Phage tutorial 3: downstream analyses
In this tutorial, we will be looking at some of the downstream analysis steps you can perform once you have identified one or more genes/proteins of interest from your annotated genomes. Note that this is by no means an inclusive list (& that you are encouraged to explore the literature/try different data analyses independently), but hopefully this will give you something of a starting point or at least some ideas.
1. Option 1: BLAST

You may find this particularly useful for proteins which have been annotated as “hypothetical”, or to find genes/proteins related to your sequence of interest. 

Step 1: Navigate to the NCBI blast homepage (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and select the type of BLAST analysis best suited to your sequence and task. In this example, I will be using a hypothetical protein sequence from one of my annotated phage genomes. (Remember that you can retrieve the amino acid or nucleotide sequences from your annotated genome using the “Extract sequences from Genbank” tool in Galaxy that we used last time.)
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[bookmark: _Ref181778816]Figure 1. BLASTp search page.
Enter your query sequence (Figure 1) and choose your search set (the database you wish to search). In this example I will be searching for the hypothetical protein annotated as CWELIFBT_CDS_0002 (Figure 2) in the standard nr database, and I am happy to use the default BLASTp algorithm parameters.
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[bookmark: _Ref181778959]Figure 2. Specifying BLAST query sequence and search parameters.
Hit “BLAST” and wait for the results page to load.
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[bookmark: _Ref181779169]Figure 3. BLAST results (descriptions tab).
Step 2: Analyse and interpret your results
You will want to analyse your results (Figure 3), taking into account the score, query cover, e-value, and percent identity of the hits which match your query sequence. 
In this example, it looks like my “hypothetical” protein may in fact be an adenylate cyclase, with homologs present in the genomes of several different Kitasatospora and Streptomyces spp. (If I wished to better understand how all these proteins are related to one another, I might go on from here to create a phylogenetic tree using these sequences – see the previous tutorial for instructions on creating phylogenetic trees.)

One thing you may wish to note is that you can also certainly create custom BLAST databases (e.g., should you want to search for a sequence of interest in your phage genome(s). 
You can do this in Galaxy using the NCBI BLAST+ makeblastdb tool (Figure 4). You will need to specify the type of molecule you are using (protein or nucleotide), and the input sequences. Note that it is usually helpful to choose the option “Parse the sequence identifiers” as “Yes” – this should ensure that your sequences are still associated with their original names.
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[bookmark: _Ref181868586]Figure 4. NCBI BLAST+ makeblastdb in Galaxy.
Once you have created a custom BLAST database, you can use the NCBI BLAST+ tools to search it (in this example I created a protein database, and will use BLASTp to search it, but you could also create a nucleotide database and you can use any of the standard BLAST search strategies.)
Here I have made a BLAST database across an entire collection of phage genome sequences (which I had downloaded and annotated in a batch job, collection 64 in my history – and I can now search for my protein of interest (the integrase I’m interested in) across all of these genomes.
When you perform your BLAST search (Figure 5), you will want to specify the BLAST database from your history (in my case, it is the BLAST database I just made, item 122 in my history) and a .fasta file that you wish to use as a query. 
You may also wish to change the e-value threshold (this will depend on your gene/protein of interest and must be determined empirically for each sequence).
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[bookmark: _Ref181869239]Figure 5. NCBI BLAST+ blastp search of a database from your local history in Galaxy
Note that the standard output format for BLAST searches performed in Galaxy is tabular – scroll down the BLAST tool page to see an explanation of the different columns that you will see in your results. 
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Figure 6. BLAST output format - column descriptions.
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[bookmark: _Ref181891539]Figure 7. Example of BLASTp results in Galaxy.
Note that when you run a BLAST search across a collection, you will produce a list of results in your history – each corresponding to the BLAST search against that particular BLAST database (Figure 7). In this example we can see that the search against MG593803 produced no hits (0 lines 0 columns), whereas the search against OG995439 produced a hit (to a protein annotated as GDWIWBRM_CDS_0058, which is ~25% identical to the query sequence). 

2. Option 2: Structural analyses of a particular protein

Depending on your project, you may find it useful/informative to look at the structure, or predicted structure, of a protein of interest. 

You can find solved protein structures at the Protein Data Bank (PDB): https://www.rcsb.org/ 

In the event that there is no solved structure for your protein of interest, you may wish to look at AlphaFold predictions: https://alphafold.ebi.ac.uk/ (bearing in mind that these are predictions only). 

