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SUMMARY:  19 

The purpose of this protocol is to use a combination of computational and bench research to 20 

find novel sequences that cannot be easily separated from a co-purifying sequence, which may 21 

be only partially known.  22 

 23 

ABSTRACT:  24 

Subtractive genomics can be used in any research where the goal is to identify the sequence of 25 

a gene, protein, or general region that is embedded in a larger genomic context. Subtractive 26 

genomics enables a researcher to isolate a target sequence of interest (T) by comprehensive 27 

sequencing and subtracting out known genetic elements (reference, R). The method can be 28 

used to identify novel sequences such as mitochondria, chloroplasts, viruses, or germline 29 

restricted chromosomes, and is particularly useful when T cannot be easily isolated from R. 30 

Beginning with the comprehensive genomic data (R + T), the method uses Basic Local Alignment 31 

Search Tool (BLAST) against a reference sequence, or sequences, to remove the matching 32 

known sequences (R), leaving behind the target (T). For subtraction to work best, R should be a 33 

relatively complete draft that is missing T. Since sequences remaining after subtraction are 34 

tested through quantitative Polymerase Chain Reaction (qPCR), R does not need to be complete 35 

for the method to work. Here we link computational steps with experimental steps into a cycle 36 

that can be iterated as needed, sequentially removing multiple reference sequences and 37 

refining the search for T. The advantage of subtractive genomics is that a completely novel 38 

target sequence can be identified even in cases in which physical purification is difficult, 39 

impossible, or expensive. A drawback of the method is finding a suitable reference for 40 

subtraction and obtaining T-positive and negative samples for qPCR testing. We describe our 41 

implementation of the method in the identification of the first gene from the germline-42 

restricted chromosome of zebra finch. In that case computational filtering involved three 43 
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references (R), sequentially removed over three cycles: an incomplete genomic assembly, raw 44 

genomic data, and transcriptomic data.  45 

 46 

INTRODUCTION:  47 

The purpose of this method is to identify a novel target (T) genomic sequence, either DNA or 48 

RNA, from a genomic context, or reference (R) (Figure 1). The method is most useful if the 49 

target cannot be physically separated, or it would be expensive to do so. Only a few organisms 50 

have perfectly finished genomes for subtraction, so a key innovation of our method is the 51 

combination of computational and bench methods into a cycle enabling researchers to isolate 52 

target sequences when the reference is imperfect, or a draft genome from a non-model 53 

organism. At the end of a cycle, qPCR testing is used to determine whether more subtraction is 54 

needed. A validated candidate T sequence will show statistically greater detection in known T-55 

positive samples by qPCR. 56 

 57 

Incarnations of the method have been implemented in discovery of new bacterial drug targets 58 

that do not have host homologs1-4 and identification of novel viruses from infected hosts5,6. In 59 

addition to identification of T, the method can improve R: we recently used the method to 60 

identify 936 missing genes from the zebra finch reference genome and a new gene from a 61 

germline-only chromosome (T)7. Subtractive genomics is particularly valuable when T is likely to 62 

be extremely divergent from known sequences, or when the identity of T is broadly undefined, 63 

as in the zebra finch germline-restricted chromosome7.  64 

 65 

By not requiring positive identification of T beforehand, a key advantage of subtractive 66 

genomics is that it is unbiased. In a recent study, Readhead et al. examined the relationship 67 

between Alzheimer’s disease and viral abundance in four brain regions. For viral identification, 68 

Readhead et al. created a database of 515 viruses8, severely limiting the viral agents that their 69 

study could identify. Subtractive genomics could have been used to compare the healthy and 70 

Alzheimer’s genomes in order to isolate possible novel viruses associated with the disease, 71 

regardless of their similarity to known infectious agents. While there are 263 known human-72 

targeting viruses, it has been estimated that approximately 1.67 million undiscovered viral 73 

species exist, with 631,000-827,000 of them having a potential to infect humans9.  74 

 75 

Isolation of novel viruses is an area in which subtractive genomics is particularly effective, but 76 

some studies may not need such a stringent method. For example, studies identifying novel 77 

viruses have used unbiased high-throughput sequencing followed by reverse transcription and 78 

BLASTx for viral sequences5 or enriching of viral nucleic acids to extract and reverse transcribe 79 

viral sequences6. While these studies employed de novo sequencing and assembly, subtraction 80 

was not used because the target sequences were positively identified through BLAST. If the 81 

viruses were completely novel and not related (or distantly related) to other viruses, 82 

subtractive genomics would have been a useful technique. The benefit of subtractive genomics 83 

is that sequences that are completely new can be obtained. If the organism’s genome is known, 84 

it can be subtracted out to leave any viral sequences. For example, in our published study we 85 

isolated a novel viral sequence from zebra finch through subtractive genomics, though it was 86 

not our original intent7. 87 
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 88 

Subtractive genomics has also proved useful in the identification of bacterial vaccine targets, 89 

motivated by the dramatic rise in antibiotic resistance1-4. To minimize the risk of autoimmune 90 

reaction, researchers narrowed down the potential vaccine targets by subtracting any proteins 91 

that have homologs in the human host. One particular study, looking at Corynebacterium 92 

pseudotuberculosis, performed subtraction of vertebrate host genomes from several bacterial 93 

genomes to ensure that possible drug targets would not affect proteins in the hosts leading to 94 

side effects1. The basic work flow of these studies is to download the bacterial proteome, 95 

determine vital proteins, remove redundant proteins, use BLASTp to isolate the essential 96 

proteins, and BLASTp against host proteome to remove any proteins with host homologs1-4. In 97 

this case, subtractive genomics ensure that the vaccines developed will not have any off-target 98 

effects in the host1-4.  99 

 100 

We used subtractive genomics to identify the first protein-coding gene on a germline-restricted 101 

chromosome (GRC) (in this case, T), which is found in germlines but not somatic tissue of both 102 

sexes10. Before this study, the only genomic information that was known about the GRC was a 103 

repetitive region11. De novo assembly was performed on RNA sequenced from ovary and teste 104 

tissues (R+T) from adult zebra finches. The computational elimination of sequences was 105 

performed using published somatic (muscle) genome sequence (R1)12, its raw (Sanger) read 106 

data (R2), and a somatic (brain) transcriptome (R3)13. The sequential use of three references was 107 

driven by the qPCR testing at step 5 of each cycle (Figure 2A), showing that additional filtering 108 

was required. The discovered -SNAP gene was confirmed through qPCR from DNA and RNA, 109 

and cloning and sequencing. We show in our example that this method is flexible: it is not 110 

dependent on matching nucleic acids (DNA vs RNA) and that subtraction can be performed with 111 

references (R) that are comprised of assemblies or raw reads. 112 

 113 

PROTOCOL:  114 

 115 

1. De novo Assemble Starting Sequence 116 

 117 

NOTE: Any Next-Generation Sequence (NGS) data can be used, as long as an assembly can be 118 

produced from those data. Suitable input data includes Illumina, PacBio, or Oxford Nanopore 119 

reads assembled into a fasta file. For concreteness, this section describes an Illumina-based 120 

transcriptomic assembly specific to the zebra finch study we performed7 ;however be aware 121 

that the specifics will vary by project. For our example project, raw data were derived from a 122 

