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 Whole genome sequencing, commonly known as WGS is a method used to read entire genomic sequences. When using the WGS tutorial, certain steps for analysis have to be taken such as: FastQc, Trimmomatic, KmerGenie, SOAPdenovo, and MaSuRCA. A Maker step will be discussed, but not used for this tutorial. FastQc will be used to obtain a data quality summary of all of the individual sequencing reads in the dataset provided. The Trimmomatic program cleans the data and KmerGenie finds the optimal k-mer sizes for the desired dataset while producing the largest genome assembly, this is obtained through DNA sequencing. A Kmer is a list all of the possible subsequences from a genomic read. SOAPdenovo will be used for error correcting functionality. Though MaSuRCA does the same, it also assembles the whole genome from short-read Illumina and creates a smaller number of “super-reads” from the paired-end reads. A “super-read” contains the sequence information from the original reads. Once all of these steps have been finished the data can be used for multiple research projects and findings. This tutorial will demonstrate how WGS can be used in future research such as CRISPR and its effects on cancer patients through their individual genetics.

The first method of WGS is FastQc, and it will be used to check if the sequence ran produced high quality data. The data that was used was already in the system prior to us using it, but in order to perform a new set the user will need to enter their own data into a FastQc program. After entering the data , log into the cluster and make a directory for trimmomatic. Copy all of the FastQ and qsub files from a shared directory to the trimmomatic directory. Once this is done, view your files in the trimmomatic folder. There will be three files, the FastQ program only needs to be ran on one of the data files to create a quality score boxplot. After FastQc is finished, use the program Cyberduck to transfer the html file produced to your laptop. Open the file to view the following data and diagnostics from FastQc. The program will give them two files; file one is specifically for all forward sequence reads, and the second file is for all reverse sequence reads. The files should include: basic statistics, per base sequence quality, per sequence quality scores, per base sequence content, per base GC content, per sequence GC content, per base N content, sequence length distribution, duplicate sequences, and overrepresented sequences and K-mers. Once the analysis is done running Trimmomatic is next.

Next, while using Trimmomatic a quality filter will be ran on the ends of one of the raw reads by using options such as: ILLUMINACLIP (removes artifacts from sequencing), TRAILING and LEADING (requires a Phred score that is the minimum quality score of the base pairs), SLIDINGWINDOW (insures that the window of bases don’t drop below the average Phred score), and MINLEN (gives the minimum length necessary to be retained in the dataset). The Trimmomatic program will be ran on the Juniata HHMI cluster as a qsub script. A qsub script is a program that tells the computer to run a job on “worker” or “compute” nodes. Before running the program edit the directories and make sure the address (username) of the data files corresponds to the job. To do this use the nano program to view the qsub, and directly edit what is needed. After this is done, save and run the trimmomatic program using qsub. The qsub program will submit your jobs to the cluster queue to save the work. Rerun Fastq and open the file in Cyberduck to compare the original data and the data that has been trimmed and filtered.

The third program used is KmerGenie. KmerGenie will produce a K-mer graph after the program is ran, and be used used to understand the expected assembly size. An assembly size is the total length of DNA in contigs (set of overlapping DNA segments that represent a  region of DNA) and scaffolds(comprised of contigs) which result from running the assembly program. An assembly size can be less than the genome size due to repetitive elements collapsing into a single contig. An assembly size can also be larger due to read errors and heterozygosity (causes the sequence to look different); resulting in the assembly of different contigs. With respect to producing the largest genome assembly, KmerGenie is used to find the optimal k-mer size for a dataset. KmerGenie works by running five different commands sequentially. Module load Python, module load RMod, and module load KmerGenie load the programs necessary to make KmerGenie. The line “cat/share/apps/sharedData/GCAT/EukGenWorkshop6/2_ kmergenie/*.fq > input.fastq” merges raw Fastq files for Ensifer from the shared directory into a single file in your current working directory. The line “kmergenie input.fq” invokes the program in order to make k-mer histograms and determine an optimal k-mer size. The following line “rm input*” removes unnecessary intermediate datasets.To run the program create a directory for KmerGenie and move into it as your working directory. Examine the contents of a shared folder; it contains four copies of the FASTQ files that was made previously. It also contains the qsub file named “kmergenie.qsub,” copy this file and open the qsub file to edit it. Edit the username and email address as before to insure that everything is running in the right directory. After editing, send the job to the worker nodes, and use the program Cyberduck to transfer the report.html files generate. Once this is done you can open your files and review your results. 

