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1. Introduction

BAIli-Phy isaUnix command line program that is developed primarily on Linux. BAIi-Phy a so runs on Windows and Mac
OS X, but it isnot a GUI program and so you must run it in aterminal. Therefore, you might want to keep a Unix tutorial
[http://www.ee.surrey.ac.uk/Teaching/Unix] or Unix cheat sheet [http://www.rain.org/~mkummel/unix.html] handy while
you work.

In addition to the main bali-phy executable, BAli-Phy comes with a collection of small command-line utilities such as
alignment-cat, trees-consensus, etc. These utilities can be used to process alignments, assemble data sets, and summarize
the results of MCMC.

2. Installation

You can instal BAli-Phy by downloading compiled executables from the website [http://www.bali-phy.org/
download.php].

On OSX 10.8 or higher, you could also install with homebrew [http://brew.sh/] if you have the XCode 5.1 compiler. The
recipeisin homebrew/science [ https://github.com/Homebrew/homebrew-science/blob/master/README.md].

2.1. Hardware requirements

We recommend running BAIi-Phy on acomputing cluster for long runs. A computing cluster can speed up the analysis by
allowing you to run severa identicall MCMC chains simultaneously and then pool the resulting samples. Y ou also don't
need to worry that logging out or turning off the computer will terminate the run early. Result files can be copied back
to alaptop or desktop for viewing.
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Wetypically run BAli-Phy on Core2 processors with 8Gb of RAM. Y ou may need a 64-bit executable and a 64-bit version
of your operating system to be able to analyze large data sets that consume more that 2Gb of RAM.

2.2. MS Windows requirements

Before you can use BAli-Phy on MS Windows, you must first install Cygwin [http://www.cygwin.com/install.html].
Cygwin isa Unix/Linux command-line environment for Windows. While running the Cygwin installer set up. exe, you
will be given an opportunity to select additional packages.

* From Interpreters, select perl.
* From Web, select wget.

* From Editors, select nano.

Y ou may then access the Unix command line environment by running the Cygwin Terminal application (not the normal
windows command line).

Y ou might wish to savetheinstaller on your desktop in case you want to runit again, sinceyou can useit to install additional
packages later.

Note

BAli-Phy refers to windows files using the normal C. / method because it is compiled as a native windows
executable. The combination of native windows executables (whichwant C; / ) and the Cygwin shell (whichwants
/ cygdrive/ c/) can be confusing. If you supply Cygwin filenames with / cygdri ve/ to native windows
executables like BAli-Phy, then it will complain that the files cannot be found.

Note

In the Cygwin shell you can access downloaded filesat / cygdri ve/ ¢/ Docunent s\ and\ Setti ngs/
user name/ Downl oads/ .

2.3. Mac OS X requirements

We recommend Mac OS X version 10.8 (or higher).

You can now install with homebrew [http://brew.sh/] if you have the XCode 5.1 compiler. The recipe is in homebrew/
science [ https://github.com/Homebrew/homebrew-science/blob/master/READM E.md].

2.4. Linux requirements

No extra requirements.

2.5. Installing BAIli-Phy executables

1. Start by opening a Unix terminal window. (On Apple, this is the Terminal application; on Windows it will be the
Cygwin Terminal, not the Windows command prompt.)

2. Make adirectory called Appl i cat i ons inyour home directory:

% nkdir ~/ Applications

Note
Notethat ~ isasynonym for $HOVE, your homedirectory. Y ou can find out what your homedirectory isby typing
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% echo $HOVE \

or

% echo ~ ‘

. Download [http://www.bali-phy.org/download.php] BAli-Phy executables for your operating system from the web site
using your browser. Choose the 64-bit executables unless your operating system can only run 32-bit executables. Save
themtothe~/ Appl i cat i ons directory that you just created on the command line. Then check to see that thefileis
there. Make sureit is the correct file for Mac, Linux, or Windows:

% |s ~/Applications
bal i - phy-2.3.6-1i nux64.tar. gz

Alternatively, you can download the file directly from the command line using wget if you know the URL :

% cd ~/ Applications

% wget http://ww. bali-phy.org/bali-phy-2.3.6-win64.tar.gz
%Is

bal i - phy-2. 3. 6-wi n64.tar. gz

On Mac, you can use curl instead of wget:

% cd ~/ Applications

% curl -O http://ww. bali-phy.org/bali-phy-2.3.6-nmac64.tar. gz
%Is

bal i - phy-2. 3. 6-mac64.tar. gz

. Extract the compressed archive on the Unix (or Cygwin) command line using the tar command:

% cd ~/ Applications

% tar -zxf bali-phy-2.3.6-1inux64.tar.gz

%Is

bal i - phy- 2. 3. 6/ bal i - phy-2.3.6-1inux64.tar. gz

. Finally, test that the program can be run.

% ~/ Appl i cati ons/ bal i - phy-2. 3. 6/bin/bali-phy -v

VERSION: 2.3.0 [nmmster conmmt 9e551ef0] (Apr 29 2014 18: 04: 25)

BUI LD: Apr 29 2014 18:05: 33

ARCH: x86_64- unknown- | i nux-gnu

COWPI LER: GCC 4.8.1 20130424 (prerel ease)

FLAGS: -isystem $(top_srcdir)/boost/include -ffast-nmath - DNDEBUG - DNDEBUG DP -f

2.6. Adding BAIi-Phy to your PATH

2.6.1. | have a path?

If you installed BAIi-Phy to the directory ~/ Appl i cat i ons, then you can run bali-phy by typing ~/Applicationg/bali-
phy-2.3.6/bin/bali-phy. However, it would be much nicer to simply type bali-phy and |et the computer find the executable
for you. This can be achieved by putting the directory that contains the BAli-Phy executables into your "path". The "path"
is acolon-separated list of directories that is searched to find program names that you type. It is stored in an environment

variable called PATH.

Setting your PATH is also a pre-requisite for running the bp-analyze.pl script to summarize your MCMC runs.

nrol | -1 oops
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2.6.2. Examining your PATH

Y ou can examine the current value of this environment variable by typing:

‘% echo $PATH

We will assume that you extracted the bali-phy archive in ~/ Appl i cati ons and so you want to add $HOVE/
Appl i cations/bali-phy-2.3.6/bin toyour PATH. (If you installed to another directory, replace $HOVE/
Appl i cations/ bali-phy-2. 3.6/ withthat directory.)

2.6.3. Adding BAIi-Phy to your PATH

The commands for doing this depend on what "shell" you are using. Type echo $SHELL to find out. If your shell is sh
or bash then the command looks like this:

% PATH=$HOVE/ Appl i cati ons/ bal i - phy- 2. 3. 6/ bi n: $PATH

If your shell is csh or tcsh, then the command looks like this:

% set env PATH $HOVE/ Appl i cati ons/ bal i - phy- 2. 3. 6/ bi n: $PATH

Note that these commands will only affect the window you are typing in, and will vanish when you reboot.

2.6.4. Making the change stick

To make this change survives when you logout or reboot, open your shell configuration file in a text editor, and add the
command on aline by itself. Thiswill ensure that it is run every timeyou log in.

To find the right configuration file, look in your $HOME directory for . profil e (for the Bourne shell sh),
. bash_profile (for BASH), or . | ogi n (for tcsh). You may have to create the file if it is not present. On Cygwin,
you should put the change in thefile. bashr c.

If you do not know which directory is your home directory, you can find its full name by typing:

‘%echo $HOVE

2.7. Additional required software

The following software isimportant to install:

» The graphical MCMC diagnostic program Tracer [http://tree.bio.ed.ac.uk/software/tracer/].
The following software is recommended to install:

» The plotting program gnuplot.

» The phylogeny-viewer FigTree [http://tree.bio.ed.ac.uk/software/figtree/].

e Thealignment-viewer Seaview [http://pbil.univ-lyonl.fr/software/seaview.html].

GNUplot can be installed using the Cygwin installer on Windows systems. It can also be installed using macports [http://
www.macports.org] or homebrew [http://http://mxcl.github.com/homebrew/] on Macintosh systems, but installing these
package managers requires first installing X code Developer Tools.

2.8. Testing the installed software

In order to determine that the software has been correctly installed, and the PATH has been correctly set, run the following
commands:

‘% bal i - phy ~/ Appli cati ons/bali-phy-2.3.6/share/bali-phy/exanpl es/5S-rRNA/5d. fasta|--iter=1
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‘% bp- anal yze. pl 5d- 1/

Furthermore, the directory 5d- 1 should contain afile called C1. p. Y ou should be ableto load thisfilein Tracer, although
the chain will not really have converged yet.

