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SUMMARY: 21 
Here, we present a protocol optimized for the processing of coding (mRNA) and non-coding 22 
RNAs (ncRNA) globin reduced RNA-seq libraries from a single whole blood sample. 23 
 24 
ABSTRACT:  25 
The advent of innovative and increasingly powerful next generation sequencing techniques has 26 
opened new avenues into the ability to examine the underlying gene expression related to 27 
biological processes of interest. These innovations not only allow researchers to observe 28 
expression from the mRNA sequences that code for genes that effect cellular function, but also 29 
the non-coding RNA (ncRNA) molecules that remain untranslated, but still have regulatory 30 
functions. Although researchers have the ability to observe both mRNA and ncRNA expression, 31 
it has been customary for a study to focus on one or the other. However, when studies are 32 
interested in both mRNA and ncRNA expression, many times they use separate samples to 33 
examine either coding or non-coding RNAs due to the difference in library preparations. This 34 
can lead to the need for more samples which can increase time, consumables, and animal 35 
stress. Additionally, it may cause researchers to decide to prepare samples for only one 36 
analysis, usually the mRNA, limiting the number of biological questions that can be investigated. 37 
However, ncRNAs span multiple classes with regulatory roles that effect mRNA expression. 38 
Because ncRNA are important to fundamental biologic processes and disorder of these 39 
processes in during infection, they may, therefore, make attractive targets for therapeutics. 40 
This manuscript demonstrates a modified protocol for the generation mRNA and non-coding 41 
RNA expression libraries, including viral RNA, from a single sample of whole blood. Optimization 42 
of this protocol, improved RNA purity, increased ligation for recovery of methylated RNAs, and 43 
omitting size selection, to allow capture of more RNA species. 44 
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 45 
INTRODUCTION:  46 
Next generation sequencing (NGS) has emerged as a powerful tool for the investigation of the 47 
changes that occur at the genomic level of biological organisms. Sample preparation for NGS 48 
methods can be varied depending on the organism, tissue type, and more importantly the 49 
questions the researchers are keen to address. Many studies have turned to NGS as a means of 50 
studying the differences in gene expression between states such as healthy and sick 51 
individuals1-4. The sequencing take place on a whole genome basis and allows a researcher to 52 
capture the most, if not all, of the genomic information for a particular genetic marker at a time 53 
point. 54 
 55 
The most common markers of expression observed are the messenger RNAs (mRNAs). The 56 
most used procedures for prepping libraries for RNA-seq are optimized for the recovery of 57 
mRNA molecules through the use of a series of purifications, fragmentations, and ligations5,6. 58 
However, the decision on how a protocol is to be performed relies heavily on the sample type 59 
and the questions being posed about said sample. In most cases total RNA is extracted; yet, not 60 
all RNA molecules are of interest and in cases such as mRNA expression studies overly abundant 61 
RNA species, like ribosomal RNAs (rRNA) need to be removed to increase the number of 62 
detectable transcripts associated with the mRNAs. The most popular and widely used method 63 
for removing the abundant rRNA molecules is the reduction of polyadenylated RNA transcripts 64 
referred to as polyA depletion7. This approach works well for the analysis of mRNA expression 65 
as it does not affect the mRNA transcripts. However, in studies that are interested in non-66 
coding or viral RNAs, polyA depletion also removes these molecules. 67 
 68 
Many studies choose to focus on the RNA sequence library preparation to examine either 69 
mRNA expression (coding) or a particular class of small or large non-coding RNA. Although there 70 
are other procedures8 like ours that allow for the dual sample preparation, many studies 71 
prepare libraries from separate samples for separate studies when available. For a study like 72 
ours, this would normally require multiple blood samples increasing time, consumables, and 73 
animal stress. The goal of our study was to be able to use whole blood from animals to identify 74 
and quantify the different classes of both mRNA and non-coding RNA expressed between 75 
healthy and highly pathogenic porcine reproductive and respiratory syndrome virus (HP-PRRSV) 76 
challenged pigs9,10 despite having only a single whole blood sample (2.5 mL) from each pig. In 77 
order to do this, we needed to optimize the typical extraction and library creation protocols to 78 
generate the proper data to allow for analysis of both mRNA and non-coding RNA (ncRNA) 79 
expression11 from a single sample. 80 
 81 
This prompted a need for a protocol that allowed for mRNA and non-coding RNA analysis 82 
because the available standard kits and methods for RNA-extraction and library creation were 83 
intended chiefly for mRNA and use a poly-A depletion step12. This step would have made it 84 
impossible to recover non-coding RNA or viral transcripts from the sample. Therefore, an 85 
optimized method was needed that allowed for total RNA extraction without sample polyA 86 
depletion. The method presented in this manuscript has been optimized to allow for the use of 87 
whole blood as a sample type and to build sequencing libraries for both mRNA and ncRNAs of 88 



