sample. Quality control on the 

raw reads was performed using FastQC. Data quality was further ensured through assessment 

using a multidimensional scaling (MDS) plot (Figure 1.7). Nickel treated and control samples 

were somewhat separated along the first two dimensions of the MDS plot, although some 

overlap was observed with one nickel treated sample clustering near controls and vice versa 

(Figure 1.7). Meta-data confirmed that the two outlier samples were not mislabeled or swapped. 

Influence of outlier samples on the differential expression analysis was mitigated by the 

weighted linear regression implemented through the limma-voom pipeline (Law et al., 2014), 

which down-weighted samples with greater within-group dissimilarity based on robust 

regression residuals.  

Dimension 1 (dim1) captured 18% of the total explained variance, indicating a moderate 

but consistent transcriptional shift in response to nickel exposure. Control colonies were more 

widely distributed across dim1 suggesting greater within-group variability under baseline 

conditions. Dimension 2 (dim2), which explained 11% of the total variance, captures subtler but 

distinct expression dissimilarity between nickel-treated and control colonies.   

1.3.5 Differential Gene Expression in Nickel Exposed Colonies 

 Prior to conducting differential gene expression analysis, genes with no or very low 

expression were filtered and removed from the data set, leaving 13,970 genes from a total of 

16,959. Among the identified genes, only 15 were downregulated and 39 upregulated in nickel 

treated colonies relative to control (FDR < 0.1) (Figure 1.8). The heatmap analysis depicts 



 

 
27 

distinct clustering of the nickel treated and non-treated samples. BlastX was performed against a 

non-restricted (nr) UniProt database to supplementally annotate gene terms (red text; Fig. 8) 

outside of what was available through eggNOG. Of the limited DEG list, 69% were successfully 

annotated using the above-described procedure (37 of 54). The most significantly over- and 

under-expressed genes in the nickel-treated group were nas13 (logFC = 2.63; adjusted p-value < 

0.05) and colec11 (logFC = -3.39; adjusted p-value < 0.05), respectively. 

 
Figure 1.7. Visualization of similarity of gene expression profiles across control and nickel treated 
samples. Scale indicates relative weight of each sample to reflect within-group similarity. 
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Figure 1.8. Clustering and heatmap of RNAseq data. Black gene symbols indicate annotation with B. 
schlosseri transcriptome. Red gene symbols indicate supplemental annotation using a non-restricted 
UniProt database. 
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Figure 1.9. Functional distribution of annotated differentially expressed genes (DEGs). Spider plot 
illustrating the number of annotated DEGs following nickel exposure assigned to major functional 
categories. Of the 54 total DEGs identified, 37 were successfully annotated and are represented here. 
Categories include extracellular matrix (ECM), vascular function, redox metabolism, innate immune 
response, gene regulation, cell signaling and differentiation, and cell adhesion. Values indicate the 
number of DEGs associated with each functional category; genes with multiple functional annotations 
were assigned to their most relevant primary category.    

1.3.6 ECM remodeling and basement membrane integrity  

Extracellular matrix (ECM) organization emerged as the most prominent functional 

category comprising 30% of all the annotated DE genes (11 of 37, Figure 1.9). Nickel exposure 

increased the expression of several ECM components, including interstitial structural proteins 

such as collagen VI α3 (col6a3), SCO-spondin (sspo), fibrinogen C-domain–containing protein 1 

(fibcd1), and LCE-family proteins. Nickel-exposed colonies also were found to have 
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upregulation of FRAS1-related extracellular matrix protein 1 (frem1) and heparan sulfate 

proteoglycan 2 (hspg2), transcripts involved in basement membrane assembly and integrity. 

Several enzymes involved in extracellular matrix reassembly were differentially expressed. 

Chitinase 1 (chit1) was downregulated while matrix metalloproteinase-21 (mmp21) and zinc 

metalloproteinase NAS-13 (nas13) were upregulated. 

1.3.7 Detoxification and antioxidant transcriptional response  

Heme-binding protein 2 (hebp2), associated with oxygen transport and oxidative stress 

signaling, and cysteine dioxygenase type 1 (cdo1), a regulator of intracellular cystine, were 

strongly downregulated in nickel exposed colonies. In contrast, a transcript annotated for the 

vertebrate ATP binding cassette subfamily B member 11 (abcb11), was upregulated. 

1.3.8. Modulation of transcripts associated with cellular differentiation  

 Nickel exposure induced significant differential expression of several genes associated 

with regenerative signaling in B. schlosseri. Transcripts within and associated with the 

transforming growth factor beta (TGF-β) pathway were notably upregulated including tgf-β2, a 

key cytokine regulating cellular differentiation and migration. Moreover, additional regulatory 

components of the TGF-β/BMP axis were also upregulated including a Kielin/Chordin-like 

protein (kcp) homolog and a tle/gro family corepressor homolog.  Beyond TGF-β associated 

pathways, jag1, a ligand of the Notch signaling cascade, was similarly upregulated in nickel 

exposed colonies. Collectively, these results represent an upregulation of multiple genes 

involved in developmental and differentiation signaling nickel exposure. 
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1.4 Discussion 

1.4.1 B. schlosseri is highly tolerant to nickel exposure 

 Experimental nickel exposure of field-sourced B. schlosseri revealed a pattern of high 

survivorship, despite an eventual onset of morphological malformations including disrupted 

colonial architecture, vascular dilation, increased pigmentation, and weakened tunic integrity 

(Figure 1.3). Crude-LC50 nickel estimates of 177 mg L⁻¹ at 24 hpe and 159 mg L⁻¹ at 96 hpe 

(Figure 1.5), place B. schlosseri among the most nickel-tolerant marine invertebrates reported 

under full-strength artificial seawater conditions (Table 1.3) (Bryant et al., 1985; Calabrese et al., 

1973; Eisler and Hennekey, 1977; Florence et al., 1994; Hajimad and Vedamanikam, 2013). 

ICP-MS analyses of field-sourced seawater from the City of Des Moines Marina detected low 

but measurable dissolved nickel concentrations (1.3 ± 1.9 µg L⁻¹, Ni-60, n = 6) at the time of 

specimen collection. These concentrations exceed observed trends (0.04-0.05 µg L-1) of offshore 

Pacific Northwest surface water (Bates et al., 2021; Swam-Jaramillo et al., 2025), likely 

reflecting localized pollutant accumulation expected in enclosed marina conditions (Kenworthy 

et al., 2018). Nonetheless, field-site nickel concentrations remain several orders of magnitude 

lower than the concentrations required to induce mortality in this species (Figure 1.5). These 

findings provide a foundation for further refinement of nickel LC50 estimates for B. schlosseri 

within the upper thresholds of its observed tolerance range. 

 Although colonies survived under extremely high nickel concentrations, exposure to 

≥100 mg L-1 nominal NiCl2 induced distinct morphological changes beginning at 24-hpe 

including slowed hemolymph circulation, impeded primary bud development, failed zooid 

resorption, and overall blastogenic arrest (Figure 1.3A-3C). These phenotypes closely resemble 
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those observed following exposure to other oxidative stressors in B. schlosseri. For example, 

treatment with butylated hydroxytoluene (BHT), UV-B irradiation, and ionizing radiation all 

result in vascular dilation, halted zooid resorption, and arrest of blastogenesis (Qarri et al., 2020; 

Rinkevich and Weissman, 1990; Voskoboynik et al., 2002; Voskoboynik et al., 2004). In the 

cases of UV-B and BHT exposures, where colonies were also evaluated for their capacity to 

recover from stress, removal of the stressor was followed by coordinated apoptosis and 

phagocytosis of damaged tissues, with colonies resuming normal blastogenesis after one to two 

weeks (Qarri et al., 2020; Voskoboynik et al., 2002). Notably, mechanical disruption through 

zooidectomy or budectomy do not inherently halt blastogenesis (Rosner et al., 2019), indicating 

that blastogenic arrest is not triggered by structural disturbance alone, but instead reflects a 

stress-induced disruption to the physiological processes governing colonial blastogenesis. 

Blastogenic progression in B. schlosseri is highly dependent on the coordinated apoptosis 

and phagocytic clearance of senescent zooids, which together enable the recycling of remnant 

macromolecular and nutrient resources to developing stage D primary buds (Franchi et al., 2016; 

Voskoboynik et al., 2004). Within the context of nickel-induced blastogenic arrest, suspension of 

complete zooid resorption and further primary bud growth, may reduce the metabolic demand 

and thus ROS generation occurring with blastogenic development (Cima et al., 2010; Franchi et 

al., 2017). As such, blastogenic arrest can be interpreted as part of a broader colonial 

maintenance strategy that reduces oxidative burden and potentially safeguards stem-cell niches 

from excessive oxidative damage to preserve future regenerative capacity (Qarri et al., 2020). 
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1.4.2 Modest non-monotonic response in SOD1 enzymatic activity with increasing 

nickel concentrations 

Superoxide dismutase 1 (SOD1) is a primary cytosolic antioxidant enzyme that catalyzes 

the dismutation of superoxide radicals (O2 • −), a reactive oxygen species generated during 

normal cellular metabolism and elevated under oxidative stress (Sheng et al., 2014). Through 

conversion of superoxide into molecular oxygen (O2) and hydrogen peroxide (H2O2), SOD1 

functions as an upstream regulator of redox balance, with H2O2 subsequently detoxified by 

downstream antioxidant systems including catalase (CAT) and glutathione peroxidases (GPx) 

(Andrés et al., 2022). In B. schlosseri hemocytes, transcriptional modulation of these 

antioxidants has been reported to occur with blastogenesis-associated ROS accumulation and 

cadmium exposure (Franchi et al., 2017). However, to our knowledge, this study represents the 

first direct quantification of SOD enzymatic activity in B. schlosseri colonies under controlled 

experimental contaminant exposure. 

SOD1 enzymatic activity in B. schlosseri exhibited a non-monotonic pattern across 

increasing nickel treatments, with modest elevation at 1 mg L⁻¹ nominal NiCl₂ (0.29 mg  L⁻¹ Ni-

60) and relatively reduced activity at 100 mg L⁻¹ (27.64 mg L⁻¹ Ni-60) comparable to control 

colonies after 96 hours of exposure (Figure 1.6). Only one other study has quantified SOD 

activity in this species, in which colonies were transplanted across coastal sites within the 

Lagoon of Venice (Tasselli et al., 2017). After 22 days of transplantation, colonies displayed 

varying levels of antioxidant activity, with elevated SOD activity for colonies transplanted to the 

more environmentally stressful location, characterized by higher temperature (17.7 °C), elevated 

pH (8.64), and a greater variety of competing benthic species (Tasselli et al., 2017). Together, 

these findings indicate that while SOD activity in B. schlosseri is responsive to environmental 
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stress and moderate contaminant levels, activity is constrained with exposure to elevated nickel 

concentration.  

This non-monotonic pattern of SOD activity across increasing nickel concentration after 

an extended exposure period is similar to that of nickel-driven SOD activity in other marine 

invertebrates. In the copepod Tigriopus japonicus, SOD activity remained largely unchanged 

across nickel concentrations (0.125-3 mg L⁻¹) during the first four days of exposure. However, 

by day 12, SOD activity exhibited a non-monotonic pattern, with the highest activity observed at 

the intermediate nickel concentration (0.75 mg L⁻¹), while SOD activity at the highest 

concentration was comparable to that of lower-dose treatments (Wang and Wang, 2009). A 

similar trend was reported in Pacific abalone, where exposure to the highest tested concentration 

of NiCl2 (nominal 0.4 mg L⁻¹) resulted in reduced SOD activity in hepatopancreas and gill 

tissues relative to lower concentrations (nominal 0.1 mg L⁻¹) after two weeks of exposure (Min 

et al., 2021). Although assessment of nickel-induced changes to SOD activity in the present 

study was limited to acute exposure (≤ 96-hours) rather than chronic, weeks-long treatments as 

in the studies above, the non-monotonic response observed here may represent a similar 

constraint in antioxidant functional capacity occurring over a shorter time frame at substantially 

higher nickel concentrations. 

