USING BRAT-1.2.1

This new version has a different input and outputrits to enablBRAT to identify copy-duplicates (the reads mapped to
the same location in the genome). A new tealove-dupl chooses and keeps a randomly chosen represemétiogpy-
duplicates and removes the rest of copy-duplicates.

1 ANALYSIS PIPELINE

Currently BRAT includes the following toolsrat, brat-large, brat-large-build, acgt-count, trim, rev-compl, check-strands
andremove-dupl. The flow of the analysis pipeline is given in figure below.
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First, tooltrim takes reads in FASTQ format, trims low-quality émfrom both ends as well as Ns and outputs readsni
reads format that are acceptedbogt andbrat-large. After trim, brat or brat-large are used to map the reads to the reference
genome. If the reads are sequenced from four PGRupt strands, therv-compl is used to take reverse-complements of
the unmapped reads followed by mapping of the tesuith brat or brat-large. Next, mapped results are used as input for
remove-dupl that removes copy-duplicates keeping only a ratgaimosen one, where copy-duplicates are the rdwds
are mapped to the same start position in the medereFinallyacgt-count processes all the mapped results to produce
methylome, a map with methylation status of eactoage. Toolcheck-strands is used for information on ACGT-
distribution in the reference and input reads.



2 SYSTEM AND SPACE REQUIREMENTS

BRAT stands for Bisulfite-treated Reads Analysis Tddiere are two versions ®fRAT: BRAT and BRAT-large. Both
programs run on 64-bit architecture under LinuxUnperating system. Both versions work with readegths 24 bases
and above.

BRAT accepts up to 4.2G references with total sizeferences up to 4.2G base pab®sAT-large can work with up to 4.2G
references with the size of the largest referemcmo 4l.2G base pairs.

BRAT works best with relatively small genomes becauigesés significantly more space thBRAT-large. BRAT is faster
thanBRAT-large that maps reads to the references sequentialiyagis all reads to the first reference, then altiseto the
second reference and so on. The space requirerherRi@-laree depends on the size of the largest referenceeirséh of
input references, where@®AT's space requirement depends on the total sizél afpaut references (measured in base
pairs).

Let N be the total size of a genome in base pdirse the size of the largest reference in base paidRR be the total
number of reads (each read is counteal,a pair has 2 reads). Then the space requireddibr frograms is bound as
follows:

Spacer = 269- 10° + 24N + 24R + (3/8N Bytes
SPaC@uriarge = 269 10° + 4T + 24R + (3/8)T Bytes
Spacerar.iarge = 269- 10 + 24T + 24R + (3/8)T Bytes (when optiosis provided)

Whenever there is a space limitation, the usercbaose to usBRAT-large. Here is an example of space usage with paired-
end BS-mapping with non-BS-mismatches (mismatchiesrdhan T-to-C and A-to-GBRAT uses 2.5 GB on 1 million
pairs and human chromosome 1, &R T-large on 10 million pairs and an entire human genome dsé GB (or 2.7GB
with optionS).

In this versionBRAT allows for non-BS-mismatches with the restrictanthe number of non-BS-mismatches in the first
X bases (foBRAT) andX bases (foBRAT-large), WhereX is a threshold specified with the optibifX cannot be smaller
than 24 or larger than 64)RAT guarantees to map all reads that could be mappttetgenome with up to one non-BS-
mismatch in the firsK bases of reads. A user can specify any humbepfB8-mismatches with the option and as
long as there is only one non-BS-mismatch in thet K bases of a readRAT will map this readBRAT-large does not
allow for non-BS-mismatches in the fildtbases of reads. If a user specifies any humbeowfBS-mismatches with the
optionm, BRAT-large Will map all reads that could be mapped perfeatlwith BS-mismatches within the firstbases, and
any number of non-BS-mismatches in the other basesads.

The package includes three additional totisn, brat-large-build andacgt-count. The latter aligns mapped reads to the
genome and counts mapped nucleotides at each basenivard and reverse strands separately. The ttoolaccepts

FASTQ files with reads/pairs as input, trims thelemf the reads whose base quality scores are ltvaer the user
specified threshold and trims Ns at the ends oféhés. The todirat-large-build is used with option P witBRAT-large.

3 COMMANDS AND INPUT

To uncompress run:
tar zxvf brat-1.2.*.tar.gz
To build:

cd brat-1.2.*
make

This will create executable progranbsat-large, brat-large-build, acgt-count, trim, rev-compl, check-strands andremove-
dupl.



