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ABSTRACT 

A Synergy of Spatiotemporal Transcriptomic Techniques for Non-Model Organism 
Studies: Something Old, Something New, Something Borrowed, Something Ocean Blue 

Kelly Watson 

 

In situ hybridization (ISH) has played a crucial role in developing a spatial transcriptomic 

understanding of emerging model organisms in the past, but advancing high-throughput 

RNA-sequencing (RNA-seq) technology has pushed this method into the shadows, leading 

to a loss of data resolution.  This shift in research towards the exclusive use of RNA-seq 

neglects essential considerations for transcriptomic studies including the spatial and 

temporal expression of transcripts, available budget, experimental design needs, and 

validation of data. A synergy of spatiotemporal transcriptomic techniques is needed, 

using the bulk and unbiased analysis of RNA-seq and the visual validation and 

spatiotemporal resolution of ISH. Integration of this synergistic approach can improve our 

molecular understanding of non-model organisms and establish the background data 

needed for advancing research techniques. A prime example lies within an emerging 

model of the marine science and symbiosis fields, where I present a case study on a 

threatened coral reef keystone – the cnidarian-dinoflagellate symbiosis. Establishing a 

whole-mount ISH protocol for the emerging cnidarian model Aiptasia (sea anemone) will 

help future studies reveal the gene regulation underpinning the establishment, 

persistence, and breakdown of this complex symbiotic relationship. 
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Chapter 1: Introduction 

The basic make-up of an organism lies within the walls of a cell – from DNA, RNA is 

transcribed, then translated into proteins to form a complex system that all life runs on. 

For multicellular organisms, these molecular systems are found within many 

heterogeneous cells that assemble to construct a 3-dimensional matrix of tissues. Each 

cell has the same genetic make-up, yet runs slightly different (Raj, Peskin, Tranchina, 

Vargas, & Tyagi, 2006). A cell’s function is influenced by its gene expression, its location 

in the matrix, its neighboring cells, the tissue it composes, and the environmental factors 

that surround it (Wagner, Regev, & Yosef, 2016). These elements are constantly changing 

over time and are immensely dependent on spatial location. Thus, viewing a cell via 

spatiotemporal transcriptomics is pertinent to understanding the biology behind the 

organism these ever-changing elements construct. 

The list of organisms under scientific study keeps growing, and in parallel, our 

understanding of functional biology follows. A common descent of organisms and the 

passing of genetic information over evolutionary time allows us to use model organisms 

for uncovering processes in more complex systems. The development of today’s 

established models took decades but gave rise to our understanding of how life works 

(Davis, 2004; Hedges, 2002). Through transcriptomic studies, model organisms have 

provided the tools to test and determine gene function, acting as major players in the 

exploration of biological systems. As the focus shifts to new model organisms, the building 

of a solid framework and generation of background knowledge should not be lost. 
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Problems arise when more advanced technologies are used on under-studied organisms 

without the fundamental knowledge to understand their phenotypic patterns. While 

these advanced techniques can be used to further study developed models, their use for 

non-model organisms can be groundbreaking, provided the proper validation of results. 

Two major approaches constitute the bulk of transcriptomic studies – hybridization-based 

approaches and sequence-based approaches (Crosetto, Bienko, & van Oudenaarden, 

2015). While both have had their fair share of recent advances, the spatial transcriptomics 

method of in situ hybridization (ISH) tends to sit in the shadows behind high-throughput 

sequencing technology. RNA-sequencing (RNA-seq) has rapidly become the dominant 

technology used for understanding an organism’s transcriptome due to its ease and high 

data output. From bulk RNA-seq assays to recent advances in single-cell RNA-sequencing 

(scRNA-seq), the transcriptomes of unicellular and multicellular organisms are being 

unmasked (Kolodziejczyk et al., 2015). While the “old school” ISH technique does not 

allow for the same high-speed, multiplex output as RNA-seq, it is still currently the most 

accurate and cost-effective way to spatially locate transcripts of genes of interest within 

an organism – on the cellular level, and through time (Markey, 2021). On their own, these 

transcriptomic techniques lack important aspects, but when used together, these 

techniques can drastically improve the resolution of transcriptomics data for both model 

and non-model organisms over space and time, and hence, our understanding of 

biological systems. 

As advancements in transcriptomic technologies and methods are made available, the 

use of such should recognize, the need for spatial information, the importance of 
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temporal expression, the cost and experimental design, and the validity of output data. A 

cell’s spatial location and transcriptional profile are critical to understanding its function 

and contributions to an organism’s overall processes (Moor & Itzkovitz, 2017). This 

information becomes masked in bulk sequencing assays, resulting in an uncertain and 

low-resolution output. Transcriptional resolution is further obscured temporally by a 

cell’s constant gene expression changes due to stochastic variation (Raj et al., 2006) and 

efforts to maintain homeostasis with the surrounding microenvironment. A snapshot of 

transcriptome expression from one point in time will therefore not provide the proper 

insight to decipher molecular processes and functions. Multiple replicates in an 

experiment or multiple time points in a condition-based experiment are needed to 

account for these shifts in gene expression. This can lead to major roadblocks in research 

due to high costs associated with the sequencing power of complex experimental designs, 

such as the number of replicates, sequencing depth, and sample size (Todd, Black, & 

Gemmell, 2016). The transcriptomics method of ISH may not be as high-throughput of a 

method as sequence-based approaches, but it does cost-effectively provide 

spatiotemporal information. The use of RNA-seq as the only means to support a 

hypothesis can lead to a loss of spatial information and a lack of validation at higher 

resolution. This data needs to be confirmed by another independent method in order to 

increase its power and impact. This becomes essential when studying non-model 

organisms with limited background knowledge to back up bulk sequencing outputs. While 

each method faces challenges in different aspects of spatiotemporal transcriptomics, they 

can complement each other to make up for these. Therefore, methods of RNA-seq need 
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to be validated by “old school” methods like ISH, to obtain the resolution of gene 

expression and function needed for hypothesis generating and future understanding of 

molecular processes. 

The field of symbiosis research is currently lacking in the use of tools that resolve the gene 

expression and function of closely interacting organisms and could therefore benefit from 

the synergy of these spatiotemporal transcriptomic methods. The cnidarian-

dinoflagellate symbiosis is an example of a highly researched non-model organism system 

that requires greater transcriptional resolution to uncover the molecular underpinnings 

of the complex relationship (Weis, Davy, Hoegh-Guldberg, Rodriguez-Lanetty, & Pringle, 

2008). This symbiosis is critical to the functionality of tropical marine ecosystems as it 

builds the foundation of coral reefs – it is the main factor allowing corals to thrive in 

oligotrophic seas and contributes to building the reef structure through calcification 

(Moberg & Folke, 1999; Yellowlees, Rees, & Leggat, 2008). With a changing climate, coral 

symbiosis has become an extensive field of study due to coral bleaching and the 

breakdown of critical reef ecosystems around the world (Douglas, 2003; Hoegh-Guldberg 

et al., 2007; Weis, 2008). Coral bleaching can be caused by a variety of environmental 

stressors, leading to the loss of symbiotic dinoflagellates and their pigments. This loss of 

color causes a “whitening” of corals as their once pigmented tissues become transparent, 

revealing the calcium carbonate skeleton underneath. While corals can survive for a few 

weeks to months in the bleached state, they must either recover by up-taking new 

symbionts or they will perish. Cnidarian symbiosis studies have devised many hypotheses 

as to how this relationship began, how it persists, and the reasons for its breakdown, but 



15 
 

these investigations have not yet discovered the gene regulation underpinning this 

relationship. Using a synergy of spatiotemporal transcriptomic techniques, RNA-seq and 

ISH, researchers can begin to uncover the cnidarian-dinoflagellate symbiosis from a 

molecular level. 

The review presented in Chapter 2 and part of Chapter 3 will describe how a 

spatiotemporal transcriptomic synergy of ISH and RNA-seq can accelerate our knowledge 

of non-model organisms, bring them up to speed for their use with advancing research 

techniques, and provide a platform to improve transcriptomic studies within all biological 

fields. Chapter 3 provides a prime example for integrating this synergistic approach within 

the marine science and symbiosis fields, where I present a case study on the cnidarian-

dinoflagellate symbiosis. Chapter 3 continues with my work to establish a Whole-mount 

ISH protocol for the emerging coral model Aiptasia (sea anemone), with a goal to provide 

the tools necessary to implement this synergistic approach. 
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Chapter 2: A Synergy of Spatiotemporal Transcriptomic Techniques 

2.1 Spatiotemporal Transcriptomic Technologies 

2.1.1 Something Old: In Situ Hybridization 

ISH is an “old-school”, image-based method that uses labeled, sequence-specific 

oligonucleotide probes to hybridize targeted RNA or DNA molecules within a cell or tissue. 

The probe is labeled with radioactive, antigenic (Digoxigenin or fluorescein), or 

fluorescent bases, to ultimately produce a visual signal for the spatial detection of 

transcripts. Since its first documentation in 1969 (Gall & Pardue, 1969; H. A. John, M. L. 

Birnstiel, & K. W. Jones, 1969), ISH has become an essential method that is widely used in 

developmental biology, cytogenetics, virology, pathology, gene mapping, and gene 

expression studies. The technique has historically been heavily used to understand the 

biological functions of genes in model organisms (Akimenko, Ekker, Wegner, Lin, & 

Westerfield, 1994; Mercer et al., 1996; Tautz & Pfeifle, 1989). Advances in probe design, 

probe labeling, image technology, and image processing have not only allowed for the 

detection and localization of RNA molecules but have made it possible to use ISH in a 

multiplex manner with means for quantification (Crosetto et al., 2015; Itzkovitz & van 

Oudenaarden, 2011; Moor & Itzkovitz, 2017). 

The development of single-molecule fluorescence in situ hybridization (smFISH) was the 

first attempt at spatial transcriptomics (Raj, van den Bogaard, Rifkin, van Oudenaarden, 

& Tyagi, 2008). This method transformed the field by allowing for single-cell spatial 
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location and quantification of single messenger RNA (mRNA) transcripts within their 

natural, cellular environment. Since then, a wide array of other similar, but advanced, 

methods have surfaced, adding to the spatial transcriptomics toolbox, including 

sequential fluorescent in situ hybridization (seqFISH) (Lubeck, Coskun, Zhiyentayev, 

Ahmad, & Cai, 2014), multiplex error-robust fluorescent in situ hybridization (MERFISH) 

(Chen, Boettiger, Moffitt, Wang, & Zhuang, 2015), transcriptome in vivo analysis (TIVA) 

(Lovatt et al., 2014), and fluorescent in situ sequencing (FISSEQ) (Lee et al., 2014). 

Advances in probe design have brought about PNA (peptide nucleic acids) (Lansdorp et 

al., 1996) and LNA (locked nucleic acid) (Lu & Tsourkas, 2009) probes, padlock (Larsson, 

Grundberg, Söderberg, & Nilsson, 2010) and branching probes (Player, Shen, Kenny, 

Antao, & Kolberg, 2001) for signal amplification, spectral barcoding by combinatorial 

labeling (Levsky, Shenoy, Pezo, & Singer, 2002), and even live-cell imaging by molecular 

beacons (Tyagi & Kramer, 1996) and the MS2 method (Bertrand et al., 1998). 

