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Long-term effective population size (Ne) through time for a single population using the one-dimensional site-frequency spectrum in ai

Prepared by Alexis Diaz (CORBIDI) & Kevin McCracken (University of Miami)

This tutorial will show you how to make historical, long-term estimates of the effective population size (Ne) through time with confidence intervals for a single population using partial genome resequencing data such as RAD-Seq. The method utilizes a one-dimensional site-frequency spectrum in the software Diffusion Approximations for Demographic Inference:ai (Gutenkunst et al. 2010). The method is analogous to the Bayesian skyline plot from the coalescent model in BEAST (Drummond et al. 2005, Drummond & Bouckaert 2014), but faster computationally and more suitable to large genomic data sets. To begin, you will require SNP data in a vcf (variant call format) file, concatenated fasta file, or nexus-formatted two-line genotypes, such as can be generated in PGDSpider (Lischer & Excoffier 2012). The custom python scripts for this method were developed by and described therein by Hernandez et al. (2021). See https://github.com/jibrown17/Dove_dadi.demographics.

Overview
1. Software installations (for mac & unix)
2. Convert a vcf file to the concatenated nexus format
3.	Convert a set of fasta files to the concatenated nexus format without a vcf
4. 	Compute the site-frequency distribution
5. 	Run the 50 dadi replicates
6. 	Prepare the dadi results for Microsoft Excel
7. 	Calculate the MEAN, LOWER, and UPPER 95% confidence intervals for Ne
8. 	Set the life history parameters and graph the final results
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1. Software installations (for mac & unix)

a. If you are running a mac, go to the app store and install Xcode Developer Tools on your computer.

b. Next, install Homebrew following the instructions at:  https://brew.sh/

c. Install Python3:  brew install python

Check version:  python –version

d. Install anaconda:  brew install --cask anaconda

Also run the following from your command line:

echo 'export PATH=/usr/local/anaconda3/bin:$PATH' >> ~/.zshrc

echo 'export PATH=/opt/homebrew/anaconda3/bin:$PATH' >> ~/.zshrc

source ~/.zshrc

Type conda to ensure that anaconda linked correctly.

See:  https://gist.github.com/ryanorsinger/7d89ad58901b5590ec3e1f23d7b9f887

e. Install dadi:  conda install -c conda-forge dadi

See:  https://dadi.readthedocs.io/en/latest/user-guide/installation/

f. Use the Software Update feature (available on the Apple menu) to check that you have the most up-to-date version of Java for your Mac.

g. Download PGDSpider:

https://software.bioinformatics.unibe.ch/pgdspider/#download-and-installation-instructions

h.	BBEdit will be a useful text editor:  https://www.barebones.com/products/bbedit/

h. You will also require Microsoft Excel or equivalent.

i. If your starting file is not a vcf, you may also want to install Concatenator, which has both windows and mac executables: https://github.com/iTaxoTools/ConcatenatorGui

j. There is also a python3 script available called vcf2phylip, which can convert vcf files to phylip, fasta, and nexus: https://github.com/edgardomortiz/vcf2phylip


2. Convert a vcf file to the concatenated nexus format

a. Begin with a vcf file containing only variable sites. This will work if you are using vcf output from a pipeline like Stacks (Catchen et al. 2011). See below if you do not have a vcf file but have fasta files, which will be the case if you are using the DaCosta & Sorenson (2014) pipeline.

b. Install vcftools (https://vcftools.github.io/) using Homebrew:  brew install vcftools

The vcftools manual can be found here:  https://vcftools.github.io/man_latest.html

Filter your master vcf file to separate vcf files containing only individual populations with only variable sites.

The following vcftools command line can be used to filter populations.

vcftools --vcf filename1.vcf --remove pop1.txt --recode --out filename2.vcf

The following vcftools command line example can be used to filter invariable sites.

vcftools --vcf filename1.vcf --maf 0.01 --max-maf 0.99 --out filename2.vcf –recode

The --freq command provides a list of allele frequencies per site.

c. Use PGDSpider to convert your single-pop vcf file to the concatenated fasta format.

Navigate to the PGDSpider directory and type as follows to launch PGDSpider:  

java -Xmx1024m -Xms512m -jar PGDSpider3.jar

1st line, select input file format vcf and select the location or your input file.

2nd line, select output file format fasta and write the name of the fasta output file.

3rd line, select SPID conversion file provided, e.g., vcf_to_fasta.spid.

Click “Convert”

Keep PGDSpider open for the next step…


d. Hand-edit the resulting concatenated fasta file using search & replace to the following format, considering only 5 characters will be used per taxon in the dadi step.