small and large sizes. The method has been optimized to allow for the analysis of all detectable 89 
non-coding RNAs as well as retain viral RNAs for later investigation13. In all, our optimized 90 
library preparation protocol allows for the investigation of multiple RNA molecules from a 91 
single whole blood sample. 92 
 93 
The overall goal behind the use of this method was to develop a process that allowed for the 94 
collection of both non-coding RNA and mRNA from one sample of whole blood. This allows us 95 
to have mRNA, ncRNA, and viral RNA for each animal in our study sourced from a single 96 
sample9. This, ultimately, allows for more scientific discovery without additional animal costs 97 
and gives a more complete picture of the expression of each individual sample. The described 98 
method allows for the examination of the regulators of gene expression as well as allowing for 99 
completion of correlative studies comparing both mRNA and non-coding RNA expression using 100 
a single whole blood sample. Our study used this protocol to examine the changes in gene 101 
expression and possible epigenetic regulators in virally infected 9-week old male commercial 102 
pigs. 103 
 104 
PROTOCOL: 105 
 106 
Animal protocols were approved by the National Animal Disease Center (USDA-NADC-ARS) 107 
Animal Care and Use Committee. 108 
 109 
1. Collection of Swine Blood Samples 110 
 111 
1.1 Collect blood samples into RNA tubes. Collect ~2.5 mL or more if larger collection tubes are 112 
available. 113 
 114 
2. Processing of Swine Blood Samples 115 
 116 
2.1 Centrifuge the blood tubes at 5020 x g for 10 min at room temperature (15-25 °C). If 117 
processing frozen samples incubate tube at room temperature for a minimum of 2 h prior to 118 
centrifugation. 119 
 120 
2.2 Remove supernatant and add 8 mL of RNase-free water to the pellet. Close and vortex the 121 
pellet until it is visibly dissolved. Centrifuge sample tubes at 5020 x g for 10 min at room 122 
temperature to recover the pellet. Discard all supernatant and preserve the pellet. 123 
 124 
3. Organic Extraction for Total RNA and Small RNA (miRNA Isolation Kit) 125 
 126 
3.1 Begin total RNA extraction by pipetting 300 µL of lysis binding buffer to the pellet from the 127 
step 2.2. 128 
 129 
3.2 Vortex and transfer the mixture to a new labelled 1.5 mL centrifuge tube. Add 30 µL of 130 
homogenate additive from the kit. Vortex the tube and place on the ice for 10 min. 131 
 132 



3.3 Remove the tube and add 300 µL of the acid-phenol: chloroform reagent from the kit. 133 
Vortex the tube to mix. Centrifuge at 10,000 x g for 5 min at room temperature. 134 
 135 
3.4 Carefully remove aqueous phase (300-350 µL) to a fresh tube. Note the volume for the next 136 
step. 137 
 138 
4. Total RNA Isolation Procedure 139 
 140 
4.1 Based on the amount of aqueous recovery (300-350 µL) add 1.25x volume of 100% (~375 141 
µL) ethanol to aqueous phase. Mix the sample using a pipette. 142 
 143 
4.2 Set-up new collection tubes containing a filter cartridge for each sample. Pipette ~ 675 µL of 144 
the lysate/ethanol mixture onto the filter cartridge.  145 
 146 
Note: Do not add > 700 µL to filter cartridge at one time. For larger volumes apply in 147 
succession. 148 
 149 
4.3 Centrifuge briefly (~15-20 s) at 10,000 x g to pass liquid through the filter. Do not spin 150 
harder than this. 151 
 152 
4.4 Discard the flow through and repeat the centrifugation with the remaining lysate/ethanol 153 
mixture until it has all been applied. Retain the same filter cartridge and collection tube for the 154 
next step. 155 
 156 
4.5 Add 700 µL of Wash Solution 1 from the kit to the filter cartridge and centrifuge briefly (~10 157 
s) to pull through the filter. Discard the flow through and retain the same filter cartridge and 158 
collection tube. 159 
 160 
4.6 Add 500 µL of Wash Solution 2/3. Centrifuge to draw the liquid through the filter cartridge. 161 
Discard the flow through. Repeat wash step. 162 
 163 
4.7 In the same tube, spin the filter cartridge an additional 60 s to remove any residual liquid 164 
from filter. Transfer the filter cartridge to a fresh collection tube. 165 
 166 
4.8 Add 100 µL of pre-heated (95 °C) nuclease-free water to the center of the filter cartridge. 167 
Spin for approximately 20-30 s at the tabletop centrifuge max speed.  168 
 169 
Note: RNA is contained in the eluate and can now be further processed or stored at -20 °C or 170 
below. Enrichment for small RNAs was not performed. 171 
 172 
5. Globin Reduction (based on a protocol optimized for porcine whole blood samples)14,15 173 
 174 



Note: Globin reduction is performed so that libraries are not overpopulated with reads mapping 175 
to globin genes, which would lower the number of reads available to map to other genes of 176 
greater interest14,15. 177 
 178 
5.1 Hybridization with globin reduction oligos 179 
 180 
5.1.1 Denature the RNA (6 µg RNA sample in maximum 7 µL volume) by pipetting the extracted 181 
sample into a 0.2 mL thin-walled nuclease-free reaction tube and placing in a thermal cycler at 182 
70 °C for 2 min. It is key to ice tubes immediately after the first denature step for optimal RNA 183 
quality. No DNase treatment is needed. 184 
 185 
5.1.2 While tubes cool prepare a 400 µL of 10x globin reduction oligo mix: 100 µL each of two 186 
HBA oligos (5’-GATCTCCGAGGCTCCAGCTTAACGGT-3’, and 5’-187 
TCAACGATCAGGAGGTCAGGGTGCAA-3’) at 30 µM, two HBB oligos (5’- 188 
AGGGGAACTTAGTGGTACTTGTGGGC-3’, and 5’- GGTTCAGAGGAAAAAGGGCTCCTCCT-3’) at 120 189 
µM per reaction, yielding a final concentration of 7.5 µM HBA oligos and 30 µM HBB oligos. 190 
Prepare 10x oligo hybridization buffer: 100 mM Tris-HCL, pH 7.6; 200 mM KCl. 191 
 192 
5.1.3 Prepare the hybridization mix: 6 µg of RNA sample (maximum 7 µL volume), 2 µL of the 193 
400 µL of 10x globin reduction oligo mix (final concentration 2X), 1 µL of 10x oligo hybridization 194 
buffer (final concentration 1x). Add nuclease-free water to a final volume of 10 µL. 195 
 196 
5.1.4 Set thermocycler at 70 °C for 5 min. Cool immediately to 4 °C and proceed to RNase H 197 
digestion. 198 
 199 
5.2 RNase H digestion 200 
 201 
5.2.1 Dilute 10x RNase H (10 U/ µL) to 1x RNase H with 1x RNase H buffer.  202 
 203 
Note: The RNase buffer comes at 10x and will need to be diluted with 1x RNase H buffer to 1x 204 
prior to use. 205 
 206 
5.2.2 Prepare RNase H reaction mix by combining: 2 µL of 10x RNase buffer, 1 µL of RNase 207 
inhibitor in 2 µL of 1x RNase H, and 5 µL of nuclease-free water to a total volume 10 µL. 208 
 209 
5.2.3 Mix thoroughly the Globin Reduction hybridization samples with 10 µL of the RNase H 210 
reaction mix and digest at 37 °C for 10 min. Cool to 4 °C.  211 
 212 
5.2.4 Stop digestion by addition of 1.0 µL of 0.5 M EDTA to each sample and proceed 213 
immediately to the cleanup step.  214 
 215 
5.3 RNase H-Treated Total RNA Cleanup.  216 
 217 