You can search this database using a protein’s name or accession number, or with an amino acid search string query (Figure 9). In this example, I am searching for one of the integrase proteins which was annotated in my phage genome of interest.
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Figure 8. Alphafold database search for a protein sequence of interest.
In this case, the top hit (Figure 9) is a tyrosine-type recombinase/integrase from a Kitasatospora, which shares 73% identity with my query sequence. (Why would this protein be encoded in a Kitasatospora genome?)
Clicking on the hit takes you to a page with the predicted structure and further information (Figure 10). 
Note that there is an online tutorial (https://www.ebi.ac.uk/training/online/courses/alphafold/) for help with AlphaFold and an extensive FAQ section for help.
Note also that there is a Colab notebook which can be used to predict the structures of proteins that are not in the database (https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFold.ipynb) 
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[bookmark: _Ref181958463]Figure 9. Top hit in AlphaFold from my search query.
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[bookmark: _Ref181958555]Figure 10. Predicted structure of the top AlphaFold hit.
Further analyses (relating the structure to your MSA/phylogenetic tree, identifying residues of particular interest, potential protein/protein interactions, etc. will vary depending on your particular project and research question of interest.
3. Option 3: Calculate the physicochemical properties of your protein

Depending on your project, you may be interested in having a closer look at various properties of your protein (e.g., the isoelectric point or the amino acid composition.)

You may find the Expasy tool ProtParam (https://web.expasy.org/protparam/) useful for this – you can provide a protein accession (UniProt KB ID) or an amino acid sequence (Figure 11) and ProtParam will calculate the number of amino acids, molecular weight, theoretical isoelectric point (pI), amino acid composition, etc. for you (Figure 12). The documentation - https://web.expasy.org/protparam/protparam-doc.html - explains these calculations in more detail.
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[bookmark: _Ref181959529]Figure 11. Using ProtParam with an amino acid sequence query.
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[bookmark: _Ref181960961]Figure 12. ProtParam output results.
Be sure to save your results in an appropriate format for any downstream analyses. 
4. Option 4: Calculate the codon usage of your gene
Note that for this, you will need the nucleotide sequence of your coding sequence, NOT the amino acid sequence (make sure you understand why this is…). Just as a reminder, you can obtain this by running the “Extract sequences from GenBank” on the GenBank file you got from pharokka (or any other annotation tool) – making sure to specify that you want to extract CDS and that the output type should be nucleotides. 
You may want to look at the codon usage of one or more genes. 
There are many different tools which can be used to do this; one of these is the Codon Usage tool from the Bioinformatics Sequence Manipulation Suite: https://www.bioinformatics.org/sms2/codon_usage.html 

In this example, I have copied the entire output from my “Extract sequences from GenBank” results, which is the nucleotide sequences for all of the annotated coding sequences in my phage genome (Figure 13). Note that I have specified that the program should use the the bacterial genetic code.  
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[bookmark: _Ref181970141]Figure 13. Using the Codon Usage tool.
 When I click “submit” a popup window appears which has the Codon Usage for each of the coding sequences I submitted (Figure 14). 
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[bookmark: _Ref181970253]Figure 14. Codon usage results.

This is tab-separated data, so if you wish to save it (for future reference and/or other analyses), you should save it as a .tsv file. 
To do this, copy and paste the results for your coding sequence into a Notepad file, or the equivalent program in Mac/Linux/etc. (Make sure you copy the entire thing!) 
Save the file by selecting “Save As” and then enter the file name (e.g. CZWGGIPX_002.tsv in this example. Make sure you specify to “Save as type:” All Files (otherwise the default is a .txt file, which will make any downstream work much more difficult/impossible). Then click “Save” (Figure 15). 
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[bookmark: _Ref181975748]Figure 15. Saving codon usage results as a .tsv file

If your sequence of interest appears to have any particularly rare codons – or if you are generally interested in the use of rare codons – you may also find it useful to use ATGme (http://atgme.org/) to visualise codon usage across your sequence. 
To do this you will need to provide ATGme with your sequence of interest and a codon usage table. You can get the codon usage table from http://www.kazusa.or.jp/codon/ (as indicated on ATGme) – probably most sensible to use the codon usage table for S. coelicolor ().
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Figure 16. Streptomyces coelicolor A3(2) codon usage table.
Copy and paste your query sequence (nucleotides) where indicated, and copy and paste the codon usage table where indicated (Figure 17, and then click “Start processing”.
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[bookmark: _Ref181976377]Figure 17. Using ATGme.
The results (Figure 18) will highlight rare codons in orange and very rare codons in red (Click the + next to “Usage data” to expand). 
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[bookmark: _Ref181976556]Figure 18. ATGme results.