Input format of the reads f@RAT andBRAT-large is raw reads:
e Read < string >: a read after ustnign;
e  Start <int>: the number of bases trimmed at thermégg of the original read;
e End <int>: the number of bases trimmed at the drideooriginal read.

To convert reads from FASTQ format to raw read simould rurtrim. If a user does not wish to trim reads’ low qualit
score bases, then he/she should omit the optiotinéolbase quality score threshold: the defaulsstioll equals to zero, so
all reads will be in the output without change éndths (except for reads having Ns at the endsgalfs have Ns at the
ends trim trims Ns at the ends and outputs only those reddse length after trimming is greater or equal4dases.

A command to run trim

This program trims low-quality bases (lower thahr@shold given with optiorg) and Ns from each end of a redwdses
are trimmed one at a time from both ends of a tewill a base with quality score greater or equahthis encountered
(similarly, all consecutive Ns from both ends a&ad are trimmed). This tool outputs only thoselseshose length is at
least 24 after trimming and that have at moétternal Ns: the number of allowable internal Blsét by optionm.

To trim single-end reads in the fiteads.fastgn FASTQ format and output trimmed raw reads iatfile with name
prefix_reads1.txtrun the command:

./trim -s reads.fastq -P prefix -q 20 -L 64 -m 2

This will trim bases whose base quality scored@aser than 20 from the ends of reads. The optispecifies the smallest
value of the range of base quality scores in AS€dresentation (please see Commands Options faitgjeo learn more
about Phred scores, please Migtp://www.phrap.com/phredOption m allows each read having at most 2 inteidsi
Option -P provides prefix to the output file nanfi#snight contain a path for an output file: -P dhe/directory/prefix).

If the user does not wish to trim ends with lowébgsality scores, the option is not specified. For single-end readsighe
is a single output file with trimmed reads.

To trim paired-end reads in the filesads1.fast@andreads2.fastan FASTQ format, run the command:
.Jtrim -1 readsl.fastq -2 reads2.fastq -P prefix -q 20 -L 64 -m 2
Here we assume, thegadsl.fastgontains sequenced 5° mates, ezatls2.fastqgontains sequenced 3™ mates.

The output will be in four files with raw readsprefix_readsl.txt prefix_reads2.txt prefix_matesl.txtand
prefix_mates2.txtTo further map paired-end reads, psefix_readsl.txandprefix_reads2.txas input files for paired-end
mapping withbrat or brat-large. The file prefix_matesl.txtontains reads from the fileadsl.fastgvhose mates have
shorter length than 24 bases after trimming. Sigildhe file prefix_mates2.txtontains reads from the fiteads2.fastq
whose mates are shorter than 24 bases. The usdurtaer map these fileqrefix_matesl.txand prefix_mates2.txtas
single-end reads: for BS-mapping of the readprafix_mates2.txtthe user must specifA option for mapping to work
correctly (the same is true if a user wishes to thapeads iprefix_reads2.txas single reads).

Additional output files argrefix_pairl.fastqprefix_pair2.fastq, prefix_matesl.fasiqd prefix_mates2.fastq hese files
have the same reads as do fiesfix_readsl.txtprefix_reads2.txt, prefix_matesl.ead prefix_mates2.txtespectively,
except the fileprefix_pairl.fastqprefix_pair2.fastgprefix_matesl.fastgnd prefix_mates2.fastgre in FASTQ format.
NOTE: current version oBRAT andBRAT-large do NOT support FASTQ format. These additidik@s are for users to
track original reads’ names and corresponding haséty scores.

Commandsto run brat and brat-large

BRAT andBRAT-large map raw reads (output from trim) to refeemnthat have to be in FASTA format: one refererare p
FASTA file. BRAT accepts a single file that contains names of FASIEA with the references. To map bisulfite single
end reads, run either of the commands:

./brat -r references_names.txt -s prefix_readsl.txt -bs -o output_results.txt
./brat-large -r references_names.txt -s prefix_readsl.txt -bs -0 output_results.txt

Jbrat -r references_names.txt -s prefix_reads2.txt -bs -o output_results.txt -A



./brat-large -r references_names.txt -s prefix_reads2.txt -bs -o output_results.txt -A

The file references_names.txbntains the names of the FASTA files with theerefices. The filoutput_results.txt
contains the results of the mapping: only uniquepped reads are in this file. The optibsispecifies that mapping is for
bisulfite sequenced reads. To map normal (not fiisuteated) reads, run similar commands but withbs option:

./brat -r references_names.txt -s prefix_readsl.txt -o output_results.txt
./brat-large -r references_names.txt -s prefix_readsl.txt -o output_results.txt

To map bisulfite paired-end reads, run either efftllowing commands:

./brat -r references_names.txt -1 prefix_readsl.txt -2 prefix_reads2.txt -pe -bs -0 output_results.txt
./brat-large -r references_names.txt -1 prefix_readsl.txt -2 prefix_reads2.txt -pe -bs -0 output_results.txt

The option-pe specifies paired-end mapping and as with singlereads;bs, specifies bisulfite mapping. The results of
the mapping will be imutput_results.txt

One can choose to pre-build genome index firsttard usébrat-large on this index to speed up mapping. Use option -P
and toolbrat-large-build:

./brat-large-build -r references_names.txt -P some_directory [options: S, bs, f ]
./brat-large -P some_directory -1 prefix_readsl.txt -2 prefix_reads2.txt -pe -0 output_results.txt [options]

To use this option that allows to separate hashintpe genome from mapping of reads, one has tatera directory,
some_directonfthe name of a directory in the example above], tarrun the following commands (1) to build a hagh
index and 2) to map reads. If the directegyme_directoryis the directory inside the directory in which youn the
commands above, then providing the nasmne_directoryis sufficient. However, if you run these commainishe
directory that does not hageme_directoryn it, then please provide a full pathgome_directory

The toolbrat-large-build will output hashing index of the references istume_directoryFor human genome, space on
hard disk for hashing index is 15GB (and 26GB wbetion S is used). The command for tomht-large with optionP
differs only by not specifying option If optionbswas passed torat-large-build, then this option must be passedtat-
large. In other words, for mapping normal and bisulfiteated reads, two different hashing indices madiiilt. The same
true when optiorsis used: if a user wishes to use this optionRuagtion, therS must be used witbrat-large-build. When

P is used, during mapping optiémvill have the same value that was set \ithit-large-build. If a user does not specify this
option, the default value, 24, will be used. Ifseuwishes to speed up mapping time, and to usenopt then the user
could set optiori to a higher value witbrat-large-build.

General rule for using option P: if a user wishes to change either of the paramteS or bs the user must apply the
same parameters withat-large-build. Default options fobrat-large-build are f = 24 Sis not set (i.e. preference is given to
slower mapping, but also smaller space usage)nanmdal mapping (i.ebsis not set).

Commands Options:

-A specifies 3'mates (in our examples above, eith@refix_reads2.txbr prefix_mates2.txfiles must be used with this
option). If the user does not specify this optiand provides either of the fileprefix_mates2.txor prefix_reads2.txtas
input reads for single-end mapping, the mappingM@T be correct;

-u is used when a user wishes to output unmappeds.rddek output will be irprefix_readsl.txt.unnfile (assuming
prefix_readsl.txtwas provided in the command line with opties) for single reads and with paired-end reads in
prefix_readsl.txt.unm and prefix_reads2.txt.unnfiles (if prefix_readsl.txtand prefix_reads2.txtwere used with the
options 1 and 2 in the corresponding command line). Unmapped readse output files are in raw reads format: <read
X, Y>, where X and Y are the number of bases trimmeuh fitee beginning and end of original read respelgtifteere are
no ambiguous reads/pairs in the files with unmappeds);

-s <single-end reads file>: to specify the file witiput reads for single-end reads mapping;

-1 <paired-end reads file>: to specify the file wiBi mates for paired-end reads mapping (in our elamp
prefix_reads1.t3t This option is also used witlagt-count;

-2 <paired-end reads file>: to specify the file wish mates for paired-end reads mapping (in our el@ampove,
prefix_reads2.tyt This option is also used wititgt-count;

-pe to specify paired-end reads mapping (defaultliefae. single-end mapping);



-bs to specify bisulfite sequenced reads mapping. @vithhis option, mapping will be done as for nornmadt bisulfite-
treated, sequenced reads;

-i <positive integer>: to specify minimum insert sfoe paired-end mapping, the minimum distance adidveetween the
leftmost ends of the mapped mates on forward stf@efult is 100);

-a <positive integer>: to specify maximum insert diaepaired-end mapping, the maximum distance abwetween the
leftmost ends of the mapped mates on forward stf@efdult is 300);

-0 <string>: to specify the file with the resultsroépping;

-M is used when a user wishes to output ambiguous réde output will be iprefix_readsl.txt.amfor single reads and
in prefix_readsl.txt.amandprefix_reads2.txt.amfiles with paired-end reads: a single read pex. [iFhis option does not
output the mapping locations for ambiguous readsjust the reads themselves;

-m <integer>: the maximum number of non-BS-mismataiesved by a user (default is 0).