3. Compiling BAIli-Phy

Most users will not need to compile BAIi-Phy and can skip this section, because they can use the precompiled executables
from the official website for Linux, Mac, and Windows. However, compiling BAli-Phy is intended to be a relatively
painless process.

If you arecompiling "live" source codethat you checked out using GIT (and you probably aren't) then you need to follow the
directionsin Section 3.4, “ Generating the configur e script and Makefiles (git only)” [8] before you start compiling.

3.1. Software requirements

In order to compile BAli-Phy, you need a C++ compiler than can understands the C++11 standard.

3.1.1. Compilers: Linux
On Linux we recommend the GNU C++ Compiler (GCC [http://gcc.gnu.org]) version 4.8 (or higher).

Y ou may aso use the Clang [http://clang.llvm.org] compiler version 3.4.0 or higher.

3.1.2. Compilers: Mac

On Mac 10.8 and above, the simplest method is to install XCode [https.//devel oper.apple.com/xcode/] version 5.1 (or
newer). Then you can use the default compiler (Clang [http://clang.llvm.org]).

You can now install with homebrew [http://brew.sh/] if you have XCode 5.1. The recipe isin homebrew/science [https://
github.com/Homebrew/homebrew-science/blob/master/README.md].

3.1.3. Compilers: Windows

We recommend compiling windows executables in the MINGW format instead of the Cygwin [http://www.cygwin.com/]
format. MINGW executables are native windows executables, and do not need cygwi n. dl | torun.

However, the easiest way to build MINGW executables is to use either Linux or Cygwin as the host environment.
This is called using a "cross-compiler”. You can obtain cross compilers for MINGW on both Linux and Cygwin. To
inform the conf i gur e. sh script that you wish to use a cross compiler, add the - - host flag. You should add the
flag - - host =x86_64- w64- m ngw32 to build 64-bit windows, and - - host =i 686- w64- m ngw32 to build 32-bit
executables.

3.1.4. Optional software libraries

Thisisnot strictly necessary to run bali-phy, but is necessary for building the tool draw-tree that is used to draw consensus
trees:

» The Cairo graphicslibrary (Cairo [http://www.cairographics.org/])
See also Section 2.7, “Additiona required software” [5].

3.2. Quick Start

In order to compile the program on UNI X, first extract the source code archive, using a graphical archive manager, or the
command-line tool tar:

% tar -zxf bali-phy-2.3.6.tar.gz
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Then create a separate build directory, enter it, and run the configure command:

% nkdir build
% cd build
% ../ bali-phy-2.3.6/configure --prefix=$HOVE/ Appl i cati ons/ bal i - phy-2. 3. 6/

If this command succeeds, then you can simply type

% nmake
% make install

to build and install bali-phy and its associated tools and install it in ~/ Appl i cati ons/ bal i - phy-2.3.6. To
customize the compilation and installation process, read the following sections on supplying arguments to the configure
script.

3.3. Options to configure

3.3.1. Installing to another location

The configure script choosesto install bali-phy inthedirectory / usr/ | ocal / by default. Y ou can install executablesto
another directory di r by passing- - pr ef i x=di r . For example, inorder toinstall BAli-Phy under ~/ Appl i cat i ons/
bal i - phy- 2. 3. 6/, you can enter:

% ../ bali-phy-2.3.6/configure --prefix=$HOVE/ Appl i cations/bali-phy-2.3.6

3.3.2. Specifying where to find libraries and header files (e.g. Cairo)

Y ou can instruct the compiler to look for include filesin directory di r by passing - - wi t h- extra-i ncl udes=di r
to the configur e script.

Y ou can instruct the compiler to look for librariesfilesin directory di r by passing- - wi t h-extra-1i bs=di r tothe
configure script.

For example, if your system has Cairo instaled in /usr/local/, then you might need to add "--wit h-
extra-includes=/usr/local/include --with-extra-1libs=/usr/local/lib"totheconfigurescript
arguments so that the compiler can find the Cairo include files and libraries.

3.3.3. Selecting a non-default C++ compiler

The default C++ compiler is g++. On some systems, g++ invokes GCC version 4.2, and the correct compiler is called
something else, such as g++-4.8. To use g++-4.8 as the C++ compiler when compiling BAli-Phy, you would set the CXX
environment variable as follows:

% ../ bali-phy-2.3.6/configure CXX=g++-4.8

3.3.4. Passing flags to the C++ compiler
Y ou can pass flags to the C++ compiler by setting the CXXFLAGS variable:

‘% ../ bali-phy-2.3.6/configure CXXFLAGS="- march=native -g"

3.3.5. Example

All these options to configur e can be combined, as follows:

% ../ bali-phy-2.3.6/configure --prefix=$HOVE/ Applications/bali-phy-2.3.6 CXX=g++-4.8 CXXFL
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3.4. Generating the configure script and Makefiles (git
only)

Skip this step unless you are compiling a snapshot of the source code that you checked out using GIT. If you downloaded
an official tar.gz archive of the source from the website, then it already includes these files.

To generate these files, you need automake 1.8 (or higher) and autoconf 2.59 (or higher). Run these commands in the top
level directory of the repository that you checked out.

% aut oheader

% acl ocal -1 mt
% |ibtoolize

% aut onmake -a
% aut oconf

If your system has multiple versions of automake, then you may have to type e.g. aut omake-1. 14 -a and
acl ocal - 1. 14 instead in order to specify which version to use. On Mac, you may need to replace the libtoolize with

% glibtoolize

3.5. Installing when compiling from source

After compiling BAIi-Phy, you can simply type make install. Thiswill copy the compiled executables to the installation
directory (See Section 3.3.1, “Installing to another location” [7]).

4. Running the program

Here are some examples and explanations of how to run bali-phy. Y ou can get an overview of command line options by
running bali-phy --help.

We recommend running multiple chainsin parallel for each command, because

1. You can combine the samples, leading to faster run times.

2. You can compare the runs to determine if the chains have converged.

This can be done simply by starting several instances of the program, and does not require using MPI or special command-
line options.

4.1. Quick Start

The simplest way to run BAli-Phy is to type all the arguments on the command line;

% bal i - phy sequence-file

Here sequence-fil e isaFastA or PHYLIP file containing the sequences you wish to analyze. The filename should
endin. fastaor. phy toindicate which format it isusing.

In this simple example, bali-phy automatically detectswhether sequence-f i | e containsDNA, RNA, or Amino-Acids
and usesdefault valuesfor several command lineoptions. Thus, if sequence- f i | e containsDNA, then thisisequivalent
to the more verbose command line

% bal i - phy sequence-file --al phabet DNA --snodel TN --inpdel RS07 --iterati ons:10¢000

Here the substitution model is Tamura-Nei, the insertion/del etion model is RS07, and the number of iterations is 100,000.
If sequence-fi | e contains amino acids, then the defaults will be;

% bal i - phy sequence-file --al phabet Am no-Acids --snpbdel LG --inpdel RSO7 --iterat

i ons=100000
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4.2. Command line options

Y ou can specify a more complex substitution model as follows (See Section 7.2, “Basic CTMC models’ [17]):

% bal i - phy sequence-file --snodel LGtgama_ i nv

Y ou may specify anindel model of none tofix thealignment toitsinitia value, and ignoreinformation in shared insertions
or deletions.

% bal i - phy sequence-file --inodel none

If you desire to use a codon model, you must specify the al phabet:

% bal i - phy sequence-file --snodel M --al phabet Codons

4.3. Multiple genes or data partitions

Y ou may analyze multiple genes by putting each one it its own data partition:

% bal i - phy sequence-filel sequence-file2

You should put the data from the first gene in sequence- fi | el and the second gene in sequence-fil e2. The
seguence names in both files should be the same. In this scenario, both genes share the same tree, but their alignments
vary independently. Furthermore, the branch lengths for each gene are scaled by an independent factor. By default, each
partition will have its own default alphabet, substitution model, insertion/del etion model, and tree length.

