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Abstract

The ribosomal RNA genes (rDNA) encode the major rRNA species of the ribosome, and thus are essential
across life. These genes are highly repetitive in most eukaryotes, forming blocks of tandem repeats that
form the core of nucleoli. The primary role of the rDNA in encoding rRNA has been long understood,
but more recently the rDNA has been implicated in a number of other important biological phenomena,
including genome stability, cell cycle, and epigenetic silencing. Noncoding elements, primarily located in
the intergenic spacer region, appear to mediate many of these phenomena. Although sequence informa-
tion is available for the genomes of many organisms, in almost all cases rDNA repeat sequences are lacking,
primarily due to problems in assembling these intriguing regions during whole genome assemblies. Here,
we present a method to obtain complete rDNA repeat unit sequences from whole genome assemblies.
Limitations of next generation sequencing (NGS) data make them unsuitable for assembling complete
rDNA unit sequences; therefore, the method we present relies on the use of Sanger whole genome
sequence data. Our method makes use of the Arachne assembler, which can assemble highly repetitive
regions such as the rDNA in a memory-efficient way. We provide a detailed step-by-step protocol for gen-
erating rDNA sequences from whole genome Sanger sequence data using Arachne, for refining complete
rDNA unit sequences, and for validating the sequences obtained. In principle, our method will work for
any species where the rDNA is organized into tandem repeats. This will help researchers working on spe-
cies without a complete rDNA sequence, those working on evolutionary aspects of the rDNA, and those
interested in conducting phylogenetic footprinting studies with the rDNA.

Key words Ribosomal RNA, rDNA, Whole genome assembly, Whole genome sequencing, Repeats,
Sanger, Arachne

1 Introduction

DNA sequencing has allowed the architecture and complexity of
many species’ genomes to be revealed in the form of genome assem-
blies. This availability of genome assemblies has facilitated the study
of organisms’ genomic characteristics by assisting in identification
of functional elements [1, 2], understanding of the transcriptional
and epigenetic behaviors of the genome [3-9], deciphering of
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genomic evolutionary history [10-12], and predicting the 3D
structure of the genome [13-15], among other goals. However,
despite being designated as “complete,” most eukaryote genome
assemblies contain significant gaps [ 16]. These gaps usually encom-
pass the repetitive regions of the genome, which are often not seen
as a priority to complete as they are thought to be largely non-
functional. However, the importance of acquiring truly complete
genome sequences is increasingly becoming recognized [17, 18].
One of the most prominent gaps in the genome assemblies
corresponds to the nucleolar organizer regions (NORs) [19-22].
NORs are the sites of nucleolus formation [23], and the nucleolus
is the site of ribosome biogenesis [24, 25], which is essential for
cell survival. While the function of the nucleolus as a ribosomal
factory has been well established, far less is known about the under-
lying genomic sequence around which the nucleolus is formed.
The primary constituent of NORs is one or more tandem repeat
arrays of ribosomal RNA encoding genes (rDNA) [24, 25]. A sin-
gle rDNA unit consists of a ribosomal RNA (rRNA) coding region,
which varies in size from ~4.4 ( Giardia muris) to ~13.4 kb (Mus
musculus), and an intergenic spacer (IGS), which varies in size
from ~1.4 kb (Oxytricha fallax) to 31.9 kb (Mus musculus) [26—
29] (Fig. 1). rRNA is a major component of ribosomes [30] and
forms a large fraction of the total RNA in a cell. However, in addi-
tion to its primary role in rRNA production, the rDNA has also
been shown to mediate an increasing constellation of “extra-
coding” functions, including roles in genome stability [31], cell
cycle control [32-34], protein sequestration [35], epigenetic
silencing [ 36], and heat shock response [ 35]. The majority of these
biological processes are mediated by functional elements that lie
within the IGS, and these include rRNA transcriptional regulators
(promoters [37-39], terminators [40—42] and enhancers [43]),
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Fig. 1 Eukaryotic ribosomal DNA organization. (a) Tandem arrangement of rDNA units. Usually there are more
units present in an array than are depicted here. (b) Each rDNA unit has an rRNA coding region (black line) and
an intergenic spacer (IGS; gray line). The coding region encodes the ~18S, 5.8S, and ~28S rRNAs (black
boxes), and these coding units are separated by two internal transcribed spacers (ITS-1 and 2) and flanked by
two external transcribed spacers (5’-ETS and 3'-ETS)
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1.1 Theoretical Basis
of the Method

1.2 Sanger Whole
Genome Sequencing
Reads Are Required
to Overcome rDNA
Complexity

origins of replication [44-56], replication fork barrier sites [44,
57-60], protein binding sites [61, 62], and noncoding RNA tran-
scripts [ 35, 63—-67]. Despite this, for most species the only part of
the rDNA unit for which sequence information is available is the
rRNA coding region. Therefore, determination of the complete
rDNA sequence is imperative to characterize the molecular mecha-
nisms that underlie these extra-coding processes. However, the
complete rDNA unit sequence is difficult to obtain due to the high
copy number and internal repetitive structure of the rDNA. Here,
we describe a protocol that can be employed to construct the com-
plete rDNA unit sequence of an organism using publicly available
whole genome sequencing (WGS) data.