Notably, the absence of elevated SOD activity at the nominal 100 mg L-1 dose occurred 

concurrently with severe morphological disruption and health declines (Figure 1.3A-3C and 4), 

illustrating that SOD antioxidant activity is not further increased with increased physiological 

severity. In contrast, the elevated SOD activity observed at the lower nickel concentration 

indicates that nickel exposure elicits at least moderate levels of oxidative stress in this species. 

As such, antioxidant response against nickel-driven oxidative stress at the evaluated elevated 
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concentration may rely on a shift away from active enzymatic defense towards broader 

physiological constraints that reduce overall metabolic demand and endogenous ROS 

production, such as that which occurs through blastogenic developmental arrest. 

1.4.3 Transcriptional landscape of nickel-exposed colonies 

In contrast to the pronounced phenotypic changes observed with high nickel-dose 

exposure (Figure 1.3A-3C), the transcriptional response under these conditions revealed a more 

subtle but coordinated modulation of transcriptional programs (Figures 1.8 and 1.9). Notably, 

some of the most striking features of the transcriptomic landscape were defined not by what 

differed, but by what remained unchanged between control and nickel-treated B. schlosseri. 

Although SOD enzymatic activity was elevated at the lower nickel concentration, indicating that 

nickel exposure can elicit oxidative stress in B. schlosseri, SOD activity at 100 mg L-1 was 

comparable to control. Consistent with this, differential gene expression analysis between control 

and 100 mg L-1 nominal NiCl2-treated colonies revealed no increased transcription of primary 

antioxidants at this elevated dose. Comparisons of SOD enzymatic activity with sod transcription 

of B. schlosseri colonies transplanted across different sites in the Lagoon of Venice demonstrated 

a decoupling of transcriptional gene expression and enzymatic activity where increased sod 

transcription did not occur at the most environmentally stressful site despite elevated SOD 

activity (Tasselli et al., 2017). In fact, sod transcription remained similar across both lagoon sites 

and was only upregulated in control laboratory reared colonies (Tasselli et al., 2017). In the 

context of experimental nickel exposure in other marine invertebrates, nickel elicits upregulation 

of antioxidant defense associated transcripts (e.g. sod, glutathione-S-transferase [gst], catalase 

[cat], and several metallothiones [mt]) at lower environmentally relevant concentrations within 
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the first 24-hours of exposure, with expression often declining over extended exposure durations 

(Banni et al., 2014; Dallas et al., 2013).  

Yet these canonical antioxidant pathways were not differentially expressed in our study. 

Instead, across both control and nickel-exposed colonies, antioxidant defense associated 

mechanisms were equally elevated, including transcripts encoding for sod and glutathione 

peroxidase (gpx), primary enzymatic antioxidants. Moreover, no differential expression of 

glutathione synthetase (gss) and glutamate-cysteine ligase modifier subunit (gclm) was observed 

in nickel-treated colonies, both of which are catalysts required for glutathione synthesis, the 

primary endogenous non-enzymatic antioxidant (Dickinson and Forman, 2002). The lack of 

differential expression of antioxidant defenses in our data set could be a result of several 

competing, but non-mutually exclusive hypotheses. As both control and nickel-treated colonies 

were in late blastogenic stage D, a period of elevated oxidative stress, it may be that antioxidant 

networks operate at a constitutively elevated transcriptional baseline during late blastogenesis 

that are not further perturbed with exogenous oxidative challenge. Alternatively, the evaluated 

nickel concentration (100 mg L-1) may represent a sufficiently high exposure level to elicit a 

rapid but transient transcriptional induction of antioxidant defenses that had already been 

attenuated by the 24-hour sampling time point. This interpretation is consistent with 

transcriptional trends observed in other nickel-exposed marine invertebrates where antioxidant 

transcripts initially increase but decline with prolonged exposure to lower environmentally 

relevant nickel concentrations.       

Through its ROS-generating mechanisms, nickel can also act as an indirect genotoxin, 

producing varying degrees of DNA damage across an array of marine invertebrate species and 

their cell types (Akpiri et al., 2017; Dallas et al., 2013; Gallo et al., 2016). In nickel-exposed B. 
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schlosseri, however, many of the expected gene targets associated with genotoxic stress were not 

differentially expressed. Instead, transcripts involved in DNA-damage signaling and repair (e.g. 

ataxia-telangiectasia and rad3-related [atr] and ataxia-telangiectasia mutated [atm]) were 

similarly upregulated in both control blastogenic stage D and nickel-exposed colonies. These 

findings indicate that exogenous nickel exposure does not induce additional transcriptional 

activation of canonical DNA damage signaling and repair pathways beyond the elevated baseline 

observed during stage D. 

Prior work directly measuring DNA fragmentation in B. schlosseri demonstrated that 

control blastogenic stage D ramets and BHT-induced clonal ramets under blastogenic arrest 

exhibited similar levels of DNA damage, suggesting that DNA fragmentation is intrinsically 

elevated during this developmental stage and is not increased during perturbation to redox 

homeostasis (Voskoboynik et al., 2004). In contrast, acute UV-B irradiation significantly 

increased DNA fragmentation in B. schlosseri hemocyte cultures, yet no detectable DNA repair 

occurred within a  24-hours of recovery (Svanfeldt et al., 2014). Notably when B. schlosseri is 

allowed to recover from BHT or UV-B irradiation, colonies eliminate all compromised zooids 

and most, if not all, primary buds (Qarri et al., 2020; Voskoboynik et al., 2002). As such the 

findings of the present study extend upon a previously proposed model in which B. schlosseri 

colonial genomic integrity is primarily maintained through apoptosis and phagocytic clearance of 

damaged somatic tissues, rather than through extensive DNA damage repair (Qarri et al., 2020; 

Svanfeldt et al., 2014). Within this framework, the absence of further transcriptional induction of 

canonical DNA repair genes in nickel-exposed colonies may reflect a colonial maintenance 

strategy in which transcriptional amplification of DNA repair pathways does not scale under 
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oxidative challenge and instead colonial genomic stability is preserved through selective removal 

of compromised tissue upon removal of the stressor.  

1.4.4 Adjustments in redox metabolism and routes for nickel detoxification 

Rather than broad differential expression of primary antioxidant enzymes or glutathione 

biosynthesis genes, nickel exposure resulted in selective modulation of redox-associated 

transcripts. Cysteine dioxygenase type 1 (cdo1) was significantly downregulated in nickel-

exposed colonies. CDO1 catalyzes the oxidation of cysteine to cysteine sulfinic acid, the first 

step in taurine biosynthesis (Dominy et al., 2007). Taurine functions as an osmolyte, and in other 

marine invertebrates CDO1 is transcriptionally upregulated under both hypo- and hypertonic 

salinity stress (e.g., Sinonovacula rivularis and Sinonovacula constricta), reflecting CDO1’s role 

in osmoregulation (Liang et al., 2025; Yihua et al., 2024). However, cysteine is one of the least 

abundant intracellular amino acids and is highly conserved within protein functional sites due to 

the unique nucleophilicity and metal-binding properties of its thiol group (-SH) (Poole, 2015). 

Given this constrained availability, downregulation of cdo1 under nickel exposure may reflect a 

shift in cysteine allocation away from osmolyte synthesis and toward conservation for thiol-

based redox buffering. This interpretation is consistent with mechanistic evidence from 

mammalian in vitro systems in which CDO overexpression in HepG2/C3A cells reduced 

intracellular cysteine and glutathione pools, ultimately resulting in increased cadmium toxicity 

(Dominy et al., 2007).   

Although B. schlosseri is well known to bioaccumulate metals at concentrations 

exceeding that in the environment, nickel is among the least accumulated trace metals in this 

species (Guillén Matus et al., 2024). Consistent with this, canonical metal-sequestration 

pathways, including several metallothionein’s, were not differentially upregulated under nickel 
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exposure. Metallothionein’s are cysteine-rich proteins that bind trace metals through thiol groups 

and play an essential role in trace metal intracellular accumulation and detoxification in marine 

invertebrates (Fan et al., 2015). Together, the absence of transcriptional metallothionein 

induction and the comparatively low nickel bioaccumulation shown in prior studies suggest that 

B. schlosseri may reduce intracellular nickel through mechanisms alternative to thiol-based 

sequestration. 

The transcript annotated as ATP-binding cassette transporter subfamily B member 11 

(abcb11) was significantly upregulated in nickel exposed colonies. While a vertebrate ABCB11 

ortholog is absent in marine invertebrates (Luckenbach and Epel, 2008; Shipp and Hamdoun, 

2012), the annotation likely represents an ABCB-like transporter, similar to those described in 

the sea urchin, Strongylocentrotus purpuratus (Shipp and Hamdoun, 2012). ABCB-family 

transporters in marine invertebrates broadly mediate efflux of metals, ions, and xenobiotics, with 

loss-of-function studies demonstrating that their disruption greatly impairs metal efflux 

capabilities (Della Torre et al., 2014; Vyas et al., 2022). In the context of nickel exposure in B. 

schlosseri, the lack of metallothionein transcriptional induction and upregulation of an ABCB-

like transcript suggests that nickel handling and detoxification may rely more predominantly on 

transporter-mediated efflux than on thiol-based chelation. However, further functional studies are 

needed to confirm the centrality of efflux in this species’ nickel detoxification response. 

1.4.4 Nickel induced colonial ECM and vascular remodeling  

Nickel-exposed colonies showed upregulation of pathways associated with extracellular 

matrix (ECM) remodeling, basement membrane integrity, and vasculature dynamics. In B. 

schlosseri vascular vessels are formed from ectoderm-derived epithelium, where vessel lumens 

are lined with basal lamina and apical surfaces face the tunic (Rodriguez et al., 2017). The 
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vasculature in this species is thus closely integrated with the surrounding ECM and tunic, 

forming a ramified extracorporeal network linking a colony's zooids (Rodriguez et al., 2021). 

The morphological vascular shifts observed in nickel-exposed colonies, consisting of dilated but 

intact vessels, slowed but persistent hemolymph flow, and occasional localized hemolymph 

leakages suggests that nickel exposure compromises vascular wall stability without causing 

complete vascular regression.  

Indeed, transcriptional signatures were consistent with these observations. Vwf, a marker 

of vascular injury in B. schlosseri (Oren et al., 2008), was upregulated. A bves-like adhesion 

transcript whose vertebrate homolog is required for cell-cell adhesion and barrier integrity 

(Brand, 2005; Osler et al., 2006), was downregulated, potentially reflecting reduced barrier 

cohesion in B. schlosseri. Furthermore, as basement membrane integrity is known to be essential 

for preventing complete vascular regression in colonial ascidians (Rodriguez et al., 2021; 

Rodriguez et al., 2021), increased expression of associated transcripts (e.g.HSP2 and FREM1) in 

nickel-exposed colonies suggests potential compensatory reinforcement of basement lamina 

domains across impacted tissues.  

Matrix metalloproteases, MMP21 and NAS13, key mediators of ECM turnover, were 

also upregulated, suggesting active remodeling of interstitial matrix components. Upregulation of 

several cytoskeletal and adhesion-associated regulators (rap1gap, mylk, iqgap1, and sdcbp) 

further supports a model of altered epithelial tension and cell–matrix interactions (Du et al., 

2020; Jaśkiewicz et al., 2018; Johnson et al., 2020; Shi et al., 2025; Yamaoka-Tojo et al., 2004), 

which aligns with the observed ampullar dilation and slowed hemolymph movement.  

These findings indicate that nickel exposure elicits a coordinated ECM and epithelial 

remodeling response in B. schlosseri, affecting both interstitial matrix architecture and basement 
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membrane domains. This aligns with previous work demonstrating the central role of ECM 

dynamics in maintaining tissue integrity, hemocyte migration, and blastogenic transitions during 

whole-body regeneration and metal-induced stress (Leprêtre and Kültz, 2025; Ricci et al., 2022).  