By default, each partition will recieve an independent copy of the model, and will not share parameter values:

% bal i - phy sequence-filel sequence-file2 --snodel TN --inbdel RS07

However, you can select partition-specific values for 5 options. - - snodel , - -i nodel , - - al phabet, - - sane-
scal e,and- - al i gn- constr ai nt . For example, to specify different substitution models but the same al phabet:

% bal i - phy sequence-filel sequence-file2 --snodel 1:TN --snpdel 2: GIR --al phabet 1, 2: DNA

Y ou can fix the alignment and ignore insertion/del etion information in one partition, while allowing the alignment to vary
and using insertion/del etion information in another partition:

% bal i - phy sequence-filel sequence-file2 --inodel 1:RS07 --inodel 2:none

Y ou can also specify that two partitions share a single copy of a single substitution model or indel model. Thisreducesthe
number of parameters and also pools information between the partitions:

% bal i - phy sequence-filel sequence-file2 --snodel 1,2:TN --inodel 1,2: RS07 ‘

By default each partition has a separate scale, but you can force groups of partitions to share a scale. The name of the
groups for the scale are not currently used, but may be used in later versions of the software:

% bal i - phy sequence-filel sequence-file2 --snmodel 1:TN --snodel 2: GIR --sane-scal # 1,2:gro

Finally, you may specify the option - -t radi t i onal , or itsshort form - t . Thisisthesameas- - i nodel none and
affects all partitions:

% bal i - phy sequence-filel sequence-file2 --snodel 1:TN --snodel 2: GIR -t

4.4. Running on computing clusters

Running bali-phy on a computing cluster is not necessary, but can speed up the analysis dramatically. This is because a
cluster allows you to run several independent MCM C chains simultaneously and pool the resulting samples. Y ou can run
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multiple chains simultaneously ssimply by starting several different instances of bali-phy. Each instance of bali-phy runs
only one chain and does not require using MPI or special command-line options.

This approach to parallel computation is sometimes more efficient than MCMCM C-based parallelism involving heated
chains. It is equivalent to running MCMCMC with no temperature difference between chains, with the exception that it
allowsresultsfrom all chainsto be used, instead of just resultsfrom the single"cold" chain. Thus, if you run 10 independent
chainsin parallel, then you may gather samples 10 times faster that a single chain.

4.5. Option files (Scripts)

In addition to using the command line, you may also specify optionsin afile. Using an option file can be more convenient
if you are going to run the same analysis many times, or if the number of optionsislarge. Furthermore, the option file may
contain comments and blank lines. Option files are a good to record what options you used in an analysis, and why.

An option file is specified with the command line option- - confi g fil eor-cfil e.If vauesfor anoption aregiven
both on the command line and in an option file, then the command line value overrides the value in the option file.

4.5.1. Syntax

Option files use the same option names as the command line. However, the syntax is different: each option is given on its
own lineusing the syntax "opt i on = val ue" instead of the syntax "- - opti on val ue". If the option has no value
then it is given using the syntax "opt i on = opti on".

4.5.2. Example

For example, consider the following option file:

#sel ect a data set to anal yze
al i gn = exanpl es/ EF- Tu/ 5d. fast a

#sel ect an substitution npdel
snmodel = | og-normal _i nv

#fix the alignment and do not nodel indels
traditional = traditional

Thefirst option, al i gn, isthe name of the sequence file, which has no name on the command line. Lines that begin with
# are comments, and blank lines areignored. The option - -t r adi t i onal usesthe option name as the value, because it
does not take avalue. Thus, this configuration file corresponds to the command line

% bal i - phy exanpl es/ EF-Tu/ 5d. fasta --snodel |og-normal _inv --traditional

4.5.3. The configuration file

Thefile~/ . bal i - phy isaspecia option file called the configuration file. If it exists, it is aways loaded. Options given
on the command line or an option file override values givenin~/ . bal i - phy.

4.6. Examples

Here are some examples which demonstrate how to run BAIi-Phy. In order to run these examples, you must find the
exanpl es/ directory which contains the example files. If you downloaded executables and extracted them in the ~/
Appl i cat i ons directory, thentheexanpl es/ directory will befoundat ~/ Appl i cati ons/ bal i - phy- 2. 3. 6/
shar e/ bal i - phy/ exanpl es/ .

Also note that bali-phy does not run until it is "finished", but continues to gather samples until the user determines that
enough samples have been gathered, and stopsit. Thus, it isuseful to continually examinethe output fileswhilethe program
isrunning.

10
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Example 1. Nofrills

Here we analyze the EF-Tu 5-taxon data set provided with the software.

% bal i - phy ~/ Appli cations/bali-phy-2.3.6/share/bali-phy/exanpl es/ EF- Tu/ 5d. f ast a

Example 2. Multiple-Rate Substitution M odel

We now modify the previous example by changing the substitution model to allow log-normal-distributed rate variation
and invariant sites. The amount of rate variation and the fraction of invariant sites are estimated

% bal i - phy ~/ Appli cations/bali-phy-2.3.6/share/bali-phy/exanpl es/ EF-Tu/ 5d. f asta --snodel

Example 3. Fixed alignment

Here we use the 5S rRNA 5-taxon data set provided with the software. The alignment isfixed and the- - t r adi t i onal
option is used, making indels non-informative. In addition, nucleotide frequencies are fixed to empirical values estimated
from the input sequences.

‘ % bal i - phy ~/ Appli cations/bali-phy-2.3.6/share/bali-phy/exanpl es/5S-r RNA/ 5d. f ast+ - -snode

5. Input

5.1. Sequence formats

BAIli-Phy can read in sequences and alignments in both FastA and PHYLIP formats. Filenames for FastA files should
endin.fasta,.npfa,.fna,.fas,.fsa,or.fa.Flenamesfor PHYLIPfilesshould endin. phy. If one of these
extensionsis not used, then BAIi-Phy will attempt to guess which format is being used.

5.2. Is my data set too large?

Large data sets run more slowly than small data sets. We recommend a conservative starting point with few taxa and short
seguence lengths. Y ou can then increase the size of your data set until a balance between speed and size is reached.

The number of samples that you need depends on whether you are primarily interested in obtaining a point estimate or
in obtaining detailed measures of confidence and uncertainty. For detailed measures of confidence and uncertainty you
should obtain aminimum of 10,000 samples after the Markov chain converges. For an estimate, you don't need very many
samples after convergence. (But you may need many samples to be sure that you've converged!)

See also Section 4.4, “Running on computing clusters’ [9].

5.2.1. Too many taxa?

BAIli-Phy is quite CPU intensive, and so we recommend using 50 or fewer taxa in order to limit the time required to
accumulate enough MCMC samples. (Despite this recommendation, data sets with more than 100 taxa have occasionally
been known to converge.) We recommend initially pruning as many taxa as possible from your data set, then adding some
back if the MCMC is not too slow.

5.2.2. Sequences too long?

Aligning just a pair of seguences takes O(LZ) time and memory, where L represents the sequence length. Therefore
sequences longer than (say) 1000 letters become increasingly impractical. However, you might try to see how long you
can make your sequences before you run out of memory, or the program becomes too slow.

11
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For multi-gene analyses, two separate data partitions (i.e. genes) of 500 letters will be twice as fast to align as one data
partition of 1000 letters. So, it may be possible to analyze several genes aslong as each gene individually is not too long.

You can speed up alignment for long genes by specifying alignment constraints (See Section 9, “Alignment
constraints’ [24]). Ideally, 10 evenly spaced constraints should reduce the cost of re-aligning a sequence by a factor
of 10.

Also, note that you can sometimes speed up the analysis of protein sequences by coding them as amino acids or codons,
rather than nucleotides. Thisis because it decreases the sequence length.

6. Output
6.1. Output directory

BAIli-Phy creates anew directory to store its output files each time it is run. By default, the directory name is the name of
the sequence file, with a number added on the end to make it unique. BAli-Phy first checks if there is already a directory
caledfil e-1/,andthen movesontofil e- 2/, etc. until it finds an unused directory name.

Y ou can specify a different name to use instead of the sequence-file name by using the - - nare option.

6.2. Output options

In order to infer ancestral sequences at internal nodes, add the option - - set | og- ancestral =1. Thiswill lead to
the creation of an additional output filecalled C1. P1. ancest r al . f ast as. Thisfile contains asampled alignment for
each iteration, where N's are replaced with aletter randomly sampled from the posterior distribution.

6.3. Output files

BAli-Phy writes the following output files inside the directory that it creates:

Cl.out
Iteration numbers, probabilities, success probabilities for transition kernels, etc..
Cl.Pp.fastas
Sampled alignments for partition p
Cler
Log file for hopefully irrelevant error messages.
C1.MAP
Successive estimates of the MAP point.
Clp

Scalar parameters. indel and substitution parameters, etc.

Cl.trees
Tree samples. one sample per line, in Newick format.

For the last two files, each line in these files corresponds to one iteration.

6.3.1. Field names in C1. p

This section explains the meaning of the various field namesin thefile C1. p.

6.3.1.1. Computed parameter names

prior
Thelog prior probability. Thisincludes the probability of the alignment, since the alignment is not observed.

