
Abstract
In the modern genomic era, students without computer programming skills can perform advanced computational analyses to 

answer biological questions. Bacteriophage, the viruses of bacteria, represent an affordable, historically powerful, and currently 
relevant model for training in computational research. Unlike the genomes of most cellular life forms, phage genomes are usually a 
single contiguous molecule <200,000 bases in length. Such a small genome size permits speedy analyses and enforcement of strict 
high-quality standards for research products in the genomics education setting. At the Center for Phage Technology (CPT), we use 
two open source, web-based platforms: Galaxy, for reproducible computational analyses, and Apollo, a collaborative genome 
annotation editor, to facilitate annotation of phage genomes by undergraduate students (https://cpt.tamu.edu/galaxy-pub/). The CPT 
has trained a steady stream of undergraduate and graduate students, as well as scientists, both informally and through formal 
university course offerings to use semi-automated workflows in Galaxy and Apollo for collaborative annotation of genomes, 
including feature calling, contextualized functional prediction, and comparative genomics. A series of tutorials for self-paced 
training in the Galaxy Training Network format accompanies our platform at https://cpt.tamu.edu/training-material/.

During computer lab time in our semester-long upper level undergraduate course called Bacteriophage Genomics, students are 
provided with assembled, complete DNA contigs.  In the user-friendly Galaxy web browser front-end for powerful command-line 
bioinformatics tools, students collaboratively annotation in the Apollo genome browser interface. Their data and activities are 
recorded in the platform history which facilitates reproducibility, reanalysis, instructor assessment, and constructing the methods 
section for a manuscript. Being a legitimate guided research experience, Bacteriophage Genomics demands creativity, persistence 
in the face of uncertainty, and application of disciplinary knowledge and skills as they interpret the bioinformatic results for their 
project. Ultimately, the course culminates in two student-owned products: the Genbank file of an annotated phage genome for 
deposition into the NCBI public database and a manuscript describing that genome ready for submission to a peer-reviewed 
journal. The resulting data and student publications from this training effort are continuously collated on our BioProject page 
(https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA222858). We note that, unsurprisingly, the fully online nature of the 
system lent itself to a seamless transition to virtual instructional delivery during the COVID-19 pandemic. In the long-term, our 
trained student researchers often go on to participate in additional laboratory research or apply to graduate or medical school, while 
others seek employment in the biotechnology industry.
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