ISH transcript imaging provides the spatial context of gene products, the quantification of 

gene expression, and allows for the validation of gene interactions, gene functions, gene 

pathways, cell type expression, and transcription mechanisms. While errors can occur due 

to background staining, probe mismatching (false positives), and unbound probes (false 

negatives), these depend on the types of probes used and can be addressed by optimizing 

species-specific protocols and increasing the stringency of hybridization conditions 

(Farrell, 2017). Challenges still arise with ISH as it is a low-throughput method, it has low 

multiplex ability in comparison to sequencing technologies, it requires prior knowledge 

and selection of genes, and less advanced ISH techniques do not provide quantitative 
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information. In addition, while the fundamental steps of ISH are always the same, precise 

optimizations should be made for each organism and each probe, making it a difficult 

technique for new organisms. Although these challenges limit ISH as a sole technique for 

transcriptomics-based studies, the major advantages of this method still value it as an 

important approach – the viewing of these processes within their cellular environment, 

leading to a reduction in technical and analytical errors, and its use as a source of visual 

validation. 

 

Figure 2.1. Whole-mount In Situ Hybridization using a Digoxigenin-labeled RNA Probe. In situ spatial 

visualization of a target mRNA transcript within a symbiotic anemone using a Digoxigenin-labeled (DIG-

labeled) RNA probe. DIG-labeled probes are commonly used as a first step in designing an organism-specific 

ISH protocol, before applying more advanced ISH methods. A DIG-labeled probe is made via plasmid 

insertion/cloning or PCR and is complementary to the target nucleic acid sequence. While this example is 

targeting mRNA, different probes can be made to target RNA or DNA molecules. The ISH method follows a 

series of washing steps over multiple days to facilitate fixation, permeabilization, hybridization of the probe 



19 
 

to target nucleic acids, antibody binding (depending on probe type), and development of the probe signal. 

This example is specific to current work in the marine science field – using anemones as model organisms 

to study gene expression related to the cnidarian-dinoflagellate symbiosis. a) A target mRNA is expressed 

within the anemone’s cells containing symbiotic dinoflagellates. b) Hybridization of the antisense DIG-

labeled RNA probe to the target mRNA. c) Binding of anti-DIG antibodies conjugated with alkaline 

phosphatase (AP) to the DIG-label of the hybridized probe. d) Development of the probe signal. AP reacts 

with a chromogenic substrate (NBT/BCIP) to produce an insoluble dark blue/purple precipitate. This 

precipitate can be visualized under a microscope and will give the location of target nucleic acids down to 

the single-cell level.  

2.1.2 Something New: RNA-Sequencing  

RNA-seq is a high-throughput, technology-based method that detects and quantifies gene 

expression. An output of RNA sequences present in the organism at a specific time point 

allows for a snapshot of the organism’s transcriptome. This genome-wide approach can 

be used for a variety of studies, including gene discovery, gene expression quantification, 

differential gene expression analysis, gene co-expression network mapping, identifying 

alternative splicing and post-transcriptional modifications, RNA population studies (total 

RNA, mRNA, miRNA, tRNA, rRNA), and detection of variants. After the development of 

next-generation sequencing in 2005 (Margulies et al., 2005), sequencing was established 

as a pivotal method for molecular exploration in just about every biological field out there. 

Just a year later, a major turning point in transcriptomics came to light when the first 

study using RNA-seq was documented (Bainbridge et al., 2006). A major benefit from the 

use of this method was to gain whole-transcriptome data without the need for a priori 

markers or genes, allowing for an unbiased approach towards unfolding the 

transcriptome. 
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The next big jump in advancements for transcriptome technologies came about with 

scRNA-seq,  providing a new level of resolution for cell biology (Islam et al., 2011; Tang et 

al., 2009). Instead of looking at a blend of transcripts from a population of cells, it is now 

possible to individually sequence each cell in order to unmask genes, cell types, and 

regulatory mechanisms that are overlooked in bulk analyses. Methods used to isolate and 

select specific types of cells have been developed to aid in precision, such as 

micromanipulation, laser capture microdissection (LCM), fluorescent activated cell 

sorting (FACS), microdroplet isolation, and microfluidic programs (Kolodziejczyk et al., 

2015). While transcripts can be sequenced on a cell-by-cell basis, a major drawback of 

scRNA-seq is the need for tissue dissociation, and thus the loss of spatial information of 

those cells. Advancements that combat this have led to the development of pre-

established reference maps before single-cell sequencing (Achim et al., 2015; Durruthy-

Durruthy et al., 2014; Satija, Farrell, Gennert, Schier, & Regev, 2015) and spatial barcoding 

by unique molecular identifiers (UMI) that connect sequencing data to a tissue’s location 

on a glass slide (Moor & Itzkovitz, 2017; Ståhl et al., 2016). 

As the scale shifts to single-cell analysis, the computational power and analytic programs 

required to process this data must also progress. The complexity and error that can be 

made at these levels amplify with each change of an “objective lens” as we look closer 

into molecular mechanisms. So, while scRNA-seq technology undoubtedly has the ability 

to revolutionize our understanding of systems biology, there are still improvements that 

need to be made and challenges to overcome. For one, scRNA-seq does not give 

information on the spatial relationship of cells or their defined cell type unless marker 
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genes have previously been identified or there is enough evidence to cluster cell types 

based on their expression patterns. Secondly, even “high-spatial-resolution” RNA-seq 

approaches like the spatial barcoding of tissues on a glass slide, do not resolve single cells, 

have less than optimal mRNA capture efficiency, are limited in the resolution of 

detectable genes, and are too technically demanding for most biological laboratories (Liu 

et al., 2020). Finally, the preparation of samples for sequencing studies involves the 

isolation and selection of tissues or specific cells, amplification of RNA, reverse 

transcription into complementary DNA (cDNA), sequencing, and bioinformatics analysis. 

This manipulation of biological material outside of its natural environment can lead to 

numerous technical biases, as well as technical and analytical challenges that arise from 

the sequencing platform (Table 2.1) (Grün & Van Oudenaarden, 2015; Kolodziejczyk et 

al., 2015; Wagner et al., 2016). 

Table 2.1. Technical and Analytical Biases and Challenges Arising with scRNA-seq (Grün & Van 

Oudenaarden, 2015; Kolodziejczyk et al., 2015; Todd et al., 2016; Wagner et al., 2016). 
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Technical, analytical, and big data challenges need to be taken into account when 

designing an experiment and must be resolved before scRNA-seq can be used as a stand-

alone method. Additionally, it can be costly to investigate the temporal variation in gene 

expression using scRNA-seq (Todd et al., 2016), which is an important factor in gene 

function. The cost per cell and required sequencing depth, make using this technique for 

time series data impractical. Therefore, another method for gathering spatiotemporal 

transcriptomics data should be used in parallel, with the use of RNA-seq or scRNA-seq as 

methods for genome-wide findings.  
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Figure 2.2. RNA-Sequencing Techniques. a) Bulk RNA-seq via digestion of the organism’s tissues and 

sequencing of the pooled heterogeneous cell population. Sequencing output does not provide any spatial 

information on transcript origin. Prior separation of specific tissues or cells with this technique can lead to 

further spatial resolution of transcripts. This method is useful for rapid and unbiased genome-wide analysis. 

b) Single-cell RNA-seq via digestion of the organism’s tissues, followed by separation of the heterogeneous 

cell population so that each cell’s transcriptome can be individually analyzed. Microfluidic techniques are 

commonly used to separate cells into microdroplets containing a bead with uniquely barcoded 

oligonucleotides and cell lysis reagents. Cell-specific transcripts can then be identified by their unique 

barcode after bulk sequencing. Other cell isolation techniques include micromanipulation, laser capture 
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microdissection (LCM), fluorescent activated cell sorting (FACS), and microdroplet isolation (Kolodziejczyk 

et al., 2015). Sequencing output gives single-cell transcriptome information but no spatial information. c) 

Spatial barcoding on a glass slide. A tissue section is placed onto a glass slide containing a bed of barcoded 

oligonucleotides. Cells are lysed and transcripts are captured by the barcoded oligos below, followed by 

bulk RNA-seq analysis. Sequencing output gives spatial information of transcripts and resolution is close to 

the single-cell level. Spatial and transcriptional information should be validated by another method as 

lateral diffusion of mRNAs away from underlying oligos during cell lysis can occur and low expressed 

transcripts can be missed (Liu et al., 2020). 

2.1.3 Something Borrowed: Synergy of ISH + RNA-Seq – Learning from the 

Evolutionary & Developmental Biology Fields 

A synergy of old and new techniques – ISH and RNA-seq, can act as a strong validation of 

output data and provide powerful insights into our biological world. RNA-seq can rapidly 

and unbiasedly sift through an organism’s genome, pull out genes of interest based on 

differential expression, and assist in identifying specific cell types, tissues, and processes. 

ISH can then validate the spatial location and timing of expression for these specified 

genes, leading to a greater resolution of cellular processes, a validation of sequencing 

data, and a reference source for future studies. While this pairing of techniques is heavily 

used in the evolutionary and developmental biology fields, its use in other biological fields 

is still sparse. The use of these methods together establish a spatiotemporal 

transcriptomics platform that can be used to improve molecular research coming out of 

all biological fields. 

Over the past few years, research has already started implementing the synergy of ISH 

and RNA-seq. One key use is for the validation of cell types or genes that were previously 

unknown (Hu, Zheng, Fan, & Zheng, 2020; Sebé-Pedrós et al., 2018; Ståhl et al., 2016). In 
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recent years, this synergy has spread to more advanced studies that are using “landmark” 

gene expression patterns from ISH to map RNA-seq data back to its tissue location (Achim 

et al., 2015; Halpern et al., 2017; Peng et al., 2016; Satija et al., 2015; Scialdone et al., 

2016). Some studies have also used combinatorial methods of ISH with RT-PCR (reverse 

transcription PCR) or qPCR (quantitative PCR) to identify gene regulatory networks during 

development (Abdol, Röttinger, Jansson, & Kaandorp, 2017; Durruthy-Durruthy et al., 

2014). While these techniques involve a lot of computational power and complex 

mathematical models, they are slowly being improved for use in many labs and as a main 

scaffold for new-age spatiotemporal transcriptomics. The problem with many of these 

methods is the need for a high-resolution reference gene expression database that has 

images of previous ISH, therefore, these methods cannot be used to study organisms 

lacking extensive previous research. 