5.3.1 Purify the RNase H treated RNA using a silica-membrane-based elution purification 218 
cleanup kit according to manufacturer’s instructions. Premix buffers: For the mild washing 219 
buffer, add 44 mL of 100% ethanol. 220 
 221 
5.3.2 Do not transfer the sample to a new tube. Add 80 µL of RNase-free water and 350 µL of 222 
lysis buffer. Add 250 µL of 100% ethanol to the diluted RNA and mix well by pipetting. 223 
 224 
Note: Do not centrifuge. Proceed immediately to step 5.3.3. 225 
 226 
5.3.3 Now transfer the 700 µL sample to an elution filter cartridge placed in a 2 mL collection 227 
tube to collect the flow through. Centrifuge for 15 s at ≥ 8,000 x g. Discard the flow-through. 228 
 229 
5.3.4 Repeat this by placing the elution filter cartridge into a new 2 mL collection tube. Add 500 230 
µL of the mild washing buffer to the filter cartridge and centrifuge for 15 s at ≥ 8,000 x g in 231 
order to wash the filter cartridge membrane. Discard the flow-through. Reuse the collection 232 
tube in step 5.3.5. 233 
 234 
5.3.5 Now using the same sample tube, add another 500 µL of 80% ethanol to the filter 235 
cartridge. This time centrifuge the tube for 2 min at ≥ 8,000 x g. Collect the elution spin column 236 
for the next step and discard both the flow-through and collection tube. 237 
 238 
5.3.7 Put the elution filter cartridge from the last step into a new 2 mL collection tube. Leave 239 
the lid open on filter cartridge, and centrifuge at full speed for 5 min to dry the spin column 240 
membrane and prevent ethanol carry over. Discard the flow-through and collection tube.  241 
 242 
Note: To avoid damage angle the lids to point in a direction opposite to that of the rotor. 243 
 244 
5.3.8. Take the dried filter cartridge and place into a new 1.5 mL collection tube. Add 14 μL of 245 
RNase-free water to filter cartridge membrane making sure to add the RNase-free water 246 
directly to the center. Centrifuge for 60 s at full speed to elute the RNA. 247 
 248 
5.4 Assess quality of globin-reduced RNA samples (step 6). Proceed to mRNA sample 249 
preparation (step 7) and small RNA library preparation (step 8)16,17. 250 
 251 
Note: Globin-reduced RNA samples can now be stored at -20 °C, however storage at -80 °C is 252 
recommended for long-term preservation. 253 
 254 
6. Assessment of RNA 255 
 256 
6.1 Quantify RNA concentration using a spectrophotometer. Examine the wavelength ratio of 257 
260 and 280 nm. Ratios of ~2 or greater are considered pure for RNA and lower values indicate 258 
some contamination. The instrument uses this ratio to determine RNA concentration as ng/µL. 259 
 260 



6.2 Assess RNA quality by using 1 µL (100 ng) of sample on an appropriate chip. Final product 261 
should be a RIN of ~2 or higher and a peak at ~280 nt for mRNA single read libraries; small RNA 262 
libraries peaks at 143 correspond to miRNAs. 263 
 264 
7. Stranded Total RNA Sample Preparation for the mRNA and long ncRNA libraries.16 265 
 266 
Note: Bring elution buffer and rRNA removal beads to room temperature. Pre-label 0.2ml thin-267 
walled PCR tubes (plates may also be used). Protocol steps based on manufacturer’s 268 
instructions16. 269 
 270 
7.1.1 Start with 4 µL of globin-reduced RNA. Add 6 µL of nuclease-free water, 5 µL of rRNA 271 
binding buffer, and 5 µL of rRNA removal mix per tube (1st tube). Pipette to mix and re-cap. 272 
Place in thermocycler with 100 °C heated-lid for 5 min at 68° C. Remove and leave at room 273 
temperature for 60 s.  274 
 275 
7.1.2 Resuspend rRNA removal beads by vortex; add 35 µL of beads to new (2nd) PCR tube and 276 
pipette sample from the 1st tubes onto beads in the 2nd tubes. Incubate 2nd PCR tube at room 277 
temperature for 3 min. Place on the magnetic stand for 7 min. 278 
 279 
Note: Mix each sample thoroughly by pipetting for optimal rRNA depletion. Raising/Lowering 280 
tube in the stand may help expedite separation process. 281 
 282 
7.1.4 Transfer the supernatant from the 2nd PCR tube to matching 3rd PCR tube and place on to 283 
the magnetic stand for a minimum of 60 s. Repeat the transfer into a new PCR tube only if the 284 
beads are not moved to the tube sides.  285 
 286 
7.1.5 Mix Sample Purification beads by vortex; add 99 µL to each 3rd PCR tube. Allow to sit at 287 
room temperature for 15 min. Place on magnetic stand for 5 min. Ensure beads moves to sides. 288 
Pipette to discard the supernatant. 289 
 290 
7.1.6 Keep 3rd tube set on magnetic stand. Add 200 µL of 70% ethanol whilst being careful not 291 
to jostle the beads. Allow to sit for at least 30 s and pipette to discard the supernatant. Repeat 292 
step. 293 
 294 
7.1.7 Allow sample to dry at room temperature for 15 min on the magnetic stand. Centrifuge 295 
the kit elution buffer for 5 s at 600 x g. Remove tube and add 11 µL of elution buffer mixing 296 
thoroughly. Incubate for 2 min on the bench then at least 5 min on the magnetic stand at room 297 
temperature. 298 
 299 
7.1.8 Transfer 8.5 µL of supernatant from the 3rd to a new (4th) PCR tube. Add 8.5 µL of 300 
Elute/Prime/Fragment High mix from the kit. Mix well. Cap and place in a thermocycler with 301 
pre-heated lid for 8 min at 94 °C, hold at 4 °C. Remove and centrifuge briefly.  302 
 303 
7.2 Synthesize First Strand cDNA 304 



