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Supplementary Note 1: ProbeDealer user manual 17 

1. Install BLAST 18 

Windows users should download and install ncbi-blast-2.10.1+-win64.exe from 19 

https://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/. Mac users should 20 

download and install ncbi-blast-2.10.1+.dmg from 21 

https://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/. Mac users then need to 22 

add the BLAST executable bin file to the PATH by following these instructions: 23 

 24 

      In Terminal, type: sudo nano /etc/paths 25 

      enter password 26 

      scroll down to the bottom of the list 27 

      add the path: /usr/local/ncbi/blast/bin 28 

      exit and save the list 29 

      restart the terminal 30 

 31 

Mac users may use the following command in Terminal to verify BLAST installation: 32 

 33 

      type: echo $PATH 34 

      expected outcome:  35 

      /usr/local/bin:/usr/bin:/bin:/usr/sbin:/sbin:/usr/local/ncbi/blast/bin 36 

      type: which blastn 37 

      expected outcome: /usr/local/ncbi/blast/bin/blastn 38 

 39 
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2. Install ProbeDealer 40 

ProbeDealer provides MATLAB add-on applications for Windows and Mac users and a 41 

standalone application for Windows users, available for download from 42 

https://campuspress.yale.edu/wanglab/probedealer. 43 

 44 

To install the ProbeDealer MATLAB application, open MATLAB, and click “Install 45 

App” in APP tab. Select a .mlappinstall file according to your operating system. To use 46 

the ProbeDealer standalone application on Windows, install MATLAB Runtime version 47 

9.8 (R2020a), and double click ProbeDealer_Win.exe to execute the standalone 48 

application. 49 

 50 

Users of ProbeDealer MATLAB application need to install the MATLAB Bioinformatic 51 

Toolbox in order to use ProbeDealer. 52 

 53 

3. ProbeDealer usage 54 

3.1 Provide BLAST genome database 55 

Input path to genome file folder containing necessary BLAST database subfolders. This 56 

path should not contain spaces.  57 

 58 

For chromatin tracing probes, provide the genome file folder that contains the following 59 

sub-folder: “genome”, for the genome BLAST database. To enable the “only target 60 

antisense of genes” feature, also include a sub-folder “UnsplicedTx” as the unspliced 61 
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transcriptome database. To enable the “avoid exon regions” feature, include another sub-62 

folder “TxShortHeader” as the transcriptome database. 63 

 64 

For sequential single-molecule RNA FISH and MERFISH probes, provide the genome 65 

file folder path that contains the following sub-folders: “TxShortHeader”, as the 66 

transcriptome database, and “Tx”, which contains the Gencode transcriptome fasta file 67 

with full headers to match transcripts with their genes. Note that for all probe types, the 68 

sub-folders should be named as indicated in this manual. 69 

 70 

We provide example “genome”, “UnsplicedTx”, “TxShortHeader”, and “Tx” subfolders 71 

that contain human and mouse databases at 72 

https://campuspress.yale.edu/wanglab/probedealer. Users may download these two 73 

folders, and use the folder paths as inputs for ProbeDealer to design human and mouse 74 

probes. 75 

 76 

For additional user-defined databases, we recommend using UCSC genome fasta files to 77 

generate BLAST databases and UCSC GTF files to generate unspliced transcriptomes. 78 

ProbeDealer only accepts Gencode transcriptome files. 79 

 80 

3.2 Choose probe type 81 

Select a probe type in the application panel. Chromatin tracing users may choose 82 

additional features according to their needs. Users may also specify their preferred oligo 83 

parameters by editing oligoparameters.xlsx provided in the ProbeDealer package. For 84 
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example, to allow designed probes to overlap each other by up to 20 nucleotides, as 85 

previously demonstrated in chromatin tracing to trace a gene cis-regulatory region at 5-kb 86 

genomic resolution3, users may change ProbeGap in oligoparameters.xlsx from 31 to 11. 87 

This overlapping design allows more probes to be designed for short genomic regions or 88 