While this synergetic platform can further our knowledge of model organisms, it can also 

be used to bring understudied, non-model organisms up to speed. RNA-seq can quickly 

uncover non-model transcriptomes, cell types, and significant genes. In parallel, ISH can 

spatially locate these genes and cell types, and determine how they are changing over 

time. This cooperative methodology is the driver of information coming out of the 

developmental and evolutionary biology fields using highly-studied model organisms 

(Achim et al., 2015; Crombach, Cicin-Sain, Wotton, & Jaeger, 2012; Satija et al., 2015; 

Sebé-Pedrós et al., 2018), but it is not a common practice in all fields, especially those 

without established model organisms – for example, studies within the fields of symbiosis 

and marine sciences. With the excitement of advancing sequencing technologies, studies 
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from these two fields have been using RNA-seq on its own as a means to portray 

important findings without an independent source to validate their sequencing output 

and hypotheses. Without this independent validation, erroneous conclusions can be 

made and hypotheses are left open-ended. While these new sequencing technologies are 

transforming our understanding of the biological world and can bring us new information 

at a fraction of the time, a framework of background knowledge for each organism needs 

to be built from the ground up in order to understand how these sequencing outputs 

connect with the organism’s phenotype. Following the steps taken by the evolutionary 

and developmental biology fields, advanced sequencing technologies, like RNA-seq, 

should be used in accordance with techniques like ISH, that can validate and help build 

background knowledge of the organisms under study.  This synergistic method will quickly 

establish new model organisms and allow for research to advance with the progressive 

omics technologies of today. 

2.2 Spatial Gene Expression  

The three-dimensional matrix of heterogenous cells constituting an organism can obscure 

our understanding of the complex mechanisms taking place within each cell.  While these 

cells work together to create higher system organization within organisms, diverse gene 

expression patterns from individual cells make it difficult to analyze which cell types these 

patterns are originating from and the location of expression. Whole tissue expression 

profiles therefore result in a blend of expression data and lack spatial resolution. In order 

to understand cells on a molecular level and unmask their functions, focus needs to shift 
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away from homogenous population studies and towards cell-to-cell analysis that 

preserves spatial information.  

Bulk transcriptome assays of homogenized tissues lose the spatial information of 

transcripts and only allow for a collective view of all transcripts present. While bulk assays 

can be appropriate to use during the preliminary stages of uncovering the functional 

biology of less-studied organisms, their use becomes limited when studying complex 

processes. The overall noise of a system masks lower-level transcripts that could be 

critical to a specific cell type or process. Recent developments in genomics and 

transcriptomic approaches have led molecular research towards single-cell assessment 

methods. Instead of looking at a blend of transcripts from a population of cells, we can 

now individually analyze a cell’s transcriptome (Islam et al., 2011; Kolodziejczyk et al., 

2015; Tang et al., 2009) and pinpoint mRNA molecules (Moor & Itzkovitz, 2017; Raj et al., 

2008) to unmask genes, cell types, and regulatory mechanisms that were overlooked in 

bulk analyses. Furthering these techniques into methods that preserve the spatial 

organization of expression patterns will increase our understanding of biological systems. 

By obtaining both the source location of expression and cell-specific transcription data, 

gene expression and functionality become much clearer. 

RNA-seq provides information on what genes are being expressed within an organism or 

a cell but at the price of spatial resolution. While transcript expression can be narrowed 

down to specific tissues or cell types using marker genes or cell sorting, three-dimensional 

spatial information is still lost and a high chance of technical bias is introduced. In 

addition, marker genes first need to be established and verified by other means before 
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cell type identification and sorting can take place. Even more advanced techniques, like 

in situ sequencing (Ståhl et al., 2016), can only correlate gene expression to a location, 

but not to an exact cell-specific position. ISH, on the other hand, provides spatial 

information down to the single-cell level, and even down to the single transcript level 

when using smFISH. ISH can be used as an independent visual confirmation to back up 

the expression patterns seen in RNA-seq. This can even be done with multiple genes at a 

time to look at gene co-expression, expression of specific cell types, and changes in 

expression over time. 

2.3 Temporal Gene Expression 

Organisms go through processes of continuous growth, revolving around development, 

interactions with the environment and other organisms, reproduction, and demise. This 

constant growth and maintenance of homeostasis bring about perpetual adjustments in 

gene expression. In addition, cells within an organism show differential gene expression 

due to their phase in the cell cycle, circadian rhythm, and stochastic molecular events 

(Wagner et al., 2016). Studies have even uncovered temporal bursts of gene expression 

that cause variation in populations of identical cells (Raj et al., 2006). These wide 

variations originate from short, intense, and random bursts of mRNA transcription during 

times of gene activation – emphasizing the need for multiple replicates to justify a single 

snapshot of a transcriptome. Therefore, the ability to visualize the activity of a gene, via 

transcripts, over both time and space is an essential aspect to understanding how an 

organism’s stored information is transcribed into its phenotype.  
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A snapshot of an organism’s transcriptome at a single time point does not resolve 

biological processes or functions - it only provides an output of the genes transcribed 

within the organism at one time and under one circumstance, with no way to piece 

together an explanation for the output patterns. Acknowledging the importance of time 

on gene expression can be a significant advancement in many fields. For the 

developmental biology field, spatiotemporal transcriptomics has been heavily used to 

study the vast changes in gene expression patterns in early life. This is also a field that has 

strongly used ISH techniques for many years to uncover model systems, has 

supplemented this information with RNA-seq, and continues to succeed with advances in 

spatiotemporal transcriptomics technology (Krone, Lele, & Sass, 1997; Peng et al., 2016). 

In other fields, temporal transcriptomics can be used as a strong tool for differential 

expression and as a means of analysis for condition-based experiments or uncovering 

biological mechanisms. For example, it can be used with experimental treatments to 

discover how an organism’s transcriptome responds to changing environmental stimuli 

or to study the mechanisms of symbiosis establishment, maintenance, and breakdown 

(Hu et al., 2020; Nikolakakis, Lehnert, McFall-Ngai, & Ruby, 2015). 

RNA-seq and ISH techniques can both be used for temporal analysis, but the cost and 

experimental design become a major determinant in the best fit method. Both techniques 

define only a single time point of gene expression pertaining to when the cellular content 

was extracted (RNA-seq) or fixed in place (ISH), but there is no information about how the 

gene profile is changing over the course of short- and long-term time scales. While 

extractions of an organism’s tissues over multiple time scales can be performed for RNA-
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seq, high costs can limit the analysis. In contrast, ISH is not weighed down by the burden 

of high experimental costs, and can therefore be a source of temporal resolution over 

multiple hybridization runs.  Thus, the best approach is to use scRNA-seq to identify genes 

and processes of interest, followed by the use of ISH for the spatiotemporal resolution of 

their expression.  

2.4 Cost 

Cost becomes a major roadblock in scientific research, acting as a determining factor for 

methodology and experimental design. It is important to choose a technique that allows 

for the analysis of the task at hand and provides an output of high-quality data. When 

looking at sequencing technologies, like RNA-seq or scRNA-seq, the high-quality output 

data theoretically justifies the high cost, but the experimental budget becomes a major 

variable for real-world applications. The problem with cost arises when decisions about 

sample size, replicates, and sequencing depth are influenced by the research budget, 

rather than the experimental question and power of analysis required. When experiments 

include complex designs with multiple conditions or temporal analyses, sequencing cost 

increases significantly with the need for more samples and replicates. Some common 

cost-saving strategies include sequencing fewer replicates at a greater sequencing depth 

or pooling all biological replicates into one sequencing library (Todd et al., 2016). While 

cheaper, these methods will decrease the power of the analysis by failing to overcome 

technical and biological variance. The experimental design needs to include true biological 

replicates with independent library preparation and have a great enough sequencing 
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depth/sample size for quality sequencing data (Grün & Van Oudenaarden, 2015; Todd et 

al., 2016; Wagner et al., 2016). 

While improvements are continually made to drive sequencing technologies towards 

more affordable pricing, the cost of RNA-seq is currently not at a low enough level for its 

use as a sole transcriptomics method. ISH techniques on the other hand are much more 

cost-effective and allow for the analysis of many transcripts, replicates, conditions, and 

time points for a fraction of the RNA-seq cost. RNA-seq should therefore be used as a 

means to analyze an organism’s whole transcriptome, pull out transcripts of interest, and 

quantify transcript expression. ISH can then be used to validate spatial and temporal 

information of target transcripts and back up sequencing hypotheses based on output 

patterns. 

2.5 Validation 

The limiting challenges and potential biases that most experimental methods possess 

generate a need for independent sources of validation to gain the proper resolution of 

output data. While the technology for spatiotemporal transcriptomics continues to 

evolve, the importance of independent validation holds true for each new method. RNA-

seq on its own does not provide sufficient resolution; technical and analytical challenges, 

big data problems, and spatial information loss due to separating cells from their natural 

environment call for a source of independent validation to justify output data. 

Considering RNA-seq is high-throughput and has the ability to sequence whole organism 

transcriptomes or single-cell transcriptomes, it is practical for finding potential cell types, 
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genes of interest, gene networks, gene variants, quantitative changes in gene expression, 

and potential marker genes. ISH can then be used as validation of select transcripts and 

RNA-seq expression patterns, acting as a final visual confirmation for what is happening 

inside the cell at a particular time, in specific conditions, and in association with other 

transcripts of genes.  

With the addition of varying organisms and processes under study, organism-specific 

background knowledge needs to be taken into consideration – model organisms vs. non-

model organisms. Well-studied model organisms can use previous background 

knowledge to back up new claims, but organisms with little background information 

require extra validation. When dealing with non-model organisms where previous 

transcriptome analyses and sequencing libraries are limited, the practice of single-cell 

sequencing technologies, or RNA-seq in general, needs to be used with caution. Model 

organisms have used ISH for years, to develop gene spatial maps and identify time-

sensitive transcriptome activity. The documented images and data from past ISH are now 

aiding in new-age spatiotemporal transcriptomics research (Achim et al., 2015; Satija et 

al., 2015). This technique can again be applied to newly emerging model organisms to 

validate uncharted RNA-seq data. The spatiotemporal transcriptomic synergy of RNA-seq 

and ISH can accelerate our knowledge of non-model organisms, bring them up to speed 

for their use with advancing research techniques, and provide a platform to improve 

studies within the symbiosis and marine science fields. 
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Chapter 3: Something Ocean Blue: Symbiosis & Non-Model Organisms - A 

Case Study in Cnidarians 

Every living thing on this planet is in some form of symbiosis with another organism, yet 

the proper tools and models to study these interspecific interactions are lacking, 

especially in the marine science field where intimate symbioses are of abundance and a 

major research focus. Without the appropriate tools and lack of comparative model 

organisms to identify transcriptional changes happening in these close-knit partners, the 

mechanisms that allow for these relationships to initiate and persist, or ultimately cause 

them to fail, are left obscured. Symbioses that are obligate in nature have such intimate 

interactions that it is important to identify both the specific tissue/cellular location of 

gene expression and the temporal scale of gene expression changes.  Using the synergy 

of RNA-seq and ISH, the groundwork for essential non-model organisms in symbiosis 

research could be established and the molecular systems behind these important 

relationships could be uncovered. 