12



BAli-Phy User's Guide v2.3.6

prior_An
The log of the probability Pr(A,Jt, T, A) of the alignment A,, of the nth partition, given the topology T, the branch
lengths T, and insertion-deletion process parameters A. This log probability is the probabilistic equivalent of a gap
penalty on the alignment A;, given the scoring parameters A.

likelihood
The log of the likelihood. Conditional on the alignment, this is determined entirely by the substitution model, and
ignores insertions and deletions. This is the probabilistic equivalent of the mismatch penalty.

logp
Thelog of the probability. The probability is the product of the prior and the likelihood.
Al
The total number of alignment columns across all partitions.
#indelsn
The number of indel eventsin partition n, if we group adjacent indels that occur on the same branch.
#indels
Thetotal number of indel events across al partitions, if we group adjacent indels that occur on the same branch.
lindelsn|
Thelength of indel eventsin partition n, if we group adjacent indels that occur on the same branch.
lindels|
Thetotal length of indel events across all partitions, if we group adjacent indels that occur on the same branch.
#substsn
The unweighted parsimony score for substitutions in partition n.
#substs
Thetotal unweighted parsimony score for substitutions across all partitions.
IT|

For a single-partition analysis, the sum of branch lengths. For a multi-partition analysis, a weighted average of this
sum across partitions.
6.3.1.2. Model parameter names

The prefixes"Sn::" and "In::" will be dropped if not necessary to disambiguate parameters with the same name in different
sub-models.

mun
The average number of substitutions per branch. The nth scale parameter ordinarily appliesto the nth partition, unless
multiple partitions are forced to have the same branch lengths using - - sane- scal e.

Sn::nane
Parameter nane in the nth substitution model.

In::nane
Parameter nane in the nth insertion/del etion model.

6.4. Summarizing the output

This section is primarily oriented to extracting estimates from output files. See Section 10, “ Convergence and Mixing: Is
it doneyet?’ [25] for methods of determine effective sample sizes, and for checking mixing and convergence.

6.4.1. Finding the consensus tree (C1. t r ees)

To compute the majority consensustree, do thefollowing. (The program FigTree[http://tree.bio.ed.ac.uk/software/figtree/]
allows you to view the resulting tree file graphically.)

13


http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/

BAli-Phy User's Guide v2.3.6

‘% trees-consensus Cl.trees > c50.PP.tree ‘

Y ou can (and should) pool results from different MCMC runs by adding multiple tree sample files on the command line.
The different MCMC runs should have the same input files and parameters.

‘%trees—consensus dir-1/Cl.trees dir-2/Cl.trees > ¢50.PP.tree ‘

By default, the first 10% of tree samples are skipped as burn-in. Y ou can specify the number of samples (e.g. 1000) to skip
by adding the options - s1000 or - - ski p=1000. You may a so specify apercentage of all samples:

% trees-consensus -s20% Cl.trees > c50. PP.tree

To discard some samples, keeping (say) every 10th sample, you may add the options- x10 or - - sub- sanpl e=10. This
can make the program alot faster, at the possible expense of someloss in accuracy.

% trees-consensus -s20% -x10 Cl.trees > ¢50. PP.tree

By default, splits are included in the consensus tree if they have a PP greater than 0.5. Y ou can specify a more stringent
level (e.g. 0.66) by adding the option - - consensus- PP=0. 66 asfollows:

% trees-consensus -s20% -x10 --consensus-PP=0.66 Cl.trees > c66. PP.tree

You may also make the program write directly to the output file (e.g. c66. PP. t r ee) by using the more general form
--consensus- PP=0. 66: c66. PP. t r ee. Leaving off the": c66. PP. t r ee" part (as we did above) or specifying
": - " sends the output to the standard output (e.g. the terminal, if not redirected).

% trees-consensus -s20% -x10 Cl.trees --consensus-PP=0. 66:c66. PP.tree

Y ou can supply multiple levels and filenames separated by commas. Thisisfaster than running the program multiple times
with different consensus levels.

% trees-consensus -s20% -x10 Cl.trees --consensus-PP=0.5:¢c50. PP.tree, 0. 66:c66. PP.tree

Finally, you may use the option - - consensus= instead of the option - - consensus- PP= if you do not wish the
resulting tree to contain embedded posterior probabilities on branches, as well as branch lengths.

% trees-consensus -s20% -x10 Cl.trees --consensus=0.5:¢c50. PP.tree, 0. 66:c66. PP.tree

Both the- - consensus=and - - consensus- PP= options may be given simultaneously.

Seetrees-consensus --hel p for acompletelist of options.

6.4.2. Finding the M.A.P. topology (Cl. tr ees)

To compute the maximum a posteriori tree topology do:

% trees-consensus --skip=burnin Cl.trees --nap-tree=MAP.tree

The MAP topology may be used instead of a consensus tree when a fully resolved (e.g. bifurcating) tree is required.
However, when the topology has many tips, each topology may be sampled only once, leading to low quality estimates
of the MAP topology.

The program FigTree [http://tree.bio.ed.ac.uk/software/figtree/] allows you to view the consensus tree graphically.

6.4.3. Checking topology convergence (Cl. t r ees)

% trees-bootstrap dir-1/Cl.trees dir-2/Cl.trees

This command computes the effective sample size for the posterior probability of each split. It also computes the Average
Standard Deviation of Split Frequencies (ASDSF) between two or more independent runs.

14
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See Section 10, “Convergence and Mixing: Isit done yet?’ [25] for more information.

6.4.4. Summarizing numerical parameters (C1. p)

This command gives amedian and confidence interval, ESS, and a stabilization time:

% statreport Cl.p > Report

This command compares multiple runs to give PSRF and joint ESS values as well:

% statreport dir-1/Cl.p dir-2/Cl.p > Report

The program Tracer [http://tree.bio.ed.ac.uk/software/tracer/] allows you to view the same summaries graphically.

See Section 10, “ Convergence and Mixing: Isit done yet?’ [25] for more information.

6.4.5. Computing an alignment using Posterior Decoding
(C1. Pp. f ast as)

% cut -range --skip=burn-in < Cl.Pp.fastas | alignnent-nmax > Pp-nmax.fasta

Y ou can use the program seaview [http://pbil.univ-lyonl.fr/software/seaview.html] to view the alignment graphically.

6.4.6. Find the alignment from the maximum a posterior (MAP) point
(C1. MAP)

‘%alignrrent-find < Cl. MAP > P1- MVAP. fasta ‘

6.4.7. Create an Au (Alignment Uncertainty) plot (C1. Pp. f ast as)

To annotate a specific alignment al i gnnent .fasta, choose afully resolved tree estimatet r ee:

% cut -range --skip=burn-in < ClL.Pp.fastas | alignnent-gild alignment.fasta tree > alignme
% al i gnnment -draw al i gnnent . fasta --AU al i gnnent - AU. prob > al i gnnent - AU. ht m

The majority consensus treeis usually not fully resolved, so we recommend using the MAP topology instead.

6.5. Summarizing the output - scripted

Instead of manually running each of the stepsto analyzethe output files, you may instead run the PERL script bp-analyze.pl
to execute these commands. The script will createan HTML pageResul t s/ i ndex. ht m that summarizesthe posterior
distribution.

Y ou may run bp-analyze.pl inside the output directory, like this:

% bp-anal yze. pl --burnin=iterations

Y ou may also run it with one or more output directories as arguments, like this;

% bp-anal yze.pl --burnin=iterations directory-1/ directory-2/

In this case, output from multiple runs will be used to assess convergence and mixing, as well as to increase the precision
of the estimates.

All the commands that are executed by bp-analyze.pl will be logged to Resul t s/ bp- anal yze. | 0og. You can aso
see these commands as they are executed by supplying the --ver bose option:

% bp- anal yze. pl --burnin=iterations --verbose
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6.5.1. Meaning of generated files
TheResul t s/ directory will contain the following useful files:

Report
A summary of numerical parameters: credible intervals and mixing.

consensus
A summary of supported splits (clades).

c-levels.plot
The number of splits (clades) supported at each LOD level.

c50.tree
The majority consensus topology + branch lengths (Newick format)

c50.PP.tree
The majority consensus topology + branch lengths + Posterior Probabilities (Newick format)

MAP.tree
An estimate of the MAP topology + branch lengths (Newick format)

The following fileswill be generated to summarize alignment uncertainty, unless the analysis uses a fixed alignment.

MAP.fasta
An estimate of the MAP alignment.

Pp-max.fasta
An estimate of the alignment for partition p using maximum posterior decoding.

MAP-AU.html
An AU plot of the MAP alignment (AA/DNA color-cheme).

Pp-max-AU.html
An AU plot of the maximum posterior decoding alignment for partition p (AA/DNA color-cheme).