	The fourth program ran will be SOAPdenovo. SOAPdenovo is a genome assembly program that uses de Bruijin graphs (a graph that assigns K-mers from ever read to directed edges connecting nodes, Eulerian paths which go through every edge once build an assembly of the reads) comprised of four distinct functions including: pregraph (construct k-mer-graph), contig (eliminate errors and output contigs), map (map reads to contigs), and scaff (construct scaffolds). SoapDenovo is also used for error correction by calculating k-mer frequencies, filtering the k-mers below a certain frequency, and correcting frayed rope patterns. The program will be used to create de Bruijn graphs and scaffolds by mapping all paired reads to contig consensus sequences. The data that is used and that SOAPdenovo modules builds an assembly on will already have been through error correction screens. With SOAPdenovo we will assemble a genome from two already error-corrected bacterial genome files. The raw data used will include a paired-end fragment library. In an innie (forward and reverse reads facing each other) orientation, an insert length of 550bp will be included with 2x250bp paired end MiSeq reads. To run the program go to the directory with your last name and make a directory entitled “soap.” Move into the directory and copy all the data from the GCAT shared directory. Use nano to open the “config.txt” file. SOAPdenovo program uses the text file to tell it which files to use. It also tells you where to enter important characteristics of data. The file shows comments explaining parameters and what is ignored by the program (Figure 1). To view the rest of the config files for further comparison use “ls” (Figure  2). After comparing, edit the working directory as before with nano, and run SOAPdenovo using qsub. To see if the job is running use qstat to view the files. Next you will rerun your jobs at different k-mer sizes (21, 51, 97, 199) to see how assembly is affected (Figure 3). While running, check the KmerGenie results to figure out which k-mer size is going produce the best assembly for each dataset. Once this is done, you can create a table for a better comparison of k-mer sizes. 
	
	The final step used for WGS was MaSuRCA. MaSuRCA uses a different kind of a approach to the genome that combines the de Bruijn graph and Overlap Layout Consensus  (OLC) assembly methods. MaSuRCA assembles whole genomes by using short-read Illumina data, or a compilation of short and long reads. The program creates a small number of “super-reads” from paired-end reads, and these super-reads contain the sequence information from the original reads. For the OLC part, the program uses a modified version of the CABOG assembler. This creates super-reads using only reads that are not substrings of larger reads. The super reads are composed by extending each of the original reads base by base in both the forward and reverse directions. The mate-pair and super-read information is incorporated into the assembly by the OLC assembler. MaSuRCA does have a built-in error corrector, but it also corrects, trims, and removes reads. The program eliminates the k-mer cutoff step to insure that it does not throw out low coverage regions. To run the program create a new masurca directory and move into it. Copy a template qsub file and a configuration file that contains the location of the compiled assembler, the data, and some parameters. Prepare the assembler to create a shell script ("assemble.sh") from the configuration file and drive the assembly process. Run the script “assemble.sh” in the qsub file to start the assembly, then rerun the qsub file. Monitor the assemblies process by using the “less” command. Lastly, the final step of the assembly produces a “CA/10-gapclose” directory which contains the genome listed in scaffolds. Run QUAST from within the directory to obtain the assembly statistics. Move into the QUAST output directory and view the assembly statistics. Compared to SOAPdenovo which throws out all contigs less than 200 bps, MaSuRCA throws out all contigs less than 500 bps. Rerun the assembly on the 100x trimmed data, but create a new directory within the masurca one insure that it does not overwrite your previous assembly. After analysis, delete the result files in order to have more space.
	