3.1 The Cnidarian-Dinoflagellate Symbiosis 

Marine ecosystems possess one such example – a symbiotic relationship with a dire need 

for methods to uncover its underlying molecular processes. The cnidarian-dinoflagellate 

symbiosis is a unique endosymbiotic relationship where the algal symbiont has evolved 

to live within the cnidarian host’s gastrodermal cells (Davy, Allemand, & Weis, 2012). This 

relationship is the basis for one of the largest, most productive, and most diverse 

ecosystems on our planet that humans rely heavily on to survive – coral reefs (Crossland, 
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Hatcher, & Smith, 1991; Moberg & Folke, 1999). Due to nutrient recycling between these 

symbiotic organisms, corals can function as a “keystone species”, building vast calcified 

structures that act as the base of these oligotrophic underwater ecosystems (Morris, 

Voolstra, Quigley, Bourne, & Bay, 2019; Yellowlees et al., 2008). With anthropogenic 

changes causing the breakdown of this coral-dinoflagellate symbiosis, and therefore the 

decline of critical reef ecosystems around the world (Douglas, 2003; Hoegh-Guldberg et 

al., 2007; Weis, 2008), studies of this relationship and these organisms have become a 

major focus in the marine and ecological fields. Despite the considerable interest, the 

absence of a developed coral model system for molecular studies has left a great deal of 

unknown concerning the initiation of this endosymbiosis, its persistence, the major 

drivers, and causes of breakdown resulting in coral bleaching. Understanding this 

symbiotic relationship on a molecular level will lead to a better understanding of this 

ecosystem breakdown (Weis et al., 2008). Using the high-throughput power of RNA-seq 

and the spatiotemporal resolution of ISH, emerging cnidarian-dinoflagellate model 

organisms can quickly be brought up to speed and questions about the mechanisms of 

this symbiosis can start to be resolved. 

3.2 Aiptasia as a Cnidarian Symbiosis Model Organism 

A model-systems approach is needed to uncover the molecular mechanisms behind the 

establishment, persistence, and breakdown of the cnidarian-dinoflagellate symbiosis. 

While studying the symbiotic relationship within corals themselves would be optimal, 

corals are difficult and costly to maintain in a lab environment, have a slow growth rate, 



35 
 

live in large colonies with variable genetic uniformity, do not live long when separated 

from their symbiont (aposymbiotic), and have a calcium carbonate skeleton which makes 

it difficult to study them under a microscope or use them in biochemical/molecular 

biological research (Weis et al., 2008). Several model host-microbe studies have helped 

in creating a baseline for possible answers to cnidarian-dinoflagellate questions, including 

the highly studied models Nematostella (Grigory Genikhovich & Technau, 2009) and 

Hydra (Kovacevic, 2012), but the field of coral research needs a model organism of its 

own. Therefore, a few emerging coral models with symbiotic dinoflagellates of the family 

Symbiodiniaceae, are being developed to reveal the molecular underpinnings behind the 

cnidarian-dinoflagellate symbiosis: the upside-down jellyfish Cassiopea (Lampert, 2016; 

Ohdera et al., 2018), the sea anemone Aiptasia (Baumgarten et al., 2015; Rädecker et al., 

2018; Sunagawa et al., 2009; Voolstra, 2013; Weis et al., 2008), and the Indo-Pacific coral 

Acropora millepora (Moya et al., 2012; Technau & Steele, 2011).  

Over the years, Aiptasia has become the model organism of choice for studying coral 

biology and the cnidarian-dinoflagellate symbiosis due to its advantages as a model 

system (Weis et al., 2008). Known as a ‘pest’ by saltwater aquarists and globally 

distributed throughout the ocean (Thornhill, Xiang, Pettay, Zhong, & Santos, 2013), 

Aiptasia is an extremely hardy organism that grows and reproduces rapidly. In a 

laboratory setting the anemones can be cultured at a low cost with the generation of large 

clonal populations through asexual reproduction for studies requiring genetic uniformity 

(Hunter, 1984), while sexual reproduction allows for larval experiments and possible 

genetic studies (Grawunder et al., 2015). Anemone polyps can be cleared of their 
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symbionts and live symbiont-free (aposymbiotic) indefinitely allowing for independent 

analysis of the host (Kinzie, Takayama, Santos, & Coffroth, 2001). They can also be 

reinfected with various Symbiodiniaceae strains for host-symbiont interaction studies 

(Belda-Baillie, Baillie, & Maruyama, 2002; Wolfowicz et al., 2016). A global lineage and a 

genetically distinct local lineage in Florida present symbiont-specific and symbiont-

flexible examples respectively, adding to our understanding of host-symbiont 

associations in a natural setting (Thornhill et al., 2013; Voolstra, 2013). Although 

anemones lack the calcareous skeleton reef-building corals possess, this allows for easy 

cellular and biochemical studies. Therefore, studies on the coral skeleton, calcification, 

and surface/endoskeletal microbes should focus on the model Acropora millepora (Weis 

et al., 2008). Finally, Aiptasia has an assembled genome (Baumgarten et al., 2015) and 

characterized bacterial microbiome (Röthig et al., 2016) making it an excellent model for 

cellular and molecular analysis of the cnidarian-dinoflagellate symbiosis.  

3.3 ISH in Marine Science 

The use of ISH in the marine science field as an application for cellular, molecular, or 

systems biology is rare. Typically, its use revolves around the study of microbe 

populations in marine organisms and seawater (Amann & Fuchs, 2008). On the other 

hand, RNA-seq is widely used across the field, in marine symbiosis research, and 

specifically, for coral reef studies. Cross-over between these techniques, allowing for 

rapid transcriptome analysis by RNA-seq and visual validation of genes over time and 
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space by ISH, could improve the resolution of data generated within the field and reveal 

answers to the questions surrounding the cnidarian-dinoflagellate symbiosis.  

While a few studies in the marine science field have already incorporated a similar synergy 

of techniques with well-grounded results, this multi-method approach has not yet caught 

on as a necessary advancement for molecular exploration within the field. A study by Oren 

et al. in 2010, used qPCR and ISH to study allorecognition responses of the reef-building 

coral, S. pistillata. Another study by Nikolakakis et al. in 2015, used hybridization chain 

reaction-FISH to spatially and temporally locate changes in gene regulation by the host (E. 

scolopes – the Hawaiian bobtail squid) while being colonized by its symbiotic bacteria (V. 

fisheri). In 2017, Traylor-Knowles et al. used ISH for spatial gene expression related to 

heat stress in corals. Studying the evolution of cell types, Sebé-Pedrós et al. in 2018 used 

whole-organism scRNA-seq analysis for the discovery of the heterogeneous cell types that 

make up N. vectensis (starlet sea anemone) and validated the marker genes by ISH. Most 

recently, a paper by Hu et al. in 2020, demonstrated the use of scRNA-seq and validation 

by ISH to study the coral-algal symbiosis within the soft coral Xenia. The authors of this 

paper used techniques stemming from their developmental biology backgrounds and 

applied them to coral biology for analysis of the endosymbiont establishment. Their use 

of scRNA-seq resulted in the identification of cell clusters with transcript expression 

patterns corresponding to specific cell types, including the cnidocytes, gastrodermal cells, 

and endosymbiotic cells. While traditional bulk sequencing alone would not have been 

sufficient to determine the cell type differentiation that was established with scRNA-seq, 

they were able to use FACS and bulk RNA-seq of algae-containing cells to compare and 
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establish which cell cluster represented the endosymbiotic cell type. Validation by RNA 

ISH confirmed cell-specific clusters using marker genes pertaining to transcripts known to 

be expressed within these cell types. They further explored the developmental lineage of 

the endosymbiotic cells using scRNA-seq on regenerating Xenia polyps to create an 

endosymbiotic cell progression model. This could have then been taken a step further by 

again using ISH during polyp regeneration to visually validate the expression of important 

transcripts involved in the process of endosymbiotic development. 

The synergy of ISH and RNA-seq can transform our knowledge on the cnidarian symbiosis 

and give us a better understanding of the molecular mechanisms guiding this complex 

relationship. The methods laid out above by Hu et al. (2020), demonstrate one way to 

synergistically approach the questions behind this symbiosis. Alternatively, bulk RNA-seq 

can first be used for differential gene analysis between symbiotic and aposymbiotic 

cnidarians (Cui et al., 2019). This rapid transcriptome search could identify target genes 

that give insights on the mechanisms of symbiont uptake, symbiont maintenance, 

nutrient sharing and recycling, and pathways of symbiotic breakdown that lead to coral 

bleaching. ISH can then provide visual and spatial confirmation of these target genes 

within the organism, and track how these genes are changing as the symbiotic 

relationship shifts over time. Once target genes are confirmed, they can be used as 

marker genes to physically separate cell types and sequence them by scRNA-seq to 

further resolve transcriptome expression, and hence, symbiotic mechanisms. A current 

goal in transcriptomics research on the cnidarian symbiosis is to discover a marker gene 

specific to symbiotic or potentially symbiotic cells – a way to tell which gastrodermal cells 
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can house symbionts. The only way presently to determine if a cell can be symbiotic, is if 

it already has a symbiont residing in it, creating a problem for comparison of potentially 

symbiotic cells in aposymbiotic organisms. Once a marker gene is found, it can be used to 

distinguish and sort cells for further analysis by scRNA-seq and ISH.  

3.4 Developing an Aiptasia Whole-Mount ISH Protocol 

While ISH protocols exist for other marine species and even other cnidarian species (Bode, 

Lengfeld, Hobmayer, & Holstein, 2008; G. Genikhovich & Technau, 2009; Plantivaux et al., 

2004; Steinworth, 2020; Traylor-Knowles, 2018; Wolenski, Layden, Martindale, Gilmore, 

& Finnerty, 2013), Aiptasia has been limited to ISH of sections on glass slides (Dunn, 

Phillips, Green, & Weis, 2007). ISH on sectioned organisms can lead to a basic tissue-based 

expression understanding, but it is difficult to piece together sections to form a full image. 

Whole-mount ISH (WISH) provides an easier procedure over ISH on sections and has the 

advantage of viewing expression patterns within the entire three-dimensional organism 

that can then later be sectioned for a closer look. Although the fundamental steps of ISH 

are always similar, protocols can vary widely based on the species, tissue type, and 

specific probes used. Precise optimizations and stringency conditions need to be fit for 

the species of study and transcripts of study to establish proper fixation, permeabilization, 

probe binding, and signal-to-noise ratio. In addition, when focusing on more developed 

organisms, past the embryo and larval stages most WISH protocols target, 

permeabilization of tissues by the probe becomes more challenging with added 

difficulties of reaching inner tissue layers (Vauti, Stegemann, Vögele, & Köster, 2020). An 
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optimized WISH protocol for Aiptasia would provide a platform to introduce this 

technique as an important tool for cellular and molecular research within the marine 

science field, specifically for studies on the cnidarian-dinoflagellate symbiosis.  

3.4.1 Materials and Methods 

3.4.1.1 Aiptasia Growth and Maintenance 

Symbiotic Aiptasia pallida clonal line CC7 with clade B Symbiodiniaceae strain SSB01 

(Breviolum minutum) were reared in the laboratory in 600mL or 1200mL tanks filled with 

autoclaved natural seawater from the Red Sea (~37 ppt salinity). Tanks were kept in 

incubators with a 12-hour light: 12-hour dark cycle (~40μmol photons m-2s-1 of 

photosynthetically active radiation) at 25˚C. Anemones were fed freshly hatched artemia 

(brine shrimp) two times per week. Tanks were cleaned and filled with fresh seawater 

once per week.  