 305 
7.2.1 Allow first strand synthesis mix from kit to come to room temperature and centrifuge at 306 
600 × g for 5 s. Transfer 50 µL of reverse transcriptase into the first strand synthesis mix. 307 
Reverse transcriptase can be added to first strand synthesis at a ratio of 1:9. 308 
 309 
7.2.2 Pipette 8 µL of the combined reverse transcriptase/first strand synthesis mix into the 4th 310 
tube with sample. Cap and centrifuge 600 x g for 5 s. Place into thermocycler with pre-heated 311 
lid set at 100 °C. Run for: 10 min at 25 °C, 15 min at 42 °C, 15 min at 70 °C, then rest at 4 °C. 312 
Final volume is ~25 µL per well. Move immediately to next step. 313 
 314 
7.3 Synthesize Second Strand cDNA 315 
 316 
7.3.1 Bring End Repair Reagent (ERR) and Second Strand Mix (SSM) to room temperature, and 317 
centrifuge at 600 x g for 5 s. Mix ERR with resuspension buffer at 1:50 dilution. Uncap 4th tube 318 
and add 5 µL of diluted ERR and 20 µL of SSM to each; Pipette to mix well. Final volume ~50 µL 319 
ds cDNA. 320 
 321 
7.3.2 Cap and incubate in thermocycler for 1 hour at 16 °C. When the cycle is complete, remove 322 
caps and allow to come to room temperature on bench top. 323 
 324 
7.4 ds cDNA clean-up step 325 
 326 
7.4.1 Begin by mixing the Solid Phase Reversible Immobilization (SPRI) paramagnetic beads by 327 
vortex. Transfer 90 µL of the beads to the sample in the 4th tube (ds cDNA) and mix. Final 328 
volume is 140 µL. Allow tubes to sit at room temperature for 15 min. incubate on magnetic 329 
stand for ~5 min. Remove ~135 µL of supernatant from each well. There should 5 µL left in each 330 
well. 331 
 332 
7.4.2 Leave the tube on the magnetic stand and wash by adding 200 µL of 80% ethanol. Allow 333 
to sit for 30 s then remove and discard supernatant. Repeat wash step. Leave tubes on the 334 
magnetic stand for 15 min to allow to dry. 335 
 336 
7.4.3 Centrifuge the resuspension buffer at 600 x g for 5 s after coming to room temperature. 337 
Remove tubes from stand. Transfer 17.5 µL of resuspension buffer to the tube and mix. Let 338 
tubes incubate on the bench top for 2 min then move to magnetic stand for 5 min. 339 
 340 
7.4.4 Pipette 15 µL of the supernatant containing the ds cDNA samples to new set of (5th) 0.2 341 
mL thin-walled tubes. Move to next step promptly or seal and store at -15 °C to -25 °C for no 342 
more than 7 days. 343 
 344 
7.5 Adenylate 3' Ends.  345 
 346 
7.5.1 Pipette 2.5 µL of room temperature resuspension buffer into the sample tube then add 347 
12.5 µL of thawed A-Tailing mix. Mix completely by pipetting.  348 



 349 
Note: No A-tailing control used. 350 
 351 
7.5.2 Cap and incubate in a thermocycler with 100 °C pre-heated lid. Run at 37 °C for 30 min, 352 
then at 70 °C for 5 min with heated lid. Allow the thermocycler to rest at 4 °C. 353 
 354 
7.6 Ligate index adaptors 355 
 356 
7.6.1 Bring the RNA Adaptor tubes and the Stop Ligation Buffer mix to room temperature. For 357 
each, centrifuge at 600 x g for 5 s. Leave ligation mix in freezer until ready for use. Sample 358 
pooling arrangement for indexing should be known. 359 
 360 
7.6.2 Add 2.5 µL of resuspension buffer and 2.5 µL of ligation mix to each sample tube. Now 361 
pipette in 2.5 µL of the proper RNA Adaptor into each sample tube. Adaptor selection should be 362 
performed by manufacturer’s instructions for the chosen kit. 363 
 364 
7.6.3 Recap and mix by centrifugation for 1 min at 280 x g. incubate in a thermal cycler for 10 365 
min at 30 °C. Add 5 µL of Stop Ligation Buffer to sample to halt the reaction and mix well.  366 
 367 
7.6.4 Begin clean-up by mixing SPRI paramagnetic beads by vortex for 60 s. Transfer 42 µL of 368 
beads to each tube. Mix thoroughly then incubate for 15 min on bench top.  369 
 370 
7.6.5 Move tubes to magnetic stand and leave until liquid turns clear (~5 min). Once clear 371 
remove and discard 79.5 µL of supernatant. Leave tubes on the magnetic stand and wash by 372 
adding 200 µL of 80% ethanol. Allow to sit for at least 30 s then remove and discard 373 
supernatant. Repeat wash step. Leave on magnetic stand for additional ~15 min to allow for 374 
drying. Do not disrupt beads during wash steps. 375 
 376 
7.6.6 Add 52.5 µL of resuspension buffer to the sample tube and mix until the beads are 377 
completely re-suspended. Incubate for 2 min on bench top. Move sample tube back to 378 
magnetic stand until liquid is clear (~5 min).  379 
 380 
7.6.7 Leave on stand and gently pipette 50 µL of supernatant to new (6th) tubes. Add 50 µL of 381 
vortexed SPRI beads. Allow to incubate on bench top for 15 min. 382 
 383 
7.6.8 Move to magnetic stand and let plate stay until liquid turns clear (~5 min). Discard 95 µL 384 
of supernatant leaving 5 µL in each tube.  385 
 386 
7.6.9 Leave tubes on magnetic stand and wash by adding 200 µL of 80% ethanol. Allow tube to 387 
sit for 30 s then remove and discard supernatant. Repeat wash. Let tubes dry on magnetic stand 388 
for 15 min. 389 
 390 