1.4.5 Disruption in cellular differentiation signaling under nickel exposure and 

reduced apoptosis 

 Several genes associated with cell fate specification, developmental signaling, apoptosis 

regulation, and wound healing were significantly upregulated in nickel-exposed colonies, 

including components of the TGF-β superfamily and Notch signaling pathways. Within the TGF-

β regulatory axis, transforming growth factor beta 2 (tgf-β2) and several modulators of TGF-β 

signaling were significantly upregulated in nickel-treated colonies, including syndecan binding 

protein (sdcbp), kielin/chordin-like protein (kcp), and transducin-like enhancer of split (tle). 

TGF-β2 is a cytokine involved in various processes of development and regeneration across 

vertebrates and invertebrates, regulating cellular differentiation, migration, and apoptosis 

(Lévesque et al., 2007; Wu and Hill, 2009). In the tunicate species Botrylloides leachii and 

Ciona robusta, upregulation of TGF-β and associated signaling enhancers play a critical role 

during initial wound healing and regeneration (Spina et al., 2017; Zondag et al., 2016). In B. 

schlosseri, inhibition of gene regulators in the TGF-β pathway results in colonial malformations 

including disrupted zooid architecture (Rosner et al., 2014), similar to the nickel-induced 

morphological disruptions observed in the present study. Together, this evidence indicates that 

the TGF-β axis is a conserved pathway across tunicates that is critical in regulating cellular 

differentiation, tissue growth, regeneration, and colonial structure. While SDCBP is associated 

with TGF-β signal amplification (Zhang et al., 2025), KCP and TLE typically function as 

https://www.zotero.org/google-docs/?BzRmV1
https://www.zotero.org/google-docs/?qwRK69
https://www.zotero.org/google-docs/?fPGUH8
https://www.zotero.org/google-docs/?izkg7u
https://www.zotero.org/google-docs/?49wz3c


 

 
42 

suppressors of TGF-β signaling and instead are enhancers of bone morphogenetic proteins 

(BMPs) (Lin et al., 2005; Zhang and Dressler, 2013; Zondag et al., 2016).  

In vertebrates, KCP is a secreted modulator of the TGF-β superfamily that antagonizes 

TGF-β signaling while enhancing BMP activity (Lin et al., 2005). TLE is also a well-recognized 

corepressor of TGF-β signaling in both mammalian systems (Zhang and Dressler, 2013), and 

invertebrate systems where TLE is homologous to groucho (GRO) (Zondag et al., 2016). 

Notably in the colonial tunicate Botrylloides leachii, gro downregulation (-3.1 fold) occurred 

concurrently with tgfb2 upregulation (1.9 fold) during whole body regeneration (Zondag et al., 

2016). This contrasting expression pattern between B. leachii undergoing active growth and B. 

schlosseri in a blastogenic arrested state suggests that transcriptional control of these cellular 

differentiation and tissue growth regulators can vary across developmental contexts but 

nevertheless converges on modulation of downstream developmental signaling pathways.  

Modulation in cell fate signaling extended beyond the TGF-β pathway, where jagged1 

jag1, a ligand in the Notch cascade (Grochowski et al., 2016), was significantly upregulated in 

nickel exposed colonies. Notch and TGF-β signaling are intimately connected but distinct 

pathways. In mammalian in vitro systems, TGF-β induces transcription of jag1, initiating 

downstream Notch signaling, which in turn confers a positive feedback loop by upregulating 

several TGF-β signaling components (Valdez et al., 2012; Zavadil and Cermak, 2004). The 

cross-talk between TGF-β and Notch signaling, has been proposed to be a key regulator of 

cellular quiescence (Niimi et al., 2007; Valdez et al., 2012), keeping cells from entering the cell 

cycle. 

In addition to the transcriptional and phenotypic evidence of suspended cell growth for 

developing primary buds, B. schlosseri zooids also failed to be resorbed suggesting a disruption 
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to the typical apoptotic and phagocytic clearance that occurs with blastogenesis. Consistent with 

this observation, programmed cell death 6 interacting protein (pdcd6ip) was upregulated in 

colonies exposed to nickel. PDCD6IP overexpression is involved in the activation of apoptosis 

pathways in mammalian systems (Strappazzon et al., 2010). Moreover, in stage D resorbing 

zooids of B. schlosseri, pdcd6ip is downregulated relative to active filter-feeding zooids, 

suggesting a potential association between PDCD6IP expression and the suppression of 

apoptosis during earlier blastogenic stages (Anselmi et al., 2023). Within this context, pdcd6ip 

upregulation in late blastogenic stage nickel-exposed colonies contrasts with the downregulation 

observed in stage D control colonies, suggesting a transcriptional shift consistent with the 

suspension of blastogenesis-associated apoptosis under exogenous oxidative stress.   

Collectively, these transcriptional patterns suggest that nickel exposure perturbs highly 

conserved developmental signaling networks that coordinate the cellular differentiation, 

proliferation, and apoptosis underlying blastogenic takeover in this species. The simultaneous 

modulation of these pathways indicate that nickel stress may shift colonies toward a state of 

reduced cellular turnover, characterized by suspended apoptosis and halted developmental 

progression, consistent with the observed phenotypic changes observed during blastogenic arrest 

(Figure 1.3). These findings further support the proposed model in which B. schlosseri 

circumvents extensive antioxidant and DNA damage repair responses in favor of mitigating 

oxidative stress through modulation of colony-wide developmental programs that limit 

associated metabolic and oxidative activity. Within this framework, the coordinated modulation 

of transcriptional cellular differentiation and apoptotic signaling may function to pause 

generational turnover, thereby reducing endogenous ROS generation and overall oxidative 

burden to preserve cellular integrity under elevated nickel exposure. 
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1.5 Conclusion 

This study evaluated the heavy metal tolerance of B. schlosseri under acute nickel 

exposure. While colonies exhibited high survivorship even at elevated concentrations, this 

tolerance was accompanied by pronounced disruptions to physiological and developmental 

processes. Although colonies persisted in the second highest dose of nickel (II) chloride (100 mg 

L-1), exposure resulted in halted primary bud growth progression, impaired hemolymph 

circulation, and failure of zooid resorption across all stages of the blastogenic cycle. Together, 

these phenotypic changes indicate that nickel exposure disrupts colony-level developmental 

processes associated with blastogenesis and generational turnover. 

At the molecular scale, nickel elicited coordinated but limited transcriptional changes. 

Although antioxidant and genotoxic defenses associated with canonical metal response were not 

strongly induced by elevated nickel exposure, pathways associated with cysteine allocation and 

xenobiotic efflux were upregulated, signifying a limited detoxification response through metal 

sequestration. Instead, nickel exposure resulted in transcriptional changes to cellular 

differentiation and apoptotic signaling alongside restructuring of extracellular matrix and 

vasculature components. Collectively, these results suggest that colonies exposed to nickel 

during late blastogenesis rely less on transcriptional induction of classical antioxidant or DNA 

repair pathways and instead respond to nickel stress through modulation of developmental 

signaling and colony-wide remodeling. Such responses may stabilize cellular homeostasis under 

oxidative stress at the cost of colony structure and asexual reproduction. In B. schlosseri this 

model has been proposed to specifically preserve long-term colonial viability and stem-cell 

lineages for similar-stress induced disruption to somatic tissues of the colony (Qarri et al., 2020; 

Svanfeldt et al., 2014).  
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More broadly, these findings highlight an alternative strategy of oxidative stress tolerance 

in a colonial organism, where modulation of developmental timing and tissue turnover may 

mitigate oxidative burden without extensive activation of antioxidant pathways. This work 

provides a framework for exploring how cellular fate decisions are coordinated under 

environmental stress, offering insights into the gene networks that regulate transitions between 

cellular quiescence and growth. Moreover, characterizing the regulatory responses invoked under 

stress in a cosmopolitan colonial ascidian provides greater understanding of the mechanisms that 

may contribute to stress tolerance in other invasive marine organisms. 
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Chapter 2  
 

2.1 Introduction 

 The colonial marine tunicate, Botryllus schlosseri, is a widely used experimental model 

employed for more than seventy years across the disciplines of developmental, immunological, 

and cellular biology (Burnet, 1971; Manni et al., 2019; Rinkevich and Rabinowitz, 1997; 

Sabbadin, 1955). Although much of our understanding of B. schlosseri biology is derived from 

in vivo research (Ben-Hamo and Rinkevich, 2021; Franchi et al., 2016; Kültz et al., 2025; 

Rodriguez et al., 2021), in vitro studies using cultured B. schlosseri cells have expanded insights 

into the processes of cellular senescence (Rabinowitz and Rinkevich, 2004), stemness 

(Rabinowitz and Rinkevich, 2011), and ecotoxicological responses (Kamer and Rinkevich, 

2002). As such, cell cultures provide an invaluable complementary system for investigating 

cellular processes such as growth and stress responses under controlled experimental conditions 

that are difficult to isolate in whole organisms. Together, these studies highlight the investigative 

potential of in vitro approaches for B. schlosseri and underscore the importance of continued 

methodological development. Thus far, cell cultures for this species have been initiated from 

several tissue types including embryonic (Rinkevich and Rabinowitz, 1994), hemolymph (Qarri 

et al., 2022; Qarri et al., 2023; Rinkevich and Rabinowitz, 1993), and epithelial tissues 

(Rabinowitz and Rinkevich, 2003; Rabinowitz and Rinkevich, 2004; Rabinowitz and Rinkevich, 

2011; Rabinowitz et al., 2009; Rinkevich and Rabinowitz, 1997). Although cell culture studies of 

B. schlosseri remain scarce overall, most published efforts have focused on methodological 
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https://www.zotero.org/google-docs/?vg7GXi
https://www.zotero.org/google-docs/?srsVzE
https://www.zotero.org/google-docs/?srsVzE
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development for culturing epithelial cells, with many of these foundational studies conducted 

more than a decade ago and not reassessed since. 

Nonetheless, this prior work set a critical foundation for primary epithelial cell culture in 

B. schlosseri, identifying key determinants of cell culture success and describing the cellular 

morphology and growth behavior in vitro. An important factor found to influence cell culture 

success was the state of colonial asexual development, also known as the blastogenic stage, at 

the time of tissue isolation (see Background, Supplemental Figure 1). In particular, primary buds 

isolated from colonies in stage D, the final blastogenic stage preceding generational takeover in 

which senescent zooids are resorbed and primary buds complete their maturation, produced 

adherent epithelial monolayers more frequently than buds isolated from earlier blastogenic stages 

(Rabinowitz and Rinkevich, 2003; Rabinowitz and Rinkevich, 2004). Cultured primary bud 

explants typically also formed hollow spherical structures composed of a single epithelial layer 

that either persisted in suspension or later settled to produce adherent epithelial sheets 

(Rabinowitz and Rinkevich, 2003; Rabinowitz et al., 2009). Once adhered to the culture 

substrate, epithelial monolayers expanded for approximately 24-72 hours before ultimately 

detaching and deteriorating, indicating that although short-term epithelial growth could be 

achieved in vitro, sustained cellular proliferation remained limited (Rabinowitz and Rinkevich, 

2003; Rinkevich, 2011; Rinkevich and Pomponi, 2025).  

As such, despite a clear potential for in vitro systems to advance our knowledge of B. 

schlosseri biology, progress remains constrained by the transient nature of primary cell cultures 

and the continued absence of an immortalized, continuous cell line (Rinkevich and Pomponi, 

2025). Continuous cell lines for any marine invertebrate remain extremely scarce overall 

(Domart-Coulon and Blanchoud, 2022; Rinkevich and Pomponi, 2025). Only two continuous 

https://www.zotero.org/google-docs/?ONrpOp
https://www.zotero.org/google-docs/?4i5ZO0
https://www.zotero.org/google-docs/?sK6VHJ
https://www.zotero.org/google-docs/?sK6VHJ
https://www.zotero.org/google-docs/?0QY97l
https://www.zotero.org/google-docs/?0QY97l
https://www.zotero.org/google-docs/?JgTXgz
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marine invertebrate cell lines have been reported in the literature for one species in each of the 

following phyla: Cnidaria (Kawamura et al., 2021) and Porifera (Hesp et al., 2023). To date, it 

remains unclear why continuous cell lines for marine invertebrates are difficult to establish, 

despite the retention of lifelong pluripotent and totipotent adult stem cells and extensive 

regenerative capacity observed across various taxa (Rinkevich, 2005; Rinkevich, 2011; 

Rinkevich and Pomponi, 2025).  