3.4.1.2 Aiptasia RNA Extraction 

Total RNA from six symbiotic anemones (Aiptasia CC7, SSB01) was extracted using the 

MagMAXTM mirVanaTM Total RNA Isolation Kit (Thermo Fisher Scientific, USA). Samples 

were lysed according to the manufacturer's instructions, followed by the protocol to 

isolate RNA using the KingFisherTM Duo Prime Magnetic Particle Processor. For lysis, 

Aiptasia polyps (~3mm wide x 6mm tall) were placed into separate tubes, a 1:20 ratio 

(200μL) of Lysis Binding Mix was used for low to normal levels of cellular RNase, and 

tissues were homogenized with a mechanical homogenizer. RNA was then bound to the 
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magnetic binding beads within the MagMAXTM Express-96 Deep Well Plate according to 

the guide, with the addition of chloroform. Processing reagents were then added to the 

appropriate wells of the plate, the plate was placed into the KingFisherTM Duo Prime 

benchtop instrument, and program A27828_DUO_Tissue_cells was run. When prompted 

by the instrument, Rebinding Buffer and isopropanol were added to the appropriate plate 

rows and the program was continued. RNA was then eluted into microcentrifuge tubes, a 

QubitTM RNA High-Sensitivity assay (Thermo Fisher Scientific, USA) was performed for 

quantification, and a Bioanalyzer RNA 6000 Nano assay (Agilent Technologies, USA) was 

used to assess the quality of the RNA extractions. RNA was placed at -80˚C for long-term 

storage. 

3.4.1.3 Target Gene Transcript Selection  

ISH target gene transcripts were selected based on tissue-specific (epidermis vs. 

gastrodermis) and symbiont state-specific (symbiotic vs. aposymbiotic) transcriptome 

data (Cui et al., in preparation). Gene transcripts with significant differential expression 

between tissues and symbiont state were determined as important targets. The initial 

target gene transcript selected to establish a protocol was for an ammonium transporter 

(AIPGENE 18105), which had significant upregulation in the symbiotic gastrodermis and 

the protein location is already known via antibody staining (Cui et al., in preparation). 

Other initial target gene transcripts were chosen based on highly significant expression in 

the epidermis or gastrodermis: carbonic anhydrase (AIPGENE 2960) and protein NPC2 
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homolog (AIPGENE 22527). AIPGENE specifications are from Baumgarten et al. 2015 

genome (reefgenomics.org). 

3.4.1.4 RNA Probe Synthesis by PCR 

RNA probes with a length of 700bp to 1.5kb were synthesized via two-step PCR 

amplification using gene-specific oligonucleotide primers with a T7 polymerase promoter 

sequence (Figure 3.1). First-strand cDNA was synthesized by reverse transcription with 

SuperScriptTM III First-Strand Synthesis SuperMix (Thermo Fisher Scientific, USA) using 

total RNA extracted from symbiotic Aiptasia (Aiptasia CC7, SSB01 Symbiodiniaceae).  

Target gene transcripts were amplified via PCR from the single-stranded cDNA with 

PlatinumTM Taq DNA Polymerase High Fidelity (Thermo Fisher Scientific, USA) using 

transcript specific primers with a T7 RNA polymerase promoter sequence 

(TAATACGACTCACTATAGGGAGA) added onto the 5’ end of the forward or reverse 

primers (Table 3.1). Successful amplification was confirmed by gel electrophoresis, and 

clean products were sent for sanger sequencing. Correct target transcripts were again 

amplified via PCR using PlatinumTM Taq DNA Polymerase High Fidelity (Thermo Fisher 

Scientific, USA) with transcript-specific primers and their T7 promoter tails. PCR products 

were purified using a QIAquick PCR Purification Kit (QIAGEN, USA), then ran on a gel to 

confirm correct amplification of target transcripts. RNA probes were synthesized via in 

vitro transcription using the MEGAscriptTM T7 Transcription Kit (Thermo Fisher Scientific, 

USA) with a Digoxigenin-11-UTP Roche (Merck, Germany) label. Template DNA was 

removed by the addition of TURBO DNase for 15 minutes at 37˚C. Probes were then 
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purified by lithium chloride precipitation and a gel was run to ensure the probes were 

labeled properly. Running the labeled probe product and an unlabeled version of the 

specific probe on a gel, showed the unlabeled product at its predicted molecular weight 

and the DIG-labeled product much larger (Figure 3.2). Antisense probes were made 

complementary to the target mRNA for hybridization, while a sense probe was made with 

the same sequence as the target mRNA to act as a control for background. 

Table 3.1. Primers Used to Amplify mRNA Targets for RNA Probe Synthesis. T7 RNA polymerase promoter 

sequence (TAATACGACTCACTATAGGGAGA) is represented by a red bolded T7. Predicted expression of 

AIPGENEs based on unpublished tissue-specific (epidermis vs. gastrodermis) and symbiont state-specific 

(symbiotic vs. aposymbiotic) transcriptome data (Cui et al., in preparation).  Antisense probes are 

complementary to the target mRNA, while the sense probe has the same sequence as the target mRNA.  
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Figure 3.1. Visual of RNA Probe Synthesis by PCR for an Antisense Probe. 1) Total RNA extracted from 

symbiotic Aiptasia (Aiptasia CC7, SSB01). 2) Reverse transcription of mRNA (dNTPs = deoxyribose nucleotide 

triphosphate) to produce 3) single-stranded cDNA. 4) PCR using gene-specific primers with a T7 promoter 

sequence added onto the 5’-end of the reverse primer created double-stranded cDNA specific to the target 

transcript, then amplified this target transcript. 5) Gel electrophoresis confirmed successful amplification 
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of target transcripts if there was a single band with the correct predicted length in base pairs. Successfully 

amplified transcripts were sent for 6) Sanger sequencing. 7) Transcripts with correct sequences were 

amplified using the respective gene-specific primers with T7 promoter sequences, 8) ran on a gel to check 

for correct amplification, and purified. 9) In vitro transcription of RNA probes (riboprobes) with DIG-labeled 

UTP (purple stars) using a T7 RNA polymerase that is bound to the incorporated T7 promoter sequence. 10) 

Proper riboprobe labeling was confirmed via gel electrophoresis by running the labeled probe product and 

an unlabeled version of the specific probe. Correct labeling showed the unlabeled probe at its predicted 

molecular weight and the labeled probe much larger, causing it to run slower on the gel. 11) DIG-labeled 

riboprobe hybridized to its target mRNA. 

 

Figure 3.2. Gel Electrophoresis of Unlabeled Probe vs. DIG-Labeled Probe – AIPGENE 18105. Gel 

electrophoresis was used to ensure the probes were labeled properly. The unlabeled probe band shows 

its predicted product length ~862bp, while the DIG-labeled probe band is much larger, signifying it was 

properly labeled. 

3.4.1.5 Aiptasia Whole-Mount ISH Protocol 

This WISH protocol was adapted from techniques used by Dunn et al. (2007), Pearson et 

al. (2009), and Wolenski et al. (2013). The protocol takes at least four days total to 

complete, plus imaging and sectioning of the stained anemones for closer analysis. Each 

WISH experiment should contain anemones for each antisense probe treatment, one 
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sense probe treatment to pinpoint background staining, and one negative control 

treatment with no probe added to make sure the antibody and colorimetric solutions are 

properly working. RNA probes should be previously normalized to 10ng/μL in nuclease-

free water and stored at -20˚C. 

3.4.1.5.1 WISH Reagents 

Acetic Anhydride <!> 

Aiptasia Polyps 

Antibody Solution 

Blocking Buffer with 1:2000 Alkaline Phosphatase Anti-Digoxigenin antibody fragments (Abcam, 
USA – ab119345) 

Blocking Buffer 

1X Roche Blocking Reagent in MAB with 1% Goat Serum and 1% Triton X-100. 

10X Blocking Solution (pH 7.5) 

Roche Blocking Reagent (Sigma-Aldrich, Germany - 11096176001) in MAB, titrate NaOH to increase 
the pH to 7.5 and allow for all the Roche powder to dissolve 

DIG-labeled RNA Probe 

Ethanol (molecular proof) 

Formaldehyde <!> 

Formamide <!> 

Glutaraldehyde <!> 

Glycine 

Goat Serum 

Heparin 

Hybridization Buffer <!> 
ULTRAhybTM Ultrasensitive Hybridization Buffer (Thermo Fischer Scientific, USA) 
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OR, make from scratch with 50% Formamide, 5X Saline-Sodium Citrate (SSC) pH 4.5, 50μg/mL 
Heparin, 50μg/mL Tween-20, 1% Sodium Dodecyl Sulfate (SDS), and 100μg/mL sheared salmon 
sperm DNA (ssDNA) 

10X Maleic Acid Buffer pH 7.5 (MAB) 
 10X Washing Buffer, pH 7.5 (Teknova, USA – W1718) 

 OR, make from scratch with 1M Maleic Acid and 1.5M NaCl in sterile water 

Methanol <!> 

MgCl2 

N-Acetyl Cysteine 

NaCl 

NBT/BCIP Stock Solution (Merck, Germany – 11681451001 Roche) 

<!> NBT (4-nitro blue tetrazolium chloride 

<!> BCIP (5-bromo-4-chloro-3-indolyl-phosphate) 

NTMT Buffer 

100mM NaCl, 50mM MgCl2, 100mM Tris 9.5 in sterile water with 1% Tween-20 

Paraformaldehyde <!> 

10X Phosphate Buffered Saline 

PBSTx <!> 

1X PBS with 1% Triton X-100 

Proteinase K <!> 

20X Saline-Sodium Citrate (SSC) 

Seawater 

Sheared Salmon Sperm DNA (ssDNA) 

Sodium Dodecyl Sulfate (SDS) 

Triethanolamine <!> 

Tris Buffer pH 9.5 

Triton X-100 <!> 

Tween-20 
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<!> = Caution hazardous substance, check material safety data sheet (MSDS) before use. 

All reagents, containers, and tools need to be RNase free to prevent degradation of mRNA, up until day 4. 

3.4.1.5.2 WISH Method 

Day 1 – Sample Preparation, Fixation, Muco-lysis, & Permeabilization 

1) Gradual Relaxation in 50% seawater (SW) and 50% 0.37M MgCl2. 

I. Allow anemone to relax in sea water ~10 minutes. 

II. Slowly add MgCl2 and leave anemones undisturbed for ~10 minutes. 

III. Remove excess mucus and bottom ring of anemones before transferring to 

fixative. 

2) If needed, cut anemones in half longitudinally. 

This may help with permeabilization and may be necessary for gastrodermal transcript targets. 

3) Fix anemones using freshly made ISH Fix I for 90 seconds on ice, then ISH Fix II for 1 

hour at 4˚C while rocking. 

I. ISH Fix I: Prechilled 3.7% formaldehyde/0.2% glutaraldehyde in 1:3 dilution of 

SW 

II. ISH Fix II: Prechilled 3.7% formaldehyde 

4) Rinse two times in PBSTx buffer for 5 minutes while rocking. 