>R253a
TCCCGGCACATTACCGACGTGTTTGACATGCCGCGTGAGCCNCAGAGGCCAACGACGCGCTCA
>R253b
CCTTAGCATGTTACCGGCATGGCGGACGTGCCGCGTGAACCNCAAAGACCAACGACGCACTTA
>R255a
TTCTAGCGCATTACCGACATGTCGGACATGCCGCGCGAGTCCCAGAGGCCAACAACGCGCTCA
>R255b
TCCTAGTACATTTTTGACATGTCGGATATGCCGCGCGAACTCTAAAGATTAACGATGCGCTCC
>R259a
TCCCGGCGCATTACCGGCGTGTTTGACACGCCGCGCGAATCCCAGAGGCTAGCGACGCGCTCA
>R259b
CCCCGGTACGCTATCGGCGTGTCGGATGTACCGCCCGAACCCCAAGGACTAGCGACGCACTTC

e. Use PGDSpider to convert your single-pop fasta file to the concatenated nexus format.

Navigate to the PGDSpider directory and type as follows to launch PGDSpider:  

java -Xmx1024m -Xms512m -jar PGDSpider3.jar

1st line, select input file format fasta and select the location or your input file.

2nd line, select output file format nexus and write the name of the nexus output file.

3rd line, select SPID conversion file provided, e.g., FASTA_to_NEX.spid.

Click “Convert”

Close PGDSpider

f. Adjust the format of your NEXUS file to match as follows:

#NEXUS
BEGIN DATA;
 DIMENSIONS NTAX=20 NCHAR=29738;
 FORMAT DATATYPE=DNA INTERLEAVE=NO GAP=- MISSING=N ;
MATRIX
1129a	CCGCTTGTTACCAACGCACTCCGTCGATCAGCATGGCGCCTGGAGCCTACTAGTTCACCTNN
1129b	CTTCTCGTTATCGATGCACTTTGTTGATGGTCATGATACTTGACAGCAGCTAGCTCGCTCNN
M437a	CCGCTTGCCGCCAACGCATTCCGTTGACCAGCGCGGCGTTTGGAACCTACTAGTTCACCTCA
M437b	CCGCTTATTACCAACGCATTCCGTTGATGGGCACGGTGCTGGGAACCTACTAGTTCGTCTGC
M449a	CCGCTTGCCGCCAACGCACTCCGTTGACCAGCACGGCGCCTCGAACCTACGAGTCCACCTCA
M449b	CCGTTTACCGCCAACACGCCCCATTGACCAGCACGATACCTCGCACCTGCTCATCTGTTCCC
M484a	CCGCTTGTTACCAACGCACTCCGTCGACCAGCACGGCGTCTCGAACCTACTAGTCCATCTCA
M484b	CTTCATGTTACCAACACACTCCGTTGATGGTCACGGTGCTTCACACCAAATAGTTTATTCCC
M502a	CCGCTTGTTACCAACGCACTCCGTTGACCAGCNCGGCGTCTCGCACCTACGAGTTCATCTCA
M502b	CCGCTTGTTATCGATGAATTCCATTGATGAGCNCGATATTTCGCACTTGCTCATTCATTCCA
;

Note: taxon column must be a maximum of five characters

3. Convert a set of fasta files to the concatenated nexus format without a vcf

a. Use Concatenator to convert your set of many fasta files (one per locus) to the concatenated nexus format: https://github.com/iTaxoTools/ConcatenatorGui

b. Depending on the size of your data set, this may take a few hours.

c. First, import your fasta files. Filtering, aligning, or trimming sequences should not be required if each individual locus is the same length and the same individuals have the same name across loci. You will not need to specify codon subsets or calculate trees.

d. To export your concatenated sequences, a phylip (.phy) file may be the most convenient since it will not be interleaved.

e. Concatenator produces numerous summary statistics that will be useful to calculate your total sequence coverage across many loci of variable length.

f. Finally, since you will have of thousands or millions of sites, you will need to remove invariable sites.

g. The python3 script ascbias is available at: https://github.com/btmartin721/raxml_ascbias

h. This script removes invariant sites from a .phy file and outputs a .phy file containing only the variable sites, along with some summary information.

i. The ascbias script requires the following dependencies, which can be installed with anaconda, apt-get, or pip:

conda install numpy

conda install pandas

conda install biopython

j. Usage for the ascbias script is as follows:

python3 ./ascbias.py -p infile.phy -o outfile.phy

k. Finally, hand edit your resulting .phy file to conform to the nexus style shown above in 2f.