Several reviews for advancing continuous cell line development in marine invertebrates 

have proposed the integration of multi-omics tools to optimize cell culture parameters and 

improve characterization of cellular responses to in vitro conditions (Domart-Coulon and 

Blanchoud, 2022; Rinkevich, 2005; Rinkevich and Pomponi, 2025). The effectiveness of this 

approach has been demonstrated in primary lymphoid cells of Kuruma prawn (Marsupenaeus 

japonicus). In this system, transcriptional downregulation of VEGF3 and its receptor over culture 

progression guided targeted, time-dependent media supplementation that recovered VEGF 

signaling and extended cell culture longevity (Tsuchiya et al., 2023). Despite the potential utility 

of this approach, the application of -omics based assessments remains limited across marine 

invertebrate cell cultures efforts (Kawamura et al., 2021; Tsuchiya et al., 2023) and has not yet 

been integrated in cell culture attempts for any cell type of B. schlosseri. This absence represents 

a critical gap, particularly given the extensive genomic and transcriptomic resources available for 

B. schlosseri and highlights the need for renewed and integrative methodological development 

for cell culturing of this species. 

In addition to the limited application of -omic tools for improved longevity of primary 

cell cultures, there has been limited methodological development for targeted immortalization 

strategies in marine invertebrates. For mammalian primary cell culture systems, cellular 

https://www.zotero.org/google-docs/?H2RnVD
https://www.zotero.org/google-docs/?akqSgJ
https://www.zotero.org/google-docs/?cMg8Q4
https://www.zotero.org/google-docs/?cMg8Q4
https://www.zotero.org/google-docs/?Os3my9
https://www.zotero.org/google-docs/?Os3my9
https://www.zotero.org/google-docs/?NK4wvR
https://www.zotero.org/google-docs/?tIgGzw
https://www.zotero.org/google-docs/?tIgGzw
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immortalization has frequently been achieved through the application of chemical immortalizing 

agents (Desaulniers et al., 2023; Mo et al., 2021; Trott et al., 1995; Tveito et al., 1989). 

Immortalizing agents can induce genomic instability, generating novel proliferative genotypes 

that, under selective culturing, support sustained cell division. When such genome reorganization 

enhances cell survival under stress, this process, known widely as stress-induced evolution (SIE), 

can stabilize adaptive phenotypes within the cell population and facilitate establishment of an 

immortalized cell line (Mojica and Kültz, 2022; Wagner et al., 2019). Despite the prevalence of 

this cellular immortalization strategy in mammalian systems, the use of immortalizing agents 

remains under-evaluated in marine invertebrate continuous cell line development (Crane, 1999; 

Hetrick et al., 1981). 

Nickel, in particular, has been demonstrated to promote immortalization in mammalian 

cell cultures that otherwise exhibit low spontaneous cellular immortalization transformation 

rates. In the presence of nickel, cultured mammalian cells incurred significant clastogenic 

damage and increased proliferative rates without extensive cell death (Trott et al., 1995), 

reflecting the weakly genotoxic nature of nickel, which primarily induces DNA damage at the 

chromosomal level through indirect mechanisms, including oxidative stress, disruption of DNA 

repair machinery, and epigenetic alterations such as DNA methylation and histone modifications 

(Costa, 2019; Guo et al., 2019; Huang et al., 1993; Martinez-Zamudio and Ha, 2011; Permenter 

et al., 2011; Trott et al., 1995).  

In marine invertebrates, nickel toxicity has primarily been studied at environmentally 

relevant concentrations ranging between 0.1 to 250 μg L-1, comparable to levels detected in 

coastal surface waters (Blewett and Leonard, 2017). At these concentrations, nickel impairs 

embryonic development, ionoregulation, respiration, and generates oxidative stress in marine 

https://www.zotero.org/google-docs/?7i7B46
https://www.zotero.org/google-docs/?xBWhYB
https://www.zotero.org/google-docs/?lGv5XX
https://www.zotero.org/google-docs/?lGv5XX
https://www.zotero.org/google-docs/?wK6rF8
https://www.zotero.org/google-docs/?67cuE5
https://www.zotero.org/google-docs/?67cuE5
https://www.zotero.org/google-docs/?UKJmMk
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invertebrates (Attig et al., 2010; Blewett and Leonard, 2017; Blewett and Wood, 2015; Blewett 

et al., 2016; Gissi et al., 2018). In addition, similar, sublethal concentrations of nickel have been 

shown to generate DNA damage in marine invertebrates through many of the same mechanisms 

described in mammalian systems (Akpiri et al., 2017; Dallas et al., 2013; Millward et al., 2012). 

However, nickel's potential relevance as an SIE immortalizing agent in B. schlosseri primary 

epithelial cells has never been investigated. 

In this context, the present study aimed to: (a) re-evaluate and optimize epithelial cell 

culturing methodologies for B. schlosseri, (b) characterize nickel-induced lethality and 

morphological responses in B. schlosseri primary epithelial cells, and (c) isolate RNA for bulk 

RNA-sequencing from cultured epithelial cells acutely exposed to a sublethal nickel 

concentration. Through this scaffolded and integrative approach, we sought to establish a highly 

robust and reproducible methodology for B. schlosseri epithelial cell culturing that could support 

transcriptomic characterization of cellular responses to nickel. Altogether, this study addresses a 

critical knowledge gap and provides a foundation for future investigations leveraging SIE as a 

tool for cellular immortalization in this species.

2.2 Methods 

2.2.1 Animal Field Collection and Husbandry 
Colonies of Botryllus schlosseri, were collected from floating docks at the City of Des 

Moines Marina (47°23'51.18''N, 122°19'46.01''W), Des Moines, Washington, USA over a period 

of approximately 5 months from April to September of 2025. B. schlosseri colonies growing on 

Pacific blue mussels (Mytilus sp.) were collected from floating docks (up to 36 cm depth), placed 

in 400 mL containers with marina seawater, transported to the University of Washington, 

https://www.zotero.org/google-docs/?cLpdtf
https://www.zotero.org/google-docs/?cLpdtf
https://www.zotero.org/google-docs/?cLpdtf
https://www.zotero.org/google-docs/?cLpdtf
https://www.zotero.org/google-docs/?KCKwnW
https://www.zotero.org/google-docs/?KCKwnW
https://www.zotero.org/google-docs/?KCKwnW
https://www.zotero.org/google-docs/?KCKwnW
https://www.zotero.org/google-docs/?KCKwnW
https://www.zotero.org/google-docs/?KCKwnW
https://www.zotero.org/google-docs/?KCKwnW
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Tacoma (30.7 km transportation distance) in an empty cooler back to minimize temperature 

fluctuations in containers (~17-20 °C).  

Upon intake, colonies were immediately processed for acclimation to the University of 

Washington (UW), Tacoma’s recirculating artificial seawater system (RAS). Specifically, 

colonies were gently peeled from Pacific blue mussel shells with a sterile razor blade, transferred 

to glass Petri dishes with field-site seawater, and evaluated under a stereomicroscope (Nikon, 

SMZ-745T), with only healthy colonies retained based on tunic integrity, normal zooid 

organization, and visible ampullae extension (Figure 2.1). Selected colonies were tied to 76.2 × 

50.8 × 1.2 mm glass slides with cotton thread and drip-acclimated for one hour to artificial 

seawater (ASW) prepared by dissolving Red Sea Salt (Red Sea, USA) in deionized water and 

maintained in the UW Tacoma recirculating artificial seawater system (RAS; 18 °C, 30 ppt, pH 

8.0).  Colonies were held at a stocking density of 12 genets per 5-liter plastic container in the 

RAS and fed every other day a mixture of Liquid RotiRich (Florida Aqua Farms) and Reef 

Phytoplankton (Seachem). Colonies were maintained in the RAS for approximately 10 days, 

during which blastogenic cycles were tracked to target tissue excision of colonies entering stage 

D.  
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Figure 2.1. Exemplary field sourced B. schlosseri colony that may be used in cell culturing. Here 
some star-system zooid clusters glide from the center portion of the colony and adhere to the glass slide 
using their terminal ampullae. Markers of good health include flat and clear tunic as well as normal 
pigmentation across the zooids and ampullae. 

2.2.2 Tissue Isolation and Primary Cell Culture Maintenance 
Unless otherwise stated, all reagents were obtained from Thermo Fisher Scientific 

(Gibco, USA). Briefly, all solutions required for tissue isolation and cell culturing were 

prepared prior to the start of dissection. A 2.8X PBS solution, isosmotic with seawater 

(~750 mOsm kg⁻¹), was prepared from a 10X PBS stock in cell culture grade water. 

DMEM media was supplemented with 5% fetal bovine serum (One Shot™; Gibco; 

Thermo Fisher Scientific; Cat. No. A5670401), 1% penicillin-streptomycin, 1% 

amphotericin B, and 0.5% gentamicin, then subsequently filtered through a 0.2 μm bottle-

top filtration system (Corning). Sterile moderately hyposaline artificial seawater (sterile-

ASW) was prepared in Milli-Q water using Red Sea Salt (Red Sea, USA) to 25 ppt and 
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sterilized by vacuum filtration (0.2 µm bottle-top filter; Corning). Complete tunicate 

culture media (TCM) was prepared freshly for each culturing attempt from a 1:1 mixture 

of supplemented media and sterile-ASW for a final osmolality of ~710 mOsmo/kg and pH 

8.1.  

Large colonies of ≥100 zooids identified to be in late blastogenesis were starved 

24-hours before progressing into blastogenic stage D. Upon entering mid to late stage D, 

where primary buds appeared to be equal or slightly larger than resorbing zooids, colonies 

were transferred to a 15 cm glass petri dish with fresh artificial seawater for dissection. 

Under a dissecting microscope, the tunic around the zooid bodies was carved using the 

needle tips of a pair of sterile, 28-G insulin needles. Exposed zooids and primary buds 

were excised with fine microdissection forceps and set into separate cell strainers 

immersed in 10 mL of ASW supplemented with 0.1% amphotericin B. Following tissue 

collection, zooids and buds were transferred separately into 1.5-mL microcentrifuge tubes 

pre-aliquoted with 1 mL of TCM.  

 In a biosafety cabinet, 1.5-mL tubes containing zooids and buds were removed of TCM 

then rinsed in triplicate with 2.8X PBS and transferred in suspension into bud or zooid -

designated culture dishes. Zooids and buds were then evenly distributed using sterilized 

microforceps into uncoated, cell-culture–treated wells or dishes at a density of 17 tissue pieces 

per cm². Tissues were allowed to partially desiccate for approximately 10 min to ensure stable 

adhesion prior to media addition (Figure 2.2). Complete-TCM was then added dropwise in 

between tissue pieces to minimize tissue displacement (670 µL per cm²). Plates were incubated 

in an environmental chamber set to 20 °C, 90% humidity, no photoperiod, and no CO₂ 

supplementation. After a minimum of 18 to 24-hours and up to 3 days post-seeding, tissue 
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fragments were removed, revealing adherent epithelial sheet monolayers. Cultures kept for 

longer periods were given 50% media changes every week. 

 
Figure 2.2. Graphical schematic of primary epithelial cell culture initiation from B. schlosseri 
colony. Created in BioRender. Valdivia, C. (2026) https://BioRender.com/uwoirc8, licensed under CC 
BY 4.0. 

2.2.3 Pilot study evaluating pre-nickel treatment of B. schlosseri prior to primary 
epithelial cell isolation 

From a stock solution of 1 g L⁻¹ nickel (II) chloride (NiCl₂; Sigma-Aldrich, Cat. No. 

339350) prepared in Milli-Q water (18.2 MΩ·cm resistivity), nominal concentrations of 5 and 45 

mg L⁻¹ nickel (II) chloride dilutions were freshly prepared in 1000 mL of aerated artificial 

seawater (ASW, 33 ppt, pH 8.2). After spiking with the appropriate volume of stock nickel (II) 

https://biorender.com/uwoirc8
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chloride, solutions were thoroughly mixed and left to equilibrate for 30 minutes. Aliquots of 250 

mL were then distributed into exposure vessels (473 mL wide-mouth mason jars).  