5) Remove mucus with 5% N-Acetyl Cysteine (NAC) solution in 1X Phosphate Buffered 

Saline (PBS) for 20 minutes while rocking. 

Removing mucus from anemones may allow for better permeabilization. 

6) Rinse two times in PBSTx buffer for 5 minutes while rocking. 

7) Permeabilization in increasing methanol washes. 



49 
 

I. 25% methanol in PBSTx for 10 minutes while rocking. 

II. 50% methanol in PBSTx for 10 minutes while rocking. 

III. 75% methanol in PBSTx for 10 minutes while rocking. 

IV. 100% methanol for 10 minutes while rocking. 

8) Store in 100% methanol at -20˚C overnight.  

Can store at -20˚C for up to one month or more, allowing for a huge batch of anemones to be prepared 

and used over multiple ISH trials without redoing the first day. Also allows for experimental treatments 

to be stopped at different times, then proceed with the ISH protocol altogether starting with day two. 

Day 2 – Rehydration, Permeabilization, Acetylation, & Hybridization 

9) Collect anemones from methanol storage. 

10) Rehydration of anemones in decreasing methanol washes. 

I. 75% methanol in PBSTx for 10 mins while rocking. 

II. 50% methanol in PBSTx for 10 mins while rocking. 

III. 25% methanol in PBSTx for 10 mins while rocking. 

11) Permeabilization in 10μg/mL Proteinase K in PBSTx for 20 minutes (no rocking). 

12) Inhibit Proteinase K with two washes in 4mg/mL Glycine in PBSTx for 5 minutes while 

rocking. 

13) Acetylation while rocking: 

I. Two 5-minute washes in 0.1M Triethanolamine in PBSTx. 

II. 5 minutes in 0.1M Triethanolamine with 1:400 Acetic Anhydride in PBSTx. 

III. 5 minutes in 0.1M Triethanolamine with 1:200 Acetic Anhydride in PBSTx. 

14) Rinse two times in PBSTx buffer for 5 minutes, while rocking. 
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15) Re-fix in 4% Paraformaldehyde at room temperature for 1 hour while rocking. 

While fixing, heat up hybridization (hybe) equipment to hybe temperature. Preheat hybe buffer to hybe 

temperature and mix solution well before making aliquots and diluting the probe. If hybe buffer 

temperature drops, reagents can come out of solution and will cause non-specific staining. 

16) Rinse five times in PBSTx buffer for 5 minutes while rocking. 

17) Separate anemones into probe treatments. 

18) Pre-Hybridization: 

I. 10 minutes in 50% PBSTx/50% hybe buffer at room temperature while rocking. 

ULTRAhybTM Ultrasensitive Hybridization Buffer (Thermo Fischer Scientific, USA) or make hybe 

buffer from scratch (listed in 3.4.1.5.1 - WISH Reagents). 

II. 2 hours in hybe buffer at hybe temperature (60˚C). 

19) Prepare 0.5ng/μL probe in hybe buffer for hybridization. 

I. To remove secondary structures, denature the probe at 80˚C for 5 minutes. 

II. Pre-warm probe in hybe buffer to hybe temperature (60˚C). 

20) Hybridization in hybe buffer with probe at hybe temperature (60˚C) for 16+ hours. 

Hybridization can last for 16-72 hours – longer hybridization time if the probe is targeting gastrodermal 

transcripts. Make sure hybridization is in an enclosed space to prevent evaporation. Evaporation can 

lead to changes in salt concentration and pH, leading to a failed WISH procedure. 

Day 3 – Stringency Washes & Antibody Binding 

21) Post-hybridization stringency washes: 

I. 30 minutes in hybe buffer (no probe) at hybe temperature (60˚C). 

II. 30 minutes in 75% hybe buffer/25% 2X SSC at hybe temperature (60˚C). 

III. 30 minutes in 50% hybe buffer/50% 2X SSC at hybe temperature (60˚C). 
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IV. 30 minutes in 25% hybe buffer/75% 2X SSC at hybe temperature (60˚C). 

V. 30 minutes in 2X SSC at hybe temperature (60˚C). 

VI. 30 minutes in 0.05X SSC at hybe temperature (60˚C). 

Increase stringency by using 0.02X SSC or 0.01X SSC if WISH ends in off-target binding of the 

probe. 

VII. 20 minutes in 0.05X SSC at room temperature while rocking. 

VIII. 10 minutes in 75% 0.05X SSC/25% PBSTx at room temperature while rocking. 

IX. 10 minutes in 50% 0.05X SSC/50% PBSTx at room temperature while rocking. 

X. 10 minutes in 25% 0.05X SSC/75% PBSTx at room temperature while rocking. 

XI. Five times 3 minutes in 100% PBSTx at room temperature while rocking. 

22) Pre-block with two washes in 1X Maleic Acid Buffer (MAB) for 30 minutes while 

rocking. 

23) Block for 1 hour in Blocking solution while rocking. 

While blocking, prepare antibody solution and mix on rocker for 1 hour. 

24) Antibody binding overnight at 4˚C in antibody solution while rocking. 

Day 4 – Development of Probe Signal 

25) Rinse seven times in 1X MAB for 10 minutes at room temperature while rocking. 

26) Prestaining rinse three times in freshly made NTMT buffer for 20 minutes while 

rocking. 

27) Develop in the dark at room temperature in NTMT buffer with 1:50 NBT/BCIP solution 

for 15+ minutes while rocking. Only expose to light while quickly checking staining 
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progression. Development time for probe signal will vary based on the probe and 

targeted tissue type – some probes can take several hours or days to develop.  

Make the solution right before adding. Replace the solution if it turns orange or purple. Change the 

solution about every 20 minutes for the first hour, every 2 hours after that for the first day, and once a 

day after the first day. Develop at room temperature during the day and at 4˚C overnight. 

28) Stop the reaction using 50% molecular proof ethanol in 50% PBSTx for 30 minutes 

while rocking. 

29) Replace with new 50% molecular proof ethanol in 50% PBSTx and store at 4˚C until 

imaging. 

3.4.1.6 Imaging, Embedding, and Cryosectioning 

Whole WISH anemones were imaged in a 6-well plate using a stereomicroscope (Leica 

IC80 HD modular stereoscope) with a camera. Anemones were then embedded in tissue 

freezing medium within plastic molds and placed into a -80˚C freezer for ~30 minutes to 

solidify. Samples were then stored at -20˚C until sectioning. A cryostat was used to cut 

8μm sections, which were collected onto adhesive glass slides. Tissue freezing medium 

was removed by placing slides into histological jars and gently washing with PBS. Slides 

were dried, a drop of mounting medium was placed onto each section, and a glass cover 

slip was laid down over top. Slides were stored at 4˚C until imaging or placed into a -20˚C 

freezer for long-term storage. A Leica SP8 Confocal Microscope with LAS X Imaging Suite 

was used to image WISH sections at 20X-40X magnification. 

3.4.1.7 Alternative Aiptasia Whole-Mount ISH Protocol 
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A modified method for WISH was published by Vauti et al. (2020) to overcome problems 

with permeabilization and detection of probes within developed juvenile zebrafish. This 

method was tested on Aiptasia to overcome permeabilization issues. Day 1 of the Aiptasia 

Whole-Mount ISH Protocol (above) was completed and anemones were stored at -20˚C 

overnight. The All in One Whole Mount In Situ Hybridization Protocol for Embryonic to 

Juvenile Stages in Zebrafish (Vauti et al., 2020) was then followed from Day 1 up to Day 4, 

using their permeabilization methods and extended time for prehybridization and 

hybridization. The Aiptasia Whole-Mount ISH Protocol (above) was then continued for 

post-hybridization stringency washes, antibody binding, and development. 

3.4.1.8 Dot Blot Hybridization 

A nitrocellulose membrane with 0.2μm pores (Cytiva Life Sciences, USA) was cut to the 

required size, and an edge of the membrane was cut to indicate orientation. The 

membrane was soaked in sterile water for a couple of minutes, followed by 20X SSC 

solution for 5 minutes. While soaking, anemone total RNA was serial diluted, heated to -

80˚C for 5 minutes to break secondary structures, and then snap-frozen on ice. The 

solution was drained off the membrane, the membrane was placed onto clean blotting 

paper, and ~80-110ng of RNA was quickly dotted in 20% serially diluted 2μL dots every 

1cm along the membrane. The membrane was air-dried and then baked at 80˚C for 2 

hours. ULTRAhybTM Ultrasensitive Hybridization buffer (Thermo Fisher Scientific, USA) 

was preheated to the hybe temperature of 68˚C. After the membrane finished baking, it 

was pre-hybridized in hybe buffer for 1 hour at 68˚C. Meanwhile, RNA probe (0.5ng/μL) 
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was added to fresh hybe buffer, heated to 80˚C for 5 minutes to break secondary 

structure, snap-frozen on ice, then pre-warmed to 68˚C. After pre-hybridization, the 

membrane was placed into the hybe buffer containing the probe and hybridized 

overnight at 68˚C.  

Following overnight hybridization, the membrane was washed twice with 2X SSC 

containing 0.1% SDS at room temperature for 5 minutes each with rocking, then washed 

twice with 0.1X SSC containing 0.1% SDS at 68˚C for 15 minutes each with rocking. The 

membrane was quickly rinsed in a washing buffer containing MAB with 3% Tween 20 for 

2 minutes, then placed into a blocking buffer containing 1X Roche Blocking Solution 

(Roche, Germany) in 1X MAB with 1% goat serum and 1% Triton X-100 for 30 minutes 

with rocking. The membrane was then placed into fresh blocking buffer containing 1:2000 

Alkaline Phosphatase Anti-Digoxigenin antibody (Abcam, USA) fragments for 30 minutes 

with rocking. After antibody binding, the membrane was washed twice in washing buffer 

for 15 minutes with rocking. A pre-staining detection buffer without colorimetric 

substrate was prepared containing 100mM NaCl, 50mM MgCl2, 100mM Tris 9.5 in sterile 

water with 1% Tween 20 and used to rinse the membrane for 5 minutes. Finally, the 

membrane was soaked in the dark in detection buffer with 1:50 NBT/BCIP (Merck, 

Germany) until color development took place (no rocking). After spot intensity was 

achieved, the reaction was stopped by washing in sterile water for 5 minutes with rocking. 

3.4.2 Results and Discussion 

3.4.2.1 Aiptasia Whole-Mount ISH 



55 
 

WISH trials varied in the use of half vs. whole anemones, the fixative used, the hybe 

temperature, the stringency of post-hybe washes, and the permeabilization strength and 

reagents. All trials used the ammonium transporter (AIPGENE 18105) probe. WISH should 

show gastrodermal staining with this probe based on previous transcriptome differential 

expression data and protein antibody staining results (Cui et al., in preparation). A proper 

WISH protocol should show gastrodermal staining by the antisense probe 

(complementary to target mRNA) and low to no non-specific staining by the sense probe 

(same as the target mRNA). 