RNA species. 89 

 90 

oligoparameter.xlsx includes the following parameters that can be customized: 91 

      ProbeLength: desired length of oligos. Default is 30 nt. 92 

      MinTm: minimum Tm of oligos. Default is 66 ℃. 93 

      MaxTm: maximum Tm of oligos. Default is 100 ℃. 94 

      SecondaryStructureTm: maximum Tm of concatenated stems in the oligo. Default is 95 

76 ℃. 96 

      CrossHybTm: maximum Tm of concatenated cross-hybridization regions in the oligo. 97 

Default is 72 ℃. 98 

      MinGC: minimum percentage of GC of oligos. Default is 30%. 99 

      MaxGC: maximum percentage of GC of oligos. Default is 90%. 100 

      ExcludeSeq: sequences that should be avoided in oligos; excluded sequences are 101 

separated by “|”. Default is GGGGGG|CCCCCC|TTTTTT|AAAAAA. 102 

      ProbeGap: minimum distance between the 5’ end of two adjacent oligos. Default is 103 

31, for generating oligos of 30-nt with no overlap. 104 

 105 

3.3 Provide target sequences 106 
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ProbeDealer accepts two target input file formats: fasta file (.fasta, .fa, .fas) and 107 

spreadsheet file (*.xls, *.xlsx, *.csv). Chromatin tracing and sequential single-molecule 108 

RNA FISH accept both types of input, while MERFISH only accepts spreadsheet files. 109 

Example target input files are available for download from 110 

https://campuspress.yale.edu/wanglab/probedealer. 111 

 112 

The spreadsheet file for chromatin tracing should contain three columns. The first column 113 

indicates the chromosome of current target sequence, e.g. chr1 (note that “chr” should be 114 

present to be consistent with the format of the UCSC genome fasta file). The second and 115 

third columns indicate the start and end points of the target sequence on the indicated 116 

chromosome, and coordinates should start from 1, inclusive (i.e. same as UCSC GTF 117 

coordinates, not UCSC BED coordinates). As a simplified example, for a sequence on a 118 

chromosome: 119 

>chr1 120 

ATCTATTTGGGCG 121 

To design chromatin tracing probe for TATTT, the three columns should be: 122 

chr1  4 8 123 

 124 

To use our default human and mouse databases, the genome coordinates need to be from 125 

hg38 and mm10, respectively.         126 

 127 
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For RNA FISH, ProbeDealer will draw target information from the first column of the 128 

input spreadsheet. The first column should contain the Ensembl transcript IDs (without 129 

version) of target sequences (e.g. ENST00000544455, ENSMUST00000106216). 130 

 131 

The spreadsheet file for RNA MERFISH should contain at least two columns. The first 132 

column should contain the Ensembl transcript IDs (without version) of target sequences, 133 

and the second column should contain the corresponding gene FPKM values or other 134 

measures of relative transcript expression levels. 135 

 136 

Users should ensure the number of input sequences does not exceed the number of 137 

available secondary sequences (or secondary sequence combinations in MERFISH) in the 138 

provided spreadsheets, DNA secondaries.xlsx (for chromatin tracing probes) and RNA 139 

secondaries.xlsx (for sequential single-molecule RNA FISH and MERFISH). By default, 140 

we provide 50 secondary sequences for chromatin tracing and 16 secondary sequences 141 

for sequential single-molecule RNA FISH. Thus, the chromatin tracing target number 142 

should be ≤ 50, and the sequential single-molecule RNA FISH target number should be ≤ 143 