Twelve B. schlosseri colonies of 5 to 9 zooids, various blastogenic stages, and acclimated 

to lab conditions for 7 days were randomly distributed across nickel-spiked or control ASW 

exposure vessels. Colonies were then placed in an environmental chamber set to a 12:12 

photoperiod and maintained at 20°C over the 24-hour exposure. At the end of the exposure, 

colonies were rinsed with freshly prepared ASW and dissected for their zooids and buds. 

Colonies in stage D were dissected for only their primary buds, stage C for both primary buds 

and zooids, and stages A and B for only their zooids. This variability in the ratio of zooid versus 

bud isolation across stages resulted from the technical challenges of isolating primary buds of 

earlier stages due to their small size. Zooids and buds were isolated as described in section 2.2.2. 

Tissue explants from the same genet were seeded together in the same well on a 12-well plate. 

Tissue explants were monitored over a 72-hour period with tissue attachment and monolayer 

growth outcomes were recorded daily.   

2.2.4 Nickel (II) chloride range-finding study for primary epithelial cell cultures 
A stock solution of 5 g L⁻¹ nickel (II) chloride (NiCl₂; Sigma-Aldrich, Cat. No. 339350) 

was prepared in cell culture grade water then subsequently filtered through a sterile luer-lok 

syringe filter (0.22 μm). Aliquots of complete TCM were spiked with calculated volumes of 

NiCl₂ stock solution to generate nominal concentrations of 0.2, 2, 20, 200, and 2000 mg L⁻¹. 

NiCl₂-spiked media was prepared fresh for each biological replicate to ensure consistency across 

exposure days and was stored at 4 °C for no longer than 4 days.  

Following the above-described procedure for tissue isolation, 3 genets of B. schlosseri 

were utilized to conduct a range-finding study for epithelial cells exposed to nickel (II) chloride. 
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Tissue from a single genet was evenly distributed (17 tissue pieces per cm²) across a tissue 

culture treated 6-well plate (Corning Costar), with each well assigned a different nickel 

treatment. Upon seeding, complete-TCM was added (670 µL per cm²) and tissue was allowed to 

incubate for 24-hours prior to beginning the exposure procedure. After 24-hours of incubation, 

tissue was removed gently and 50% of complete-TCM was removed and replaced with 50% 

NiCl2-spiked-media or a control. Treatments in wells were thus either 0, 0.1, 1, 10, 100, and 

1000 mg L⁻¹ nominal NiCl2. Epithelial sheet adhesion and cell morphology were monitored and 

imaged daily using an inverted microscope under phase-contrast illumination. 

2.2.5 RNA-seq experiment for nickel versus untreated primary epithelial cells in 
vitro 

Using the 5 g L⁻¹ nickel (II) chloride (NiCl₂; Sigma-Aldrich, Cat. No. 339350) stock 

solution, NiCl2 spiked media (200 mg L-1) was prepared in complete TCM. Eight genets of B. 

schlosseri at stage D were dissected to obtain 100 zooids and 100 primary buds as described in 

the above protocol. For each genet, half of each tissue type was distributed across two 6 cm 

tissue culture treated petri dishes (Corning Costar). Upon seeding tissue, complete TCM was 

added (670 uL per cm2) and the tissue was incubated for 24 hours prior to the exposure 

procedure. After 24-hours of initial incubation, tissue pieces were removed gently and cells were 

evaluated using an inverted microscope under phase-contrast illumination (EVOS XL Core). 

Fifty percent of the complete TCM was removed and replaced with NiCl₂ spiked TCM or with 

control complete TCM.  

Cells were left to incubate in treatment for 18 hours, after which all media was removed. 

Cells were immediately washed in triplicate with 2.8X PBS. Upon ensuring removal of all 

residual liquid, RLT lysis buffer (Qiagen) supplemented with 1% beta-mercaptoethanol (β-ME) 
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was pipetted directly onto cells according to manufacturer’s instructions and subsequently 

further homogenized using a cell scraper. Lysed cells and lysis buffer were transferred to a 1.5 

nuclease-free tube and immediately frozen in the -80 °C freezer.  

2.2.6 Metabolic Activity Assay for Primary Epithelial Cell Cultures Across Time 
Three stage D Botryllus schlosseri colonies were isolated for their zooids and primary 

buds as described in the above protocol. For each genet, tissue was allocated to three wells per 

plate (technical replicates) across three 12-well tissue-culture-treated plates (Corning; Costar), 

with a plating density of ~1 tissue piece per cm². Tunicate culture media for MTT assay was 

prepared with non-phenolic DMEM based media (Gibco; Thermo Fisher Scientific; Cat No. 

A1443001). All remaining wells were filled with cell culture grade sterile water to maintain plate 

humidity and placed in a 20 °C humidified incubator.  

At 2, 4, and 24-hour timepoints post seeding, tissue was removed from wells gently and 

remaining epithelial monolayer sheets were washed in triplicate with 2.8× PBS to remove 

cellular debris. To each well containing cells, 500 µL of fresh non-phenolic TCM was added in 

addition to 50 µL of a 12-mM MTT stock solution. Three empty wells per plate were also 

incubated with non-phenolic TCM and MTT, serving as negative controls. MTT spiked plates 

were incubated for 4 hours at 20 °C in a humidified incubator. After incubation with MTT, 500 

µL of SDS-HCl solution (10 mL 0.01 M HCl, to 1 mg SDS) was added, thoroughly mixed, and 

left to incubate for 18-hours at 37 °C in a humidified chamber. At the end of the incubation 

period, wells were re-homogenized, and the plate was placed without lid into a microplate reader 

to measure absorbance values read at 570 nm. Wells were normalized according to the average 

of blank wells absorbance for each plate.  
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2.2.7 Image analysis workflow for cell count and morphology 
All images were taken using phase contrast microscopy with an EVOS XL Core phase 

contrast microscope, producing .tiff images with a standard 2048 x 1536 pixel ratio (Invitrogen). 

All image analyses were performed in Fiji (ImageJ2) version 2.16.0/1.54p, build 26d66057dd. 

For measurements of cell and tissue size, all images were set to scale using a standard stage 

micrometer for which the known distance in pixels for a 2048 x 1536 pixel image was globally 

applied for each objective.  

For cell count comparisons between zooid and bud tissue, 10 random images at 100x 

magnification were selected and defined as technical replicates per tissue type for each genet 

evaluated. Images were first converted into an 8-bit grayscale format. The image was then 

adjusted for brightness/contrasts so that cell outlines appeared nearly black and contrasted with a 

fully white background. The image threshold was adjusted to isolate the black outlines using a 

threshold value of 255 on the 8-bit grayscale pixel intensity scale. Cell counts were then 

estimated using the Analyze Particles function, with circularity set to 0.00–1.00 and a size filter 

of 30-100 pixels, corresponding to the expected size range of individual cells at 100x 

magnification in 2048 x 1536 pixel images. Automated counts were visually confirmed by 

inspecting the particle detection overlay, where ellipses marking detected particles were 

superimposed on the original image to verify that cellular debris or large tissue remnants and 

fragments were excluded. Technical replicates for each tissue type per genet were averaged prior 

to estimating biological replicate means and generating graphical visualization.  

For cell count comparisons before and after 24 hours of exposure to nickel (II) chloride in 

vitro, 2-3 paired images of the same epithelial monolayer sheet were evaluated at each time point 

for each genet and treatment combination. Images were acquired at 200x magnification. Prior to 

analysis, images were converted to 8-bit grayscale, and the Subtract Background command was 
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applied using a rolling ball radius of 20 pixels to reduce variation caused by uneven illumination. 

Images were then converted to binary format, enabling application of the Watershed command to 

distinguish individual cell boundaries within epithelial monolayer sheets. Thresholds were 

subsequently adjusted to highlight all cells. A cell count estimate was then produced using the 

Analyze Particles function, set to a circularity of 0.00-1.00 and a pixel range of 100-500, 

corresponding to the approximate size of epithelial cells at 200x magnification in a standard 

2048 x 1536 pixel image. Automated segmentation outputs were visually inspected by 

comparing overlaid detected particles to the original images to confirm accurate cell 

identification. In cases where image quality was severely compromised by media precipitation or 

debris, cells were counted manually using the Marker tool in Fiji. Changes in cell number for 

each per paired set of epithelial monolayer images were quantified as a log2 fold change between 

the 0 and 24 hpe timepoints. Log2 fold changes were averaged across technical replicates within 

each genet-treatment combination prior to graphical visualization. 

2.2.7 Statistical analyses and visualization 

 All data processing, summary statistics, and visualization were performed in R (version 

4.5.2). Raw experimental data were recorded in Google Sheets and imported into R for 

downstream analysis. Image-derived measurements quantified using Fiji were likewise compiled 

and analyzed in R. Data manipulation was performed using dplyr and tidyr packages. All figures 

were generated using the ggplot2 package in R. 

Cell counts were quantified from phase contrast micrographs at 200x magnification using 

Fiji, with each image corresponding to a single bud- or zooid-derived tissue explant. Individual 

tissue explants per genet were treated as technical replicates. For each genet, cell counts were 

averaged across tissue explants within each tissue type to generate a single mean cell count per 
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genet-tissue combination. These genet-level means were treated as biological replicates for 

statistical analysis. Differences in cell counts between bud- and zooid-derived epithelial cells 

were assessed using a paired t-test, pairing tissue types within genets. 

For explant attachment and monolayer formation analyses of the pilot nickel-pretreatment 

study, each well corresponded to a unique genet and was therefore treated as a biological 

replicate. Tissue explant outcomes were grouped by blastogenic stage and nickel chloride pre-

treatment. Because the number of tissue pieces seeded per well varied among genets, tissue 

explant outcomes were summarized and visualized as counts per well rather than proportions. In 

cases where multiple genets were represented within the same stage and pre-nickel treatment 

combination, values were summarized descriptively as the mean count per well. Numbers of 

contributing genets were indicated for each group. No formal statistical analyses were performed 

on data generated from the pilot nickel-pretreatment study. Results are presented descriptively to 

characterize patterns of attachment and outgrowth across developmental stages and nickel pre-

treatments. 

All analysis scripts used for data processing and figure generation were version-

controlled and are publicly available and maintained on GitHub (release v1.0-thesis).

2.3 Results 

2.3.1 Cell morphology and yield according to tissue type seeded 
Seeded tissue pieces from both primary buds and zooids ranged from 574 to 1072 μm in 

length from incurrent to excurrent siphon (mean = 818 μm, ± 147 μm) (Figure 2.2). All tissue 

pieces adhered to the plastic substrate using the partial desiccation method described above. 

Small portions of the epithelial monolayers were occasionally observed expanding from under 

https://github.com/valeste/botryllus-epithelial-prim-cells
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the tissue explant (Figure 2.3). Upon removal of the tissue at 24-hour post seeding, epithelial 

monolayers comprising an average of approximately 200 cells (Figure 2.5) were revealed. 

 
Figure 2.3. Zooid and primary bud tissue explants in culture. 40x magnification under phase 
contrast microscopy within the first hour post seeding (A-C) and after tissue removal 24 hours 
post seeding (D). A tunic-like excretion formed along the area where the tissue had previously 
adhered (D). 
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Figure 2.4. Peripheral expansion of primary epithelial monolayer sheets from explanted primary 
buds. Epithelial sheets began to emerge from the tissue within 2 to 3 days post seeding but showed no 
further increase in cell number after this period. Epithelial monolayers were kept up to 30 days in culture 
with no dissociation or significant morphological changes to tissue or epithelial sheets.  
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Figure 2.5. Typical cell morphology for primary epithelial cells of B. schlosseri at 400x 
magnification under phase contrast microscopy. A and B are representative images of cells derived 
from primary buds while C and D are cells derived from zooids. Cells maintain a flat cuboidal shape with 
varying degrees of continuous intracellular junctions. Zooidal derived cells are often surrounded by 
greater levels of cellular debris originating from explanted tissue (C and D). In all cells, nuclei are highly 
visible under inverted phase contrast microscopy relative to the clear cytoplasm. 
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Figure 2.6. Tunic-like secretion emerging from explanted tissue. 400x magnification under phase 
contrast microscopy.  
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Figure 2.7. Formation of epithelial spheres derived from explanted stage D primary buds. Spheres 
become apparent less than 24 hours after seeding 400x magnification (A). Primary epithelial cells are 
observed emerging from spheres 2 to 3 days post seeding, in image B (400x magnification) and C (200x 
magnification), respectively. Spheres persist on tissue explant 5 days post seeding (D), 40x magnification.  