	Lastly, the maker program is used as a genome annotation pipeline. The program combines two pieces of information to form structural gene annotations from the raw DNA. the first piece of information is extrinsic evidence supplied to the program based on the similarity of genomic regions to other organisms’ mRNAs or protein sequences. The second piece of information uses gene predictions from signals in the organism’s DNA. These signals are found by ab-initio (from scratch) gene predictors. The Maker program updates features including: 5’ and 3’ UTRs based on the evidence, determines alternate splice forms where the data permits, and chooses the what best matches the evidence from the gene model possibilities. Next, pieces of the eukaryotic genomes consist of SINEs (short interspersed nuclear elements) and LINEs (long interspersed nuclear elements). These two elements could contain coding genes, and these genes need to be defined as exogenous so that the gene finders do not confuse them as endogenous genes. The maker then uses a program called RepeatScout. This program is used to find DNA elements that are repeated more than 10x in the genome and it creates a draft repeat library. RepeatScout counts 12 base pair sequences and extends them to form consensus sequences. RepeatMasker, BLAST2GO, and TEclass are then used for the proteins and repeats. Maker was not used in this WGS tutorial due to technical issues. The program would not run or would crash in the middle of running. Further analysis of the issues could have been taken, but due to time conflicts, maker was not actually used.


Relevancy 
All of the steps in the WGS tutorial that are used for analysis including FastQc, Trimmomatic, KmerGenie, SOAPdenovo, and MaSuRCA have been used in multiple CRISPR research projects. FastQc is being used in CRISPR experiments in order to help determine if mutations have formed replicated DNA sequences. Scientists created a custom script in the R language that is then used with the “shortread” option from biconductor.org. Once the script was applied a FastQc file was created for each clone. This process was used to de-multiplex the samples and to show if there were any mutations present. (Bell,2014). Trimmomatic is being used in some CRISPR experiments to trim illumina adapters. This is another necessary step to read and analyze replicas of DNA fragments. When involving CRISPR trimmomatic is mainly used in identifying mutations in replicated DNA.(Canver, 2017). Scientists used KmerGenie in CRISPR research to put the contigs in order. They also adjusted the kmer sizes while using the programr to compare the desired genome with different strains. KmerGenie is also being used by scientists to automatically determine kmer size. (Hébert,20140. Soapdenovo was used in CRISPR research to assemble trimmed reads from a unique contig. This unique contig was previously mapped with a gap-crossed read pair. This gap-crossed read pair was retrieved from short paired-end information.(Li,2015). MaSuRCA was used in CRISPR research to put together hybrid assemblies. MaSuRCA also has the ability to assemble hybrid assemblies of both plants and animal genomes.(Ruan,2017)
In conclusion, WGS can be ran with multiple programs and for multiple purposes. The main purpose of us using WGS was to determine the quality of replicated DNA sequences. In this tutorial we expressed every program that was beneficial and cooperative to us and the potential CRISPR research. With CRISPR research, the main use of the WGS steps was to determine if the replicated DNA sequences contained unwanted mutations. It was reported that WGS and its programs was successfully used and beneficial to the CRISPR research. We expect and hope to use this method in future career opportunities. 
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Figure 1. Nano of the config 100x untrimmed file.
The nano shows what is ignored by the program and everything that is in the file itself.
The pound sign shows comments that explain the parameters below them. The command for this figure is nano config100xuntrimmed.qsub.
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Figure 2. List of contig files
The command ls was used in order to show all of the contig files in SoapDenovo.
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Figure 3. Nano of Soap
[bookmark: _GoBack]The nano file of SoapDenovo shows the desired kmer size and allows for kmer size to be 	changed. The command for this figure is nano soap.qsub.
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