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Introduction 
Rather than analysis of single molecules or pathways, omics platforms analyze entire 
classes of biomolecules. RNA is at the center of orchestrating the molecular response of 
all living cells to their environment. Hence, the omics analysis of RNA (transcriptomics) 
can provide a holistic view on how the living organism perceives and reacts to the 
environment. This holistic view places transcriptomics in a unique position to serve as a 
complex sensor for monitoring living organisms during spaceflight missions, unparalleled 
in scope by the traditional sensors. Furthermore, the universal role of RNA makes 
transcriptomic sensors highly cross-compatible across species and life domains. This 
cross-compatibility means that the same platform with modular modifications could 
monitor all types of biological components of a spaceflight mission. This monitoring 
includes tracking crews' health for decision making on corrective medical steps or course 
of treatment1,2. Furthermore, there are a wide variety of transcripts that could be used to 
monitor the behavior of organisms of interest, from ripening of fruit3 to response to 
environmental stress4,5. Therefore, transcriptomics data could provide critical sensory 
information for the quality control, management, or harvest of the bioproducts from the 
plant, animal, and microbial components of biological life support systems. The sensory 
information would be obtained via screening for affected biological pathways through 
gene ontology6 or expression of signature transcripts. 
 
Incorporating an artificial intelligence (AI) component would enable the assignment of 
standard operating procedures (SOPs) based on the transcriptomics outputs. The AI 
could improve the transcriptional sensory analyses and SOP assignments based on 
feedback from the crew or environmental sensors. The AI-based SOP assignment could 
be expanded to also incorporate data from other sensors during the decision-making 
process. 
 
Here we propose a ten-year Research Campaign for developing both hardware and 
software infrastructure that would enable the use of transcriptomics as an on-site and 
cross-species sensory platform during spaceflight (Fig. 1). This sensory platform could 
provide detailed information for decision-making during spaceflight without the need for 
sample or data return. The independence from sample or data return would be of 
particular interest during Moon, Mars, and deep-space missions.  
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Targets 
1. Overall design adjustments and “light transcriptomics” 
While "classic" transcriptomics designs with multiple replicates could be feasible during 
spaceflight, less demanding conditions like single sample methods7,8 could be used in the 
sensory application of transcriptomics. These "light-transcriptomics" adaptations could 
significantly reduce the need for reagents and computational power. 
 
2. Targets for sample preparation and sequencing 
2.1 Modular design for sample preparation pipeline 
A modular design would be required for the cross-species application of transcriptomics 
sensors. At the hardware level, the modular design would be needed for sample 
preparation steps highlighted in Fig. 1. Due to the shared molecular principles involved in 
each sample preparation step, current platforms allow for a great deal of flexibility and 
cross-compatibility between organisms and tissues. Nevertheless, unification of these 
protocols into a single modular system would be the desired target and would enhance 
the transition to automation. 
 
It is important to note the recent developments in direct RNA sequencing9 and its potential 
to simplify the sample preparation steps. However, direct RNA sequencing currently relies 
on high concentrations of input RNA, and further developments are needed before it can 
be incorporated in pipelines with limited samples. 
 
2.2 Automation of sample preparation pipeline 
Sample preparation for transcriptomics is multistep, sensitive, and complex. Automation 
would remove the requirement for crew time and training for sample preparation. 
Furthermore, user errors and variations during sample preparations could chip away 
significant power from the transcriptomics analyses. Automation will improve the analysis 
power by reducing user errors and limiting variations. The feasibility of automation of 
sample preparation steps has been demonstrated10-14, and adaptation of similar systems 
for spaceflight conditions for partial or complete automation is desired. 
 
2.3 Adaptation of non-toxic reagents and reusable material  
There has been a traditional reliance on RNA extraction methods based on toxic organic 
solvents in laboratory conditions. Adaptation of non-toxic RNA extraction methods15-17 
alongside full automation of the sample preparation pipeline could address the associated 
risks regarding reagent toxicity and would allow for recycling of water, salt, and organic 
compounds post-analysis. 
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There is also currently a reliance on single-use plastic consumables for the sample 
preparation procedures. However, this is primarily due to convenience rather than 
necessity. It is conceivable that reusable or 3D printed recyclable material could replace 
single-use consumables during the long missions. 
 