Epithelial cells derived from both primary bud and zooid tissue explants exhibited similar 

morphological characteristics (Figure 2.5), presenting a typical cuboidal shape of similar size. 

Nuclei of epithelial cells were visually apparent under phase contrast microscopy. Epithelial 

monolayers ranged from tight continuous sheets to sparse, loosely interconnected cells. Tunic-

like secretions were regularly observed emerging from explanted tissue pieces (Figures 2.3D and 

2.6). Periodically, epithelial monolayer sheets were observed emerging from underneath the 

tissue; however, monolayer sheet expansion beyond the tissue was limited and occurred only 
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during the first 24-hours of culturing (Figure 2.5). No cell division occurred beyond the first 24-

hours, whether the tissue was removed early (24-72-hours) or maintained in co-culture with 

primary cells. Epithelial spheres occasionally appeared on explanted primary buds, forming early 

during culturing (before 24-hours post seeding) and persisting on tissue for at least 5 days 

(Figure 2.7). Epithelial cells periodically emerged and adhered from epithelial spheres after 2 

days in culture (Figure 2.4B-C). 

Both seeded zooid and bud tissue explants yielded comparable primary epithelial cell 

count, with mean values of approximately 230 cells per seeded tissue explant (Figure 2.8). 

Variability in cell yield was greater among zooid-derived epithelial monolayer sheets than 

among primary buds, as indicated by a higher standard deviation in cell count (zooid: SD ±102; 

buds: SD ±18).  No significant difference in mean cell count was detected between bud- and 

zooid-derived epithelial cells (paired t-test, p > 0.05), though statistical power was limited by the 

small number of genets. 
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Figure 2.8. Mean cell count after 24 hours in culture for primary epithelial cell cultures of stage D 
B. schlosseri, separated by explanted tissue type (primary buds and zooids). Points represent genet-
level means (n = 3). Individual tissue explants were treated as technical replicates (total n = 10) across 
three seeded wells and were averaged within each genet and tissue combination prior to analysis. A paired 
t-test detected no significant difference for cell counts derived from zooid or bud explants (p > 0.05). 

2.3.2 Impact of nickel exposure on cell morphology or count 
Across all tested nickel concentrations, the number of cultured epithelial cells did not 

significantly change following an acute 24-hour exposure (Figures 2.9-2.11). This remained true 

regardless of nickel exposure occurring before seeding (Figure 2.9) or concurrent during 

culturing (Figures 2.10 and 2.11). Nickel exposure had no visible impact on cell morphology, as 
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assessed by phase-contrast microscopy; cells retained their cuboidal shape and maintained 

intercellular junctions within epithelial sheets (Figure 2.10). 

 
Figure 2.9. Cell count outcomes of explanted tissue from B. schlosseri colonies pre-treated with 
nickel (II) chloride. Colonies were exposed for 24-hours to either 0 (control), 5, or 45 mg L-1 of nominal 
NiCl2, then dissected to obtain primary buds and zooids for explant cell cultures. After 18-hours in 
culture, epithelial monolayer outgrowth was assessed and total cells per monolayer were counted for each 
well. Across the 12 wells evaluated, a mean of 7 ± 2 (SD) tissue explants were seeded per well. Points 
represent total cell counts per well, with each well producing only one monolayer per explanted tissue. 
Colors indicate whether the monolayer was fully visible or partially obscured beneath adhered tissue at 
the time of imaging. Numbers below points denote the number of genets for each stage and pre-treatment 
group.  
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Figure 2.10. Epithelial monolayer sheets before and after exposure to increasing concentrations of 
nickel (II) chloride. 200x magnification under phase contrast microscopy. 
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Figure 2.11. Paired changes in epithelial cell number following 24 hours post exposure to nickel (II) 
chloride in vitro across three B. schlosseri genets. For each genet and NiCl2 concentration, 2-3 
epithelial monolayers from explanted tissue were imaged before (0 hours post exposure) and 24 hours 
post-exposure (hpe). Cell counts were estimated from each image using a standardized automated cell 
count workflow in Fiji. Log2 fold changes were calculated for each epithelial monolayer and averaged 
within each genet-treatment combination. Points represent the genet-level mean log2 fold changes. Error 
bars represent standard deviation in cell count across technical replicates of paired epithelial monolayer 
images.  

2.3.3 RNA yield and quality of extracted cells 
RNA extracted from both nickel-exposed and control primary epithelial cells yielded 

consistently low quantities and variable quality (Table 2.1). RNA concentrations measured by 

NanoDrop ranged from 0.8 to 7.9 ng µL-1, corresponding to total RNA yields of approximately 

30-300 ng per sample. Across samples, A260 over A280 absorbance ratios ranged from 1.46 to 
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2.45, with 31% of samples failing the minimum purity threshold of 1.8 to 2.0 and all samples not 

meeting the standard minimum for total RNA (100 ng) required for bulk RNA-seq.  

RNA yield and purity were not influenced by treatment type, as similarly low 

concentration and variable quality absorbance ratio were observed in both control and nickel-

treated samples. Independent RNA integrity assessment performed by Novogene further 

indicated poor RNA integrity across samples with low RIN scores consistent with RNA 

degradation. 

Table 2.1. RNA concentration and purity metrics for primary epithelial cells of B. schlosseri. RNA 
concentration and quality were initially estimated using NanoDrop spectrophotometry. Total RNA 
quantity, integrity, and fragment size distribution were assessed by NovoGene. All samples yielded total 
RNA quantities and DV200 values below the recommended input threshold for successful RNA-seq 
library preparation.  

Sample ID Treatment 
Estimated RNA 
Conc. (ng/uL) 

Volume 
(µL) 

RNA Conc. 
(ng/µL) 

Total RNA 
(ng) A260/A280 RIN DV200 (%) 

P2.1 Control 0.8 31 0.5 14.2 1.95 1.3 63.5 

P2.2 Nickel Exposed 1.3 31 0.7 20.6 1.75 1.5 72.4 

P4.1 Control 1.1 31 0.5 14.4 1.75 1.4 58.9 

P4.2 Nickel Exposed 1.2 31 0.5 16.7 2.18 1.3 61.7 

P5.1 Control 3.9 31 2.3 71 1.98 1 63.3 

P5.2 Nickel Exposed 4.7 31 2.3 71.6 1.94 1.4 57.8 

P6.1 Control 2.2 31 1.3 40.6 1.71 1 62.9 

P6.2 Nickel Exposed 2.1 31 0.7 20.9 2.03 1.1 61.2 

P7.1 Control 1.3 31 0.6 17.5 2.02 1.4 64.6 

P7.2 Nickel Exposed 1.8 31 1 31 2.45 1.1 65.3 

P8.1 Control 2 31 0.8 24.6 1.68 1.1 64.4 

P8.2 Nickel Exposed 1.4 31 0.4 12.5 2.06 1.7 56.9 
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2.3.4 Cell viability assessment using MTT assay
No formazan crystal product was recovered from epithelial cells incubated with SDS-

HCl. Under phase contrast microscopy, cells appeared intact and adherent to the substrate after 

the 18-hour incubation with SDS-HCl.  Absorbance values across all time points remained near 

or below baseline and comparable to negative controls. Furthermore, absorbance values for wells 

containing cells were similar to those of blanks resulting in some samples falling within the 

negative range when normalized against the blanks. Given the limited number of biological 

replicates and failure to solubilize formazan crystals, results for the viability of cultured 

epithelial cells of B. schlosseri remain inconclusive. 

2.4 Discussion 

2.4.1 Stage D zooids and primary bud tissue explants produce similar cell types 
and yields  

With the exception of one study that observed epithelial monolayer development from 

explanted zooids (Rabinowitz and Rinkevich, 2004), prior efforts for initiating epithelial cell 

cultures from B. schlosseri have predominantly utilized primary buds (Rabinowitz and 

Rinkevich, 2003; Rabinowitz and Rinkevich, 2004; Rabinowitz and Rinkevich, 2011; 

Rabinowitz et al., 2009; Rinkevich and Rabinowitz, 1997). Although epithelial monolayer 

formation from mid-takeover (TO/stage D) zooids has been qualitatively reported (Rabinowitz 

and Rinkevich, 2004), the present study quantitatively compares cell yield from both stage D 

zooid and primary bud explants, demonstrating comparable cell numbers and epithelial 

morphology across tissue types for short-term culturing under this method (Figure 2.5 and 2.7). 

Nonetheless, replication of this approach across laboratories and expanded cell yield 

https://www.zotero.org/google-docs/?igSA2p
https://www.zotero.org/google-docs/?ZLWXyz
https://www.zotero.org/google-docs/?ZLWXyz
https://www.zotero.org/google-docs/?ZLWXyz
https://www.zotero.org/google-docs/?jPPrXY
https://www.zotero.org/google-docs/?jPPrXY
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quantification using additional genets will be necessary to confirm the robustness and 

reproducibility of this proposed method. 

The culturing strategy used in the present study for B. schlosseri primary epithelial cells 

differs from previously reported approaches (Figure 2.2). Although earlier studies also employed 

a tissue explantation technique for both fragmented and intact zooids and primary buds, explants 

were allowed to settle passively onto the culturing dish, relying on low media volumes to 

promote tissue contact with the substrate (Rabinowitz and Rinkevich, 2011). Under that culturing 

strategy, primary bud explants across blastogenic stages reportedly exhibited multiple outcomes 

at varying frequencies including: failure to produce primary cells, formation of unadhered 

hollow epithelial spheres, formation of epithelial spheres that later adhered and developed into 

monolayers, or direct adhesion followed by epithelial monolayer formation (Rabinowitz and 

Rinkevich, 2003). Consequently, for that approach only a subset of primary bud explants across 

the various blastogenic stages successfully adhered to the substrate (29-60%), with adhesion 

occurring over a broad temporal window (2 to 9 days post-seeding) (Rabinowitz and Rinkevich, 

2004; Rabinowitz et al., 2009). Under that prior method, stage D primary buds exhibited the 

highest consistency of epithelial monolayer formation with 20% developing monolayer sheets 

without passing through the intermediate epithelial sphere stage, while only 4% of stage D 

explants formed epithelial spheres (Rabinowitz and Rinkevich, 2003; Rabinowitz et al., 2009). 

These outcomes were largely consistent regardless of the media type, supplements, or substrate 

composition evaluated (Rabinowitz and Rinkevich, 2003; Rabinowitz et al., 2009).  

In contrast, the culturing method described here bypasses the free-floating tissue phase by 

directly promoting tissue adhesion through a brief partial desiccation step. This results in 

complete adherence of all tissue to the culturing dish prior to media addition. Such an approach 

https://www.zotero.org/google-docs/?VWHmCB
https://www.zotero.org/google-docs/?bRKLGX
https://www.zotero.org/google-docs/?bRKLGX
https://www.zotero.org/google-docs/?PwIRYp
https://www.zotero.org/google-docs/?PwIRYp
https://www.zotero.org/google-docs/?32sXtB
https://www.zotero.org/google-docs/?pMqelS
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is commonly implemented for explantation strategies of other adherent primary cell cultures 

(Gardell et al., 2014; Wang et al., 2016). Consistent with prior studies, we periodically observed 

the formation of epithelial spheres from explanted stage D primary buds (Figure 2.7), however, 

the frequency at which this structure formed was not recorded (Rabinowitz and Rinkevich, 

2004). 