7.6.10 Add in 22.5 µL of resuspension buffer and mix until beads are suspended. Incubate on 391 
bench for 2 min then move to magnetic stand until liquid turns clear (~5 min). Pipette 20 µL of 392 
sample into new PCR tubes (7th). 393 
 394 
7.7 Bring needed kit components to room temperature. Transfer 5 µL of PCR primer mix and 25 395 
µL of PCR master mix from kit to sample (7th PCR tube) containing indexed samples. Mix sample 396 
and cap tube. 397 
 398 
7.7.1 Place tubes into thermal cycler with pre-heated lid. Run program: 98 °C for 30 s, then 15 399 
cycles of 98 °C for 10 s, 60 °C for 30 s, 72 °C for 30 s, 72 °C for 5 min. Hold at 4 °C.  400 
 401 
7.8 Clean up samples by adding 50 µL of sufficiently mixed SPRI beads to sample tube and 402 
pipette to combine. Allow the reaction to incubate on the bench top for 15 min. 403 
 404 
7.8.1 Move the tube to a magnetic stand and incubate until liquid turns clear (~5 min). Discard 405 
95 µL of supernatant leaving 5 µL in each tube.  406 
 407 
7.8.2 Leave tube on magnetic stand and wash by adding 200 µL of 80% ethanol. Allow to sit for 408 
at least 30 s and then remove and discard the supernatant. Repeat this wash step. Leave on 409 
magnetic stand for 15 min to allow to dry. 410 
 411 
7.8.3 Add in 32.5 µL of resuspension buffer and mix until beads are completely re-suspended. 412 
Incubate on bench for 2 min then move to magnetic stand until liquid turns clear (~5 min). 413 
Pipette 30 µL of sample from each tube into a new PCR tube. 414 
 415 
7.8.4 Assess DNA quantity and quality by repeating steps 6.1 and 6.2 with the appropriate chip. 416 
Move on to pooling step (step 9). 417 
 418 
8. Small RNA Library Preparation for the sncRNAs.17  419 
 420 
Note: Protocol steps based on manufacturer’s instructions17. 421 
 422 
8.1 Start small RNA library prep with ~220 ng - ~1.1 µg/ µL of globin-reduced RNA samples (4 423 
µL).  424 
 425 
8.2 Adaptor ligation 426 
 427 
8.2.1 Ligate the 3’-adaptor by mixing thoroughly 1 µL of adaptor, 2 µL of nuclease-free water, 428 
and 4 µL of globin-reduced RNA sample. Incubate at 70 °C for 2 min and then immediately place 429 
on ice.  430 
 431 
8.2.2 Add 10 µL of 2x ligation buffer, and 3 µL of ligation enzyme mix, mix and incubate 16 °C 432 
for 18 h.  433 
 434 



Note: Increase sample incubation time to 18 hours at a lower temperature of 16 °C is 435 
recommended for studies interested in methylated RNA species, such as piwi RNAs. The longer 436 
incubation time allows for greater ligation efficiency due to the class of modifications during 437 
the 3’ adaptor ligation phase.  438 
 439 
8.2.3 Add 1 µL of reverse transcription primer in 4.5 µL of nuclease-free water to the ligation 440 
mixture to prevent adaptor-dimer formation of excess 3’ adaptor. 441 
 442 
8.2.4 Incubate in a preheated thermal cycler programmed for 5 min at 75 °C, 15 min at 37 °C, 15 443 
min at 25 °C, and hold at 4°C. 444 
 445 
8.2.5 Denature 1 µL of pre-diluted 5’-adaptor per sample in a thermal cycler at 70 °C for 2 min 446 
and then immediately place on ice.  447 
 448 
8.2.6 Add 1 µL of denatured 5’-adaptor, 1 µL of 10x 5’ ligation buffer and 2.5 µL of 5’ ligation 449 
enzyme. Mix and incubate 25 °C for 1 h. 450 
 451 
8.3 cDNA synthesis and amplification 452 
 453 
8.3.1 Mix thoroughly by pipetting 30 μL of 5′/3′-adapter-ligated RNA, 8 μL of first-strand buffer, 454 
1 μL of RNase inhibitor and 1 μL of reverse transcriptase. Incubate the mixture at 50 °C for 60 455 
min. Proceed immediately to PCR amplification or heat inactivate the reaction at 70 °C for 15 456 
min and store at -20 °C. 457 
 458 
8.3.2 PCR amplify the 40 μL of Reverse Transcriptase reaction by adding 50 μL of PCR master 459 
mix, 2.5 μL of RNA PCR primer, add 2.5 μL of designated RNA PCR Primer Index to sample, and 460 
nuclease-free water to a total volume of 100 μL. Mix by pipetting. Run PCR in the thermal cycler 461 
using the following cycling conditions: initial denaturation at 94 °C for 30 s; 11 cycles of 94 °C 462 
for 15 s, annealing at 62 °C for 30 s, and extension at 70 °C for 15 s; followed by a final 463 
extension at 70 °C for 5 min; samples can be held at 4 °C in the cycler.  464 
 465 
Note: Indexes are added for purpose of sample pooling. 466 
 467 
8.4 Sample clean-up 468 
 469 
8.4.1 From the DNA cleanup kit add 500 μL of binding buffer (5 M Gu-HCl, 30% isopropanol) to 470 
the 100 μL of PCR amplified sample to enable efficient binding to the spin-column membrane.  471 
 472 
Note: If the binding buffer has pH indicator included check that the color of the mixture is 473 
yellow. 474 
 475 
8.4.2 Pipette 600 μL mixture of sample and binding buffer into a filter cartridge inside a 2 mL 476 
collection tube, spin for 30-60 s at 17,900 x g in a tabletop centrifuge. Discard flow-through. 477 
 478 