-f <integer>: the number of the first bases of a redwre the restriction on the number of non-BSamaitches applies: for
BRAT, only one non-BS-mismatch is allowed in the fiBiteger> bases, and fBRAT-large NO non-BS-mismatches are
allowed in the first <integer> bases (RRAT, default is 36, and fadRAT-large, default is 24).

-Sto specify speed mode fBRAT-large. Space usage with this option doubles, but runtimg is about three times faster.
-P <directory name> To use this option that allowseaparate hashing of the genome from mapping dsrea

-L <integer>: the smallest value of the range of lopsdity scores in ASCII representation (defauB33.

The table below gives examples of different quaditpres and their range in ASCII representaticon{fiWikipedia). The
optionL uses the values in the “Smallest Value in ASQbresentation” column.

Type Smallest Score Largest Score Smallest Value| Liargest Value in
ASCII representation ASCII representation

Phred quality scorg

(Sanger format) 0 93 33 126
Solexa/lllumina, 1.0 -5 62 59 126
Soloexa/lllumina, 0 62 64 126

1.3+

-B: specifies the second option for output watlgt-count (please rea@utput format for acgt-count).

A command to run remove-dupl

This program processes the mapping results andvesreopy-duplicates: it outputs all reads thataapped to a unique
genomic location and only a randomly chosen onebabpy-duplicates (the reads mapped to the saoaibn).

./remove-dupl -r references_names.txt -p pairs_results.txt -1 single_results_matesl1.txt -2 single_results_mates2.txt

NOTE: the file pairs_results.txt does not contain the actual results, it contains the names of the fileswith the results
for paired-end mapping, and similarly, single results.txt file contains the names of the files with the actual results
for single-end mapping.

For example, the content péirs_results.txts:

output_pairs_lanel.txt

output_pairs_lane2.txt

and the content afingle_results_mates1.tist
output_singles_matesl_lanel.txt
output_singles_matesl_lane2.txt

and the content afingle_results_mates2.tist
output_singles_mates2_lanel.txt
output_singles_mates2_lane2.txt

The output ofemove-dupl are the files with the same names as before wlidlitianal extension todupl’:
output_pairs_lanel.txt.nodupl

output_pairs_lane2.txt.nodupl

output_singles_matesl_lanel.txt.nodupl

output_singles_matesl_lane2.txt.nodupl

output_singles_mates2_lanel.txt.nodupl

output_singles_mates2_lane2.txt.nodupl



For single-end mapping, run the following command:
./remove-dupl -r references_names.txt -s single_results.txt
The file single_results.txtontains the names of the files with mapping tesul

Please note that the output files with extensioondup? are opened with C++dpp’ option (opens a file and appends
output to the file’s content). This means that oyme have rumemove-dupl, you will have “.nodupl” files, and if you want
for some reason to ruemove-dupl on the same files (and possibly some additiotes)i you need to remove “.nodupl”
files for the corresponding files first and onlgthre-runremove-dupl. For example, as in the example above, you run
remove-dupl and obtain “.nodupl” files:

output_pairs_lanel.txt.nodupl

output_pairs_lane2.txt.nodupl

output_singles_matesl_lanel.txt.nodupl

output_singles_matesl_lane2.txt.nodupl

output_singles_mates2_lanel.txt.nodupl

output_singles_mates2_lane2.txt.nodupl

Then you wish to addutput_pairs_lane3.t4b pairs_results.txt:
output_pairs_lanel.txt

output_pairs_lane2.txt

output_pairs_lane3.txt

and to re-rumremove-dupl on all files.

Make sure your delete existent files with extensiondupl”:
rm output_pairs_lanel.txt.nodupl

rm output_pairs_lane2.txt.nodupl

rm output_singles_matesl_lanel.txt.nodupl

rm output_singles_mates1_lane2.txt.nodupl

rm output_singles_mates2_lanel.txt.nodupl

rm output_singles_mates2_lane2.txt.nodupl

and only then ruremove-dupl.

If you don't remove these files, you will have pi@s output plus new output (for example: if
output_pairs_lanel.txt.nodupiad 100 lines, then re-runnimgmove-dupl without removing this file will result in 200
lines).