The rDNA copy number of most eukaryotes varies from a few tens
to a few thousands of copies [68, 69]. Construction of rDNA unit
sequences using whole genome assemblies (WGA) is based on the
assumption that rDNA copies are essentially identical in sequence
within a genome, something that is largely supported by existing
evidence [70-72]. Based on this assumption, the coverage of
rDNA reads from WGS data should be many-fold higher than the
coverage of reads from the unique regions of the genome.
Therefore, if WGS data is subjected to WGA, the rDNA is expected
to form high-coverage contigs where the rDNA reads collapse
down to a single “consensus” rDNA unit sequence. These rDNA-
containing contigs can be identified by searching for similarity to
known rDNA sequences. The high level of conservation of the
coding regions means that this approach should be successful even
with species for which no rDNA sequence is currently available,
and the widespread use of rDNA sequences in phylogenetic analy-
ses means that some rDNA sequence information is available for
many species.

In principle, this method should work equally well for both Sanger
and NGS sequencing data. However, in practice we have not been
able to assemble complete rDNA sequences using NGS (Illumina
and 454) sequencing data. Although exploration of the reasons for
this is beyond the scope of this article, we believe the problems
likely stem from the dual repetitive nature of the rDNA and its
unusual sequence characteristics. The rDNA is both present in
multiple copies in the genome [68, 69], and it usually contains a
number of repeat elements within each unit [27, 73]. The multi-
plicity of the rDNA can cause problems because most assemblers
use a maximum coverage cutoff to differentiate between repeat
and unique regions [74]. If the depth of the coverage for a region
such as the rDNA is higher than this cutoff, all the reads from the
region are tagged as repeats and removed from the assembly. In
addition, the rDNA is highly variable in its level of internal repeti-
tion, ranging from low (e.g., 2.84% in Giardia muris) to high
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1.3 A Genome
Assembler That Can
Assemble the rDNA
Sequence

(e.g., 39.1% in human), with both dispersed and tandem repeats
(sub-repeats) found. Dispersed repeats, such as Alu elements in the
mammalian rDNA [27, 73], can cause the same read placement
ambiguity problems that they cause for the unique regions of the
genome. Sub-repeats are not as problematic for assemblers, but
their copy number can collapse down, and thus they may be repre-
sented in fewer than the true number of repeats, or not even appear
as repeats at all. While these issues make the repetitive nature of the
rDNA a challenge regardless of sequencing platform, the small
read lengths of the common NGS technologies may exacerbate the
problems (although see below). Finally, in our experience some
regions of the rDNA are highly biased against in NGS libraries.
These excluded regions largely, but not completely, correlate with
GC-content, thus we speculate that the bias is a consequence of
secondary structure. For these reasons, we have found it necessary
to use assemblies of Sanger whole genome sequencing data to con-
struct complete rDNA repeat sequences. However, it is possible
that long-read sequencing technologies such as PacBio and/or
Oxford Nanopore could successfully be used to assemble the
rDNA, as the multiplicity of the rDNA would compensate for the
higher current error rates of these technologies.

By definition, reads from different copies of the same repeat family
have similar sequences, making it difficult to differentiate between
them. Therefore, as outlined above, assemblers remove the reads
from repeat regions to reduce assembly complexity. Most Sanger
read assemblers are based on the overlap-layout-consensus algo-
rithm for read assembly [74, 75], and these mark reads as repeats
based on the coverage of the contigs. The reads from repeat regions
pile up to form high-coverage contigs, and contigs with coverage
higher than the cutoft are marked as repeat contigs and usually
discarded before proceeding further. Naturally, this process also
discards rDNA contigs because of their high coverage levels.
Therefore, although the scheme to obtain the rDNA unit sequence
using WGA is straightforward in principle, in practice it is more
challenging. We compared various assemblers viz. gsAssembler ver.
2.3 (Newbler) [76], the Celera assembler ver. 6.1 [77], Phrap ver.
1.090518 [78], MIRA ver. 3.2.1 [79], and Arachne [80, 81] to
assess their efficiency at resolving rDNA repeat sequences. Using
assemblies of primate WGS datasets as test cases, we found that
only the Arachne assembler is able to assemble the rDNA repeat
efficiently. The remaining four failed either because they discard
rDNA contigs (gsAssembler and the Celera assembler), or have
unreasonably high RAM requirements (Phrap and MIRA). Arachne
runs efficiently with achievable RAM requirements (see below),
and separates but does not discard the repeat regions [82].
Therefore, we recommend using Arachne with Sanger sequence
data to generate complete rDNA unit sequences.
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2 Material

. Arachne: Open source software from the Broad Institute

(ftp:/ /ftp.broadinstitute.org/pub/crd /nightly /arachne /)
that has to be installed on a server. Our protocol was success-
fully tested using Arachne versions r37405 and r37578, but
ver. r37578 is more memory efficient and faster, therefore we
recommend using this (ftp://ftp.broadinstitute.org/pub/
crd/nightly /arachne /2011 /2011-06/) or higher.