2.4 Adaptation of amplification strategies for limited samples 
Techniques for amplification of cDNA before sequencing could be implemented when 
biological resources for sampling are limited. For instance, the adaptation of cDNA 
amplification techniques used for sequencing small sample quantities and single cells 
could be considered18,19. 
 
3. Targets for transcriptional analysis and SOP assignment 
3.1 Modular design and automation of data analysis pipeline 
The modular design at the analysis level would consist of preloading the analysis 
pipelines (highlighted in Fig. 1) for each target organism. Traditional analysis of 
transcriptomics data requires training in bioinformatics and molecular biology. However, 
automatic analysis pipelines of transcriptomics data are currently available20,21. 
Implementing fully automated analysis pipelines would minimize the crews' need for 
training and involvement in the process and would increase the consistency of analysis 
across samples. 
 
3.2 Model development for rapid SOP assignment and forecasting 
Design variables would significantly affect the expected timelines of sensory 
transcriptomics from sampling to SOP assignment. Nevertheless, depending on the 
required depth of sequencing, we estimate the timeline to generally be within the first 24 
or 48 hours from sampling. During this time window, circumstances that require 
immediate decisions can utilize models that incorporate profiles of other sensory inputs 
alongside archival transcriptomics data to assign immediate SOPs. Furthermore, in the 
case of rapidly evolving events, models can also be engineered to account for the elapsed 
time using forecasting to issue time-adjusted SOPs post-analysis. 
 
3.3 Implementation of machine learning to improve sensory readout and 
SOP assignment 
Machine learning (ML) can be used to improve both sensory readout and SOP 
assignment, using feedback from other sensors or crew. ML techniques have been used 
to categorize medical samples based on their transcriptomic profiles8,22. Similar 
approaches can be employed to identify affected biological pathways using the archival 
transcriptomic profiles from the mission or simulated experiments. 
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3.4 Development of knowledge bridge between Illumina and Nanopore 
transcriptomics platforms 
To this date, most of the RNA sequencing data from spaceflight and simulated conditions 
have been generated using Illumina platforms23. On the other hand, current sequencing 
platforms used during spaceflight are Nanopore systems24 due to their portability and 
compact size. While the data from Nanopore platforms could be directly used through 
gene annotation to generate sensory readouts, the development of knowledge bridges 
would allow detailed interpretation of transcriptomics data during spaceflight using the 
insights from the archival data. 
 
3.5 Data storage adaptations 
The data generated from sequencing platforms can be fully analyzed on-site with the 
current technology. Nevertheless, accumulative storage of raw data over long missions 
might pose a storage challenge that might require the development of storage strategies. 
For instance, generated data could be converted and stored as summary tables of 
transcript expression for future use. When communication of sensory transcriptomics 
findings across missions or with base is desired, employment of decentralized ML 
techniques such as federated learning and swarming could allow for the transfer of 
summarized parameters only. Federated learning and swarming allow for ML models to 
be trained on separate datasets without the need to share or download the data to a 
central location25-27. 
 
Closing remarks 
We would like to highlight two campaign papers focusing on the potential of AI and ML 
platforms in space biology28 and space plant production29. These platforms have the 
potential to be unified or work in tandem with the AI/ML components presented in the 
context of sensory transcriptomics here. 
 
In addition, an important topical white paper has been recently submitted, with the 
guidelines for the improvement of transcriptomics experiments during spaceflight30. In 
particular, the authors have described the possibility of automation, on-site analysis of 
transcriptomic data, data size reduction strategies, and the use of ML in experiments 
during spaceflight missions. The similarities in the implementation strategies are the result 
of converging thoughts in the wake of the significant potential of transcriptomics in the 
future of space missions.  
 
Here we highlighted the transformative potential of sensory transcriptomics and provided 
the targets for its implementation as a universal sensor for biological components of the 
missions. This platform could be used as an integral part of the decision-making 
apparatus during spaceflight, Moon, and Mars missions. 
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Pipeline outline 
 

 
 
 
Pipeline examples 

 
Figure 1. Sensory transcriptomics pipeline. 
AI, artificial intelligence; ML, machine learning; SOP, standard operating procedure; [..] 
customized entry.
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