A command to run acgt-count

To count mapped As, Cs, Gs and Ts at each basevedrid and reverse strands of the referencesagseount.
./acgt-count -r references_names.txt -P prefix -p pairs_results.txt -s single_results.txt

the file references_names.tgbntains the names of FASTA files with the refeess) which are needed to calculate the
sizes of the references. The output will be in tfiles per a referenceprefix_forw_aReference_namand
prefix_rev_aReference_nanihe optionp is to specify the results of paired-end mappifigry), and-s s to specify the
results of single-end mapping (if an)JOTE: the file pairs_results.txt does not contain the actual results, it contains
the names of the files with the results for paired-end mapping, and similarly, single results.txt file contains the
names of the files with the actual results for single-end mapping. At least one of these options must be provide@& Th
files whose names are listed in the fifgsrs_results.txandsingle_results.txiust be irBRAT’s output format.

To make this point clear, assume, a usertrah on paired-end reads and had the output file with results in
output_pairs_results.txtto run acgt-count, the user must store the name of this filepairs_results.txtfile and run
acgt_count usingpairs_results.txti.e. pairs_results.txwill have in this case one line, namebutput_pairs_results.txt
The command for this example is:

./acgt-count -r references_names.txt -P prefix -p pairs_results.txt

Please note that if a user has paired-end reads (fileswith mates 1 and mates 2) and wishesto map the mates as
single-end reads, then the user must provide names of thefiles with resultsfor mates 1 and mates 2 separ ately using
options -1 and -2. Thiswill ensure unbiased ACGT -counting when reads ar e sequenced from two original genomic
strands:



.Jacgt-count -r references_names.txt -P prefix -p pairs_results.txt -1 single_results_mates1.txt -2 single_results_mates2.txt
To produce a more concise output, use option -B (choose an appropriate command from the commands below):

.Jacgt-count -r references_names.txt -P prefix -p pairs_results.txt -s single_results.txt -B

./acgt-count -r references_names.txt -P prefix -p pairs_results.txt -1 single_results_mates1.txt -2 single_results_mates2.txt -B

This program takes care of overlapping mates: if tmates of a pair overlap, then ACGT-count is domlg for one mate
in the overlapped region. This program also taka® ©f producing un-biased ACGT-count from mate@@2mates).
Please see Details on ACGT-count section for detail

A command to run rev-compl

Please read subsectibiow to use BRAT with reads sequenced from foundtra

A command to run check-strands

Please read secti@etails on ACGT-count.

4 OUTPUT FORMAT

Output format for brat and brat-large for single-end mapping

Read id < integer >: a consecutive number of a redle reads input file that starts with O;
Read 1 < string >: the read given as in the inpeif(refix_reads1.t3t

e Reference name < string >: a name of a referenedich the read is mapped (the first word followitxd in a
FASTA file);
Strand “+” if the read is mapped to forward straawd “-“ if the read is mapped to reverse strand;
Position < integer >: position within the referemstarting with 0, where the read is mapped (theniest position
on forward strand).
The number of non-BS-mismatches <int>
Original position <integer>: position within thefeeence starting with 0, where tbeginal read is mapped (the
leftmost position on forward strand), where originead is the read before its ends have been tranRer
example, if the number of trimmed bases at thertmégg of a read is 2, and the read is mapped tiyp®strand
at the position 10, then original position is 1@ = 8. If the number of trimmed bases at the ena @fad was 3
and the reverse-complement of the read is mapp#tetposition 10 on positive strand, then origipasition =
position —3 = 10 — 3 = 7. The original positioms ased to identify copy-duplicates.

Output format for brat and brat-large for paired-end mapping

Read id < integer >: a consecutive number of a iedoe reads input file that starts with O;

Read 1 < string >: the first mate of a pair giverirathe input file grefix_reads1.t3t

Read 2 < string >: the second mate of a pair gageim the input filedrefix_reads2.tjt

Reference name < string >: a name of the referenadich the pair is mapped (the first word follogi“>" in a

FASTA file);

e Strand “+” if 5° mate (fromprefix_readsl.tytis mapped to forward strand (consecutively, 3‘tendrom
prefix_reads2.txtis mapped to reverse strand), and “-“ if the Biteris mapped to reverse strand (and 3° mate to
forward strand);

e Position 1 < integer >: position within the referenstarting with 0, where 5° mate is mapped (tfientest
position on forward strand);

e Position 2 < integer >: position within the referenstarting with 0, where 3° mate is mapped (tfientest
position on forward strand).