. CLC Genomics Workbench: Used for analyzing and visual-

izing sequencing data (www.clcbio.com/products/clc-
genomics-workbench).  Other  genome  visualization
applications are also likely to be suitable.

. Consed: Used for visualization, manipulation, and finishing

genome assemblies [83]. The installation of Consed involves
several command line steps (described in the Consed manual)
[84]. Consed accepts contig information in ACE file format.
To run Consed, a specific arrangement of the directories is
required. First, create a project directory that has subdirecto-
ries “edit_dir,” and “phd_dir,” “chromat_dir.” Copy the .ace
file in the directory “edit_dir.” Run Consed in “edit_dir.”

. Basic Local Alignment Search Tool (BLAST): The stand-

alone version of this sequence search tool can be obtained from
the NCBI website (ftp://ftp.ncbi.nlm.nih.gov/blast/execut-
ables/blast+/LATEST/).

. Hardware: To run Arachne WGAs, a 64 bit, multi core server

with high RAM is required. We recommend using a server that
has at least 75 GB RAM, although the precise computational
requirements to finish an assembly differ depending on the
number of reads used, and the size and complexity of the
genome.

3 Methods

3.1 Acquisition
of Whole Genome
Sequencing Data

. Download WGS data (reads) in fasta (sequence information of

reads), quality (corresponding quality scores), and traceinfo
(ancillary information) files (www.ncbi.nlm.nih.gov/Traces/
trace.cgi) using the Perl script “query_tracedb” provided by
NCBI  (ftp://ftp-private.ncbi.nlm.nih.gov/pub/TraceDB/
misc/query_tracedb) (see Note 1).

The query string to be used for query_tracedb to download
Sanger WGS data for an organism is:

SPECIES_CODE='Species name’ and TRACE TYPE CODE='WGS’ and
CENTER_NAME='center code’

The query_tracedb script is sensitive to spaces adjacent to the
relation operators (=, !=, >, <), so avoid adding spaces on either


ftp://ftp.broadinstitute.org/pub/crd/nightly/arachne/
ftp://ftp.broadinstitute.org/pub/crd/nightly/arachne/2011/2011-06/
ftp://ftp.broadinstitute.org/pub/crd/nightly/arachne/2011/2011-06/
http://www.clcbio.com/products/clc-genomics-workbench
http://www.clcbio.com/products/clc-genomics-workbench
ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/
ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/
http://www.ncbi.nlm.nih.gov/Traces/trace.cgi
http://www.ncbi.nlm.nih.gov/Traces/trace.cgi
ftp://ftp-private.ncbi.nlm.nih.gov/pub/TraceDB/misc/query_tracedb
ftp://ftp-private.ncbi.nlm.nih.gov/pub/TraceDB/misc/query_tracedb
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side of “=” in the query. The parameter “SPECIES_CODE”
defines the species whose WGS data is downloaded. The
parameter TRACE_TYPE_CODE = “WGS” ensures that only
whole genome sequencing data are extracted. WGS data can
be present from more than one sequencing center, and to
download WGS data from only one sequencing center it is
necessary to define the “CENTER_NAME”. We recommend
not using WGS data from difterent sequencing centers together
as input for Arachne, as this will increase the complexity of the
assembly (see Note 2). The details of these parameters can be
obtained from Taxonomy browser on the NCBI website
(www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.
cgitmode=Root). The query string with correct parameters
can be generated using query builder on the Trace archive
search website (www.ncbi.nlm.nih.gov/Traces/trace.
cgi?view =search).

The steps to download the data using the script are described
on the Trace archive searching tips webpage [85]. An example
showing the download of WGS data using the query_tracedb
script for chimpanzee (Pan troglodytes) is given below.

2. Count the number of reads in WGS dataset:

query_tracedb '"query count SPECIES_CODE='PAN TROGLODYTES’ and
CENTER NAME='BI’ and TRACE TYPE CODE='WGS’"

export count

13,288,075

. Download trace identifier (TT) number for all the reads. The

TI number is a unique id number assigned to every read indi-
vidually during the NCBI submission. As the query_tracedb
script can only download 40,000 reads in one instance, down-
loading 13,288,075 reads requires 333 files (or “pages”) to be
downloaded for the complete WGS dataset. Therefore 333
downloads are required to obtain the TT numbers for all the
reads (see Note 3). This can be automated by running the fol-
lowing command in the terminal:

for count in {0..332}; do

query tracedb "query page_size 40000 page number $count binary
SPECIES_CODE=’'PAN TROGLODYTES’ and CENTER_NAME='BI’ and
TRACE_TYPE CODE='WGS’" >> page_S$count.bin

done

export count

4. Download the fasta, quality, and traceinfo files using the gener-

ated binary files. Again, 333 downloads are required (se¢ Note
4), which can be automated by running the following com-
mand in the terminal:

for count in {0..332}; do
(echo -n "retrieve fasta 0b"; cat page $count.bin) | ./query tracedb >

data_Scount.fasta


http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Root
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Root
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(echo -n "retrieve quality Ob"; cat page_$count.bin) | ./query_tracedb >
data_ S$count.qual

(echo -n "retrieve xml O0b"; cat page_$count.bin) | ./query tracedb >
data_Scount.xml

done

3.2 Preprocessing The entire downloaded WGS data needs to be preprocessed before
WGS Data use as input for Arachne. The steps for preprocessing the down-
for Arachne Input loaded files are as follows (see Note 5):

1. Fasta file: The header line for each NCBI read entry has three
values: the trace identifier (TI) number as the identification
code; the trace name; and the trace archive number of the mate
pair (see Note 6).