The following files describe convergence and mixing:

partitions.bs
Confidence intervals on the support for partitions, generated using a block bootstrap.

partitions.SRQ
A collection of SRQ plots for the supported partitions.

c50.SRQ
An SRQ plot for the majority consensus tree.

The SRQ plots can be viewed by typing "pl ot "file'" with Iines"ingnuplot.

6.5.2. M xi ng/ partitions. bs: partition mixing

Thisfile reports the quality of estimates of support for each partition in terms of the posterior probability (PP) and log-10
odds (LOD). It also reports the auto-correlation time (ACT), the effective sample size (Ne), the number of samples that
support (1) or do not support (0) the partition, and the number of regenerations. Only partitions with PP > 0.1 are shown

by default.

7. Substitution models

Substitution models in BAIli-Phy are specified using a stack, as follows: Model [ ar g] +Model [arg] +. . .
+Mbdel [ ar g] where each model uses the previous models as input. For example, LG+tgama_i nv[ 4] . Some

arguments are optional.
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Note

If you are using the C-shell command line shell (csh or tcsh), then it will try to interpret each argument as an

array reference, giving the error message "bali-phy: Not found." To avoid thisyou may need to insert backslashes
before the left square brackes, like this: Model \ [ ar g] +Mbdel \[arg] +. .. +Model \[arg] .

7.1. Default substitution models

If the substitution model is not specified, then the default model for the alphabet is used. For DNA or RNA, the default
model is TN. For Triplets, the default is TNx3. For Codons, the default model is MO. For Amino-Acids, the default model
isLG.

7.2. Basic CTMC models

The basic substitution models in BAli-Phy are continuous-time Markov chains (CTMC). CTMC models can be
characterized by transition rates Qij from letter i to letter j. After agiven time t the probability for transition from state

ito state j isgiven by

Plt) =€ )
ij

using amatrix exponential. Becasethe CTM C modelsused in BAli-Phy areall reversible, therate matrix for thesereversible

models can be decomposed into a symmetric matrix S and equilibrium frequencies 11 as follows:

Qjj=Sijx 11 @)

Thematrix S is called the exchangability matrix, and represents how exchangeable lettersi and j are, independent of their
frequencies.

The basic CTMC models are EQU, HKY, TN, GTR, HKYXx3, TNx3, GTRx3, JTT, WAG, LG, and MO. Each of these
modelsisaway of specifying the exchangeability matrix Sj;.

Table 1. Substitution M odels

M odel Alphabet Parameters

EQU any none

HKY DNA or RNA kappa: the ts/tv ratio.
Hasegawa, Kishino, Y ano (1985)

TN DNA or RNA kappaPur: the purine ts/tv ratio.
Tamura, Nei (1993) kappaPyr: the pyrimidine ts/tv ratio.
GIR DNA or RNA Sizj

General Time-Reversible

Tavare (1986)

JTT Amino-Acids none.

Jones, Taylor, Thornton (1992)

WAG Amino-Acids none.

Whelan and Goldman (2001)

LG Amino-Acids none.
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M odel Alphabet Parameters
Le and Gascuel (2008)

Enpirical [file] Amino-Acids none.

HKYx 3 Triplets nuc- nodel parameters.
TNx3

GTRx3
MD Codons omega: the dN/dSratio

MD[ HKY] (default)
M[ GTR]
Nielsen and Y ang (1998)

7.3. Substitution Frequency models

The rate matrix Qij can be more generally expressed as

o

J
Q;;=Sijx ? ©)

where f ranges from O to 1. Here the parameter f specifies the relative importance of unequal conservation (f = 0) and
unequal replacement (f = 1) in maintaining the equilibrium frequencies 11.

In fact, this can be generalized even further to

Q= Sy R(n)ij (4)
where
HiXRij=HjXRji- ®)

These models can therefore be expressed as a combination of an "exchange model” (for S) and a"frequency model” (for R).

Table 2. Frequency M odels

M odel Alphabet Parameters

F any pil : frequency of letter | .

Whelan and Goldman (2001)

F=const ant any

Whelan and Goldman (2001)

Frequencies fixed to simple estimates.

F=uni form any

Whelan and Goldman (2001)

All letters have equal frequencies.

F61 any pil : frequency of letter | .

Synonym of F for codon models

gw any f: determines cause of high-frequency
letters.
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M odel Alphabet Parameters
Goldman and Whelan (2002) pil : frequency of letter | .
Filx4 Triplets pil : frequency of nucleotide I in first
Single nucleotide frequency model codon position.
F3x4 Triplets Sitel.pil : frequency of letter | in first
Independent  nucleotide  frequency codon position.
model Site2.pil : frequency of letter | in first
codon position.
Site3.pil : frequency of letter | in first
codon position.
M394 Triplets pil : frequency of nucleotide | in first
Muse and Gaut (1994) codon position.
Single nucleotide frequency model
M=04w0 Triplets Sitel.pil : frequency of letter | in first
Muse and Gaut (1994) codon position.
. Site2.pil : frequency of letter | in first
Independent  nucleotide  frequency codon position.
model
Site3.pil : frequency of letter | in first

7.4. Substitution Mixture Models

Complex substitution modelsin BAli-Phy are constructed as mixtures of reversible CTMC models (see Section 7.2, “Basic
CTMC models’ [17]) that run at different rates (e.g. I "4 + INV) or have different parameters (e.g. an M2 codon mode).

Table3. CTMC Mixture Models

codon position.

M odel Alphabet Parameters
nodel + I NV nodel aphabet plnv
Fraction of invariant sites.
nodel + ganma nodel alphabet sigmaOverMu
noise to signa ratio for
nmodel + ganma[ 4] (default) Gamma(ab). Also equa to 1/
Y ang (1994) sgrt(a).
a
parameter for Gamma(a,b)
b
parameter for Gamma(a,b)
nodel + ganma_i nv nodel aphabet sigmaOverMu
. noiss to signa ratio for
nodel + ganma_i nv[ 4] (default) Gamma(ab). Also equa to 1/
Yang (1994) sort(a).
a
parameter for Gamma(a,b)
b
parameter for Gamma(a,b)

19



BAli-Phy User's Guide v2.3.6

M odel Alphabet Parameters
plnv
Fraction of invariant sites.
nodel + | og- nor nal nodel aphabet sigmaOverMu
model + | 0g- nor mal [ 4] 1110|51i>I toa] signal ratio for
plnv
Fraction of invariant sites.
nodel + | og-nornal _inv nodel aphabet sigmaOverMu

nodel + 1 og-normal _inv[4]
(default)

noise to signa ratio for
logNormal.

plnv
Fraction of invariant sites.
MLa Codons wl
Mia[ HKY, F61] (default) the conserved dN/dS ratio
f1
Mia[ GTR, F3x4] the fraction of conserved sites
Wong, et. a. (2004) among non-positively  selected
sites
f2
the fraction of neutral sites among
non-positively selected sites
M2a Codons wl
MRa[ HKY, F61] (default) the conserved dN/dS ratio
fl
Meal GTR, F3x4] the fraction of conserved sites
Wong, et. a. (2004) among non-positively  selected
sites
f2
the fraction of neutral sites among
non-positively selected sites
poswW
the positively selected dN/dS ratio
posP
the fraction of positively selected
sites
M2a_Test Codons wl
M2a_Test [ HKY, F61] (default) the conserved dN/dS ratio
f1
Mea_Test [ GTR, F3x4] the fraction of conserved sites
Wong, et. a. (2004) among non-positively  selected
sites
f2

the fraction of neutral sites among
non-positively selected sites
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M odel Alphabet Parameters
posw
the positively selected dN/dS ratio
posP
the fraction of positively selected
sites.
posSelection
model selector (1 if positive
selection, O if not).
VB Codons M3.omegalli
MB[ 4, HKY, F61] (default) the congerved dN/dS ratio for
category |
VB[ 4, GTR, M94] M 3.flli
Yang, et. a. (2000) the fraction of conserved sites
among non-positively  selected
sites
MB_Test Codons M 3.omega!li
MB_Test [ 4, HKY, F61] (default) the cons_erved dN/dS ratio for
category i
MB_Test[ 4, GTR, M®4] M3.flli
Yang, et. al. (2000) the fraction of conserved sites
among non-positively  selected
sites
poswW
the positively selected dN/dS ratio
posP
the fraction of positively selected
Sites.
posSelection
model selector (1 if positive
selection, O if not).
M7 Codons mu
MZ[ 4, HKY, F61] (default) mean of the Beta(a,b) distribution.
a
M6, GTR, F3x4] parameter of Beta(a,b) distribution
Yang, €et. a. (2000) b
parameter of Beta(a,b) distribution
MBa Codons mu