The number of non-BS-mismatches < integer >: thrabmr of mismatches in the alignment for 5° mate

e The number of non-BS-mismatches < integer >: thrabrr of mismatches in the alignment for 3 mate

Original position 1 <integer>: original positionrf6 mate (see definition of original position abpv



e Original position 2 <integer>: original positionrf8™ mate (see definition of original position akpv

Output format for acgt-count

Starting with versiororat-1.1.17 there are two choices for output format.

The first choiceThe number of output files will be double the raenof input references: two for each referendedisn
references_names.thie (one file for forward strand and the other feverse strand). In each file, there Brénes, where
M is the size of a corresponding reference in bags.gEach line corresponds to a base of a strmda@ntains counts for
As, Cs, Gs and Ts at that base for all mapped r@adthere are four integers per line: from left fghti for As, Cs, Gs and
Ts).

For the reverse strand, the counts of As, Cs, @sTarare given for the reads that are mapped teetlerse strand, but the
counts are obtained by aligning the reverse-compiesnof these reads with the forward strand.

Following is an example to illustrate this point.

Let a read ACCGTT be mapped to a reverse strapdsitioni, then the corresponding forward strand startingpattipni

is AACGGT, and the counts for the reverse strangaaitionsi ...i+5 from this read are incremented for the following
nucleotidesi(A), i+1(A), i+2(C), i+3(G), i+4(G)and i+5(T).

The second choicdf a user provides optiorB:
./acgt-count -r references_names.txt -P prefix -p pairs_results.txt -s single_results.txt -B

then the output is in two files: one file for posit strand and another for negative strand (ouifg will contain words
“forw” and “rev” to distinguish between strands)ydh line in the output corresponds to a base igé&m®me that is either
a cytocine on positive strand or cytocine on negattrand (given in separate files). Output format:

chrom, start, end, total, methylation_level, strand

wherechromis the reference namstart andendare positions in the genome (Note: base countrafeaence starts with
0), total takes one of the values: CHH:X, CHG:X or CpG:X,enh X is the sum of counts of Cs and Ts mappetito t
base, methylation level is calculated as the nundde€s over thetotal (methylation level = count_C/(count_ C +
count_T)). CHH, CHG and CpG describe the sequeangent following C: if two consecutive bases tt@ldw C are not
G, thentotal = CHH:X; if the first consecutive base followingi€ non-G and the second consecutive is G, th&l =
CHG:X; and finally, if G follows C (we have CG dizaleotide), thenotal = CpG:X.

Output format for trim.

The tooltrim accepts FASTQ files with reads/pairs as inputigrthe ends of the reads whose base quality sacedswer
than the user specified threshold or whose endBlsr@he output for single reads is a single filthweads whose lengths
might be different and whose lengths are greatan tir equal to 24 bases. The output for pairsusfites: two for paired-
end mapping, and two for single-end mapping. Trimgrof paired-end reads produces two files with Isimgads: if one
mate is shorter than the minimum length allowed] #e other’s length is correct, then the mate it correct length
will be output into a corresponding file with siegleads. Two files for single reads are necesssrguse BS-mapping for
5" and 3" mates is different. Each file contaissngle line (raw reads format) with the followingléls:

e Read < string >: a read after ustnign;
e  Start <int>: the number of bases trimmed at therméigg of the original read;
e End <int>: the number of bases trimmed at the éndeooriginal read.



5 DETAILS ON ACGT-COUNT

Let us denote a mapping of a base in a read tsa ibahe reference a——C, T-C, A—G, G—G. Initially, we though
that if a read maps to a positive strand, themthppings (—C and 7>C contribute to the count of methtion level of
cytocines of the positive strand. Similarly, if trevers-complement of a read maps to the positive stragdigalently, a
read maps to the negative strand), then the mapph—G and G-G contribute to the count of methylation level
cytocines of the negative strand. Let us illustratg ittea in Figures-3 below.
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Figure 1. After the special adapters with methyladgtokines are ligated to DNA fragments, sodiursubiite treatmen
(BS+reatment) is applied to DNA fragments, after ch unmethylated cytocines are converted to urawild later tc
thymines during PCR for library amplification. Notlat after B-treatment, there are four distinct P-product strands:
PCR1+ and PCR2correspond to original genomic strands) and F- and PCR2+ (the reversemplements of PCR1
and PCR2respectively). Note, that PCR1+ and P« are T-rich and Qlepleted (since unmethylated cytocines conve
to thymines), and PCRland PCR2+ are -rich and G-depleted (as the revecsenplements of PCR: and PCR2-
respectively).
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sequenced pairs