8.4.3 Wash the filter cartridge into the same collection tube with 0.75 mL of kit supplied wash 479 
buffer (10 mM Tris-HCl pH 7.5, 80% ethanol) by spinning for 30-60 s at 17,900 x g in a tabletop 480 
centrifuge and discarding the flow –through. Spin the filter cartridge dry for an additional 60 s. 481 
 482 
8.4.4 Place the filter cartridge in a clean 1.5 mL collection tube. Add 30 μL of elution buffer (10 483 
mM Tris-HCl pH 8.5), let the column stand for 60 s, and then spin for 60 s at 17,900 x g in a 484 
tabletop centrifuge. 485 
 486 
8.5 Assess sample quality by repeating steps 6.1 and 6.2 with the appropriate DNA chip. Move 487 
to pooling step (step 9). 488 
 489 
9. Sample pooling for sequencing  490 
 491 
9.1 Pool barcoded and QC’ed samples by setting up and labeling new tubes (or a 96 well PCR 492 
plate) to contain either the mRNA or ncRNA samples. Transfer 13 µL of each barcoded 10nM 493 
library to corresponding tubes (or wells in the new plate) per manufacturer’s instructions16,17. 494 
Submit pooled samples for sequencing, be certain to choose similar read lengths if samples are 495 
to be run on the same chip. 496 
 497 
REPRESENTATIVE RESULTS:  498 
The representative samples in our study are the globin and ribo-depleted whole blood samples. 499 
The representative outcome of the protocol consists of a globin depleted library sample with an 500 
RNA integrity number (RIN) above 7 (Figure 1a) and 260/280 nm concentration ratios at or 501 
above 2 (Figure 1b and 1c). Validation of the sample outcome was performed using 502 
spectrophotometer to give the final concentration of each library and chip-based 503 
electrophoresis to give RIN number along with a graph of peaks that show which molecules 504 
(mRNA or ncRNA) were captured based on insert size in the library sample prior to pooling and 505 
sequencing. For the current study focus was placed on the mRNA and small ncRNAs only. For 506 
the mRNA libraries the representative result is an electropherogram peak at ~280 bp (Figure 507 
1d). For the small ncRNAs representative results consist of a range of peaks from ~100-400 bp 508 
(Figure 1e), with peaks at ~143 and ~153 bp correspond to miRNAs and piRNAs, respectively. 509 
Our sample results showed that our optimized technique resulted in libraries with RIN numbers 510 
that ranged from 6.5 (sub-optimal) to 9.2 (above optimal). This proved to be an improvement 511 
compared to other studies that used globin depletion methods and were only able to achieve 512 
RIN numbers at or near 6. The chip-based electrophoresis results also showed that from one 513 
single blood sample it is possible to achieve RNA molecule capture of peaks representing both 514 
mRNA and ncRNA (Figures 1d and 1e), and sample insert sizes that covered both small and 515 
large non-coding RNA molecules. These results are representative of the optimal RIN scores and 516 
insert sizes needed to ensure quality transcript reads can sequenced from the prepared 517 
libraries for nearly all NGS RNA-seq platforms. 518 
 519 
FIGURE LEGENDS:  520 
Figure 1: Representative results for mRNA and non-coding RNA expression libraries from 521 
single samples of porcine whole blood. (a) Electrophoresis file run summary representation of 522 



RIN numbers pre-globin reduction and post-globin reduction. Representative 523 
electropherograms (b) pre-globin reduction and (c) post-globin reduction of a single porcine 524 
whole blood sample. (d) Representative electropherograms of globin and ribo-depleted whole 525 
blood mRNA library samples prior to pooling and sequencing. (e) Representative 526 
electropherograms of globin depleted sncRNA whole blood libraries of the same samples 527 
featured in panel d prior to pooling and sequencing 528 
 529 
DISCUSSION:  530 
The first critical step in the protocol that made it optimized included the added globin depletion 531 
steps, which made it possible to get quality reads from whole blood samples. One of the largest 532 
limitations on using whole blood in sequencing studies are the high numbers of reads in the 533 
sample that will map to globin molecules and reduce the reads that could map to other 534 
molecules of interest18. Therefore, in optimizing the protocol for our sample type, we needed 535 
to incorporate a globin depletion step to ensure the highest possible mRNA and non-coding 536 
RNA capture through sequencing. All of the samples were globin depleted to account for high 537 
levels of globin transcripts using porcine specific hemoglobin A and B (HBA and HBB) 538 
oligonucleotides based on the procedure from Choi et al., 201414. Another critical step was the 539 
use of a ribo-depletion extraction kit which allowed for the ability remove unwanted RNA 540 
molecules from our samples while simultaneously retaining polyadenylated non-coding and 541 
viral RNA molecules of experimental interest within our libraries for sequencing19. Additionally, 542 
we were able to work with single samples to create both coding (mRNA) and non-coding (small 543 
and long) RNA libraries by removing the small RNA enrichment and size selection steps. By 544 
doing this, we were able to maximize the RNA aliquots for pooling and to guarantee we sent 545 
enough volume to allow for sequencing. Optimization of all of the manufacturer’s protocols 546 
were done to increase mRNA and non-coding RNA recovery for downstream library creation. 547 
We also optimized the non-coding RNA library preparation for the small non-coding RNA 548 
portion of our downstream analysis by adding additional time to the PCR incubation per the 549 
manufacturers’ instructions to increase the ligation efficiency of methylated RNAs and the 550 
likelihood of recovering piwi-RNAs. 551 
 552 
The limitations of the optimized protocol are rooted in the lack of specificity that also makes it 553 
ideal for multiple analyses from a single sample. By removing the enrichment and size selection 554 
portions of the non-coding RNA library preparation, we are limiting novel small RNA discovery20 555 
to balance it against acquiring both small and long non-coding RNA molecules. Hence, the 556 
optimized protocol gives a good overview of the types of non-coding expression but, requires 557 
extra processing during the analytical stage of mapping to gain more specific information on the 558 
classes and sizes of non-coding RNA expression captured in the sample. Another limitation to 559 
the method is due to the incorporation of the globin depletion steps, which will lower the 560 
overall RIN numbers. We were able to troubleshoot this by first examining the RIN numbers 561 
before and after globin depletion to understand how large of a reduction in RNA integrity we 562 
would experience. This yielded results that showed we could experience a drop of ~1-2 points. 563 
To account for this drop we further optimized the globin depletion protocol to 6 µg of sample 564 
instead of the recommended 10 µg. This helped to improve our RIN numbers, as well as, 565 
conserve sample. Additionally, we also used thin-walled microamp reaction tubes and iced the 566 