MiSeq and approximately 10 million paired reads were obtained from each sample. 123 

 124 

1.1. Use Trimmomatic 0.3214 to remove Illumina adaptors and low-quality bases. On the 125 

command line, enter: 126 

java -jar trimmomatic-0.32.jar PE -phred33 forward.fq.gz reverse.fq.gz -baseout 127 

quality_and_adaptor_trimmed ILLUMINACLIP:TruSeq3-PE.fa:2:30:10 LEADING:3 TRAILING:3 128 

SLIDINGWINDOW:4:20 MINLEN:40 129 

 130 

1.2. Use PEAR15 v. 0.9.6 to create high-quality merged reads from trimmomatic output 131 
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paired reads, using default parameters. On the command line, enter: 132 

pear -f <quality_and_adaptor_trimmed_forward_paired_reads.fq> -r 133 

<quality_and_adaptor_trimmed_reverse_paired_reads.fq> 134 

 135 

1.3. Use Reptile v. 1.116 to error-correct the reads produced through PEAR. Follow the step-136 

by-step protocol described in17. 137 

 138 

1.4. Use Trinity v. 2.4.018 in default mode to assemble the corrected sequences. For strand-139 

specific libraries, use the -SS_lib_type parameter. The output is a fasta file 140 

(your_assembly.fasta). On the command line, enter: 141 

Trinity --seqType fq --SS_lib --max_memory 10G --output Trinity_output --left 142 

quality_and_adaptor_trimmed_forward_paired_reads.fq --right 143 

quality_and_adaptor_trimmed_reverse_paired_reads.fq --CPU 10 144 

 145 

NOTE: The output will be placed in a new directory, Trinity_output, and the assembly will be 146 

named 'Trinity.fasta' which can be renamed as Your_assembly.fasta if desired. See the Trinity 147 

website for more details: https://github.com/trinityrnaseq/trinityrnaseq/wiki/Running-Trinity. 148 

 149 

2. BLAST the Assembly against the Reference Sequence 150 

 151 

NOTE: Use this step when the reference is an assembly or long reads like Sanger; if it is 152 

composed of raw Illumina reads, see step 3 below for mapping reads to the query. All BLAST 153 

steps were completed with version 2.2.29+ though the commands should work on any recent 154 

BLAST version. 155 

 156 

2.1. Make a BLAST database of the reference sequence (nucleotide_reference.fasta) at the 157 

command line. Enter into the command line the following:  158 

makeblastdb -dbtype nucl -in nucleotide_reference.fasta -out nucleotide_reference.db 159 

 160 

2.2. BLAST-match the query assembly (generated in step 1) to the reference database. To 161 

obtain an output file, use [-out BLAST_results.txt] and to generate tabular output (required for 162 

subsequent processing steps with Python scripts), use [-outfmt 6]. These options can be 163 

combined in any order, so an example complete command is [blastn -query 164 

your_assembly.fasta -db nucleotide_reference.db -out BLAST_results.txt -outfmt 6]. If an e-165 

value setting is desired, use the -evalue option with an appropriate number, for example [-166 

evalue 1e-6]. Be aware however that the subtractive cycle effectively inverts the evalue setting 167 

in as described in the discussion. 168 

 169 

2.3. For increased stringency, use protein sequences from the assembly as the BLAST query 170 

with translated nucleotide BLAST (tBLASTn), which performs 6-way translation of the 171 

(nucleotide) database. This method is recommended for most non-model systems, avoiding the 172 

problem of incomplete protein annotations.  173 

 174 

2.3.1. Ensure the correct genetic code is selected for the organism being studied, using the -175 
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db_gencode option. To obtain protein sequences for the query, run the TransDecoder.LongOrfs 176 

command (from TransDecoder package v. 3.0.1) to identify the longest open reading frames 177 

from assembled query sequences. The command is [TransDecoder.LongOrfs -t 178 

your_assembly.fasta]; the output will be placed in directory called 179 

'transcripts.transdecoder_dir' and will contain a file called longest_orfs.pep containing the 180 

longest predicted protein sequences from each sequence in your_assembly.fasta.  181 

 182 

2.3.2. To use tBLASTn, run the command [tblastn -query longest_orfs.pep -db 183 

nucleotide_reference.db -out BLAST_results.txt -outfmt 6]. If a high-quality protein reference 184 

is available, use protein-protein matching with BLASTp rather than tBLASTn.  185 

 186 

2.3.3. Make a BLAST database of the protein reference [makeblastdb -dbtype prot -in 187 

protein_reference.fasta -out protein_reference.db] and then [blastp -query longest_orfs.pep -188 

db protein_reference.db -out BLAST_results.txt -outfmt 6]. Make sure to save the results as a 189 

file for downstream processing, and use tabular (outfmt 6) to ensure the Python scripts can 190 

parse them correctly. 191 

 192 

3. Map Reads onto the Assembly 193 

 194 

NOTE: This method can be used if the reference dataset consists of raw genomic reads, rather 195 

than assembled sequences or Sanger sequences, in which case use BLAST (step 2.1). 196 

 197 

3.1. Using BWA –MEM v. 0.7.1219 or bowtie220, map the downloaded raw reads 198 

(raw_reads.fastq) onto the query assembly. The output will be .sam format. Commands are as 199 

follows: first index the assembly: [bwa index your_assembly.fasta], and then map the reads 200 

[bwa mem your_assembly.fasta raw_reads.fastq >mapped.sam]. (Note the '>' symbol here is 201 

not a greater-than sign; instead it instructs the output to go into the file mapped.sam). 202 