Cutting the anemones in half longitudinally after relaxation in MgCl2 and before fixation, 

appeared to result in less background staining and improved access to inner tissue layers 

by the reagents and probe (Figure 3.3). Trials showed some of the anemones that were 

cut in half to have gastrodermal staining, but the staining is inconsistent and appears to 

be localized only in the tentacles. Whole anemones, in general, showed no gastrodermal 

staining – the few that did had staining in areas surrounding a broken tentacle, which 

likely allowed the reagents and probe easier access to inner tissues. Future WISH trials 

should include both half and whole anemones for further testing until a working protocol 

is achieved.  
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Figure 3.3. WISH Anemones Cut in Half vs. Whole - AIPGENE 18105. Gastrodermal staining by the probe 

present in the half anemone, while only background staining is present in the whole anemone. Probe 

staining has a purple coloration in color photos and dark black coloration in c & d. GA – Gastrodermal 

Staining; BK – Background Staining. a-d) Antisense Probe; e & f) Sense Probe. a, c, e) Half Anemone; b, d, f) 

Whole Anemone. a, b, e, f) Anemones post-WISH – photos were taken on a Leica IC80 HD modular 

stereoscope at 2.5X-3.8X magnification. c & d) Sectioned WISH anemones corresponding to a & b 

respectively – photos taken on a Leica SP8 Confocal Microscope using LAS X Imaging Suite at 40X 

magnification. Antisense and sense anemones were from the same trial, but note that different fixation 

methods were used. a-d) Antisense probe anemones used above WISH protocol; e & f) Sense probe 

anemones followed the above WISH protocol but used 4% PFA as a fixative. 

Fixation is a crucial ISH step that stabilizes cell structures and cross-links amino groups 

creating a mesh-like configuration to preserve the anemones as close as possible to their 

living state. Proper fixation prevents the loss of RNA during ISH, while still allowing the 

probe to access target mRNA. Fixative trials included: 4% PFA in water at 4˚C overnight, 
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4% PFA in PBSTx at 4˚C for 1 hour, 4% PFA in 1:3 dilution of seawater at 4˚C for 1 hour, 

4% PFA in PBS with a few drops of glacial acetic acid at room temperature for 2 hours, 

and two ice-cold ISH fixatives containing 3.7% formaldehyde/0.2% glutaraldehyde and 

3.7% formaldehyde at 4˚C for 1 hour (G. Genikhovich & Technau, 2009) (Figure 3.4). ISH 

fixatives containing ice-cold 3.7% formaldehyde/0.2% glutaraldehyde for 90 seconds, 

followed by ice-cold 3.7% formaldehyde for 1 hour at 4˚C composed the best fixation 

method with superior anemone morphology by the end of the ISH protocol and some 

gastrodermal staining in anemones when paired with 20 minutes in 10μg/mL Proteinase 

K (close up in Figure 3.3). Anemones fixed with this method were also less broken down 

after increase Proteinase K digestion and higher hybe temperatures compared to other 

fixation methods. 

 

Figure 3.4. WISH Fixation Trial – AIPGENE 18105. Different fixatives were trialed on half and whole 

anemones, with ISH Fix I & II giving superior morphology and gastrodermal staining in anemones treated 
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with 10μg/mL Proteinase K for 20 minutes. Probe staining has a purple coloration. Note a different fixation 

method of 4% PFA in H2O was used for sense probe anemones. Black X’s represent anemones lost during 

ISH washing steps. Photos were taken on a Leica IC80 HD modular stereoscope at 2.5X-3.8X magnification.  

The mucolytic compound N-Acetyl Cysteine (NAC), was found to increase staining 

intensity and specificity of ISH probe signals in planarians by removing their outer mucus 

layer (Pearson et al., 2009). The mucus layer of anemones could be a key player in the 

permeabilization issues, so a muco-lysis step using 5% NAC solution was included in our 

WISH protocol to remove the mucus layer surrounding the anemones. Early trials used a 

5% NAC wash for 10 minutes, while later trials increased this to 20 minutes. While there 

were no trials without NAC for comparison, later trials did lead to gastrodermal staining 

when paired with other optimizations. Future trials could try moving this muco-lysis step 

further up in the protocol after cutting the anemones in half to optimize mucus removal 

before fixation, and could even use it as a killing agent for the anemones (Pearson et al. 

2009).  

Permeabilization steps and reagents vary widely in WISH based on the organism, 

developmental stage, tissue type, and tissue thickness. Proteinase K, along with ethanol, 

methanol, and detergents, are standard ISH permeabilizing agents that digest tissues and 

cells, dissolve lipids, and precipitates proteins to create pores for the diffusion of reagents 

in and out. A common ISH optimization includes varying the timing and concentration of 

Proteinase K. Insufficient digestion will not allow the reagents or probe to enter the cells, 

while over digestion leads to poor morphology, making it difficult to assess probe signal. 

Early WISH trials used 10μg/mL Proteinase K for only 2-5 minutes, which did show some 

gastrodermal staining (Figure 3.5) but staining was inconsistent and only found in 
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anemones that were cut in half. Later trials increased the time in 10μg/mL proteinase K 

to 10 and 20 minutes as shown in Figure 3.4, which also produced some gastrodermal 

staining in half anemones. Morphology of the anemones with longer digestion times in 

Proteinase K depended on the fixative used – ISH Fix I & II had superior morphology with 

longer digestive times over other fixatives (Figure 3.4). Due to inconsistent staining of the 

gastrodermis, Proteinase K concentration was increased to 10 μg/μL and 50 μg/μL for a 

WISH trial. The high concentration of Proteinase K resulted in over digestion of the cells 

and tissues of the anemone, leading to very poor morphology and excessive background 

staining. Future WISH trials on anemones should use 10μg/mL Proteinase K for 10 to 20 

minutes when using ISH Fix I & II, but Proteinase K time should be decreased significantly 

for other fixation methods. 

Hybe temperature optimizations play a role in probe specificity by regulating the 

homology between the probe and target transcripts. The melting temperature of the 

probe used, the specificity of the probe sequence to the target mRNA sequence, and the 

tissue type ISH is being performed on, will determine the best hybe temperature. A low 

hybe temperature can lead to non-specific binding of the probe to off-target mRNA, while 

a hybe temperature that is too high can diminish the anemone’s morphology. Hybe 

temperatures of 55˚C, 60˚C, and 65˚C were tested, with an optimal hybe temperature 

around 60˚C. A hybe temperature of 55˚C in trial 1 appeared to have resulted in only 

background signal of the probe sticking to the outer epidermis of the anemones and no 

gastrodermal staining, so the hybe temperature was increased for further trials. A hybe 

temperature of 60˚C preserved anemone morphology and gave some promising 
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gastrodermal tissue staining with other optimizations, but still had background staining 

(Figure 3.3 & 3.4). A hybe temperature of 65˚C was tested with increased Proteinase K 

concentration and resulted in diminished anemone morphology with excessive 

background staining. The background staining present is likely due to another problem 

unrelated to the specificity of probe binding, so increased hybe temperature will not solve 

this issue. Future trials should continue with a hybe temperature around 60˚C. Once a 

working protocol is developed, further hybe temperature adjustments may need to be 

made on a probe-specific basis to decrease off-target binding.  

Post-hybridization stringency washes aid in the removal of non-specific interactions 

between the probe and off-target mRNA or other genetic material. SSC solution is used 

to vary the stringency of washes by adding positively charged sodium ions that neutralize 

the repulsing forces between the negatively charged backbones of the hybridized probe 

and RNA. Too low stringency (high salinity) of a wash can lead to non-specific binding of 

the probe, while too high stringency (low salinity) of a wash can lead to the probe 

unbinding from target mRNA. Due to high background seen in earlier trials using 2X SCC 

and 0.5X SSC, increased stringency trials were carried out. The trial with 0.5X SSC wash 

showed some gastrodermal staining in half anemones but sections of this did not stick to 

slides for confirmation by the confocal microscope. Later trials with washes using 0.05X 

SSC and 0.02X SSC on anemones cut in half resulted in some gastrodermal staining but 

continued to result in background staining (Figure 3.5). The 0.01X SSC stringency wash 

had no gastrodermal staining and left only faint staining within the trunk of the anemones 

– this wash was most likely too high stringency. It should be noted that these trials 
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differed from our above WISH protocol with only 2-5 minutes spent in Proteinase K. 

Further stringency trials should include sense probe anemones for each of the conditions 

to determine the best stringency wash and distinguish off-target probe binding from 

other possible background sources. Future WISH experiments on anemones should have 

a high stringency, low salinity wash with 0.05X SSC, and if off-target probe binding is a 

problem, the stringency can be increased with 0.02X SSC or 0.01X SSC. 

 

Figure 3.5. Post-Hybridization Stringency Washes – AIPGENE 18105. Three WISH trials were carried out 

including highest stringency washes of a) trial 1 – 2X SSC; b-e) trial 2 – 0.5X SSC; and f-n) trial 3 – 0.05X SSC, 

0.02X SSC, 0.01X SSC. Stringency washes in 0.05X SSC and 0.02X SSC in trial 3 showed some gastrodermal 

staining in half anemones, which was confirmed by looking at sections of these anemones under the 

confocal. Note, trials 1-3 were completed at separate times with slightly different optimizations: Proteinase 

K timing was only 2-5 minutes for these trials, trial 1 used a hybe temperature of 55˚C instead of 60 ̊ C, trials 

1 and 2 did not include a sense probe, and trial 3 did not include a sense probe for all SSC wash conditions 

(0.02X SSC & 0.01X SSC). GA – Gastrodermal Staining; BK – Background Staining. a-n) Post-WISH anemones 

– photos were taken on a Leica IC80 HD modular stereoscope at 2.5X-3.8X magnification.; f* & h*) 

Sectioned WISH anemones corresponding to f & h respectively – photos were taken on a Leica SP8 Confocal 

Microscope using LAS X Imaging Suite at 20X magnification. 
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While some optimizations did result in probe staining of gastrodermal tissues, the staining 

was not consistent, was only localized in some tentacles of anemones cut in half, and still 

included background as indicated by the sense probe. The inconsistent probe signal 

pointed to permeabilization issues, which could not be solved by further modifications of 

Proteinase K concentration or timing as mentioned above. So, an alternative WISH 

protocol (Vauti et al., 2020) was trialed to target gastrodermal tissues of the anemones. 

This protocol was developed for juvenile zebrafish that were past the development stages 

ISH techniques usually target – embryos and larvae. As organisms develop, their tissues 

become denser and less permeable making them less penetrable by the ISH reagents and 

probe. Vauti et al. (2020) used methanol, ethanol, xylol, acetone, and detergents as 

alternate WISH permeabilizing agents and increased pre-hybe, hybe, and post-hybe 

washing times to allow reagents to reach inner tissues. Using this method on anemones 

for WISH permeabilization through hybridization resulted in anemones with excellent 

morphology and decreased background signal, but no gastrodermal probe staining was 

found (Figure 3.6). This permeabilization method would require additional optimizations 

for the anemones but could be a potential problem solver if future WISH trials continue 

to have permeabilization issues. Another takeaway from this alternate protocol is the 

bleaching step with hydrogen peroxide after permeabilization and before pre-hybe. 