tubes immediately after the first denaturing step. This allowed us to quench the reaction 567 
quicker, allowing for improved RIN numbers on the globin depleted samples. 568 
 569 
The modified protocol used in this study has several advantages over the base library 570 
preparation methods used in other studies where only mRNA or non-coding RNA are studied 571 
separately. The changes we made for optimization allowed for efficient use of whole blood as 572 
our sample type. This is advantageous to future studies because whole blood as a sample type 573 
has less steps for collection and processing than the leukocyte portion of blood. Additionally, 574 
whole blood also has the added advantages of allowing researchers to examine systemic 575 
responses and can be repeatedly collected from the animal. However, there is a caveat to the 576 
use of whole blood samples in that the amount of blood collected is dependent on the age and 577 
size of the organism in question. Smaller amounts of blood will lead to lower RNA yields, 578 
however the method presented here will allow dual library creation from at least 2.5 mL of 579 
whole blood. This allowed for us to use one sample to investigate both mRNA and non-coding 580 
expression and correlate both to an individual at a snapshot in time, effectively allowing us to 581 
collect more information than traditional library preparation methods. Also, by performing the 582 
ribo-depletion we made it possible to reduce transcripts that could deplete sequencing reads, 583 
while still retaining the non-coding and viral transcripts that can be lost during traditional 584 
library creation to study mRNA. In this way our optimized protocol triples the amount of 585 
information that can be gained from a single sample. Other significant changes we made to the 586 
method to facilitate the capture of more RNA species information were: changing the type of 587 
PCR plate to quickly stop the reaction, which improved RNA purity yield; a longer thermocycler 588 
incubation to increase ligation for possible recovery of methylated RNAs; and not employing a 589 
size selection gel, to allow for all detectable ncRNAs to identified regardless of length. For the 590 
downstream analysis this allowed for the capture of multiple non-coding RNAs between 18nt-591 
200nt in length. 592 
 593 
By employing this optimized method, our group was able to put forward a protocol that can be 594 
applied to whole blood transcriptomic analyses and allow for mRNA and non-coding RNA from 595 
a single sample. 596 
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Materials Company Catalog Number Comments

PAXgene Tubes PreAnalytix 762165

Molecular Biology Grade Water ThermoFisher 10977-015

mirVana miRNA Isolation Kit ThermoFisher AM1560

Rneasy MinElute Clean Up Kit QIAGEN 74204

100% Ethanol Decon Labs, Inc. 2716

0.2 mL thin-walled tubes ThermoFisher 98010540

1.5 mL RNase/DNase - free tubes Any supplier

Veriti 96-well Thermocycler ThermoFisher 4375786R

Globin Reduction Oligo (α 1) Any supplier Sequence GAT CTC CGA GGC TCC AGC TTA ACG GT

Globin Reduction Oligo (α 2) Any supplier Sequence TCA ACG ATC AGG AGG TCA GGG TGC AA

Globin Reduction Oligo (β 1) Any supplier Sequence AGG GGA ACT TAG TGG TAC TTG TGG GT

Globin Reduction Oligo (β 2) Any supplier Sequence GGT TCA GAG GAA AAA GGG CTC CTC CT

10X Oligo Hybridization Buffer

-Tris-HCl, pH 7.6 Fisher Scientific BP1757-100

-KCl Millipore Sigma 60142-100ML-F

10X RNase H Buffer

 -Tris-HCl, pH 7.6 Fisher Scientific BP1757-100

 -DTT ThermoFisher Y00147

 -MgCl2 Promega A351B

 -Molecular Biology Grade Water ThermoFisher 10977-015

RNase H ThermoFisher AM2292

SUPERase-IN ThermoFisher AM2694 Rnase inhibitor

EDTA Millipore Sigma E7889

Microcentrifuge Any supplier

 2100 Electrophoresis BioAnalyzer Instrument Agilent Technologies G2938C

Agilent RNA 6000 Nano Kit Agilent Technologies 5067-1511

Agilent High Sensitivity DNA  Kit Agilent Technologies 5067-4626

TruSeq Stranded Total RNA Library Prep Kit with Ribo-Zero Illumina RS-122-2201 mRNA kit; Human/Mouse/Rat Set A  (48 samples, 12 indexes)

TruSeq Stranded Total RNA Sample Preparation Guide Illumina Available on-line

RNAClean XP Beads BeckmanCoulter A63987

AMPure XP Beads BeckmanCoulter A63880

MicroAmp Optical 8-tube Strip ThermoFisher N8010580 0.2 ml thin-walled tubes

MicroAmp Optical 8-tube Strip Cap ThermoFisher N801-0535

RNase/DNase - free reagent reservoirs Any supplier

SuperScript II Reverse Transcriptase ThermoFisher 18064-014

MicroAmp Optical 96 well plates ThermoFisher N8010560 These were used in place of .3mL plates as needed