 203 

4. Use Python Script to Remove any Matching Sequences  204 

 205 

NOTE: Provided scripts work with Python 2.7.  206 

 207 

4.1. Following Step 2, use subtractive Python script by using the command [./Non-208 

matching_sequences.py your_assembly.fasta BLAST_results.txt]. Before running the script, 209 

ensure that the BLAST output file is in format 6 (tabular). The script will output a file with non-210 

matching sequences in fasta format named your_assembly.fasta_non-211 

matching_sequences_BLAST_results.txt.fasta and also the matching sequences for records, as 212 

your_assembly.fasta_matching_sequences_BLAST_results.txt.fasta. The non-matching file will 213 

be the most important, as a source of potential T sequences for testing and further cycles of 214 

subtractive genomics. 215 

 216 

4.2. Following Step 3, run the Python script removeUnmapped.py to take as input the .sam 217 

from step 3.1, and identifies the names of query sequences without any matching reads and 218 

saves them to a new text file. Use the command [./removeUnmapped.py mapped.sam] and 219 
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the output will be mapped.sam_contigs_with_no_reads.txt. (The program will generate a 220 

slimmed-down sam file with all unmapped reads removed; this file can be ignored for purposes 221 

of this protocol but may be useful for other analyses).  222 

 223 

4.3. As the output of the previous step is a list of sequence names in a text file called 224 

mapped.sam_contigs_with_no_reads.txt, extract a fasta file with these sequences: 225 

[./getContig.py your_assembly.fasta mapped.sam_contigs_with_no_reads.txt]. The output 226 

will be a file called mapped.sam_contigs_with_no_reads.txt.fasta. 227 

 228 

5. Design Primers for the Sequence that Remains 229 

 230 

NOTE: At this point there is a fasta file containing candidate T sequences. This section describes 231 

qPCR to experimentally test whether they come from T or from previously unknown regions of 232 

R. If the subtraction in step 4 removed all sequences, then either the initial assembly failed to 233 

include T, or the subtraction may have been too stringent.  234 

 235 

5.1. Use Geneious21 to determine optimal primer sequences manually. 236 

 237 

5.1.1. Highlight a candidate sequence of 21-28 bp for the Forward primer. Avoid runs of 4 or 238 

more of any base. Try to target a region with a fairly uniform combination of all basepairs. A 239 

single G or C at the 3’ end is beneficial, helping to anchor the primer. 240 

 241 

5.1.2. Click on the Statistics tab on the right-hand side of the screen to view that sequence’s 242 

estimated melting temperature (Tm) as the candidate region is highlighted. Look to obtain a 243 

melting temperature between 55-60 C, while avoiding repeats and long runs of G/C. 244 

 245 

5.1.3. Follow steps 5.1.1. and 5.1.2 to choose a reverse primer, situated 150-250 base pairs 3’ 246 

of the forward primer. While the primer lengths do not need to match, the predicted Tm should 247 

be as close as possible to the Tm of the forward primer. Be sure to reverse complement the 248 

sequence (if right-clicking in Geneious while the sequence is highlighted it is a menu option). 249 

 250 

5.2. Use the Primer Design function, which is found in the top tool bar in the sequence 251 

window.  252 

 253 

5.2.1. Click on the Primer Design button. Insert the region to amplify under Target Region. 254 

 255 

5.2.2. Under the Characteristics tab, insert desired size, melting temperature (Tm), and %GC 256 

(see step 5.1.1.). 257 

 258 

5.2.3. Click OK to have primers generated. Order the primers through a custom oligo service. 259 

 260 

5.3. Validate primers with control DNA (encoding both T and R) to optimize Tm and 261 

extension time. Use regular Taq and gel electrophoresis to see the band size, but optimization 262 

can also be performed with qPCR following the methods in step 6. 263 
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 264 

5.3.1. Make 10X dilutions of both forward and reverse primers so that the primers have a 265 

concentration of 10 M.  266 

 267 

5.3.2. Use a PCR mix of 0.5 L of dNTP, 0.5 L of forward primer, 0.5 L of reverse primer, 0.1 268 

L of Taq polymerase, 2 L of template, 0.75 L of magnesium, 2.5 L of buffer, and 18.15 L of 269 

water so that there is 25 L per template with a concentration of 5 ng/L.  270 

 271 

5.3.3. Test the primers at different melting temperatures in the PCR program. Usually optimal 272 

performance is observed melt temperatures slightly below the predicted Tm of the primers, but 273 

not usually above 60 °C. Also test for optimal extension times using this guide: 1 min per 1000 274 

bp (thus, usually 10-30 seconds depending on amplicon length). 275 

 276 

5.3.4. Perform end-point gel electrophoresis to confirm that the primers amplify the expected 277 

sequence. Run 25 L of the qPCR product mixed with 5 L of 6X glycerol dye on a 2% TAE 278 

agarose gel at 200 V for 20 min. 279 

 280 

6. qPCR Validation of the Remaining Sequence 281 

 282 

NOTE: This step requires primers validated and PCR conditions established in step 5. 283 

 284 

6.1. Run each template in triplicate with the following mix; 12.5 L of PowerSYBR Green 285 

master mix, 0.5 L of forward primer with a concentration of 10 M, 0.5 L of reverse primer 286 

with a concentration of 10 M, 10.5 L of water, and 1 L of template DNA (at a concentration 287 

of 2 ng/L), so that each well contains 25 L of total volume. 288 

 289 

6.2. Run a qPCR program informed by the validated temperature and extension time from 290 

step 4. We designed and validated all primers to be compatible with a two-stage cycle, 95 C for 291 

10 min initial melt, then 40 cycles of 95 C for 30 s and 60 C for 1 min. However, a three-stage 292 

(melt-anneal-extend) program may be more optimal for the primers and should be adapted if 293 

necessary. We recommend that final denaturing curves be generated at least the first time the 294 

primers are employed in qPCR to validate the amplification of a single DNA product. 295 

 296 

6.3. Measure qPCR/SYBR Green signals relative to actin (or any other suitable 'R' control) by 297 

Ct. For all cases calculate the average and standard deviation of 2-(gene Ct - β-actin Ct). 298 

 299 

6.4.  (Optional) Perform end-point gel electrophoresis to confirm correct product size 300 

detection by qPCR. Here, run 25 L of the qPCR product mixed with 5 L of 6x glycerol dye on a 301 

2% TAE agarose gel at 200 V for 20 min.  302 

 303 

7. Repeat with a New Reference to Pare Down the Data.  304 

 305 

NOTE: If step 6 validated the identified sequences from T, end the cycle here (Figure 2A). 306 
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However, a variety of considerations may motivate a continuation of the cycle, for example if 307 

many R sequences remain in the file or if none of the candidate T sequences were validated by 308 

qPCR in step 6. 309 

 310 

7.1. Obtain a new reference. This step enables a new iteration of the cycle and may include 311 

raw genomic data, raw RNA-seq data, or other assembled datasets. Valuable resources for 312 

reference data include the Genome database at the National Center for Biotechnology 313 