16. MERFISH accepts up to 140 target sequences. 144 

 145 

Users may also specify how many probes they want for each input sequence, or choose to 146 

retain all probes. If an input sequence does not have as many probes as specified by the 147 

user, some of its probes will be duplicated to meet the requirement. We recommend at 148 

least 48 probes for each RNA target in MERFISH, at least 36 probes for each RNA target 149 
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in sequential single-molecule RNA FISH, and at least 150 probes for each genomic target 150 

in chromatin tracing3.   151 

 152 

3.4 Output 153 

Choose output type and provide a path for output files. Output files include 154 

FinalOligos.fasta and FinalOligos.xlsx. If some sequences do not have as many probes as 155 

specified by the user, a log file will be generated to record those input sequences. A 156 

codebook will be generated as an Excel spreadsheet for MERFISH users to match each 157 

transcript with its MHD4 code. 158 

 159 

 160 

 161 

 162 

 163 

 164 

 165 

 166 

 167 

 168 

 169 

 170 

 171 

 172 
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Supplementary Notes 2: Ordering dye-labeled secondary probes and primers 173 

To visualize genomic loci or RNA foci in experiment, users should purchase dye-labeled 174 

secondary probes with fluorescent dyes appended to the 5’ end of the sequences included 175 

in the DNA secondaries.xlsx and RNA secondaries.xlsx files provided with the 176 

ProbeDealer package, respectively. Examples of the 50 secondary probes for chromatin 177 

tracing were reported in Liu et al Supplementary Data File 6 in the “TAD tracing” tab1. 178 

Examples of the 16 secondary probes for RNA MERFISH were reported in Liu et al 179 

Supplementary Data File 6 in the “RNA MERFISH” tab1.  180 

 181 

To synthesize and amplify primary probes from a template oligo library, users should 182 

order primers according to the sequences listed in Primers.xlsx. When ordering forward 183 

primers, users should append the T7 promoter sequence 184 

(GCCGTACGGATAATACGACTCACTATAGGG) at the 5’ end of forward primers. 185 

When ordering the reverse primers, users should reverse-complement the reverse priming 186 

sequences in Primers.xlsx. The primers to order for the three default pairs of priming 187 

sequences are: For chromatin tracing, forward primer: 188 

GCCGTACGGATAATACGACTCACTATAGGG GTGGTAAAGCTCCGCGGCTT; 189 

reverse primer: TCGTTCCGCATTGACCAATC. For RNA MERFISH, forward primer: 190 

GCCGTACGGATAATACGACTCACTATAGGG CCCGCGTTAACCATACACCG; 191 

reverse primer: CATCGAAGCGTGTGGCTACC. For sequential single-molecule RNA 192 

FISH, forward primer: GCCGTACGGATAATACGACTCACTATAGGG 193 

GCGTCGTTATGGTGCAACGT; reverse primer: TTGTCGCACGTTCGGTGTCG. 194 

 195 
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Supplementary Note 3: Additional comparison between ProbeDealer and other 196 

probe design packages 197 

We compared ProbeDealer with other available probe design tools, including 198 

OligoArray2.12, a MATLAB package for RNA MERFISH design3 and OligoMiner4. We 199 

compare these tools on the following aspects: 200 

 201 

1) Purpose of the software. Unlike the other tools, ProbeDealer is intended for designing 202 

probes for a variety of multiplexed FISH implementations, including Multiplexed 203 

Imaging of Nucleome Architectures (MINA), multiscale chromatin tracing, RNA 204 

MERFISH and sequential single-molecule RNA FISH, which involve multiple unique 205 

probe design schemes and considerations. In particular, the primary probe sequences need 206 

to be specific in targeting genomic loci or transcripts of interest in chromatin tracing and 207 

RNA MERFISH implementations, respectively; and when RNA MERFISH and 208 

chromatin tracing are combined in the MINA implementation, the primary probes 209 

targeting genomic loci and RNA species must not interfere with each other (competing 210 

for the same target or cross-hybridize with each other). To meet these requirements, we 211 

implemented BLAST algorithms that are most suitable for each different probe design 212 

scenario. In addition, for the convenience of users, ProbeDealer provides a set of tested 213 

secondary probe sequences that are orthogonal to the human and mouse genomes1,3 to be 214 

automatically used in primary probe designs. For RNA MERFISH, ProbeDealer also 215 

automatically includes the repeatedly tested MERFISH codebook with a Modified 216 