Arachne uses the trace name as the identification code, not
the TT number, and only accepts the identification code (with
no other description) in the fasta header line. Therefore modify
the header of each fasta sequence (see Note 7). After moditying
the header lines of the downloaded fasta files, concatenate them
into a single fasta file named 7eads.fasta. The header line modi-
fication and concatenation can both be achieved, for the Pan
troglodytes example, using the following command:

export count

for count in {0..322}; do

sed -e "s/gnl|ti| [A-Za-z0-9]*\s//g" -e "s/mate: [A-Za-z0-9]*//g" -e "s/name://g"
data_$count.fasta >> reads.fasta

done

2. Quality file: Modify the header line of the quality file and con-
catenate all the modified quality files into a single quality file
reads.qual. Similar to the fasta file, Arachne needs only the trace
name in the header line of quality file. However, the header line
tor each NCBI read entry has two values: the TI number and
the trace name (se¢ Note 8). The header line modification and
concatenation can both be achieved, for the Pan troglodytes
example, using the following command (the order of the reads
in the concatenated quality file should be the same as in the
concatenated fasta file):

export count

for count in {0..332}; do

sed -e "s/gnl|ti|[A-Za-2z0-9]*\s//g" -e "s/name://g" data $count.qual >> reads.qual
done

3. Traceinfo file: This file is in xml format and contains the ancil-
lary read information. Arachne only requires a subset of fields
from this file to run. These are trace_name, plate_id, well_id,
template_id, clip_vector_left, clip_vector_right, trace_end,
insert_size, insert_stdev and type (se¢ Note 9). The fields cen-
ter_name, seq_lib_id (library_id), and ti are also accepted by
Arachne but are not essential. The details of these fields are
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given on the Arachne website [86]. Although Arachne accepts
the TT number, we recommend removing it to avoid any confu-
sion (see Note 10). Extract the necessary information from the
NCBI traceinfo file and then, as before, concatenate all the tra-
ceinfo files into one reads.xml file. Again using the Pan troglo-
dytes example, the xml files can be appropriately modified and
all the modified traceinfo files concatenated into a single quality
file 7eads.xml using the following command (the order of the
reads in the concatenated quality file should be the same as in
the concatenated fasta file):

export count

echo "<?xml version=\"1.0\"?>" >> reads.xml

echo "<trace_volume>" >> reads.xml

for count in {0..332}; do

grep -e "<trace>" -e "<trace name>" -e '"<plate_id>" -e "<well id>" -e
"<template id>" -e "<clip vector left>" -e "<clip vector right>" -e '"<insert size>" -e
"<insert stdev>" -e '"<trace_end>" -e "<center name>" -e '"<seq_ lib_id>" -e
"</trace>" data_$count.xml >> reads.xml

done

echo "</trace_volume>" >> reads.xml

3.3 Arachne Input In addition to the processed fasta, quality, and traceinfo files, sev-
Files and Their eral other auxiliary files are required by Arachne. The files need to
Arrangement be arranged in a very specific directory hierarchy [87]. All the input

directories are subdirectories of the folder from which the assembly
will be run. This head directory is defined by the variable “PRE.”
The details of the input files and their arrangement can be obtained
from the Arachne website [88]. A brief summary of the “PRE”
subdirectories and the files in them follows:

1. dtds: contains the XML file configuration.dtd that contains
rules and macros together with comments to run the assembly
[89]. An example of this file can be obtained from the “dtds”
directory of the sample projects for Arachne (ftp://ftp.
broadinstitute.org/pub/crd /ARACHNE /sample_projects.
tar.gz).

2. e_coli: contains a file, contig.fasta that has the sequence(s) of
any potential sources of contamination.

3. e_coli_transposons: Similar to the “e_coli” subdirectory, but
the contig.fasta file has sequences of potential transposon
contamination.

4. vector: contains a file, contig.fasta, that has the sequence of the
vector used for sequencing.

5. data: the name of this subdirectory can vary and is defined by
the variable “DATA” during the assembly run. It contains
three subdirectories:

fasta: contains the file 7eads.fasta with the sequences of the
reads in fasta format.


ftp://ftp.broadinstitute.org/pub/crd/ARACHNE/sample_projects.tar.gz
ftp://ftp.broadinstitute.org/pub/crd/ARACHNE/sample_projects.tar.gz
ftp://ftp.broadinstitute.org/pub/crd/ARACHNE/sample_projects.tar.gz
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qual: contains the file 7eads.qual with the quality scores of the
reads in qual format.

traceinfo: contains the file 7eadsxml with the ancillary
information.