Information (https://www.ncbi.nlm.nih.gov/genome) which stores assembled genomes 314 

accessible through FTP (ftp://ftp.ncbi.nlm.nih.gov/genomes/), and the Gene Expression 315 

Omnibus (https://www.ncbi.nlm.nih.gov/geo/) where raw next-generation sequence reads are 316 

stored. Genome projects may provide their raw sequence data through other project-317 

associated websites and databases. 318 

 319 

REPRESENTATIVE RESULTS:  320 

After running BLAST, the output file will have a list of sequences from the query that match the 321 

database. After Python subtraction, a number of nonmatching sequences will be obtained, and 322 

tested by qPCR. The results of this, and next steps, are discussed below. 323 

 324 

Negative result. There are two possible negative results that can be seen after BLAST to the 325 

reference sequence. There may be no BLAST results, meaning that the total sequence does not 326 

have any similar sequences to the reference. This may be an error in selecting the right 327 

reference sequence for the sample sequenced. Another possibility is that there are no unique 328 

sequences in the starting assembly (everything is subtracted away), therefore no genes are 329 

found for the sequence of interest. Check where the reference came from and ensure that it is 330 

not the same tissue as the query assembly.  331 

 332 

After computational filtering, qPCR may yield a negative result, for examples see Figure 3A, 3B, 333 

C in which there was no difference in detection across bird tissues. Panels A through C are 334 

representative genes from different subtraction cycles, which motivated additional subtractive 335 

cycle iterations and the development of the method (Figure 2A, 2B). 336 

 337 

Positive result. A positive result--the identification of a true target sequence--is confirmed 338 

when genomic DNA qPCR shows statistically greater detection in the tissue / sample of interest 339 

relative to the reference (Figure 3D). The subtractive project in this case started with 340 

sequencing the RNA from germline tissue of male and female adult zebra finch, obtaining 10 341 

million read pairs from each sex. For brevity, we will describe the processing of the ovary 342 

sequence only, in which 167,929 transcripts were obtained by de novo assembly. The 343 

subtractive genomics method (BLASTn) was used to eliminate any sequences that matched the 344 

published somatic genome12, which left 5,060 transcripts corresponding to 598 unique proteins, 345 

indicating that many of the transcripts were noncoding. The Sanger raw reads used to generate 346 

the assembly were then used for the next level of subtraction by tBLASTn, yielding 78 proteins. 347 

One final subtraction was performed using RNA-seq raw reads from the auditory lobule13, 348 

which left eight proteins. When these proteins were run through NCBI nr BLAST, six of the 349 

proteins were viral, one was a repetitive region in birds, and the last was an -SNAP that is 350 
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germline restricted7 (Figure 2B). During this process, 935 somatic genes that were not 351 

previously included in the whole genome annotation were identified; several showed uniform 352 

qPCR amplification across tissues (Figure 3A, 3B, 3C). The -SNAP gene was validated to be 353 

germline restricted using qPCR, because it was depleted in somatic tissue relative to testis DNA 354 

where it was present at levels equivalent to actin (Figure 3D).  355 

 356 

What could go wrong. The main problem that must be overcome when using this method is 357 

ensuring that the proper reference sequence is used. The best reference sequence 358 

encapsulates, in the broadest sense, the genomic complexity in which the sequence of interest 359 

(T) is embedded. This may mean that sequences in different forms; transcriptome, assembly, 360 

raw data, or data from multiple studies need to be used as references (Figure 1). In the zebra 361 

finch study, we developed primers from RNA sequencing data; however, the primers did not 362 

always work due to the presence of introns between or within primer binding sites in DNA. We 363 

tested each primer set by PCR off genomic DNA from testis DNA, which encodes both the target 364 

(T) and the reference (R), making it a suitable positive control. Primer failure at this stage 365 

necessitates the design and testing of new primers until a suitable set is identified. Standard 366 

pitfalls of PCR-based methods apply: amplification conditions must be optimized, amplification 367 

specificity confirmed by testing and/or cloning, and no-template controls must be included in 368 

all experiments. For more information on qPCR assays, see22. 369 

 370 

FIGURE AND TABLE LEGENDS: 371 

Figure 1. The subtractive approach can iteratively remove multiple references (R) to recover 372 

only the target sequence of interest (T) from total genomic data. The reference sequences of 373 

individual projects may not overlap in precisely this way and may include datasets not indicated 374 

on the figure. 375 

 376 

Figure 2. Visual methods. (A) Subtractive cycle schematic. The cycle can be iterated as many 377 

times as needed, each time utilizing distinct reference sequences, to obtain the best results. (B) 378 

Specific example of the subtractive cycle of steps carried out in Biederman et al.7, with steps 379 

numbered as in A, and with the number of sequences remaining at each stage shown. 380 

 381 

Figure 3. Example data of qPCR results including negative and positive outcomes. (A) Genomic 382 

DNA qPCR of CHD8, a negative outcome. (B) Genomic DNA qPCR of DNMT1, a negative 383 

outcome. (C) Genomic DNA qPCR of CHD7, a negative outcome. (D) Genomic DNA qPCR of 384 

NAPAG, confirming presence specifically in testis samples and depletion from liver and ovary 385 

relative to actin, a positive outcome. All panels indicate average +/- standard deviation of three 386 

measurements.  387 

 388 

DISCUSSION:  389 

While subtractive genomics is powerful, it is not a cookie-cutter approach, requiring 390 

customization at several key steps, and careful selection of reference sequences and test 391 

samples. If the query assembly is of poor quality, filtering steps might only isolate assembly 392 

artifacts. Therefore, it is important to thoroughly validate the de novo assembly using an 393 

appropriate validation protocol to the specific project. For RNA-seq, guidelines are provided on 394 
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the Trinity website18 and for DNA, a tool like REAPR23 can be used. Another critical step when 395 

using BLAST is selection of appropriate e-value, which will determine whether the subtraction 396 

will be relaxed or stringent. However, an inversion occurs in the method: a more stringent 397 

match to reference is actually a less-stringent subtraction, as non-matching sequences are not 398 

subtracted. Therefore, a larger (less stringent) e-value should be used in BLAST for a more 399 

stringent subtraction. The final essential step of the protocol is reference selection. For greatest 400 