Incorporation of a partial desiccation step improved monolayer formation reproducibility, 

with epithelial cell growth observed from both zooid and bud explants at a much higher 

consistency (~70-96%) than previously reported (Rabinowitz and Rinkevich, 2003; Rabinowitz 

et al., 2009). Brief partial desiccation likely enhances tissue explant adhesion by reducing the 

thin fluid barrier between the tissue and culture substrate, allowing closer positioning of the 

explant and minimizing tissue displacement during early incubation. However, despite increased 

occurrence of monolayer formations associated with improved explant adhesion, partial 

desiccation may come at the expense of limited peripheral expansion of epithelial monolayer 

sheets (Figure 2.5), a growth pattern that has otherwise been widely observed in previous studies 

(Rabinowitz and Rinkevich, 2003; Rabinowitz and Rinkevich, 2004; Rabinowitz et al., 2009; 

Rinkevich and Rabinowitz, 1997). Under the conditions used here, epithelial monolayers 

generally remained underneath or in close proximity to the explanted tissue (Figure 2.5). 

 In B. schlosseri, weekly blastogenic budding relies on the coordination and growth of 

two thin ectoderm-derived epithelial monolayers of the zooid, the epidermis and the 

peribranchial epithelium. These epithelia give rise to new buds in coordination with haemoblasts 

located in the mesenchymal space between the two epithelial layers (Ricci et al., 2016). Although 

zooid and bud explants maintain intact epithelial tissue structures and may retain some of the 

associated cell populations, the partial desiccation step may disrupt or damage peripheral 

https://www.zotero.org/google-docs/?xG5k32
https://www.zotero.org/google-docs/?RlyvG3
https://www.zotero.org/google-docs/?RlyvG3
https://www.zotero.org/google-docs/?PPd1Fd
https://www.zotero.org/google-docs/?PPd1Fd
https://www.zotero.org/google-docs/?R0MI26
https://www.zotero.org/google-docs/?R0MI26
https://www.zotero.org/google-docs/?YsVndp
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epithelial cells or associated haemoblast populations, especially given that both the epidermal 

and peribranchial epithelia consist of a single layer of epithelial cells (Ricci et al., 2016). 

Consequently, while partial desiccation improves explant adhesion, it may reduce the number of 

viable cells capable of migrating outward, resulting in monolayers that remain localized 

underneath the tissue explant where desiccation stress may be comparatively minimal. The 

transferability of the present studies explanation culturing technique across earlier blastogenic 

stages remains to be assessed. Nonetheless, the updated explantation strategy outlined in this 

study enables investigations in which maximizing cell yield per tissue explant from late 

blastogenic stage zooids and primary buds is a primary objective.  

Tunic-like secretions were consistently observed to co-occur with epithelial cells derived 

from both tissue types (Figures 2.3D and 2.6). Similar tunic-like secretions have been reported in 

earlier studies employing passive settling of primary bud explants (Rabinowitz et al., 2009). The 

consistent presence of these secretions across culturing methodologies and tissue types suggests 

that extracellular matrix (ECM) production is an intrinsic feature of B. schlosseri epithelial cells 

in vitro rather than a methodological artifact. In explant culture systems, retention of ECM 

components surrounding the tissue fragment can promote cell migration and survival by 

providing structural scaffolding and localized biochemical signaling cues (Hendijani, 2017). 

Accordingly, the presence of tunic-like secretions in epithelial cell cultures of B. schlosseri may 

contribute to the establishment of a microenvironment that supports epithelial cell attachment 

and localized monolayer formation. Importantly, this phenotype reflects the retention of in vivo 

phenotypic behavior despite limited proliferation, as epithelial cells in whole colonies of B. 

schlosseri and other ascidians are the primary producers of the tunic matrix (Kimura and Itoh, 

2007; Kuroiwa et al., 2025; Zaniolo, 1981).  

https://www.zotero.org/google-docs/?knxgOu
https://www.zotero.org/google-docs/?vIQ2t3
https://www.zotero.org/google-docs/?tZnecF
https://www.zotero.org/google-docs/?5SpzLa
https://www.zotero.org/google-docs/?5SpzLa
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2.4.2 Nickel tolerance of B. schlosseri primary epithelial cells relative to whole-
colony stress responses 

The apparent nickel tolerance of B. schlosseri primary epithelial cells is broadly 

consistent with or potentially exceeds the high tolerance and persistence observed in whole 

colonies exposed to comparable concentrations of nickel (II) chloride. Notably, in vivo nickel 

exposure prompted transcriptional upregulation of genes linked to epithelial basement membrane 

integrity (FREM1 and HSPG2), coincident with visibly compromised zooid and primary bud 

body walls and degraded surrounding tunic (see Chapter 1, Sections 1.3.1 and 1.3.6). These 

findings suggest that in whole B. schlosseri colonies, nickel exposure disrupts epithelial and 

extracellular matrix integrity and elicits a compensatory transcriptional response. However, 

visible indicators of cytotoxic stress or monolayer sheet disruption in cultured epithelial cells 

exposed to equivalent concentrations of nickel (II) chloride were not observed. Collectively, this 

data indicates that nickel induces stress that is more readily detected in whole colonies than in 

cultured primary epithelial cells of B. schlosseri. Importantly, while primary cell cultures may 

often closely replicate aspects of in vivo biology, the discrepancies between whole organismal 

and isolated cellular stress responses are a widely recognized feature of comparative assessments 

between in vivo and in vitro models (Bellot et al., 2012; Ranasinghe et al., 2025). Although 

primary epithelial cells were initially expected to be more sensitive to nickel exposure, exhibiting 

cytotoxic responses at lower concentrations than those inducing mortality in whole colonies, 

several explanations may account for the lack of detectable cellular responses to in vitro 

exposure.  

The absence of additional cell division after the initial 24-hour culturing period, prior to 

the in vitro nickel challenges, may have influenced the magnitude of observable stress response 

in primary epithelial cells. Prior work similarly reported that primary epithelial cells of B. 

https://www.zotero.org/google-docs/?XjGhAu
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schlosseri fail to divide after 24 to 72-hours of tissue explant attachment and interpreted this 

phenotype as cellular quiescence (Rabinowitz and Rinkevich, 2003; Rinkevich, 2011). However, 

quiescent cells are defined by their capacity to reenter the cell cycle (Marescal and Cheeseman, 

2020; Terzi et al., 2016), a feature that has not yet been demonstrated for proliferatively arrested 

B. schlosseri primary epithelial cells. As such, this phenotype may alternatively reflect 

irreversible cellular senescence (Terzi et al., 2016). Additional studies are needed to distinguish 

whether arrested proliferation for B. schlosseri primary epithelial cells are a product of 

quiescence, senescence, or if the cell cycle arrest between these states is truly unresolvable.  

Nonetheless, both quiescence and senescence are inducible survival strategies that can be 

triggered by cellular stress (Fridlyanskaya et al., 2015; Peddibhotla et al.). Primary cell isolation 

during the early culturing period is often a substantial cellular stress event and has been 

demonstrated to increase stress-protein synthesis (e.g. heat shock-like proteins) while reducing 

responsiveness to subsequent stressors during the initial 24 to 72-hours in culture (Wolffe and 

Tata, 1984). Although primary cells may recover from the initial stress of culture, return to a 

normal physiological state, and resume cellular division (Wolffe and Tata, 1984), the stress 

associated with the in vitro environment can also impose substantial stress. In some cases, this 

stress may trigger proliferative arrest programs such as senescence or quiescence (Alessio et al., 

2021; Ben-Porath and Weinberg, 2004; Yao, 2024), potentially limiting the detectability of 

additional stress phenotypes that could be observed following nickel challenge (Payea et al., 

2024; Valcourt et al., 2012). Importantly, the lack of overt morphological indicators of stress in 

non-proliferative cells does not imply a lack of biological activity, as transcriptomic, proteomic, 

and metabolic profiles have been widely characterized for both quiescent and senescent cells 

(Fernandez et al., 2025; Lee et al., 2017; Outskouni et al., 2025).  

https://www.zotero.org/google-docs/?ZRKvpv
https://www.zotero.org/google-docs/?ExnSwE
https://www.zotero.org/google-docs/?ExnSwE
https://www.zotero.org/google-docs/?QBsVty
https://www.zotero.org/google-docs/?xpwwEQ
https://www.zotero.org/google-docs/?4dNlmy
https://www.zotero.org/google-docs/?4dNlmy
https://www.zotero.org/google-docs/?TSEkam
https://www.zotero.org/google-docs/?CQLSXH
https://www.zotero.org/google-docs/?CQLSXH
https://www.zotero.org/google-docs/?EdTIMw
https://www.zotero.org/google-docs/?EdTIMw
https://www.zotero.org/google-docs/?UE6jjz
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In addition to proliferative arrest potentially dampening detectable morphological 

indicators of stress, the morphological stability of nickel-challenged B. schlosseri primary 

epithelial cells could also potentially be attributed to a buffering effect of the tunic-like 

secretions produced in culture (Figure 2.3D and 2.6). While nickel is known to bioaccumulate in 

whole B. schlosseri exposed to environmentally relevant concentrations (Guillén Matus et al., 

2024), the extent to which nickel bioaccumulates at extremely elevated concentrations remains 

unknown for both whole colonies and directly-exposed isolated cells. In tunicates, the tunic 

functions as a protective extracellular barrier that limits direct exposure of underlying tissues to 

environmental stressors (Hirose et al., 1991). The presence of tunic-like secretions surrounding 

cultured primary epithelial cells may then reduce the bioavailability of nickel at the cellular 

surface. Consequently, further research is needed to evaluate whether tunic-like secretions in 

culture inhibit nickel access to the cellular surface of primary epithelial cells.  

2.4.3 Resistance to chemical lysis and low cell counts impede downstream 
endpoint assays for primary epithelial cells of B. schlosseri 

To contextualize the morphological nickel tolerance of B. schlosseri primary epithelial 

cells and whether nickel could potentially elicit responses for stress induced evolutionary 

pathways, an RNA-seq experiment was conducted to evaluate the transcriptional response of 

isolated cells to acute nickel (II) chloride exposure. Ultimately, RNA extractions of these 

samples failed to produce the sufficient RNA yield and quality required for bulk RNA-seq (Table 

2.1). Several subsequent trials were conducted to identify the underlying technical issue and 

produce RNA samples of higher yield and quality. During these attempts, cells were carefully 

inspected using phase contrast inverted microscopy during the initial cell lysing step to verify 

maximal transfer of lysate from the cell culturing dish to the subsequent RNA extraction tube. 

https://www.zotero.org/google-docs/?g8vNeI
https://www.zotero.org/google-docs/?g8vNeI
https://www.zotero.org/google-docs/?4BvkHw
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For all samples, despite vigorous cell scraping in the presence of the Qiagen RLT lysis buffer, 

many cells were observed to remain intact and unresponsive to mechanical and chemical lysis. 

As such, subsequent RNA isolation attempts utilized enhanced methods for mechanical lysis in 

the presence of Qiagens RLT lysis buffer including syringe needle cell shearing or bead beating 

at ambient temperatures. These samples were then extracted using the Qiagen RNeasy Micro Kit, 

an RNA extraction method optimized for lower cell input. Nonetheless, the RNA quality and 

yield of such samples remained unviable for bulk RNA-seq.  

Even while employing the Qiagen RNeasy Micro kit for low cell input, low RNA yield 

and variable quality may reflect a combination of limited cellular biomass, technical challenges 

for complete lysis of highly adherent cells, and potential downstream carry over of extracellular 

matrix components from remaining tissue debris and tunic-like secretions produced in culture 

(Figure 2.3D and 2.6). The absence of cellular proliferation after the initial 24-hour culturing 

period aligns with a quiescent or senescent cellular state (Yao, 2024). Quiescent and senescent 

cells commonly exhibit reduced transcriptional activity and elevated RNA decay mechanisms, 

complicating the isolation and recovery of sufficient quantities of high-quality RNA (Marescal 

and Cheeseman, 2020; Noren Hooten and Evans, 2017; Van Velthoven and Rando, 2019). 