The “DATA” subdirectory also contains several files. Detail of the
files in the “DATA” subdirectory can be obtained from the
Arachne website [88]. The files essential for the assembly are:

genome.size: contains the estimated size of the genome (in bp)
to be assembled.

reads_config.xml: has the set of rules that are applied to the
input reads. The FindXmlFeatures module in Arachne parses
the reads.xml file to identify any essential missing features [90].
The rules have to be included in the reads config.xml file to
compensate for any missing information. The layout of the file
can be obtained from the Arachne website [89].

3.4 Performing 1. After arranging the data as required by Arachne in the working
the Whole Genome directory “PRE,” perform the assembly using the script
Assembly Assemblez. To start the assembly, the command is:

/absolute/path/to/Assemblez PRE=/path/to/working/directory DATA=data RUN=run
num_cpus=number_ of cpu num_cpus_pi=10 ACE=True
REMOVE_INTERMEDIATES=Fal se

“PRE” defines the absolute path of the directory where the
assembly is to be performed. “DATA” defines the name of the
subdirectory in the “PRE” directory (PRE /data) where all the
input data needed to run the assembly are present. “RUN”
defines the name of the directory that will be generated at the
start of the assembly (PRE /data/run) and contains the subdi-
rectory “work” that houses all the intermediate files during the
assembly. The ACE flag is set to “true” to generate the .ace
files for the contigs, as these are required for post processing of
the assembled contigs. Further, the flag REMOVE_
INTERMEDIATES is set false to retain the intermediate
assembly files in case the assembly breaks and needs to be
restarted (see Note 11).

2. The genome assembly can take a few days or even weeks to
finish depending on the complexity and size of the genome,
and the number of reads used for the assembly. Several files will
be generated in the “PRE/data/run” directory, including
assembly.bases gz [91] that contains the sequences of all the
assembled contigs in fasta format. In addition, a directory
“acedir” is generated where the .ace files are stored (see Note
12). The directory “acedir” also contains a log file CreateAce.
log that has the names of the contigs in each .ace file.
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3.5 Construction
of the rDNA Unit
Sequence

3.5.1 Generate a BLAST
Database

from the Assembled
Contigs

After generating the WGA, the rDNA repeat sequence must be
constructed using the assembled contigs. The steps involved are as
follows:

To screen the obtained assembly for rDNA contigs, a database that
can be read by BLAST has to be created for the contig file assembly.
bases gz. The steps to create such a database are as follows:

1. Decompress the file assembly.bases gz and rename it assembly.
fasta using the commands:

gzip -d assembly.bases.gz
mv assembly.bases assembly.fasta

2. Create a BLAST database for the assembled contigs using the
command:

makeblastdb -input_type fasta -dbtype nucl -in assembly.fasta

3.5.2 Define

the Threshold Coverage
to Differentiate

Between rDNA and Non-
rDNA Contigs

3.5.3 Screening the WGA
Assembly for rDNA-
Containing Contigs

and Constructing the rDNA
Repeat Sequence

The coverage of a contig is the average number of reads in the
WGS data covering each base of the contig. Multiple copies of the
rDNA are present per genome, therefore the average coverage of
rDNA-containing contigs should be several fold higher than con-
tigs containing the unique regions of the genome. This property of
rDNA-containing contigs can be used to differentiate between
true and false-positive rDNA contigs during screening of the
assembly database. The steps to calculate the baseline coverage of
the unique regions of the genome are as follows:

1. Extract the sequences of five known single-copy genes from
the organism using GenBank.

2. BLAST the extracted gene sequences against the database of
assembled contigs to identify the contigs containing these five
genes.

3. Search the log file CreateAce.log to identity the names of the
.ace files that contain the identified contigs. Extract the corre-
sponding .ace files from the directory “acedir” and upload
them into CLC genomic workbench to calculate the read cov-
erage. The average coverage value of the selected genes is used
as the baseline coverage for the genome. The read coverage of
false-positive rDNA contigs should be similar to this average
coverage value, while the coverage of rDNA-containing con-
tigs should be several fold higher.

1. The rDNA query sequence for searching the whole genome
assembly is selected based on the availability of rDNA sequence
from the species in question. If a full or partial rRNA coding
region sequence is available then use it as the query sequence.
Since the rRNA coding region is highly conserved, a sequence
from a related species can also be used. Internal transcribed
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spacer (ITS) sequences are available for a large number of spe-
cies, but their relatively rapid rate of change means they are
only suitable for closely-related species.

2. Screen the assembly to identify the rDNA contigs. The basic
scheme is illustrated in Fig. 2. Search the assembled contig
BLAST database with the rDNA query sequence from above
using BLAST. The command for the search is:

blastn -query <rdna_contig.fasta> -task blastn -db assembly.fasta -outfmt
<number_ to_define output_ format type> -num_ threads <number of_ threads>

Contigs that show matches to the rDNA query sequence are
identified based on the BLAST e-value.