Hamming Distance 4 (MHD4) coding scheme 1,3,5–9. OligoArray 2.1 and OligoMiner 217 

generate probes for primary FISH and can be used for both DNA and RNA FISH, 218 
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however, they do not include the steps of adding secondary and priming sequences for the 219 

multiplexed FISH implementations. The RNA MERFISH MATLAB package is 220 

specialized in designing RNA MERFISH probes, but not chromatin tracing probes. 221 

Therefore, ProbeDealer is the most convenient and versatile tool in designing probes for a 222 

variety of multiplexed DNA and RNA FISH implementations. 223 

 224 

2) Computational resource requirements and time cost. Based on our tests, ProbeDealer 225 

can be executed on both a workstation with 32 GB RAM and a laptop with 16 GB RAM, 226 

although the latter takes slightly longer time to finish the design especially when 227 

designing probes for tens of long (100 kb) target sequences. ProbeDealer can typically 228 

finish designing probes for fine-scale chromatin tracing (e.g. targeting tens of 5-kb 229 

genomic regions) and MERFISH of 140 transcripts within half an hour; when designing 230 

probes for long sequences, including whole chromosome tracing probes which typically 231 

target tens of 100-kb regions, ProbeDealer can finish the design within one day on a 232 

workstation. OligoArray 2.1 is no longer available for download, which prevents us from 233 

testing it on our workstation. The existing copy of OligoArray 2.1 available to us is 234 

installed on the Yale High Performance Computing Cluster. By requesting 32 GB of 235 

RAM and one core from the cluster, we tested the time it takes to run the same 236 

MERFISH probe design targeting 136 mouse transcripts. OligoArray 2.1 finished the 237 

probe generating step in 1.9 hours, which did not include other crucial steps, including 238 

MHD4 codebook design and probe specificity test. ProbeDealer finished the same probe 239 

design procedure in 18.5 minutes. Thus, we conclude that ProbeDealer is significantly 240 

faster than OligoArray 2.1. The RNA MERFISH MATLAB package is recommended to 241 
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run with 32 GB to 64 GB RAM (github.com/ZhuangLab/MERFISH_analysis). The time 242 

cost of the package can reach several hours on a workstation with parallel computing to 243 

systematically profile the transcriptome and generate oligos that may be used as part of 244 

the primary probes. However, once this step is finished, such profile can be repeatedly 245 

used in different probe design tasks, and the package can generate probes with 5-10 246 

minutes3. OligoMiner is capable of designing probes for the whole human genome within 247 

hours4, which can be executed on a personal laptop with 16 GB RAM. 248 

 249 

3) Probe design criteria. All the tools allow customizable probe length, GC content and 250 

melting temperature. ProbeDealer, OligoArray 2.1 and OligoMiner consider the 251 

secondary structure and cross-hybridization effects and reject the probes that do not pass 252 

the secondary structure or cross-hybridization tests. All the tools evaluate probe 253 

specificity to eliminate off-target effect. ProbeDealer, OligoArray 2.1 and OligoMiner 254 

adopt alignment tools to identify off-target binding. ProbeDealer and OligoArray 2.1 uses 255 

BLAST, and OligoMiner uses Bowtie2 for faster alignment. The RNA MERFISH 256 

MATLAB package constructs isoform penalty tables and transcriptome penalty table by 257 

analyzing 17-nucleotide-long sequences for potential off-target events. 258 

 259 

4) User-friendliness. ProbeDealer is the only one among the four tools that offers a 260 

graphical-user interface on a local computer, and users can easily customize the probe 261 

design parameters by editing an Excel spreadsheet that stores those parameters. 262 

OligoArray 2.1 and OligoMiner are both executed via command line operations. The 263 

RNA MERFISH MATLAB package consists of MATLAB scripts and functions, which 264 
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may be challenging for user without coding experience to customize the probe design 265 

process to best suit their research needs. Therefore, OligoArray 2.1, OligoMiner and the 266 

RNA MERFISH MATLAB package may be less preferred by users with limited coding 267 

expertise. 268 

 269 

 270 
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