5. Option 5: Database searches
Depending on your gene protein/project aims, you may also find it useful to search for your sequence of interest in some of the many biological sequence databases that are available, e.g. 
STRING: https://string-db.org/ 
UniProt: https://www.uniprot.org/ 
NCBI (Gene or Protein): https://www.ncbi.nlm.nih.gov/ 
Microbesonline (for bacterial genes): https://microbesonline.org/ 
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the amino acid sequence (make sure you understand why this is...). Just as a reminder,
Format Conversion you can obtain this by running the “Extract sequences from GenBank” on the GenBank

“Gormbine FASTA Sequence Manipulation Suite: fileyou got from pharolia (o any other annotation tool) making sure to spectfy that

-EMBL to FASTA you want to extract CDS and that the output type should be nucleotides.

-EMBL Feature Extractor Codon Usage

-EMBL Trans Extractor . : You may want to look at the codon usage of one or more genes.

ﬂer ENA Codon Usage accepts one or more DNA sequences and returns the number and frequency of each codon type. Since the program also compares the frequencies of

Genbank o FASTA codons that code for the same amino acid (synonymous codons), you can use it to assess whether a sequence shows a preference for particular synonymous codons. There are many different tools which can be used to do this; one of these s the Godon

Usage tool from the Bioinformatics Sequence Manipulation Suite:
https://www.biocinformatics.org/sms2/codon usage.html

-GenBank Feature Extractor
-GenBank Trans Extractor

_One to Three Paste the raw sequence or one or more FASTA sequences into the text area. Input limit is 500,000,000 characters.
:g::gz E;‘:zgg; gm n >CZXGGIPX_CDS_0801 hypothetical protein

“Reverse Complement GTGCCGAAGTGCCGCTTGCCCAGCGTTCACACGGGTCGTTGGCCTGGGGGGCGCCTGGGT

-Split Codons CCGGCGGCTCACCTAGCGCGCGTTTTCCGAGCTGGGGCCGGE

S e >CZXGGIPX_CDS_0882 hypothetical protein

“Window Extractor DNA GTGCGCGACCGGCTGACCGTTGTAACCCTCAGACATGTACCCGTCGGCTTCGATGAGCGA

-Window Extractor Protein CAACAGGTCGGCGCGACGGTCGTGAAGCTCGCAGTAACGCAAGATCACGTTCCGGTCCGT
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Codon Usage results

Results for 102 residue sequence "CZXGGIPX CDS_0001 hypothetical protein" starting "GTGCCGAAGT"

AmAcid  Codon Number /1000 Fraction
Ala GCG 2.00 58.82 0.40
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Cys TGT 0.00 0.00 0.00
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Asp GAC 0.00 0.00 0.00
Glu GAG 0.00 0.00 0.00
Glu GAR 0.00 0.00 0.00
Phe TTT 0.00 0.00 0.00
Phe TTC 1.00 29.41 1.00
Gly GGG 4.00 117.65 0.67
Gly GGA 0.00 0.00 0.00
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This is tab-separated data, so if you wish to save it (for future reference and/or other

analyses), you should save it as a tsy file.
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Streptomyces coelicolor A3(2) [gbbct]: 8375 CDS's (2743050 codons) To do this, copy and paste the restits for your coding sequence into a Notepad file, or
the equivalent program in Mac/Linux/etc. (Make sure you copy the entire thing!)
fields: [triplet] [frequency: per thousand] ([number]) Save the file by selecting “Save As” and then enter the file name (e.g.

CZWGGIPX_002.tsv in this example. Make sure you specify to “Save as type:” All Files
(otherwise the defauitis a txt file, which will make any downstream work much more.

UL 6.4( 1222) UCU 6.6( 1781) UAU 1.8( 2696) UGU ©.7( 1986) diffcultimpossible.Then click “Save" (Fgure 15)
uuC 25.9( 71622) UCC 20.2( 55452) UAC 19.5( 53525) UGC 7.1( 19435) .