efficiency the reference should be as complete as possible; however, it does not need to be 401 

perfect because qPCR testing confirms whether remaining sequences are from T or R, and 402 

whether more filtering is necessary. During the implementation of the protocol, new references 403 

may be used to further narrow down the genes to be validated. We note that sometimes the 404 

matching method may change: for the last subtractive step we used the algorithm BWA to map 405 

raw reads onto the query sequences, and used custom python scripts to identify query 406 

sequences with no matching reads (Figure 2B). 407 

 408 

Limitations of this method include availability of a reference sequence. For example, Meyer et 409 

al. evaluated the mitochondrial genome of a new hominin; they used human and Denisovan 410 

probes to capture mitochondrial DNA, which was sequenced and mapped to a human 411 

reference24. In this case, there were no existing nuclear genome reference data that the 412 

researchers could have subtracted against to obtain the mitochondrial genome, necessitating 413 

the read-mapping alternative strategy24. Any extensively diverged regions of the novel 414 

mitochondrion relative to the human mitochondrial reference would be lost by read-mapping. 415 

Subtractive genomics offers a less-biased approach than read-mapping but is not always 416 

applicable depending on the research question, and in this case the low levels of ancient DNA 417 

precluded the kind of sequence coverage required for de novo assembly (step 1 of subtractive 418 

genomics). 419 

 420 

Physical purification provides another alternative method to subtractive genomics. Purification 421 

of DNA or RNA is often used in sequencing whole chloroplast and mitochondrial genomes 422 

because these organellar genomes are much smaller than nuclear genomes25-28. Human and 423 

other smaller mitochondrial genomes can be isolated for sequencing through amplification 424 

using two primer sets followed by purification25. However, subtractive genomics may be helpful 425 

for cases in which mitochondrial genomes are unusually large, the primer binding sites are 426 

divergent or will not result in the full genome. An example of this is in ciliates, which have large, 427 

divergent, linear mitochondrial genomes29. Mapping to a reference genome is not a viable 428 

option for ciliates due to high divergence across species and lack of homologs even across 429 

genuses30. By using subtractive genomics, the ciliate mitochondrial genome can be isolated and 430 

analyzed while minimizing the potential of missing segments of the genome. Similarly, while a 431 

de novo assembly approach was used in the Sitka spruce chloroplast genome assembly, gap-432 

closing involved comparative read mapping against the white spruce, potentially introducing 433 

bias at these sites31.  434 

 435 

Depending on the project, subtractive genomics may offer time and cost advantages relative to 436 

purification or mapping approaches, while offering less bias in the discovery process. In some 437 

situations, the target sequence cannot be easily isolated because it is completely unknown, is 438 
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vital to cell survival (mitochondria), or too large to separate by standard gel electrophoresis. 439 

Size-based electrophoretic purification is slow and requires significant starting material (which 440 

may be expensive) while optimizing conditions over multiple attempts. Pulse-field gel 441 

electrophoresis (PFGE) enables separation of DNA fragments up to 107 bp (10 Mb) but takes 2-3 442 

days, large amounts of material, and sometimes specialized equipment that is not commercially 443 

available32. In Biederman et al., the only sequence that was known from the germline-restricted 444 

chromosome was a noncoding repeat7. As this chromosome is the largest in the bird, over 100 445 

Mb in length10, purification would have been impossible; therefore, subtractive genomics was 446 

able to do what other methods could not. In the genomic era it is often cheaper and faster to 447 

sequence now, and filter by computer later. Enabling the discovery of completely novel 448 

sequences, subtractive genomics utilizes a combination of approaches to isolate novel 449 

sequences even without a perfect reference sequence.  450 
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We appreciate the work of the reviewers and editor in providing feedback on our manuscript. We are happy to 

make the changes requested and have included our responses in this document in blue font. 

 

Editorial comments: 

Changes to be made by the Author(s): 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or 

grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the submitted revision 

may be present in the published version. 

 

We have done so. 

 

2. Please add more details to your protocol steps. Please ensure you answer the “how” question, i.e., how is the 

step performed? Alternatively, add references to published material specifying how to perform the protocol 

action. 

 

We have significantly revised the protocol section with additional clarifying details and steps, including the 

ones suggested by reviewers. For Reptile error correction we cite a highly detailed step-by-step protocol 

published by the Eisen lab. 

 

3. Please provide all user input commands, either the terminal line commands or the click by click instructions 

if there is a GUI. If using terminal line commands, the entire line command for all steps must be provided. 

 

Commands and click-by-click instructions have been added where needed.  

 

4. 1.1: How is PEAR used? 

 

A more detailed description has been added, including commands, for how to run PEAR.   

 

5. 1.2.4: How is Reptile error correction done? 

 

We have added a citation to a publication giving a step-by-step protocol for Reptile error correction of RNA-seq 

reads.  

 

6. 1.3: How is this done? 

 

Details of running Trinity have been added. 

 

7. 5.1: What is the reaction mixture? Please provide all volumes and concentrations throughout. 

 

We have added in the volumes and concentrations needed for the reaction mixture.  

 

8. 5.2: How is qPCR signals measured? What device is used? How much is used for measurement? 

 

We have added in a statement about the device that is used to run and analyze qPCR.  

 

9. 5.3: What is actually done here? 

 

We have clarified how to perform this step. 

 

 

Reviewers' comments: 
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Reviewer #1: 

Manuscript Summary: 

This manuscript provides methodological detail behind a recently published gene discovery. The text here 

includes step-by-step bioinformatics that was presumably not published previously. The method details might 

be obvious to someone practiced in the art of bioinformatics but they would be nevertheless critical for anyone 

attempting to reproduce this study. The manuscript also includes helpful python scripts that presumably appear 

for the first time. 

 

 

Major Concerns: 

The writing requires significant attention. The title is off-topic. The abstract fails to summarize the method 

described. The introduction fails to provide relevant background. The figures are generic and unexplained. A 

(hopefully helpful) section-by-section critique follows. 

 

We thank the reviewer for the feedback. We feel that the reviewer was looking for an extended methods section 

to our publication in Current Biology. However, our goals for this manuscript were to describe the subtractive 

method in a way that is broadly generalizable to other studies, and to provide general guidelines for 

implementation of these methods in other work. This helps explain the concerns of the reviewer regarding 

'generic' figures etc. We have however enhanced the focus and detail about the specific study we published in 

Current Biology.  