PCR AATCTGG
PCR;, TGCTAAG
PCR; CACTAAG
PCR, AACCTAG

CACTAAG
AACCTAG
AATCTGG
TGCTAAG

Figure 2. Here we show the sequenced pairs resiutiedsequencing all four PCR-product strands, edolthich serves
as a template during sequencing. If PCR1+ is agthtb the flow cell, then in single-end sequenchigend of this strand
is sequenced; in paired-end sequencing, 5’-endC& 1 is sequenced, then PCR1+ is copied into Wsrse-complement
PCR1- and 5’-end of PCR1- is sequenced as the deunate of a pair. Similarly, sequencing produceslsefor the rest of
strands. If procedure has some technical detads ¢hsure that only original genomic strands sewdemplates for
sequencing, then even though we have four PCR-ptogtwands, we'll have reads sequenced only frolRPCand

PCR2- with mates ordering shown above (in pairedlsaquencing, the left column of reads are matesl have reads
IDs end with “1” and will be in one file, the righblumn of reads are mates 2 will have reads IRkvath “2” and will be

in the other file of lllumina’s sequenced reads).




Figure 3. Here, we show mapping of the pairs secgafrom all four strands. The bottom strand shpestive strand o
the reference with methylated cytocine shown ireldndmethylated cytocine on negative strand shown as @ange
This figure demonstrates that if we use simplifeggbroach of counting methylated level of cytocifresn positive anc
negative strands, then we introduce a bias in dogimhethylation level cunmethylated cytocines (either cytocines 1
are partially methylated across cells of a sampleompletely unmethylated). For example, read 2t¢n2d from PCR1-
maps to negative strand (its revecsgnplement maps to positive strand), and therefnitially we contributed ACG-

counts from this read toward negative strand. Was incorrect: in this Figure, bias is introducgdcbunting G from thi:
read (in red circle) toward unmethylated G (i.emethylated cytocine on negative strand). The cof another G from
this read (in green circle) toward methylated Gmlid introduce a bias (since methylated G has @slynapped to it), bt
the coverage of methylated Gs is also not whatoitildl have been were we using the correct counimilar bia: is

introduced when counting contribution of ACGT franates 2 from PCR2

From Figures 13, we can observe that mate 2 of PC strand is reverse-complementedid of PCR1; thus, mate 2 must
reflect methylation on positive strand rather tbamegative strand. For example, methylated C dRIRGwill be G or
PCR1; and unmethylated C (which is T) on PCR1+ willben PCR>-. Thus, 7»C and G-C, where T and (
respectively belong to PCRImust contribute to the count of methylation It of cytocineson positive strand. Similarl



A—G and G-G (with A and G beloring to PCR2+) must contribute to the count of methglatevelof cytocines on
negative strand.

These changes have been madego-count and now ACGT-counting frorsecond mates of pairs sequenced from PC
and PCR2- is done without bjaghich isdemonstrated in Figure 4.
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Figure 4. If mate 1 of a pair maps to positiverairécase of a pair sequenced from PCR1+), themarement ACGT-
count from both mates fqositive strand, and methylation level of a cyteon the positive stranchn be measured
total Cs mapped to positive strand to the sumtaf ©s and total Ts mapped to the positive stréfndate 1 of a pai
maps to negative strand (case of a pair sequencedRICR:-), then we increment ACGT-couftom both matefor
negative strand. Methylation level can be deterrhiioe each G on positive strand of the referencerf@ositive stran
corresponds to C on native strand) by looking intacgt-count output for negative strand and taking the ratitotdl Gs
mapped to this position and the sum of total GsAmdapped to this positio

We received a couple ofraails concerned that the sequenced reads re products of sequencing of all four strar
The best way to be sure how many strands havedseprenced is talking to lllumina tech support,thate is als@ quick
and dirty method to answer this question. Tapproach will work best with genomes whose AC@3tribution is close t
uniform, or with genomes that C&h. We cannot be positive that the way we wilbkain shortly can be successfu
applied to ATrich genomes. We added a new tcheck-strands, that calculates ACGistribution in thrgenome, and in
mates 1 and mates 2 of pairexd reads. For the case, when pairs are sequenlyefilan two origina genomic strands,
you should notice significant increase of Ts inesat (and decrease of Cs) comdto Ts and Cs in the genome, ¢
significant increase of As in mates 2 (and consetly decrease of Gs) compar&mAs and Gs in the genome. If fc
strands are sequenced, thiea file withmates 1 contains a mixture of reads sequefroedoriginal genomic strands
well as their reverseemplements. Thus, the increase of both As an@&i@ decrease of counts of Cs and Gs) shou
observed in both files: with mates 1 and mates® @bnclusion is derived from the fact that aft&-treatment original



genomic strands are T-rich and C-depleted, @tsequently their reverse-complements PCR1- aiRRP@re A-rich and
G-depleted.