MBa[ 4, HKY, F61] (default)
MBa[ 6, GITR, F3x4]
Yang, et. a. (2000)

mean of the Beta(a,b) distribution.
parameter of Beta(a,b) distribution
parameter of Beta(a,b) distribution

posP
the fraction of neutral sites.
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M odel Alphabet Parameters
VB Codons mu
NB[ 4, HKY, F61] (default) mean of the Beta(a,b) distribution.
a
MB[ 6, GTR, F3x4] parameter of Beta(a,b) distribution
Yang, et. al. (2000) b
parameter of Beta(a,b) distribution
poswW
the positively selected dN/dS ratio
posP
the fraction of positively selected
Sites.
MBa_Test Codons mu
MBa_Test [ 4, HKY, F61] (default) mean of the Beta(a,b) distribution.
a
MBa_Test [ 6, GTR, F3x4] parameter of Beta(a,b) distribution
Yang, et. a. (2000) b
parameter of Beta(a,b) distribution
poswW
the positively selected dN/dSratio
posP
the fraction of positively selected
sites.
posSelection
model selector (1 if positive
selection, O if not).
branch-site Codons f1
br anch- si t e[ 2, HKY, F61] the fraction of conserved sites on
(default) 9
. f2
branch-site[, GIR, F3x4] the fraction of neutral sites on
Zhang, et. a. (2005) background branches.
wl
the conserved dN/dS ratio.
poswW
the positively selected dN/dS ratio.
posP

the fraction of sites (neutral or
conserved) that switch to positive
selection on foreground branches.

posSelection
model sdlector (1
selection, O if not).

if positive
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7.5. The branch-site substitution model

In order to use the branch-site substitution model, the user needs to

» Specify an unrooted tree topology in Newick format.

+ Label foreground branches on the tree using NHX attributes.

» Disabletopology changesin order to fix the tree topology (branch lengths are estimated).

Hereisan example treefile:

Example 4. Aninitial treefilewith branch lengths

(((A1:0.1, B1:0.1):0.1,(C1:0.1, D1:0.1):0.1):0.1,((E2:0.1, F1:0.1):0.1,(G1:0.1, H1:0.1):0.1):0.1,(((A2:0.1, B2:0.1):0.1,
(C2:0.1, D2:0.1):0.1):0.1,((E2:0.1, F2:0.1):0.1,(G2:0.1, H2:0.1):0.1):0.1):[ & & NHX:foreground=1]0.2);

Any branch lengths provided will be used as initial valuesin the MCMC analysis. However, it is not necessary to provide
them:

Example5. Aninitial treefile without branch lengths
(((A1, B1),(C1, D1)),((EL, F1),(G1, H1)),(((A2, B2),(C2, D2)),((E2, F2),(G2, H2))):[&& NHX:foreground=1]);

The NHX attribute must be applied to the branch, not the node. Therefore it must occur after a colon. Multiple branches
may be marked as foreground branches.

An example command line is as follows:

% bal i - phy alignnent.fasta --snodel branch-site[, HKY, F3x4] --di sabl e=t opol ogy --tr

The posterior probability of positive selection is the posterior mean of the posSel ection parameter. This may be computed
using the statreport program with the - - mean option.

In case this probability is extremely close to 1 or O, you may wish to add the option - - Rao- Bl ackwel | i ze
S1. BranchSi t eTest . posSel ecti on. Thiswill report the log-probability of positive selection each iteration. The
user may exponentiate the reported values and then average them (using R, for example) in order to compute a more
accurate estimate of the posterior probability of positive selection.

7.6. Substitution model examples

Example: --smodel WAG+F+log-normal_inv

Example: --smodel WAG+gwF+log-normal_inv

Example: --smodel WAG+log-normal_inv (same as above)
Example: --smodel EQU --alphabet Triplets

Example: --smodel HKY

Example: --smodel TN+F=constant

Example: --smodel MO --alphabet Codons

Example: --smodel MO+F1x4 --alphabet Codons

Example: --smodel M 2a --alphabet Codons

Example: --smodel M2a[HK Y] --alphabet Codons (same as above)
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Example: --smodel M2[TN,F3x4] --alphabet Codons

7.7. Genetic Codes

When using a codon-based substitution model like M), you may select the genetic code by specifying - - al phabet
Codons[ geneti c- code] . Available genetic codes are st andard, m -vert, nt-invert, nt-yeast, nt-
pr ot ozoan.

If the genetic code is not specified, then the standard code is used:

% bal i - phy sequence-file --snodel M --al phabet Codons

This example specifies the vertebrate mitochondrial code:

% bal i - phy sequence-file --snodel M --al phabet Codons[nt-vert]

8. Insertion/deletion models

The current models are RS05, RS07, and none. The default is RS07. Each of these modelsis a probability distribution on

pairwise alignments. The probability distribution on multiple sequence alignments PH{A|T,, T, A)isconstructed by factoring
the multiple sequence alignment into pairwise alignments along each branch of the tree, as described in Redelings and
Suchard (2005).

Table 4. Substitution M oddls

M odel Parameters Description
RS05 6: the gap-opening probability Gap lengths are geometrically
Redelings and Suchard (2005) &: the gap-extension probability i's"' buted with- extension probability

This indel model is independent of the
branch length connecting the ancestor
and descent sequences.

RS07 A: theinsertion and deletion rate Gap lengths ae geometricaly
Redelings and Suchard (2007) €: the gap-extension probability (ilsm buted with- extension probability

The probability of an indel event
depends on the branch length in this
model.

none Indicates the lack of amodel.

Specifying an indel model of none for agiven partition resultsin fixing the alignment for that partition to itsinitial value,
and ignoring information in shared insertions or deletions.

9. Alignment constraints

To fix specific columns of the alignment, you may specify alignment constraintsin afile asfollows:

1. Usetheargument - - al i gn- constraint fil enane

2. For multiple partitions, list multiple filenames separated by colons. If a partition doesn't have a constraint, then
use an empty filename. For example, to specify constraints for partitions 1 and 3, write: - - al i gn- const r ai nt
filenanel::fil enanme3
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3. Each filenamerefersto afilein which each line represents a constraint.

9.1. Syntax

Thefirst line of the file is a header consisting of an ordered list of sequence names separated by spaces. Each subsequent
line consists of a space-separated list of sequence positions, with the first position corresponding to the first leaf sequence,
the second position corresponding to the second |eaf sequence, etc. Thus, if thereare n leaf taxa, then each line corresponds
to a space-separated list of n integers.

9.2. Examples

For example, thefile

ABC
122

implies that position 1 of leaf sequence A is aligned to position 2 of leaf sequences B and C. Note that the first position
in asequenceis position 0.

Optionally, one may use a'-' instead of an integer, which denotes alack of constraint for that sequence. This can be useful
asfollows:

ABCD
22 - -
- - 22

The above constraints force alignment between position 2 of sequences A and B, and between position 2 of sequence C
and D.

9.3. Computing the constraints

The program alignment-indices may be used to aid in computing a constraint file from an input alignment. See
Q: 13.7.3[32].

10. Convergence and Mixing: Is it done yet?

When using Markov chain Monte Carlo (MCMC) programs like MrBayes, BEAST or BAIi-Phy, it is hard to determine
in advance how many iterations are required to give a good estimate. The number depends on the specific data set that
is being examined. As aresult, BAli-Phy relies on the user to analyze the output of arunning chain periodically in order
to determine when enough samples have been obtained. This section describes a number of techniques to diagnose when
more samples must be taken.

Some of the better diagnostics for lack of convergence rely on running at least 4 independent copies of the Markov chain
(preferably 10) from different random starting points to see if the sampled posterior distributions for each chain are the
same. Unfortunately, when the distributions all seem to be this same, this doesn't prove that they have al converged to the
equilibrium distribution. However, if the distributions are different then you can reject either convergence or good mixing.

10.1. Definition of Convergence

Convergence refers to the the tendency of a Markov chain to to "forget" its starting value and become typical of its
equilibrium distribution. Note that convergence is a property of the Markov chain itself, not of individua runs of the
Markov chain. Ideally a number of individual runs should be examined in order to determine how many initial iterations
to discard as "burnin”.
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10.2. Definition of Mixing

In MCMC, each sampleis not fully independent of previous samples. In fact, even after aMarkov chain has converged, it
can get "stuck” in one part of the parameter space for along time, before jumping to an equally important part. When this
happens, each new sample contributes very little new information, and we need to obtain many more samples to get good
precision on our parameter estimates. In such a case, we say that the chain isn't "mixing" well.