 

Title ======== 

The portion of the title following the colon hardly describes the current work. No fog is described here, not even 

metaphorically. The title should indicate that a gene was discovered by examination of the small portion of 

RNA sequence that could not be characterized after sequencing RNA from a model organism. Unless the paper 

demonstrates that the method generalizes to other species, the title should probably mention the species. 

 

We deleted the reference to a metaphorical fog, as suggested by the reviewer, but trying to make sense of a 

vague or indistinct object in a fog is a suitable picture for certain kinds of genomic analysis, in which vast 

amounts of data are generated and then filtered and refined over time to get a clearer picture. We describe the 

implementation of the method in viral, bacterial, and other studies, in addition to our own, and also describe 

cases where the method could be helpful but was not used. Thus, the text demonstrates that the method is 

generalizable to a broad range of other studies in a variety of other species, using either DNA or RNA, and is 

not just limited to our zebra finch work.  

 

Abstract ====== 

The Abstract does not adequately summarize the paper. It gives lots of background and lots of jargon but hardly 

any mention of the novel work presented in this paper. 

 

We intended the Abstract to succinctly describe the method, the challenges, and our implementation of it. The 

novelty of our approach comes from linking the various steps of subtractive genomics into a cycle, which can 

be implemented in a variety of scientific settings and can be iterated multiple times as required by a specific 

study. We have edited the abstract to make this clearer and would be happy to address specific additional 

comments from the reviewer. 

 

Germline restricted chromosomes are unusual in biology and the current work may represent the first study of 

them by subtractive genomics. The abstract would be helpful if it contained a sentence explaining this 

phenomenon. 

 

The germline-restricted chromosome is not the focus of this manuscript. More details on the germline restricted 

chromosome are included in the introduction where we find it is better suited for this manuscript. Furthermore, 

the abstract is space constrained, so we do not have room to include the description in the abstract.  



 

All of these sentences in the Abstract could be unclear to someone who has not yet read the article: 

*particularly useful when T cannot be easily separated from R 

 

We moved this sentence to later in the abstract where it is more clearly understandable.  

 

*missing the sequence of interest, but does not need to be perfectly known for the method to work, because the 

sequences remaining after subtraction are tested through quantitative Polymerase Chain Reaction (qPCR) 

 

We have clarified the sentence. 

 

*Multiple references can be used to improve filtering efficiency either in the first subtraction step or during 

cycles of filtering and qPCR testing. 

 

We have changed the wording in order to make the sentence less confusing.  

 

*A drawback of the method is finding a suitable reference for subtraction and obtaining T-positive and negative 

samples for qPCR testing. 

 

We were told in the JoVE guidelines to list pitfalls and drawbacks of the method in the abstract. We feel this 

sentence is clear as written but would be happy to entertain specific comments from the reviewer that s/he feels 

would improve it. 

 

Introduction ====== 

The Introduction provides too much ancillary information and not enough crucial background. Three paragraphs 

about other investigations of other organisms in which subtractive genomics was or was not used is wide of the 

mark. Only the last paragraph of the Introduction provides the essential facts but in compressed form. The 

Introduction should review the biology: the unusual germline restricted chromosome in finch, what was known 

about it prior, why it has been uncharacterized for so long, whether it would be contained in all ovary and testis 

cells used here, whether it was expected to contain novel genes, and how the new gene that was discovered and 

characterized. The Introduction should also prep the bioinformatics: prior work with subtraction (briefly), why 

the subtraction method was selected rather than physical purification, how subtraction led to the new gene 

discovery, whether the existence of a paralog in the somatic genome presented a challenge. Finally, since the 

Introduction notes that gonad RNA will be mapped to muscle DNA and to raw Sanger genomic reads (why?) 

and to brain transcripts, the Introduction should discuss the motivation for, and challenges presented by, this 

RNA/DNA disconnect. 

 

We appreciate the feedback. We have added some specifics of the zebra finch work, but we feel many of the 

background details requested by the reviewer would unnecessarily clog up the manuscript, making it instead a 

review of the field, which has been done elsewhere by others and by ourselves in Current Biology. We have, 

however, clarified that the use of three different reference sequences (two DNA, one RNA) was driven entirely 

by the qPCR results obtained during the iterations of the cycle. This helps more strongly link the motivation of 

what we did in our study with the cyclical method we describe in this manuscript. 

 

Protocol ======= 

The protocol description is too general in places and too specific in others. At one extreme, readers are told to 

map with BWA or bowtie without mention of parameters. At the other extreme, the instructions refer to some 

unnamed specific file format (quality scores "in the third column") and to a file (the ".lsf" file) that would only 

be present on one kind of compute environment. For accuracy, the authors should describe their compute 

environment and give the specific commands and parameters, but for generality, they should also describe each 

step in general terms. 

 



We agree with the reviewer our protocol was too vague in general. We have clarified the Protocol and added the 

missing detail. 

 

Step 5.3 includes a Note that says "abundance … is key". This is not a procedure nor is it helpful as written. The 

description of step 6.1 is totally unclear. 

 

We have removed the problematic Step 5.3 text entirely and have re-written step 6.1 to be clearer. 

 

Figures ======= 

Figure 1. The box sizes are probably not proportional to real data. If a Venn diagram is to be shown, it should 

be proportional.  

 

We respectfully disagree with the reviewer here. While some Venn diagrams are proportional, some are not. As 

this one is a conceptual Venn, it is appropriately non-proportional.  

 

The figure should include specific numbers (# sequences and # bp) from each loop of the experiment. Since the 

process involves a loop, the figure really should have a time dimension to show how the sequence set evolves 

over 2 or more iterations. As is, the figure is unhelpful. 

 

We have addressed this by revising Figure 3 into a more sequential loop-type figure 2B. This also allows us to 

show the numbers at each subtractive iteration as requested by the reviewer alongside each loop. We have 

therefore removed Figure 3. 

 

Figure 2, or at least its caption, should clarify what the last blue arrow represents (the arrow heading back into 

BLAST). It is not clear what sequences are emitted from the prior step ("validation of sequence") or what are 

the subject and query sequences input to BLAST. More detail would help. 

 

We agree and have made changes to this figure, also integrating a modified Figure 3 into a Figure 2B. We have 

added an explicit decision node, guided by qPCR, to Figure 2A along with an 'end' outcome, that helps to 

clarify precisely how our validation by qPCR fed into the overall cycle. 

 

Figure 3 is also probably not drawn to scale. Its caption provides no information at all. It is unclear whether 

labels such as "78 proteins" refer to the number that were characterized or that remained uncharacterized. It is 

unclear why 338 genes exit the pipeline part way through. The figure does not demonstrate the looping behavior 

of the process that was illustrated in Figure 2. 