3. Obtain the fasta sequences (from the assembly file assembly.
fasta) and .ace files (from the “acedir” directory) of the match-
ing contigs. Calculate the coverage using CLC Genomic work-
bench, and discard contigs that are <1 kb in length and/or
have coverages similar to the unique region of the genome.
The remaining contig(s) are potential rDNA-containing con-
tigs. If more than one rDNA contig is identified, select the
longest contig for further processing. If the second largest
contig is slightly shorter than the largest contig (<1 kb) but has
a higher read coverage, use this second contig instead.

4. Open the .ace file for the rDNA contig in Consed. If the ends
are of low coverage trim them by right clicking on the first base
where low coverage region ends. Select the option “tear contig
at this consensus position” and click “Do Tear.” This will open
two new windows one for low coverage end contig and other
has rest of the contig. Discard the low coverage contig and if
needed trim the other end of the remaining contig. This
trimmed contig is used for downstream analysis.

5. To determine if the rDNA contig can be extended further,
BLAST the contig sequence against the assembled contig
BLAST database (Fig. 2). If the rDNA contig is incomplete,
contigs overlapping with the query sequence will be identified.
Discard contigs <1 kb in length and/or with read coverage
similar to the unique region of the genome. Also discard con-
tigs that fully overlap the query contig.

6. Repeat this search iteratively using contigs that overlap both
ends of the rDNA query sequence (when present) until only
contig(s) hits with read coverages similar to that of the unique
region of the genome are found. In our experience, usually
only one or two iterations are required.

7. Next, merge the identified contigs together to obtain the com-
plete rDNA unit sequence. To achieve this, extract the .ace files
tor all the rDNA contigs identified. Then combine all the
extracted .ace files into one .ace file. This has to be done manu-
ally: first, extract the first line of each .ace file and add the value
of the fields representing the number of contigs and the
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BLAST rDNA query sequence against the WGA database

L .
contig-1 BLAST against WGA
database to identify
overlapping contigs
a b c _
contig-1 contig-1 contig-1 contig-1
J
s .Jl%:FI- — EZZi____
\ 92 Contig-2 contig-2 contig-2 contig-3

contig-3

Reiterate the search using
the newly-identified overlapping
contig/s as the query

Merge overlapping contigs

Complete rDNA unit

Fig. 2 Flowchart of the strategy to construct the complete rDNA unit sequence. The rDNA query sequence is
compared to the contigs obtained from the WGA to identify the primary rDNA-containing contig (contig-1).
Contig-1 is then searched against the WGA database to identify additional rDNA-containing contigs. (a) If
contig-1 has a complete rDNA unit, all other contigs will fully overlap it and nothing further needs to be done.
(b—dj If the rDNA sequence is incomplete, iterations of identifying and merging overlapping contigs are per-
formed until a complete rDNA unit is obtained. See text for more details

number of reads in the file. Make a new header from this infor-
mation in a new file that will contain information for all the
rDNA contigs. For example, if three .ace files have to be con-
catenated and the values for their first lines are:

==> supercontig.ace.l <==
AS 1 2797

==> supercontig.ace.2 <==
As 1 138

==> supercontig.ace.3 <==
AS 3 11932

Then the first line of the new file combine.ace will be:
AS 5 14867

Next, remove the first line and copy the remaining data from
each .ace file into the combine.ace file. This can be done using the
tollowing commands:

sed "/AS 1 2797/d" supercontig.ace.l >> combine.ace
sed "/AS 1 138/d" supercontig.ace.2 >> combine.ace
sed "/AS 3 11932/d" supercontig.ace.3 >> combine.ace

8. To merge the contigs, open the generated combine.ace file that
contains all the overlapping rDNA contigs in Consed. Click
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10.

11.

the “Assembly View” button. This will open the “Assembly
View” window followed by a popup “Which Contig to Show
in Assembly View” window (if the popup window does not
open automatically, go to “What to Show” and click on “In/
exclude Contigs”). Increase the depth of coverage cut off value
from 50 to an arbitrary value of 1000 to view contigs that have
high read coverage, and click “Apply and Restart Assembly
View.” This will regenerate the “Assembly View” window dis-
playing all the contigs in the .ace file. Then go to “What to
Show” and select “Sequence Matches.” This will open the
“Which Sequence Matches to show in Assembly View” win-
dow that has different parameters for the aligner cross_match.
Click the “run crossmatch” button to identify the overlapping
regions between contigs (which are connected by vertical
lines). To merge two contigs, double click the connecting line,
opening the “Sequence Matches” window. Select the sequence
in the window and click on “Show Alignment.” This will open
the “Compare Contigs” window. If the second contig is a
reverse complement in the “Sequence Matches” window,
reverse complement the sequence by clicking the “comple-
ment just in this window” button in front of the contig name.
Next, click the “Align” button to align the sequences and then
click “Join Contigs.” This will merge the overlapping reads of
both contigs and will generate a new longer merged contig. A
new window will open that shows the consensus sequence of
the generated contig together with all the reads. Save this new
contig in the same .ace file (File » Save assembly). This will
replace the contigs that were merged with the new one in the
.ace file. Repeat until all overlapping contigs have been merged.