10.3. Diagnostics: Variation in split frequencies across
runs (ASDSF/MSDSF)

10.3.1. ASDSF and MSDSF
To calculate the ASDSF and MSDSF run:

% trees-bootstrap dir-1/Cl.trees dir-2/Cl.trees ... dir-n/Cl.trees > partitions.bs

For each split, the SDSF value is just the standard deviation across runs of the Posterior Probabilities for that split. By
averaging the resulting SDSF values across splits, we may obtain the ASDSF value (Huelsenbeck and Ronquist 2001).
Thisis commonly considered acceptableif it is< 0.01.

However, it is also useful to consider the maximum of the SDSF values (MSDSF). This represents the range of variation
in PP across the runs for the split with the most variation.

10.3.2. Split-frequency comparison plot

To generate the split-frequency comparison plot, you must have R installed. Locate the script conpar e- r uns. R Then
run:

% trees-bootstrap dir-1/Cl.trees dir-2/Cl.trees ... dir-n/Cl.trees --LOD-tabl e=LOl
%R --slave --vanilla --args LOD-tabl e conpare- SF. pdf < conpare-runs.R

Following Beiko et a (2006) [http://dx.doi.org/10.1080/10635150600812544], this displays the variation in estimates of
split frequencies across runs. Splits are arranged on the x-axis in increasing order of Posterior Probability (PP), which is
obtained by averaging over runs. We then plot avertical bar from the minimum PP to the maximum PP.

10.4. Diagnostics: Potential Scale Reduction Factors
(PSRF)

Potential Scale Redution Factors check that different runs have similar posterior distributions. Only numerical variables
may have a PSRF. To calculate the PSRF for each numerical parameter, you may run:

% statreport dir-1/Cl.p dir-2/C2.p ... dir-n/Cl.p > Report

The PSRF isaratio of the width of the pooled distribution to the average width of each distribution, and should ideally be
1. The PSRF is customarily considered to be small enough if it islessthan 1.01.

We compare the PSRF based on the length of 80% credible intervals (Brooks and Gelman 1998) and report the result as
PSRF-80%CI. For integer-valued parameters, we avoid excessively large PSRF values by subtracting 1 from the width
of the pooled ClI.

We also report a new PSRF that is more sensitive for integer distributions. For each individua distribution, we find the
80% credible interval. We divide the probability of that interval (which may be more than 80%) by the probability of the
same interval under the pooled distribution. The average of this measure over al distributions gives us a PSRF that we
report as PSRF-RCF.
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This convergence diagnostic gives a criterion for detecting when a parameter value has stabilized at different valuesin
several independent runs, indicating alack of convergence. This situation might occur if different runs of the Markov chain
were trapped in different modes and failed to adequately mix between modes.

10.5. Diagnostics: Effective sample sizes (ESS)

10.5.1. ESS for numerical values
To calculate the split ESS values, run:

% statreport dir-1/Cl.p dir-2/Cl.p ... dir-n/Cl.p > Report

We calculate effective sampl e sizes based on integrated autocorrel ation times. Thismethod hasthe nice property that simply
duplicating every sample does not increase the ESS.

The program Tracer [http://evolve.zoo.ox.ac.uk/software/tracer/] also computes ESS values.

10.5.2. ESS for split frequencies
To calculate the split ESS values, run:

% trees-bootstrap dir-1/Cl.trees dir-2/Cl.trees ... dir-n/Cl.trees > partitions. bg

To compute the ESS for a split, we consider the presence or absence of asplit in each iteration as a series of binary values.
We computetheintegrated autocorrel ation time for this binary sequence, which leadsto an ESS. Thisapproachissimilar to
dividing theiterations into blocks and computing the ESS on the PP estimatesin the blocks. It is also similar to estimating
the variance reduction under a block bootstrap.

10.6. Diagnostics: Stabilization

10.6.1. Stabilization of numerical values

To obtain estimates of the stabilization time for each numerical parameter, you may run:

% statreport Cl.p > Report

Each series of valuesis counted as having stabilized after the series crossesits upper and then lower 95% confidence bounds
twice (if the initial value is below the median) or crosses its lower and then upper confidence bounds twice (if the initial
value is above the median). The confidence bounds are those based on its equilibrium distribution as calculated from the
last third of the values in the sequence.

10.6.2. Stabilization of tree topologies and tree distances

In addition to examining convergence diagnostics for continuous parameters, it is important to examine convergence
diagnostics for the topology as well (Beiko et al 2006 [http://dx.doi.org/10.1080/10635150600812544]). In theory, we
recommend the web tool Are We There Yet (AWTY) [http://ceb.csit.fsu.edu/awty/] (Wilgenbush et al, 2004). However,
AWTY givesincorrect results if you upload plain NEWICK tree samples -- which is what BAli-Phy outputs. Therefore,
if youwishtouse AWTY, you must convert the tree samples filesto NEXUS before you upload them to AWTY in order
to get correct results.

It is also be possible to assess stabilization of tree topologies using tools distributed with bali-phy by using commands
like the following. Here, sub-sampling and burnin does not apply to the equilibrium tree files. Also, note that you need
to manually construct the equilibrium samples, which we recommend to contain at least 500 trees; you might do this by
sub-sampling using the BAIi-Phy tool sub-sample.

1. To report the average distances within and between two tree samples:
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% trees-di stances --skip=burnin --sub-sanpl e=factor conpare dir-1/Cl.trees dir- ?/ Cl.trees

2. To compute the distance from each tree in Cl.treesto al trees equilibrium.trees, as atime series:

% trees-di stances --skip=burnin --sub-sanpl e=factor convergence Cl.trees equili t#ri umtrees

3. To assess when the above time series stabilizes:

% trees-di stances --skip=burnin --sub-sanpl e=factor converged Cl.trees equili br i‘ umtrees

The stabilization criterion is the same one described above for numerical values.

Note that the running time is the product of the number of treesin the two files. Therefore, comparing two complete tree
samples without sub-sampling will take too long.

11. Alignment utilities

Most of these toolswill describe their optionsif giventhe"- - hel p" argument on the command line.

11.1. alignment-info

Show basic information about the alignment:

% alignment-info file.fasta
% alignment-info file.fasta file.tree

11.2. alignment-cat

To select columns from an alignment:

% al i gnment - cat -c1-10, 50- 100, 600- file.fasta > result.fasta
% al i gnment -cat -c¢5-250/3 file.fasta > first_codon_position.fasta
% al i gnment -cat -c6-250/3 file.fasta > second_codon_position. fasta

To concatenate two or more alignments:

% al i gnment-cat filel.fasta file2.fasta > all.fasta

11.3. alignment-thin

Remove columns without a minimum number of letters:

% alignment-thin --mn-letters=5 file.fasta > file-thinned.fasta

Remove sequences:

% al i gnment-thin --renmove=seql, seq2 file.fasta > file2.fasta

Remove short sequences:

% al i gnment-thin --1onger-than=250 file.fasta > file-long.fasta

Remove sequences while preserving sequence diversity:

% al i gnment-thin --down-to=30 file.fasta > fil e-30taxa.fasta
% al i gnment-thin --down-to0=30 file.fasta --keep=seql, seq2 > fil e-30t axa. fasta
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Remove sequences that are missing conserved columns;

% al i gnment-thin --renpve-crazy=10 file.fasta > file2.fasta

11.4. alignment-draw

Draw an alignment to HTML, optionally coloring residues by AU.

% alignment-draw file.fasta --showruler --color-scheme=DNA+contrast > file.htm
% alignment-draw file.fasta --showruler --AU=file-AU prob --col or-scheme=DNA+cont r ast +f a

11.5. alignment-find

Find the last (or first) FastA alignment in afile.

% alignment-find --first < file.fastas > first.fasta
% alignment-find < file.fastas > | ast.fasta

11.6. alignment-indices
Turn columns from atemplate alignment into alignment constraints:

% al i gnment -i ndi ces tenpl ate. fasta > constraints. txt
% al i gnment -i ndi ces -c¢100- 110, 200, 300- tenpl ate.fasta > constraints.txt

Each linein thisfile corresponds to one alignment column.

11.7. alignment-chop-internal

Remove internal-node ancestral sequences from an alignment. (This probably only works for alignments output by bali-
phy.)

% al i gnment - chop-internal file.fasta > fil e-chopped. fasta

12. Tree utilities

12.1. trees-consensus

This program analyzes the tree sample contained in f i | e. It reports the MAP topology, the supported taxa partitions
(including partia partitions), and the majority consensus topology.
12.2. trees-bootstrap

Usage: trees-bootstrapfil el [fil e2 ...] --predicatespr edi cat e-fi | e [OPTIONS]

This program analyzes the tree samplescontained infi | el,fi | e2, etc. It givesthe support of each tree sample for each
predicatein pr edi cat e-fi | e, and reports a confidence interval based on the block bootstrap.