UA @.1( 175) UCA 1.1( 2987) UAA @.1( 383) UGA 2.4( 6523)

UUG 2.4( 6706) UCG 13.7( 37630) UAG ©.5( 1468) UGG 15.2( 41567)

CUU 1.6( 4399) CCU 1.6( 4261) CAU 1.7( 4680) CGU 5.5( 15031)
CUC 36.5(100256) CCC 25.5( 69887) CAC 21.8( 59920) CGC 39.1(107385)
CUA ©.4( 981) CCA 1.4( 3706) CAA 1.4( 3708) CGA 2.6( 7161)
CUG 60.9(167041) CCG 33.4( 91515) CAG 25.2( 69255) CGG 31.9( 87371)

AW @.6( 1736) ACU 1.2( 3276) AAU ©.7( 1985) AGU 1.5( 4188)
AUC 27.5( 75512) ACC 39.8(109099) AAC 16.3( 44627) AGC 12.5( 34157)
AUA ©.7( 1811) ACA 1.7( 4528) AAA 1.1( 2921) AGA ©.8( 2129)
AUG 15.8( 43327) ACG 19.0( 52038) AAG 19.6( 53671) AGG 3.7( 10061)

Figura 15. Saving codon usaga results a2 2 tayile

GUU 1.5( 4e@8) GCU 3.1( 8453) GAU 3.1( 8438) GGU 9.2( 25257)

GUC 46.9(128649) GCC 78.4(215055) GAC 58.2(159738) GGC 60.9(167167) If your sequence of interest appears to have any particularly rare codons — or if you are
GUA 2.7( 7306) GCA 5.6( 15417) GAA 8.7( 23997) GGA 7.2( 19677) generally interested in the use of rare codons - you may also find it useful to use ATGmE
GUG 35.8( 95906) GCG 49.5(135712) GAG 48.2(132351) GGG 18.2( 49822) (http://atgme.org/) to visualise codon usage across your sequence.

o do this you will need to provide ATGme with your sequence of interest and a codon
Coding GC 72.30% st letter GC 72.67% 2nd letter GC 51.39% 3rd letter GC 92.83% usage table. You can get the codon usage table from http://www. kazusa.orjp/codon/
Genetic code N OT SELECTED . - - (:;.;\:;::‘e)d on ATGme) - probably most sensible to use the codon usage table for S.
Format:
[1: Standard v | Genetic codes (NCBI)

5. Option 6: Other analyses

O Codon Usage Table with Amino Acids
@ A style like CodonFrequency output in GCG Wisconsin Package™
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ATGme

a simple DNA sequence optimization tool

- Start

X

Paste DNA sequence here:
[5TGCGCGACCGGCTGACCGTTGTAACCCTCAGACATGTACCCGTCGGCTTCGATGAGCGA
CAACAGGTCGGCGCGACGGTCGTGAAGCTCGCAGTAACGCAAGATCACGTTCCGGTCCGT
GTCGGGGGAGTAGGCGCCCATACCGGCTTGCCACACGTTCCGCCATACGTCCTTGCCGGT
CGCCTTCAGGTGCGCGGGCACACGGGGCGCTCGACCCTCGTACACGACGGGGGCAGCGGA
CTCAGCGGCAGCGTTGGCGTTCCCGGTCCGAAGCTCCGGGCTCTTCGCTCGACTCACTTA
GcaccceeTTAA

Paste codon usage table here (available from http://www.kazusa.or.jp/codon/):
U e.4( 1222) UCU e.6( 1781) UAU 1.e( 2696) UGU ©.7( 1986)
UUC 25.9( 71022) UCC 20.2( 55452) UAC 19.5( 53525) UGC 7.1( 19435)
UUA ©.1( 175) UCA 1.1( 2987) UAA ©.1( 383) UGA 2.4( 6523)
UUG 2.4( 6706) UCG 13.7( 37630) UAG ©.5( 1468) UGG 15.2( 41567)

CUU 1.6( 4399)
CUC 36.5(100256)
CUA e.4( 981)
CUG 68.9(167041)

ccu 1.
ccc 25.
CCA 1.
CCG 33.

4261)
69887)
3706)
91515)

CAU
CAC
CAA
CAG

1.7( 4680)
21.8( 59920)
1.4( 3708)
25.2( 69255)

cGu
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CGA
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5.5( 15031)
39.1(107385)
2.6( 7101)
31.9( 87371)
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Copy and paste your query sequence (nucleotides) where indicated, and copy and
paste the codon usage table where indicated (Figure 17, and then click “Start
processing”.
ATGme
Figre 17, Using TR,
5. Option 6: Other analyses
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