4. Compute the site-frequency distribution

a. Create a folder titled frequency and place the following three files in this folder.

filename.nex (from above, e.g., FlavHigh.nex will be used below)
nex_mo.py (this file will remain unaltered)
filename.Aut.freq.spectra.py (this file must be hand edited)

b. Using the file FlavHigh.nex as an example, edit the top part of your FlavHigh.Aut.freq.spectra.py file as follows using excel, BBEdit, or by hand:

#create populations in excel  
if __name__ == '__main__':
    pop_assignments = {
'1129a':'FlavHigh',
'1129b':'FlavHigh',
'M437a':'FlavHigh',
'M437b':'FlavHigh',
'M449a':'FlavHigh',
'M449b':'FlavHigh',
'M484a':'FlavHigh',
'M484b':'FlavHigh',
'M502a':'FlavHigh',
'M502b':'FlavHigh',
'M543a':'FlavHigh',
'M543b':'FlavHigh',
'W092a':'FlavHigh',
'W092b':'FlavHigh',
'W132a':'FlavHigh',
'W132b':'FlavHigh',
'W219a':'FlavHigh',
'W219b':'FlavHigh',
'W237a':'FlavHigh',
'W237b':'FlavHigh'
 #take last comma out here


c. Next, edit the bottom part of your FlavHigh.Aut.freq.spectra.py file as follows by hand:

    #Change this
    file_ext = 'FlavHigh'
    dd = nex_mo.data_dict_from_file(file_ext + '.nex', pop_assignments)
    
    
    #change this to the number of alleles, and pop 
    #this is the number I change if I want a smoother frequency graph
    fs_onepop = dadi.Spectrum.from_data_dict(dd, ['FlavHigh'], [20], polarized = False)
    import pylab
    pylab.figure(figsize = (8,6))
    dadi.Plotting.plot_1d_fs(fs_onepop)
    #pylab.savefig(file_ext + ".110.projection.pdf", dpi = 300, bbox_inches = 'tight')
    #Change this to file output name (number of alleles)
    pylab.savefig(file_ext + ".20.png", dpi = 300, bbox_inches = 'tight')


#change this name
fs_onepop.tofile(file_ext + '.20.fs')

Note: The population name must be edited 2x and smoothing factor edited 3x.

d. Run using python:  python FlavHigh.Aut.freq.spectra.py

e. The “_pycache_” folder and two files titled “FlavHigh.20.fs” and “FlavHigh.20.png” will be created.

f. Open the “FlavHigh.20.png” file created and inspect the curve.  If it is jagged, repeat with a smaller smoothing factor using intervals of 5-10 lower for example. Try various #s going as high as you can. Choose the highest # that maximizes the number of points but still produces a smoothed curve.

Note: The following error may be output with a blank png file. In this case choose a smaller, not larger #.
/opt/miniconda3/lib/python3.7/site-packages/dadi/Plotting.py:58: UserWarning: Data has no positive values, and therefore cannot be log-scaled.
  ax.semilogy(fs, '-ob')
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g. The results of your python analysis (e.g., FlavHigh.20.fs ) using the selected # will be used for the next step.


5. Run the 50 dadi replicates

a. Create a folder titled demography and place the following three files in this folder.

filename.##.fs (e.g., FlavHigh.20.fs from the previous step)
filename.dadi.demographic.##.py (e.g., FlavHigh.dadi.demographic.20.py)

b. Edit the python script as follows.

On line 13 edit the site-frequency spectrum file name (e.g., FlavHigh.20.fs).

On line 17 edit the three consecutive #s to read 30, 40, 50 for this example or go 10 above the allele frequency and 10 up from there for any different #.

On line 157 edit the output file prefix (e.g., FlavHigh.20.demographic.resid.)

c. Run using python:  python FlavHigh.dadi.demographic.20.py

d. This will produce 50 replicates and summary file titled “FlavHigh.20.demographic.resid..txt”, which you will edit and analyze in the next step.


6. Prepare the dadi results for Microsoft Excel

a. The results of the dadi runs are not immediately ready for import into Microsoft Excel. You need to use BBEdit or another text editor with search and replace and grep capabilities to make a number of edits as follows.

b. Create a folder titled excel, and any subfolders you like for your populations since you will be generating multiple results files for each population.

c. Make a copy your “filename.##.demographic.resid..txt” file, and work with the copy, leave your original unaltered.