Each predicate is the intersection of a set of partitions, and is specified as alist of partitions or (multifurcating) trees, one
per line. Predicates are separated by blank lines.

12.3. trees-t0-SRQ

Usage: treesto-SRQ predi cate-fi |l e [OPTIONS|trees-file
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Thisprogram analyzesthetree samplescontainedint r ees- f i | e. It usesthem to produce an SRQ plot for each predicate
inpredi cate-fil e.Plotsareproduced in gnuplot format, with one point per line and with plots separated by a blank

line.

If - -mode sum isspecified, then a"sum" plot is produced instead of an SRQ plot. In this plot, the slope of the curve
correspondsto the posterior probability of theevent. If the- - i nvert optionisused then the slope of the curve correspond
to the probability of the inverse event. This is recommended if the probability of the event is near 1.0, because the sum
plot does not distinguish variation in probabilities near 1.0 well.

13.

Frequently Asked Questions (FAQ)

13.1. Input files

13.1.1.

13.1.2.

13.1.3.

Does BAli-Phy accept the wildcard characters "N" or "X"? How does it treat them?

Y es, BAli-Phy acceptsthewildcard characters"N" (for DNA) and " X" (for proteins). These charactersindicate that
some letter is present (as opposed to a gap), but that you don't know which letter it is.

Does BAli-Phy accept "?' characters?

No. "?" characters are often used to indicate either letter presence (e.g. "N", "X") or absence (e.g. "-"). BAli-phy
will insist that you replace each "?" with either "N"/"X" or "-" to indicate which one you mean.

(Most programs ignore indels and consider only substitutions, and in that case "N" and "-" have the same effect
on the likelihood or parsimony score. However, since BAli-Phy takes indels into account, these two alternatives
are quite different.)

Does BAli-Phy accept the characters"R" and "Y", etc.?

Yes. BAli-Phy accepts the characters Y, R, W, S, K, M, B, D, H, and V for DNA, RNA, and Codon &l phabets.
BAIli-Phy also acceptsthe characters B, Z, and Jfor amino acids. These charactersindicate partial knowledge about
aletter. For example, R indicates that a nucleotide is present, and is a puRine (A or G). Jindicates that an amino
acidispresent andiseither | or L.

(Note that sequences sometimes contain such ambiguity codes because the DNA that was sequenced contains
both values. This might occur when sequencing a heterozygote or when sequencing pooled DNA from several
individuals. However, the model in BAli-Phy (and other phylogeny inference programs) is that only one letter is
correct, but we do not know which oneit is. Thisis probably not problematic when dealing with pooled sequences,
but should be considered.)

13.2. Running bali-phy.

13.2.1.

13.2.2.

13.2.3.

13.2.4.

Can | fix the alignment and ignore indel information, like MrBayes and other MCMC programs?

Yes. Add-t or--traditional onthecommand line. Thishasthe same effect as- - i nodel none.

Can | fix the tree topology, while allowing the alignment to vary?

Yes. Add - - di sabl e=t opol ogy --tree=treefil e onthecommandline.

Can | fix the tree topology and relative branch lengths, while allowing the alignment to vary?

Yes. Add - - di sabl e=tree --tree=treefil e onthecommandline

Can | fix the tree topology and absolute branch lengthsin all data partitions, while allowing the alignment to vary?

Yes. Add--di sabl e=tree --tree=treefile --fix=mul ... --fiX-mun onthecommand line.

13.3. Run-time error messages

13.3.1.

| triedtouse- - snodel LGrganma[ 6] and | got an error message "bali-phy: No match." What gives?
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Y ou are probably using the C-shell as your command line shell. It istrying to interpret LG+ganmma[ 6] asan array
before running the command, and it is not succeeding. Therefore, it doesn't even run bali-phy.

To avoid this, put abackslash in front of the first "[* and write - - snrodel LGrganma\ [ 6] . Thiswill keep the
C-shell from interfering with your command.

13.4. Stopping bali-phy.

13.4.1. Why is bali-phy still running? How long will it take?

It runs until you stop it. Stop it when its done.

13.4.2. How do | stop a bali-phy run on my personal computer?

Simply kill the process -- there is no special command to stop bali-phy. If you are running it on your personal
workstation, then you can use the command kill. To do that, you need to find the PID (process ID) of the running
program. Y ou can find this by examining the beginning of the file C1. out . For example:

% | ess 5d-1/Cl. out
conmand: bali-phy 5d.fasta
start time: Thu Oct 3 15:18:17 2013

VERSION: 2.2.0 [2.2 conmit 66ad8405+] (COct 03 2013 14:47:48)

BU LD: Cct 3 2013 15:13:10

ARCH: x86_64- unknown- | i nux-gnu

COWI LER GCC 4.8.1

FLAGS: -isystem $(top_srcdir)/boost/include -ffast-nmath - DNDEBUG - DNDEBUG DP
directory: /hone/bredelings/Devel/bali-phy/Runs

subdi rectory: 5d-1

host nanme: nut ant

PID: 21415

random seed = 10968853200429096211

Herethe PID is 21415. Therefore you can type:
% kill 21415

On some operating systems you can also type:

%killall bali-phy

However, be aware that thiswill terminate all of your bali-phy runs on that computer.

13.4.3. How do | stop a bali-phy run on a computing cluster?

Simply terminate the submitted job. The specific command to terminate a job will depend on the queue manager
that isinstalled on your cluster. Examine the documentation for your cluster, or ask your cluster support staff how
to delete running jobs on your cluster.

Asan example, if the SGE software is used to submit jobs, then the command gstat should list your jobs and their
job 1D numbers (which is different than the process D number). Y ou can then use the command qdel to deletejobs
by ID number. The SGE documentation describes how to use these commands.

13.4.4. So, how can | know when to stop it?

Y ou can stop when it has both converged and also run for long enough to give you >1000 effectively independent
samples.
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13.4.5. How can | tell when the chain has converged?
See section Section 10, “ Convergence and Mixing: Isit done yet?’ [25].
13.4.6. How can | check how many iterations the chain has finished?

Run wc -I C1.p inside the output directory, and subtract 2.

13.5. Running bp-analyze.pl.

13.5.1. Why does bp-analyze.pl say "Program 'draw-tree’ not found. Tree pictures will not be generated"?

The program draw-tree was not distributed on this platform (Windows, Mac). Thisis not a fatal error message,
it just means that a pretty picture of the tree will not be generated automatically. Y ou can still view the tree with
FigTree, for example.

13.5.2. Why does bp-analyze.pl say "Program 'gnuplot’ not found. Trace plots will not be generated"?

Thisisbecause you have not installed gnuplot. Thisisnot afatal error message, it just meansthat pictures of traces,
partition support, and SRQ plotswill not be generated automatically. Y ou can till view MCMC traceswith Tracer.

13.5.3. Why does bp-analyze.pl say "Program 'R' not found. Some mixing graphs will not be generated"?

This is because you have not installed R. This is not a fatal error message, it just means that a plot showing
differencesin clade probabilities between runs will not be generated.

13.5.4. Why is bp-analyze.pl stopping early, or failing to generate some files?

Look in the file Resul t s/ bp- anal yze. | og. This should contain the actual commands that were run, along
with error message from these commands. These error message should give you a hint as to what the problem
might be.

13.6. Interpreting the results.

13.6.1. How do | compute the clade support?

Actualy, BAli-Phy uses unrooted trees, so it only estimates bi-partition support. A bi-partition isadivision of taxa
into two groups, but it does not specify which group contains the root.

13.6.2. How do | compute the split/bi-partition support?

After you analyze the output (Section 6.5, “Summarizing the output - scripted” [15]), the partition support is
indicatedin Resul t s/ consensus andinResul t s/ c50. PP. t r ee.

13.7. How do |I...

13.7.1. How do | concatenate alignments?

% al i gnnment-cat filenanel.fasta filename2.fasta > result.fasta

The alignments must have the same sequence names, but the names need not be in the same order.

13.7.2. How do | select columns from an alignment?

% al i gnnment - cat -c1-10, 50- 100, 600- filenane.fasta > result.fasta

The resulting alignment will contain the selected columns in the order you specified.
13.7.3. How do | create an aignment-constraint file from an alignment?

To constrain the alignment to match some alignment filef i | ename. f ast a in columns 100, 200-250, and 300,
run:
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% al i gnment - i ndi ces -c¢100, 200- 250, 300 fil enane.fasta > fil enane. constrai nt
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