 

Figure 3 has been re-drawn as Figure 2B, with looping and clarified numbers as requested. The figure legend 

has been edited and clarified. 

 

Figure 4 is valuable but the caption only serves to label the charts. Especially for readers looking at the figures 

before reading all the text, the caption should explain the significance of this figure i.e. repeatable detection of 

gonad expression of the novel genes. 

 

We thank the reviewer for the feedback and have added the clarifications as requested. 

 

Representative results ======= 

This section should start by stating which subset of results are being presented, why they were selected, and to 

what extent they are representative. As is, the text gets around to this in its fourth paragraph (line 234) when it 

says, "For simplicity we will describe the processing of the ovary sequence…". What makes this subset simple? 

 

We meant to imply that the Testis subtraction was omitted from our description to simplify it. We have clarified 

the sentence. 



 

This section goes beyond representative results. It seems to be partly a FAQ including things that can go wrong 

and what to check when they do. A FAQ is problematic here since it does not report scientific results and is 

impossible to review for accuracy. Perhaps a FAQ document should be provided as a supplement. Even as a 

FAQ, this section is inconsistent e.g. it provides suggestions for the case of no BLAST hits but none for the case 

of no qPCR amplification. 

 

A FAQ ('frequently asked questions') would have questions and answers. Our section has no questions so it is 

not a FAQ and it does not adhere to FAQ format. We respectfully disagree with the reviewer's claim that only 

novel scientific results can be reviewed for accuracy, since accuracy of a method can also be assessed. JoVE 

papers are visualized methods so the main concern when reviewing the text portion is whether the method, 

pitfalls, and controls necessary are adequately described. If the goal of the manuscript were to report overall 

new scientific results, we would have submitted to a different journal. As it is, this section adheres to JoVE 

guidelines specifying that authors include a discussion of what can go wrong with the method and what to do 

when this happens. As no other reviewer raised an objection we suggest it remain as written, but we have added 

a portion about what to do if qPCR fails as suggested by the reviewer. 

  

Reviewer #2: 

Manuscript Summary: 

I like the manuscript and its very useful approach. Sequencing and in-silico work is the future and its 

importance will even increase. I found just some minor points to correct for you. 

The zebra finch example, with which you showed the methodology was very interesting. The methodology is 

described in detail except for 2 points I remarked in the minor concerns. The results and applicability of the 

method are discussed in various directions. 

 

Minor Concerns: 

Line 111+113: As it is a methodology paper, I would suggest to give some more details how to run PEAR and 

Reptile (as you gave them also for other tools) or if only default parameters are used, state that the default 

parameters were used. 

 

We thank the reviewer for the useful comments and are gratified that it was found interesting. We are happy to 

address the two main concerns, and have thoroughly re-worked the protocol section to provide all necessary 

missing detail including for PEAR and Reptile. 

 

Line 136: You refer to section 2b, but I guess 2.1 is meant. 

 

We thank the reviewer for catching the typo. We meant 2.2 and have updated the text. 

 

Reviewer #3:  

Novel sequence discovery by subtractive genomics: Peering into the fog of the unknown JoVE58877 

 

General comments: 

This manuscript describes a useful method to find novel sequences that have little or no similarity to sequences 

in the databases. 

Reference to figure 4 is done before figure 3 in the text (Lines 224 and 227). The order of the figure numbering 

should change to correct this. 

 

We thank the reviewer for catching this error, based off of other comments figure 3 has been changed and is 

now figure 2B. This also resolves the numbering order. 

 

The text is somewhat chatty and lacking in precision at some points, but is also very detailed in its description 

of the procedure. 



Some improvements of the text are listed below. 

 

Specific comments: 

Line 27 The meaning of "separated" is unclear to me in this context. Please rephrase and specify if physical 

separation (i.e purification) is the desired meaning. 

 

We thank the reviewer for the suggested clarification, that statement has been rephrased to “physically 

isolated.” 

 

Line 31 No sequence is "perfectly known", please rephrase or omit 

 

We have addressed this by changing the phrase to "complete,” to communicate that sequences cannot be 

perfectly known.  

 

Line 48 "experimentally isolated" should be "physically separated"? Experiments do encompass both wet lab 

and 

 

We have clarified by changing the wording to “physically separated” to signify wet lab experiments and we 

acknowledge the point that both bench and computational methods can be used in separation. 

 

Lines 64 - 73 In the beginning of this section it is claimed that "Readhead et al. used subtractive genomics". 

This seems to contradict Line 67 where 

it is stated that "Subtractive genomics could have been used" referring to the same study. Please rephrase this 

section to clarify. 

 

This paragraph has been edited for clarity. 

 

Line 80 "BLAST was able to positively identify the target sequences". BLAST is a tool by which the target 

sequences can be identified but BLAST 

can not identify anything by itself. 

 

We have restructured the sentence so that we are not implying that BLAST identified a sequence. We thank the 

reviewer for catching this error.  

 

Line 109 "De Novo Assemble Sequence of Interest", please add the letter T for coherence, for example "De 

Novo Assemble Sequence of Interest (T)" 

 

We agree this helps the sentence and have added the suggested '(T)'. 

 

Line 167 and 172 The provided Python scripts work only with Python 2 in their present form. This is not stated 

anywhere in the manuscript. Using the link 

provided as a source for python (in Table of Materials) will provide the reader with Python 3. Further, Python 2 

will not be maintained past 1 Jan 2020. 

A recommendation for the Python version has to be added in this section. The best would be to also provide 

Python 3 versions of the scripts. 

 

We have added a statement about the scripts requiring Python 2.7, which is a standard Python release.  We have 

corrected the link in the Table of Materials as well. 

 

Line 176 "extract a fasta with these" --> "extract a fasta file with these". 

 

This problem has been resolved and we thank the reviewer for catching this error.  



 

Line 202 "isolated without a host cell's genome" --> "isolated without a host cell's genomic DNA" 

 

We have fixed this sentence and thank the reviewer for noting it.  

 

 

Reviewer #4:  

In this manuscript the authors present a method called „subtractive genomics" and outline a step-by-step 

instruction to perform the analysis. The manuscript is clearly structured; however, a few issues remain as 

outlined below: 

 

MAJOR 

*) The whole protocol is very much designed with respect to the previously published manuscript. It would be 

great if the authors could demonstrate the suitability of their protocol with another (maybe publicly available) 

dataset and rerun the whole protocol. 