Bleaching removes any leftover pigment allowing for better visualization of the probe 

signal, especially in the trunk area of the anemones where thicker tissues obscure a clear 

signal. This bleaching step should be trialed in future WISH experiments to determine if it 

would improve our above WISH protocol. 



63 
 

 

Figure 3.6. Alternative Aiptasia WISH Protocol Trial for Permeabilization – AIPGENE 18105. Methanol, 

ethanol, xylol, acetone, and detergents were used as permeabilizing agents; pre-hybe, hybe, and post-hybe 

washing steps were increased in time; and a bleaching step was added to decrease pigmentation according 

to the protocol by Vauti et al. (2020). The top photos are AIPGENE 18105 antisense probe and the bottom 

photos are AIPGENE 18105 sense probe. Photos were taken on a Leica IC80 HD modular stereoscope at 

2.5X-3.8X magnification. 

The background staining found within our WISH anemones does not appear to be non-

specific binding to off-target RNA or DNA, but the probe binding to other biological areas 

of the anemone it should not be. As seen in Figure 3.5 (d & e), WISH anemones with no 

probe did not have any staining, confirming the antibody and colorimetric solution 

(NBT/BCIP) were not the sources of background. To decrease probe background staining, 

acetylation steps are used to neutralize the positive charges of proteins that could cause 

binding of the negatively charged RNA probe, and the addition of salmon sperm DNA to 

pre-hybe and hybe buffers is also used to block non-specific binding of the probe. Even 

with these two blocking steps in our protocol, the probe was still binding to areas it should 
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not be, causing background staining. RNase A has been suggested as a way to remove 

background staining, but was used in our first trial and anemones still had background 

probe stuck to the outer epidermis. As mentioned in Moffitt et al. (2016) this RNase A will 

only remove non-specific probes bound to off-target RNA, not probes bound to other 

biological areas like proteins and lipids. Before continuing with further WISH trials, we 

decided to check if there was a more basal issue causing background staining by 

performing dot blot hybridizations. 

Without proper probe signal, background staining, and an undetected source of the 

problem, it is hard to say if our optimizations will work for a successful WISH. While some 

optimizations may be probe specific, insights on cutting the anemones in half, fixation 

methods, muco-lysis, permeabilization, and post-hybe stringency washes can be used for 

further WISH progression with Aiptasia.  

3.4.2.2 Dot Blot Hybridization 

After unsuccessful WISH trials, dot blot hybridizations were performed to determine 

whether greater optimizations on the anemones needed to be made or if there was a 

problem with the ISH reagents or the probe (Figure 3.7). Permeabilization issues could be 

leading to a failed WISH protocol and inconsistent staining. On the other hand, bad 

batches of ISH reagents and improper probe synthesis or probe clean-up could be the 

issue. Dot blot hybridizations use a piece of membrane paper instead of a three-

dimensional organism with multiple tissue layers, acting as a quick and simplified check 

for permeability issues, functioning reagents, and probe integrity.  
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Figure 3.7. Dot Blot Hybridization Trials. a) Membrane pieces with anemone RNA samples dotted and 

bound were hybridized separately with different AIPGENE 18105 probe concentrations, following above 

dot blot hybe protocol but with a hybe temperature of 60˚C. b) Our above dot blot hybe protocol was 

followed with a 20% serial dilution of RNA dots and hybridized with AIPGENEs 18105 and 22527. c) Above 

dot blot hybe protocol was followed but no probe was added in the hybe steps. d) AIPGENE probes 18105 

and 22527 were dotted and bound directly to the membrane paper in decreasing concentrations (1ng/μL, 

0.5ng/μL, 0.25ng/μL, 0.125ng/μL, 0.0625ng/μL), hybe steps were skipped and went directly to antibody 

binding and color development. e) Probes were purified using different methods – LiCl precipitation vs. RNA 

spin column clean-up kit (New England BioLabs, USA – T2040) and then used for a dot blot hybe following 

the above protocol with a 20% serial dilution of RNA dots. A sense probe blot and antisense probe blot 

including a wash in washing buffer after baking and before pre-hybe were also performed. 

A dot blot hybe probe dilution trial using membrane pieces with anemone RNA samples 

dotted and bound were hybridized separately with different AIPGENE 18105 probe 

concentrations (Figure 3.7, a). The membranes were stained entirely with the intensity of 

staining dependent on probe concentration, and the RNA dots did not produce a visible 

probe signal compared to the background. A dot blot hybe should result in a clear 
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membrane with only the RNA dots stained by the probe, so the results indicated there 

was a problem with background staining.  

Dot blot hybes with serial dilutions of RNA and two different probes (AIPGENE 18105 & 

22527) were run (Figure 3.7, b) to check if there was a probe-specific problem. Again, 

both membranes were stained entirely and the RNA dots did not stand out from the 

background staining, so the problem is general to the RNA probes we produced. A blot 

was run with no probe (Figure 3.7, c) to assess if the background problem was due to the 

antibody or colorimetric reagents. No staining was found on the membrane, indicating 

both antibody and colorimetric reagents were not the cause of background and were 

working properly. Probes were then tested by running blots with just the bound probs as 

serially diluted dots and then jumping to antibody binding and color detection (Figure 3.7, 

d). The staining intensity of the probe dots appeared in a concentration-dependent 

manner and no background staining occurred. These trials determined there was a 

problem with the probe itself, probe blocking, or the membrane – the probe was correctly 

binding, the antibody was attaching to the DIG-label, and the alkaline phosphatase 

reaction with NBT/BCIP was creating a purple precipitate, but the probe was binding to 

the membrane wherever it touched and not just to the target mRNA.  

We then checked the integrity of the ssDNA, RNA, and probe by running them on a gel. 

The ssDNA was properly sheared, the RNA had clear and crisp bands at 18S and 28S, and 

the probe showed a clear band just larger than its predicted base-pair length indicating it 

was correctly labeled by DIG. To check if the membrane was being blocked correctly by 
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the ssDNA, two dot blots were run using the ULTRAhyb Ultrasensitive Hybe Buffer 

(Thermo Fischer Scientific, USA) + 50μg/mL ssDNA and a hand-made hybe buffer solution 

(found above in 3.4.1.5.1 - WISH Reagents) + 100μg/mL ssDNA, with similar results to 

Figure 3.7, b. Even with increase ssDNA concentrations, there was high background and 

RNA spots blended in with the background staining intensity, therefore blocking of the 

membrane with ssDNA was not the problem.  

Improper probe purification after in vitro transcription can lead to background staining, 

so new AIPGENE 18105 antisense and sense probes were synthesized and cleaned via 

either LiCl precipitation or by an RNA spin column clean-up kit (New England BioLabs, USA 

– T2040). After confirmation of proper labeling by gel electrophoresis, the probes were 

used for dot blot hybe trials shown in Figure 3.7, e. Again, blots with these new probes 

and different clean-up methods produced high background, and RNA dot staining 

intensity did not stand out for both sense and antisense probes. Therefore, proper probe 

purification was not the source of the background staining. 

In previous trials salt crystals were viewed forming on the membrane when the 

membrane was transferred from baking at 80˚C into pre-hybe buffer solution, so a dot 

blot with a wash in washing buffer for 2-3 minutes after baking and before pre-hybe was 

trialed (Figure 3.7, e – extra wash). This wash did not improve problematic background 

staining, but it did result in a more consistent background compared to non-washed 

membranes after baking, indicating this wash may be a good addition to future dot blot 

hybe protocols for consistent probe staining.  
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Dot blot hybe trials were inconclusive – background staining could be due to an unknown 

problem with the probe, reagents, or with the nitrocellulose membrane used. Future dot 

blot testing should continue until a successful blot is completed before continuing with 

anemone WISH optimizations. 

 

 

 

 

 

 

 

 

 

 

 

 

 



69 
 

Chapter 4: Conclusion and Future Research Directions 

A synergy of spatiotemporal transcriptomic techniques – combining the “old school” 

method of ISH with more recent, advancing RNA-seq technologies becomes a very 

powerful tool in uncovering the transcriptomes of both model and non-model organisms. 

Bulk and unbiased analysis of transcriptomes, whether whole organism, tissue, or single 

cell, can be carried out by high-throughput RNA-seq technologies to identify genes of 

interest by differential expression and to assist in distinguishing specific cell types, tissues, 

and processes.  Spatial location, temporal resolution, and visual validation of critical 

transcripts can then be carried out by ISH methods. Adopting this approach of molecular 

exploration within the fields of marine science and symbiosis could be a fundamental key 

in unlocking the mechanisms behind one of the most important symbiotic relationships 

of marine ecosystems. Just as the evolutionary and developmental biology fields have 

done with their model organisms of study, organism-specific databases or atlases of ISH 

transcript patterns and RNA-seq expression data could progress research towards the 

ability to leverage advancing computational and analytical spatiotemporal 

transcriptomics methods (Achim et al., 2015; Satija et al., 2015). 

While a working whole-mount ISH protocol for Aiptasia was not accomplished, continued 

work on this protocol would be beneficial for creating a molecular tool to study the 

cnidarian-dinoflagellate symbiosis. This involves firstly, completing a successful dot blot 

hybridization with no background staining and proper hybridization of the probe to mRNA 

bound on the membrane. Once this is achieved, further Aiptasia WISH optimizations can 
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be made using our insights on half vs. whole anemones, fixation methods, muco-lysis, 

permeabilization, hybridization temperature, and post-hybe stringency washes. Future 

target mRNA should focus on Aiptasia transcripts that have already been successfully 

probed by ISH – β actin and acasp, genes associated with cnidarian apoptosis, were 

successfully probed using ISH on Aiptasia sections by Dunn et al. (2007), and acasp was 

found to reside in endodermal tissues. This will provide a reference for probe staining in 

whole-mount anemones to assess a successful WISH protocol before moving onto other 

transcript targets. Targeting an endodermal transcript, like acasp, in future whole-mount 

trials will make sure permeabilization of the protocol is sufficient to reach inner tissue 

layers of the anemones.  

A working WISH protocol will provide a spatial validation tool for gene expression studies, 

for gene knockdown experiments (Dunn et al., 2007), and to physically separate cell types 

by marker genes. It can also act as a powerful spatiotemporal validation tool to monitor 

expression and location for temporal or condition-based experiments that rely on 

multiple replicates. The affordability of ISH allows for multiple time points to be analyzed 

in each condition and multiple replicates for each experiment. Future experiments could 

visually monitor multiple crucial transcripts at a time involved in symbiont uptake after 

an experimental “inoculation” or even symbiont breakdown during a temperature stress 

experiment. This use of RNA-seq and WISH together will help to develop model organisms 

in the symbiosis and marine fields and may hold the key to understanding the molecular 

mechanisms behind the critical cnidarian-dinoflagellate symbiosis. 
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Although transcriptomics research is hypothesis-generating in itself due to the regulatory 

mechanisms and modifications that take place before transcripts are converted into 

proteins, it acts as a proxy to help us understand how an organism’s genetic material is 

transformed into its phenotype. Conclusions from transcriptomics data need to take this 

into consideration and use this information not as proof, but as a way to progress our 

understanding for future studies. The next step in the search for answers leads to 

methods of proteomics for further validation. 
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