. By convention, the rDNA sequence is represented with the

rRNA coding region transcribed from left to right first, fol-
lowed by the IGS (Fig. 3a). To demarcate the rRNA coding
region and the IGS in the merged rDNA contig, use BLAST
with the closest available complete rRNA coding region
sequence. Also by convention, the start of the rDNA unit is the
transcriptional start site. Therefore, if the information is avail-
able, use BLAST to find the homologous transcriptional start
site in the new rDNA sequence. Other annotations, such as
promoters and terminators, can be added if possible.

In some cases, the merged rDNA sequence has more than a
single TDNA unit because of duplications at either end
(Fig. 3b). Once the rRNA coding region has been identified,
such instances are easy to rectify using BLAST to self-compare
the merged rDNA sequence, whilst taking care not to remove
regions that are actually repetitive within a single rDNA unit.
In some cases the rDNA sequence has split the rRNA coding
region across the ends of the contig (Fig. 3¢). These contigs
cannot be extended further, suggesting that the rRNA coding
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rRNA coding
region

IGS

@ >

C.

Fig. 3 Potential arrangements of the rRNA coding region and IGS in the merged rDNA contig. The position of
the rRNA coding region (black boxes) and the IGS (grey lines) can vary in the merged rDNA contig. For example,
(a) complete rRNA coding region followed by the IGS; (b) complete rDNA unit followed by a partial rDNA unit.
The partial rDNA unit can have a complete rRNA coding region followed by a partial IGS (dotted grey line) or
just a partial rRNA coding region; (c) partial rRNA coding regions on both ends of the contigs

region is complete but segmented. In this case, remove the
sequence of one of the partial rRNA coding regions and join it
to the other end of the contig sequence such that the
5-ETS/18S is either at the very start or end of the merged
rDNA contig.

. If the merged rDNA contig has the rRNA coding region in the

opposite orientation, make a reverse complement of the
sequence to obtain the final rDNA unit sequence.

. In our experience, this approach is able to generate accurate

and complete rDNA repeat sequences. However, to provide
further confidence in the sequence obtained, it is possible to
verify the rDNA repeat sequences using BAC clones contain-
ing rDNA if these are available (for example by screening
whole genome BAC libraries). This is particularly desirable if
the rDNA sequence contains repeats that are present elsewhere
in the genome. There are two levels of verification: verifying
the length of the repeat unit to demonstrate that a full-length
rDNA sequence has been obtained (see Note 13); and verify-
ing the sequence with NGS of rDNA-containing BAC clone(s)
(see Note 14).

4 Notes

1.

To make this script work behind a network proxy, the follow-
ing line in the original script:

my $res = LWP::UserAgent->new->request($req, sub { print $_[0] 1});

has to be modified to:

my $res = LWP::UserAgent->new() ;

$res->env_proxy () ;

$res->request ($req, sub { print $_[0] });
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2. WGS data for an organism are sometimes generated as a joint
project between two or more sequencing centers. In such
cases, the data submitted by one sequencing center may only
represent a fraction of the genome, and rDNA-containing con-
tigs will likely be absent from the subsequent WGA. In that
case, the assembly has to be performed again using a dataset
from another sequencing center. To maximize the chances of
using the best dataset, first individually map the data from all
the sequencing centers that are involved in a given genome
project to the rRNA coding region sequence of the species (or
related species) using a Sanger read mapper (e.g., gsMapper).
Then use the dataset from the sequencing center with the
highest number of rDNA reads.

3. The query_tracedb script command to download the TI num-
ber in binary format is:

query_tracedb "query page_size 40000 page number N binary SPECIES_CODE='PAN

TROGLODYTES’ AND CENTER NAME='BI’ and TRACE_TYPE_ CODE='WGS’"
> page_N.bin

where N is the page number.
4. The command to download the fasta files is:

(echo -n "retrieve fasta 0b"; cat page N.bin) | ./query tracedb > data N.fasta
(echo -n "retrieve quality Ob"; cat page N.bin) | ./query tracedb > data N.qual
(echo -n "retrieve xml Ob"; cat page_ N.bin) | ./query_ tracedb > data N.xml

where N is the page number.

5. It is possible that because of sequencing depth or large genome
size, a very large number of WGS reads are present for an
organism from a project. Although it is recommended to take
all the reads available reads to perform the WGA, it is possible
to use just a subset of the WGS reads to speed up the assembly.
If computational power is limited or the WGS read number is
very high, divide the WGS data into two or three parts and
perform WGAs for each of them. Then construct the rDNA
sequence using each assembly and compare the rDNA
sequences obtained. In theory, all the obtained rDNA
sequences should be similar. The reduction of the input data
can speed up the process, but it increases the chance that some
of the rDNA is misassembled or missed during the assembly.

6. Example of an NCBI entry’s fasta file header:
>gnl|ti|174190180  name:G591P603493FD5.T0  mate:
174194532
CTAGNNNAAAGATCTGCCTGGGGGATTAGATCTA
GCTGACAGTCAGGGTGGTGGTGGCC

7. The following command:

sed -e "s/gnl|ti|[A-Za-z0-9]*\s//g" -e "s/mate:[A-Za-z0-9]*//g"
-e "s/name://g" <input_ fasta file> >> fasta file with modified header.fasta

will change the header line to:
>G591P603493FD5.T0



176 Saumya Agrawal and Austen R.D. Ganley

10.