Notably, RNA isolation has been successfully accomplished from quiescent and senescent 

mammalian cell cultures (Jeyapalan and Sedivy, 2013; Johnson et al., 2017); however, no such 

reports exist for marine invertebrate primary cell cultures in similarly arrested states (Rinkevich 

and Pomponi, 2025). Even still there remains a wider scarcity for transcriptional profiling of any 

marine invertebrate cell cultures, with no transcriptional data available for cultured adherent cell 

types of any tunicate species (Granger Joly De Boissel et al., 2017; Kawamura et al., 2021; 

Tsuchiya et al., 2023). These combined challenges impeded successful recovery of RNA from 

https://www.zotero.org/google-docs/?A4bMjN
https://www.zotero.org/google-docs/?emqZGE
https://www.zotero.org/google-docs/?emqZGE
https://www.zotero.org/google-docs/?9ynL6q
https://www.zotero.org/google-docs/?lROKwm
https://www.zotero.org/google-docs/?lROKwm
https://www.zotero.org/google-docs/?fsphdi
https://www.zotero.org/google-docs/?fsphdi
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primary epithelial cell cultures of B. schlosseri and will need further targeted methodological 

optimization to overcome these limitations. 

Given the challenges encountered during RNA isolation, we next sought to ascertain the 

viability of cultured primary epithelial cells of B. schlosseri using the MTT (3-[4,5-

dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay. The MTT assay has been 

reported to be a viable approach for quantifying metabolic activity of B. schlosseri cells in 

suspension, but has not yet been employed for adherent cell cultures of this species (Kamer and 

Rinkevich, 2002; Rabinowitz and Rinkevich, 2003). Preliminary optimization trials revealed 

limitations to MTT assay sensitivity for sparse, yet highly adherent B. schlosseri primary 

epithelial cells. Adherent B. schlosseri primary epithelial cells are largely unresponsive to 

conventional approaches for cellular disaggregation such as trypsinization (data not shown). As 

such, cell numbers per technical replicate remained a confounding and uncontrollable variable 

during the MTT assay. Although the predicted minimum cell output per tissue piece was met, 

metabolic activity remained undetectable with the MTT assay as the expected formazan crystal 

product was not successfully solubilized despite replicating the appropriate solubilization step 

with SDS-HCl, as previously described for this species (Rabinowitz and Rinkevich, 2003). 

Inspection of the cells after incubation with SDS-HCl revealed intact and adherent cells despite 

the presence of the strong solubilization buffer. As such, the same challenges occurring with 

RNA extraction of primary epithelial cells appear to inhibit the applicability of the MTT assay as 

well. 

https://www.zotero.org/google-docs/?jOvmQO
https://www.zotero.org/google-docs/?jOvmQO
https://www.zotero.org/google-docs/?jfgQVZ
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2.5 Future Perspectives 

2.5.1 Evaluating the extent of tunic-like secretion buffering chemical lysis and 
recommendations  
 Overall, the chemical tolerance observed for primary epithelial cells of B. schlosseri 

seems to persist across various types of chemical exposure. Not only were morphological 

markers of cytotoxicity not inducible by metal exposure, but common reagents for cell lysis, 

including SDS-HCl and Qiagens RLT Lysis Buffer, were ineffective for disrupting cellular 

membranes. Given the lack of studies evaluating endpoint assays that require complete cellular 

lysis of cultured primary epithelial cells for any tunicate species (Rinkevich and Pomponi, 2025), 

it is unclear whether this phenotype is a common feature of cultured tunicate epithelial cells that 

produce tunic-like secretions. We hypothesize that the chemical tolerance observed in primary 

epithelial cells of this species arises from a buffering effect provided by production of a tunic-

like secretion in culture observed here and in previous studies (Rabinowitz et al., 2009).  

The tunic of B. schlosseri is a cellulosic-based integumentary tissue that is a feature 

unique to tunicates and not present in any other chordate (Hirose, 2009). Although the tunic 

matrix contains protein, lipid, sulfated glycan, and mucopolysaccharide components (Zhao and 

Li, 2014), the cellulose-like polysaccharide, tunicin, dominates its composition (Hirose et al., 

1991), with the tunic reported to yield 60% cellulose by dry weight (Berrill, 1947). The cellulose 

of the tunic is structurally similar to that of plant cellulose (Helbert et al., 1998; Kimura and Itoh, 

2007). As such, in order to visualize the extent of tunic-like secretion and whether it directly 

encases epithelial cells or only surrounds the epithelial monolayer sheet, we suggest utilizing 

calcofluor white, a stain that binds to 𝛽-1,3 and  𝛽-1,4 polysaccharides, such as those found in 

cellulose (Harrington and Hageage, 2003). Calcofluor white has been previously used for 

staining the tunic of larval ascidian from the species, Phallusia mammillata (Lanoizelet et al., 

https://www.zotero.org/google-docs/?1sPJUO
https://www.zotero.org/google-docs/?QOHYCw
https://www.zotero.org/google-docs/?GPWfTn
https://www.zotero.org/google-docs/?FwARVk
https://www.zotero.org/google-docs/?FwARVk
https://www.zotero.org/google-docs/?uOlGwc
https://www.zotero.org/google-docs/?uOlGwc
https://www.zotero.org/google-docs/?OWnup7
https://www.zotero.org/google-docs/?WGcdZj
https://www.zotero.org/google-docs/?WGcdZj
https://www.zotero.org/google-docs/?rauryj
https://www.zotero.org/google-docs/?58TjmF
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2023), so its applicability for in vitro staining of tunic-like secretions of B. schlosseri primary 

epithelial cells is highly viable. In addition, structural analyses of B. schlosseri primary epithelial 

cells using transmission electron microscopy could help identify the site of tunic-like secretions 

biogenesis and provide further insights into potential cellulosic structure and function. Such 

analyses have been performed before for other tunicate species but never replicated for in vitro 

cells of B. schlosseri (Kimura and Itoh, 2007).   

 Visualizing the extent and distribution of tunic-like secretions produced in culture will be 

critical for addressing the challenges associated with cellular lysis. In addition to the chemical 

buffering effects of the tunic, the tunic of B. schlosseri is known for its exceptional resistance to 

mechanical stress (Kwon et al., 2023), and it is therefore plausible that tunic-like secretions 

surrounding cultured primary epithelial cells confer mechanical-stress protection. In the absence 

of cryogenic flash freezing in liquid nitrogen prior to the addition of Qiagen RLT lysis buffer, 

the method for cell lysis employed in RNA isolation of whole colonies (see Chapter 1, Section 

1.2.4), the tunic-like secretions may enhance cellular resistance to commonly used mechanical 

disruption methods, including cell scraping, syringe-needle shearing, and bead beating. If tunic-

like secretions do enhance mechanical and chemical resistance to lysis in B. schlosseri primary 

epithelial cell cultures, this would underscore the need to incorporate targeted enzymatic 

digestion of the secreted extracellular matrix for effective RNA isolation. Namely, using an 

enzyme such as cellulase to digest the tunic-like secretions prior to RNA extraction may improve 

isolation efficiency (Shehadul Islam et al., 2017). Although it is likely that an unknown 

combination of enzymatic, chemical, and mechanical disruption will be required for successful 

isolation of nucleic acids and proteins of cultured primary epithelial cells of B. schlosseri 

(Danaeifar, 2022).  

https://www.zotero.org/google-docs/?58TjmF
https://www.zotero.org/google-docs/?OvL53G
https://www.zotero.org/google-docs/?jOqKkP
https://www.zotero.org/google-docs/?62MnWi
https://www.zotero.org/google-docs/?yxjig7
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2.5.2 Improving metal genotoxicity assessment for marine invertebrate cell 
cultures 

Existing studies for marine invertebrate cell cultures have primarily focused on endpoint 

assays to evaluate the feasibility of using in vitro marine invertebrate models for high-throughput 

ecotoxicological screening, including measures of viability, metabolic activity, and DNA 

damage (Akpiri et al., 2017; Downs et al., 2010; Kamer and Rinkevich, 2002; Radford et al., 

2000; Zhang et al., 2017). Addressing metal stress in the context of cultured marine invertebrate 

cell morphology is critical for distinguishing tolerable stress from complete cellular failure 

(Gardell et al., 2014). For example, cells may remain metabolically active, conveying functional 

capacity, but exhibit morphological indicators of stress, such as weakened adhesion or arrested 

cellular division (Cooper, 2000; Slavov et al., 2011). A holistic approach to characterizing metal 

toxicological responses is especially important in non-model marine invertebrate cell cultures 

where baseline cell morphology and behavior are not well defined.  

Nickel functions as an indirect or weakly genotoxic carcinogen in mammalian systems,  

with cellular immortalization occurring through a broad suite of mechanisms including oxidative 

stress, impaired DNA repair, chromosomal damage, DNA methylation, and histone 

modifications (Costa, 2019; Dallas et al., 2013; Martinez-Zamudio and Ha, 2011; Permenter et 

al., 2011; Trott et al., 1995). Although nickel genotoxicity has been repeatedly demonstrated in 

marine invertebrates, resulting in DNA damage through several of these same pathways, there is 

no evidence to date that nickel induces cellular immortalization in any marine invertebrate 

system (Akpiri et al., 2017; Dallas et al., 2013; Gallo et al., 2016; Millward et al., 2012). A As 

such, it remains unclear whether stress-induced evolution via nickel exposure, such as that 

observed in mammalian primary cell cultures (Mo et al., 2021; Trott et al., 1995), is a 

transferable strategy for cellular immortalization in marine invertebrate primary cell cultures. 

https://www.zotero.org/google-docs/?5N7ZnP
https://www.zotero.org/google-docs/?5N7ZnP
https://www.zotero.org/google-docs/?MGL1p5
https://www.zotero.org/google-docs/?MGL1p5
https://www.zotero.org/google-docs/?CPZAOP
https://www.zotero.org/google-docs/?eNfSZD
https://www.zotero.org/google-docs/?eNfSZD
https://www.zotero.org/google-docs/?WtT47c
https://www.zotero.org/google-docs/?x92ka4
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The persistence of B. schlosseri  primary epithelial cells exposed to high concentrations 

of nickel (II) chloride may suggest conditional feasibility of this immortalization approach, 

particularly if proliferatively arrested cells are in a reversible quiescent state capable of 

reentering the cell cycle with compromised DNA repair fidelity (Leung et al., 2024). However, 

quiescent cells subjected to stress can alternatively transition into stress-induced senescence 

without reentering the cell cycle (Yao, 2024). As such, the timing of nickel exposure for B. 

schlosseri primary epithelial cells may be a critical determinant for whether stress exposure 

promotes adaptive heritable phenotypes, irreversible proliferative arrest, or cell death (Wagner et 

al., 2019). Addressing these uncertainties will require overcoming current limitations in effective 

cellular lysis in B. schlosseri primary epithelial cells. Improving lysis efficiency will enable the 

detection of DNA damage, cell viability assessment, and molecular characterization necessary to 

evaluate stress-mediated genotoxic responses relevant for cellular immortalization efforts in B. 

schlosseri. 

Overall, there is a relatively small community of researchers working on B. schlosseri 

cell cultures (Domart-Coulon and Blanchoud, 2022). Addressing the methodological challenges 

and remaining knowledge gaps outlined here will require coordinated efforts within this 

community, including increased open access to optimized workflows, reporting of negative 

results, and deliberate emphasis on reproducibility across research groups. A commonly cited 

obstacle to develop continuous cell lines in any marine invertebrate species is the lack of 

published unsuccessful approaches, which often leads to repeated attempts of similar failed 

culturing strategies (Grasela et al., 2012; Rinkevich and Pomponi, 2025). Given the sensitivity of 

primary cell culture outcomes to subtle differences in dissection, isolation, culturing, and lysis 

https://www.zotero.org/google-docs/?giESGw
https://www.zotero.org/google-docs/?eYkmMO
https://www.zotero.org/google-docs/?uVf6Va
https://www.zotero.org/google-docs/?uVf6Va
https://www.zotero.org/google-docs/?UGKf0B
https://www.zotero.org/google-docs/?bY5nj8
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practices, sharing both robust methods and failed culturing attempts will be essential for 

advancing the cellular characterization and immortalization of B. schlosseri.   
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