 

While we agree analyzing another dataset would be valuable, we demonstrate in the text that subtractive 

genomics have already been used in other contexts, such as identification of non-cross-reacting bacterial 

vaccine targets and novel virus identification. Given that we did not invent the method ourselves, but that others 

have already implemented it in myriad other contexts, we feel rerunning the whole protocol would do little to 

further improve the manuscript, while considerably delaying publication of our paper which provides valuable 

methodological details that are absent from the literature to date. We also innovate in making the whole process 

cyclical, with qPCR to determine whether more iterations are necessary, a structure we feel may benefit many 

other studies.  

 

*) Major parts (e.g., "Positive results") are repeats of the previously published manuscript. Please correct. 

 

Our JoVE manuscript provides details not provided in the previously published manuscript. The text in the 

"Positive results" section has not appeared elsewhere. Given that neither the text nor the details have been 

published previously, we do not see this as an error in need of correction. We do note, however, that Figure 3 

has been replaced with a new Figure 2B which more conceptually captures the pipeline we employed and is 

more distinct from our published Figure in Current Biology, which we hope alleviates this Reviewer's concerns. 

Furthermore, the data in Figure 4A-D (now 3A-D) are all previously unpublished, showing our raw initial data 

results for both negative and positive results. Again, none of this is a repeat of previous work so no correction is 

required.  

 

*) The title of the manuscript infers that this protocol can be used for "arbitrary" sequence discovery, while the 

manuscript only talks about "gene identification". Please adjust. 

 

The method can be used for any sequence discovery: coding sequence or noncoding, using RNA or DNA. It just 

so happens that some examples we discuss in greatest detail are based on gene discovery but we also discuss 

mitochondrial genome reconstruction, where it might apply to noncoding DNA, in plants and ciliates. We do 

not want to arbitrarily limit the use of the method to gene identification so we suggest the title remain broadly 

applicable. 

 

*) The introduction into the field of "subtractive genomics" is not detailed enough and should be rewritten. 

 

We introduce the concept and describe two specific examples in which the method is currently used, describe 

some cases where parts of the method are used and then discuss the specific example from our own studies. We 

are happy to edit or add detail as the Reviewer suggests, but it is unclear from his/her statement which portions 

are objectionable. If the Reviewer would provide more specific guidance we could address it.  

 



*) The authors should mention what data can be analyzed with this protocol: NGS, RNASeq, … currently, this 

should be explicitly stated. 

 

We agree and have indicated in Step 1 of the protocol that any NGS data, and its corresponding assembly, may 

be used to start the process (we also note that NGS is an umbrella term incorporating RNA-Seq so separating 

the concepts as the reviewer does is technically imprecise). We make it explicit in the text that the method 

works on any NGS data assembly, derived from either DNA or RNA. 

 

*) Please indicated what quality of the draft sequence is needed. Max number of contigs. N50 size, … 

 

This will be highly project-dependent and impossible to specify beforehand. Given that the input data may 

come from a genome or transcriptome project and any number of different sequencing methods, we cannot give 

specifics here without compromising the applicability of our method to various projects. For example a good 

N50 for a transcriptome project (many short contigs corresponding to transcripts) would be quite poor for a 

genomic DNA assembly. Fortunately the standards are well established and we provide references describing 

both assembly quality control and assessment metrics for the user to examine for more information, rather than 

trying to reinvent the wheel in our manuscript. 

 

*) Please report why no adapter trimming of the RNASeq data is needed? 

 

We appreciate the Reviewer noting this accidental omission. Adaptor and quality trimming were performed and 

accidentally omitted; we have included this information in the Protocol as Step 1.1. 

 

*) Please mention that your protocol requires RNASeq data. Also mention what coverage is needed, what 

RNASeq protocol (I guess you require PE sequencing), what sequencer, … 

 

Our protocol does not require RNA-seq data, as it would work equally well on DNA-seq data or DNA-based 

data from PacBio or other technologies like Oxford Nanopore. A specific coverage is not needed for RNA-seq 

data, but we used 10 million paired-end reads. This has been added to the manuscript. 

 

*) Please comment why no filtering of the RNASeq data is required. 

 

The RNA-seq data were quality filtered with trimmomatic as described above. 

 

*) Please mention in your protocol what prerequisites are required. What programs need to be installed, … 

 

Adding this information would simply bloat the length of our text without appreciably improving the usability 

of it, given that dependencies are described in the README files and user manuals of each software package. 

Indeed we would obscure the flow of the protocol with so many comments and digressions that we feel the 

manuscript would become extremely hard to use.  

 

*) How do the authors ensure specificity of the designed primers? Is this required? Please comment. 

 

We tested each primer set by PCR off genomic DNA from testis. Testis DNA encodes both the target (T) and 

the reference (R) so it is a suitable positive control template for primer testing. We describe this in the text 

under "What could go wrong" and also have added details to Protocol step 4.3 to make it clearer. 

 

*) Step 6 - what if no "new reference" is available. 

 

Then the subtraction process is finished, as no more iterations of the method are possible. As in all research, a 

successful outcome (high-confidence identification of T) cannot be guaranteed. The method is still a valuable 

addition to the bioinformatic toolbox. 



 

MINOR 

*) Please correct: "Convert the FASTQ file into FASTA and FASTQ files using Reptile readme file". I guess 

you mean the commands in the readme file; also convert FASTQ into FASTQ is misleading 

 

We have removed this portion in simplifying the Reptile implementation section, citing a 2013 paper describing 

in step-by-step detail the method we used. 

 

*) It would be great if the authors could provide a Docker image to remove the burden of installing tools. 

 

Because individual applications of subtractive genomics might use different software packages, this is not 

feasible. Furthermore, many tools require a cluster for parallel computing, making them incompatible with a 

Docker implementation. The two most important software packages are BLAST and BWA, and are quite easy 

to install and run locally; this can be demonstrated in the video portion of this JoVE publication. One valuable 

aspect of our manuscript is an opportunity to educate the scientific community about installing and running 

bioinformatic tools. 

 

*) Please mention the used versions of the tools. 

  

We have added this information. 

 

*) Is your protocol also suitable for long-read sequencing methods (PacBio, Nanopore, …)? Please comment. 

 

Yes, as long as an assembly is generated from the data, anything can be used as a starting point. We have added 

this to the text. 

 

*) Sentences should be polished and need to be more precise. 

 

We have done so whenever possible. 

 

*) Line 217: What does "the total sequence" mean? 

 

We have added the notation of R+T after the statement total sequence to remain consistent with earlier 

explanation of the flow of protocol.  
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