CTAGNNNAAAGATCTGCCTGGGGGATTAG
ATCTAGCTGACAGTCAGGGTGGTGGTGGCC

. Example of an NCBI entry’s quality file header:

>gnl|ti|174190180 name:G591P603493FD5.T0
444400046446468888888810818129918
18 24 26 25 25 25 26 30 30 30 25 25 23

. The field “type” in the traceinfo file is not part of the Trace

archive format and hence its value has to be set in the configu-
ration file reads_config.xml. The value of the type field can be
“paired_production,” “unpaired_production,” or “transpo-
son.” For Sanger WGS data, the value of the field “type” is
usually “paired_production.” Further, sometimes the value of
the field “insert_stdev” (standard deviation of the insert size in
bp) is not defined, in which case 1,/10th of the insert size can
be used as the standard deviation.

The command to modify the XML file to retain only the
required information is:

grep -e "<trace>" -e "<trace name>" -e "<plate id>" -e "<well id>" -e
"<template id>" -e "<clip vector left>" -e "<clip vector right>" -e '"<insert size>" -e
"<insert stdev>" -e '"<trace_end>" -e "<center name>" -e '"<seq_lib_id>" -e
"</trace>" <input_xml file> >> xml:file with filtered data.xml

<?xml version="1.0"?>
<trace_volume>

</trace_volume>

11.

Furthermore, Arachne requires an XML declaration as the first
line of the file, and all the trace information has to be the child
of the root element “trace_volume.” To fulfill both these
requirements, the following two lines should be added at the
start of the reads.xml file

and the line below added as the very last line of the reads.xm!
file

If the Arachne assembly breaks in the middle of a run, it can
be restarted from the point it stopped with the following
steps:

Step 1: Perform an Arachne run such that the all modules
are run without generating any output using option
NOGO =True:

/absolute/path/to/Assemblez PRE=/path/to/working/directory DATA=data RUN=run
num_cpus=number of cpu num_cpus_pi=10 ACE=True
REMOVE_INTERMEDIATES=False NOGO=True > log.txt

The obtained file /og.txt will have the commands for each step
that has to be run during the assembly.
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Step 2: The “RUN?” directory also has a log file assemblez.log

that has details of all the commands used during the assembly.
Search assemblez.log tor the last generated output directory:

grep "OUTDIR" /path/to/run/assemblez.log | tail -n 1

Step 3: Search the module that has generated the last output
directory in the log.txt file from Step 1:

grep "<name of last output directory >" log.txt

Step 4: Restart the assembly from the module at which
Arachne was broken using the command:

/absolute/path/to/Assemblez PRE=/path/to/working/directory DATA=data RUN=run
num_cpus=number of cpu num _cpus_ pi=10 ACE=True
REMOVE_INTERMEDIATES=Fal se START=<Module_name>

12.

13.

14.

where “Module_name” is the module that generated the last
output directory.

The ACE file format stores the contig information. This file
format was initially developed for the visualization and manip-
ulation of contigs using Consed, but was later adopted by
other Sanger sequence assemblers. A single .ace file can contain
information for more than one contig. The first line of an .ace
file shows the number of contigs and total number reads in the
file, and subsequent lines have information about the individ-
ual contigs. The details of the ACE file format are described in
the Consed manual [84].

BAC clones, with an average insert size of ~175 kb, are expected
to contain at least 4-5 rDNA copies, as the rDNA is up to
~45 kb in length [26, 27]. I- Ppol, a homing enzyme, cuts only
at one site in the rDNA repeat (in the 18S rRNA coding region),
allowing liberation of single rDNA units from a BAC clone.
Therefore, the length of BAC rDNA repeat units can be esti-
mated by gel electrophoresis following I- Ppol digestion. If the
rDNA unit length is small (up to ~15 kb), conventional gel
electrophoresis using low percent agarose gels can be used to
determine the length. However, for larger rDNA units pulsed
field gel electrophoretic separations are necessary. We found
that Field Inversion Gel Electrophoresis (FIGE) implemented
on a CHEF electrophoresis apparatus can accurately determine
long rDNA unit lengths. We have found that FIGE gels seem
to consistently overestimate the rDNA unit length by ~1 kb.
The rDNA unit band can be confirmed by Southern hybridiza-
tion using an rRNA coding region probe if necessary.

A WGA rDNA sequence can be further verified by mapping
NGS reads from rDNA-containing BAC clones to the WGA
rDNA sequence. This allows detection of relatively small-scale
errors in the rDNA sequence. In our experience, some parts of
the rRNA coding region are highly biased against in Illumina
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sequencing outputs, as discussed earlier. Thus reads from these
regions can be absent from the sequencing data for the rDNA
BAC clones. When WGA and BAC rDNA sequences are com-
pared, these regions appear as gaps in the BAC rDNA
sequences. These gaps should not be interpreted as misassem-
blies in the WGA rDNA sequences, but as sequencing limita-
tions. Because the rRNA coding regions are well characterized
in most eukaryotic lineages, such cases are straightforward to

diagnose.
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