Below are the commands to rdmeck-strands:
Single-end reads:
./check-strands -r references_names.txt -s readsl.fastq -o output_results.txt
Paired-end reads:
./check-strands -r references_names.txt -1 readsl.fastq -2 reads2.fastq -o output_results.txt

Here,reference_names.tas before: it is the file with names of files IAFTA with referencesieadsl.fastgnd
reads2.fast@re FASTQ files from lllumina with sequenced reéds paired-end reads, with mates 1 and mateha.
output is inoutput_results.txtt is self-explanatory with proportions of A, G,and T (in that order) in references, in reads
fromreadsl.fast@nd in reads fromeads2.fastq

How to use BRAT with reads sequenced from four strands.

For single-end reads, if reads are sequenced mamACR-product strands, namely PCR1+, PCR2-, PGR1LPCR2+,
then run BRAT as explained before with optiorthat will output unmapped reads into a separate stiyunmapped.txt
Then use our new toedv-compl with unmapped.txas follows:

Irev-compl -s unmapped.txt -o rev_compl_of_unmalppe

The output filerev_compl_of _unmapped.wll contain reverse-complement of reads franmapped.txfile.
Then map reads fronev_compl_of _unmapped.&xs$ usual (see how to map single-end reads with BRAT

For paired-end reads, map reads as usual, butig#ion to output unmapped reads (use approprtatenand of these
two):

Jbrat -r references_names.txt -1 prefix_readsl.txt -2 prefix_reads2.txt -pe -bs -0 output_results.txt -u
Jbrat-large -r references_names.txt -1 prefix_reads1.txt -2 prefix_reads2.txt -pe -bs -0 output_results.txt -u

The unmapped reads frgonefix_reads1.txwill be in prefix_readsl.txt.unrand unmapped reads frgmefix_reads2.txt
will be in prefix_reads2.txt.unm

Then take reverse-complements of unmapped reagss@provide output files with option -0):

Irev-compl -refix_readsl.txt.unro rc_prefix_readsl.txt.unm
Irev-compl -refix_reads2.txt.unro rc_prefix_reads2.txt.unm

Then run BRAT again on reverse-complements of upedpeads andse option A (use either of the commands below):

Jorat -r references_names.txt -1 rc_unm_prefix_readsl.txe rc_unm_prefix_reads2.txb output_results2.txt -A
Jbrat-large -r references_names.txt -1 rc_unm_prefix_readsl1.txe rc_unm_prefix_reads2.txb output_results2.txt -A

The rest of the tools are used as before.

Why does this work? BRAT allows only T-C BS-misniags if mate 1 maps to positive strand, and only BS5
mismatches if reverse-complement of mate 1 mapsddive strand. Thus, when we first time map phigad reads, only
pairs sequenced from the original strands are nth@fter we take reverse-complement, then mapgginigine for the
pairs sequenced from PCR1- and PCR2+. Howevereiéd does not have BS-mismatches or the numbeappropriate
BS-mismatches (A-G in case when mate 1 maps titiy@strand and T-C when reverse-complemet of riat&ps to
positive strand) is less than the total of allowed-BS-mismatches, then some of the pairs from R@Rd PCR2+ can be
mapped together with the paired-end reads sequédraradhe original strands inducing ACGT-count béa®wed in
Figure 5.

BRAT does not have any counting bias for the casenvonly original strands are sequenced, howeveaise of four
strands being sequenced, there might be a biaasbet must account for by some other means (gtatistc.) This is
shown in Figure 5.



PCR, rc read 2 @u@
PCR), read 1 @E@E
PCR;, read 2 “@E@
PCR, rc read 1 @E@

PCRZ', read 2

PCR;, rc read 1 E@E@

Figure 5. There is no acgt-count bias for the gésen two original strands are sequenced, but tinggbt be a bias from
mapped paired-end reads sequenced from PCR1- aRa4P<irands for unmethylated cytocines (or foriphyt
methylated cytocines) if the mates have no BS-niishes or the number of inappropriate (see abovenB&atches is
less than or equal to the number of allowed non¥Snatches.