If you are using BBEdit in MacOS:

Select control F to open the "Find" window
Go to the "replace" tab
Enter the following and then select "replace all" six times as follows:
	1. Find all: \n
	   Replace with: nothing (leave this blank - don’t type anything here) THEN SELECT REPLACE ALL
	2. Find all: space
	   Replace with: nothing
	3. Find all: ])]
	   Replace with: \r\n (make sure grep is not selected)
	4. Find all: ,
	   Replace with: \t
	5. Find all: [
	   Replace with: \t
	6. Find all: ^\r (make sure you select grep option)
           Replace with: nothing

If you are using a Windows text editor:

Select control F to open the "Find" window
Go to the "replace" tab
Enter the following and then select "replace all" six times as follows:
1. Find all: \n
	   Replace with: nothing (leave this blank - don’t type anything here) THEN SELECT REPLACE ALL
	2. Find all: space
	   Replace with: nothing
	3. ])]
	   Replace with: \r\n
	4. ,
	   Replace with: \t
	5. [
	   Replace with: \t
	6. \n
	   Replace with: space

Note: The last line differs from the mac command.



7. Calculate the MEAN, LOWER, and UPPER 95% confidence intervals for Ne

a. Open Microsoft Excel, then next from within Excel, open the file you edited with BBEdit in step 6 named “filename.##.demographic.resid..txt”.

b. Click Delimited, make sure the Tab delimiter is set, and click Finish.

c. Excel will prompt you to “Convert large numbers into scientific notation”. Yes, click Convert and save your file in Excel format (.xlsx) using Save As.

d. Next, edit the name of the template file provided “template-1-filename-cut-paste-lines-1-50- MEAN.xls” to correspond to your datafile and open the file.

e. Select and copy the 50 lines from the 1st file from your dadi results.

f. Paste the values into the 1st 50 lines of “template-1-filename-cut-paste-lines-1-50-MEAN.xls” and see how the numbers and graph change.

Note: This will replace the prior existing data.

g. These are your MEAN unadjusted Ne values per time period.

h. To calculate the upper and lower 95% CIs, begin by making two copies of your template 1 file, and remove the label MEAN and append the labels UPPER and LOWER to these files.

i. To calculate the LOWER & UPPER 95% CIs, the formulas are prefilled in column D at the bottom of the worksheet starting on line 58.

	LOWER
=AVERAGE(E1:E50)-1.96*(STDEV(E1:E50)/SQRT(50))

	UPPER
=AVERAGE(E1:E50)+1.96*(STDEV(E1:E50)/SQRT(50))



Note – these cells are calculated vertically columns E thru CZ lines 1-50. If you mess it up use Ctrl-click to Paste Special Formulas from a clean file. Column D will be blank here for the MEAN file.

j. Next under Ne on line 57, paste column D into column C over the preexisting values using paste special values (Ctrl+Click).

k. Columns C & D should now be the same.

l. Column I values should change along with the graph.

m. In the next step, you will copy and paste columns H & I into template2.

n. Repeat for the 2nd confidence interval.

o. You will now have 3 excel files titled, MEAN, LOWER, and UPPER.

8. Set the life history parameters and graph the final results

a. In the last step, you will set the life history parameters and combine the MEAN, LOWER, and UPPER 95% confidence intervals to produce a final graphic illustrating Ne vs. time.

b. Begin with the Excel file provided to you named “template2…”. This file contains four separate worksheets titled MEAN, LOWER, UPPER, and 95%.

c. Next do the following:

From cell B52 in “template1…”, paste theta three times into cell B1 of each of the MEAN, LOWER, and UPPER worksheets in the “template2…” file. Use Ctrl+click and select Paste Special Values to do this.

Then, use Ctrl+click and select Paste Special Values to modify the MEAN, LOWER, and UPPER worksheets as follows, using Ctrl+click and Paste Special Values:

From “template1…MEAN.xls” copy and paste columns H & I to columns A & B in “template2…” MEAN worksheet. 

From “template1…LOWER.xls” copy and paste columns H & I to columns A & B in “template2…” LOWER worksheet.

From “template1…UPPER.xls” copy and paste columns H & I to columns A & B in “template2…” UPPER worksheet.

d. Next, adjust the uncalculated parameters:

Mutation Rate (sub/site/year)
Base pairs sequenced (not # variable sites)
Theta should be the same as cell B1
Age of maturity
Adult survival
Generation time

Note: Base pairs sequenced is the # clusters x sequence length.

e. Repeat for MEAN, LOWER, and UPPER worksheets.

f. The 4th worksheet titled 95%CI will auto-populate (cells are linked to the other three worksheets) and you will have your graph.
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