MicroAmp Optical adhesive film ThermoFisher 4311971

NEBNext Multiplex Small RNA Library Prep Set for Illumina® (Set 1) New England Biolabs E73005 small RNA kit

NEBNext Multiplex Small RNA Library Prep Set for Illumina® (Set 2) New England Biolabs E75805 small RNA kit

QIAQuick PCR Purification Kit QIAGEN 28104

96S Super Magnet Plate ALPAQUA A001322
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provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.
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SUMMARY: 21 
Here, we present a protocol optimized for the processing of coding (mRNA) and non-coding RNAs 22 
(ncRNA) globin reduced RNA-seq libraries from a single whole blood sample. 23 
 24 
ABSTRACT:  25 
The advent of innovative and increasingly powerful next generation sequencing techniques has 26 
opened new avenues into the ability to examine the underlying gene expression related to 27 
biological processes of interest. These innovations not only allow researchers to observe 28 
expression from the mRNA sequences that code for genes that effect cellular function, but also 29 
the non-coding RNA (ncRNA) molecules that remain untranslated, but still have regulatory 30 
functions. Although researchers have the ability to observe both mRNA and ncRNA expression, it 31 
has been customary for a study to focus on one or the other. However, when studies are 32 
interested in both mRNA and ncRNA expression, many times they use separate samples to 33 
examine either coding or non-coding RNAs due to the difference in library preparations.  This can 34 
lead to the need for more samples which can increase time, consumables, and animal stress. 35 
Additionally, it may cause researchers to decide to prepare samples for only one analysis, usually 36 
the mRNA, limiting the number of biological questions that can be investigated. However, 37 
ncRNAs span multiple classes with regulatory roles that effect mRNA expression. Because ncRNA 38 
are important to fundamental biologic processes and disorder of these processes in during 39 
infection, they may, therefore, make attractive targets for therapeutics. This manuscript 40 
demonstrates a modified protocol for the generation mRNA and non-coding RNA expression 41 
libraries, including viral RNA, from a single sample of whole blood. Optimization of this protocol, 42 
improved RNA purity, increased ligation for recovery of methylated RNAs, and omitting size 43 
selection, to allow capture of more RNA species. 44 
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INTRODUCTION:  45 
Next generation sequencing (NGS) has emerged as a powerful tool for the investigation of the 46 
changes that occur at the genomic level of biological organisms. Sample preparation for NGS 47 
methods can be varied depending on the organism, tissue type, and more importantly the 48 
questions the researchers are keen to address. Many studies have turned to NGS as a means of 49 
studying the differences in gene expression between states such as healthy and sick individuals1-50 
4. The sequencing take place on a whole genome basis and allows a researcher to capture the 51 
most, if not all, of the genomic information for a particular genetic marker at a time point. 52 
 53 
The most common markers of expression observed are the messenger RNAs (mRNAs). The most 54 
used procedures for prepping libraries for RNA-seq are optimized for the recovery of mRNA 55 
molecules through the use of a series of purifications, fragmentations, and ligations5,6. However, 56 
the decision on how a protocol is to be performed relies heavily on the sample type and the 57 
questions being posed about said sample. In most cases total RNA is extracted; yet, not all RNA 58 
molecules are of interest and in cases such as mRNA expression studies overly abundant RNA 59 
species, like ribosomal RNAs (rRNA) need to be removed to increase the number of detectable 60 
transcripts associated with the mRNAs. The most popular and widely used method for removing 61 
the abundant rRNA molecules is the reduction of polyadenylated RNA transcripts referred to as 62 
polyA depletion7.  This approach works well for the analysis of mRNA expression as it does not 63 
affect the mRNA transcripts. However, in studies that are interested in non-coding or viral RNAs, 64 
polyA depletion also removes these molecules. 65 
 66 
Many studies choose to focus on the RNA sequence library preparation to examine either mRNA 67 
expression (coding) or a particular class of small or large non-coding RNA. Although there are 68 
other procedures8 like ours that allow for the dual sample preparation, many studies prepare 69 
libraries from separate samples for separate studies when available. For a study like ours, this 70 
would normally require multiple blood samples increasing time, consumables, and animal stress. 71 
The goal of our study was to be able to use whole blood from animals to identify and quantify 72 
the different classes of both mRNA and non-coding RNA expressed between healthy and highly 73 
pathogenic porcine reproductive and respiratory syndrome virus (HP-PRRSV) challenged pigs9,10 74 
despite having only a single whole blood sample  (2.5 ml) from each pig. In order to do this, we 75 
needed to optimize the typical extraction and library creation protocols to generate the proper 76 
data to allow for analysis of both mRNA and  non-coding RNA (ncRNA) expression11 from a single 77 
sample. 78 
 79 
This prompted a need for a protocol that allowed for mRNA and non-coding RNA analysis because 80 
the available standard kits and methods for RNA-extraction and library creation were intended 81 
chiefly for mRNA and use a poly-A depletion step12. This step would have made it impossible to 82 
recover non-coding RNA or viral transcripts from the sample. Therefore, an optimized method 83 
was needed that allowed for total RNA extraction without sample polyA depletion. The method 84 
presented in this manuscript has been optimized to allow for the use of whole blood as a sample 85 
type and to build sequencing libraries for both mRNA and ncRNAs of small and large sizes. The 86 
method has been optimized to allow for the analysis of all detectable non-coding RNAs as well as 87 
retain viral RNAs for later investigation13. In all, our optimized library preparation protocol allows 88 
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for the investigation of multiple RNA molecules from a single whole blood sample. 89 
 90 
The overall goal behind the use of this method was to develop a process that allowed for the 91 
collection of both non-coding RNA and mRNA from one sample of whole blood. This allows us to 92 
have mRNA, ncRNA, and viral RNA for each animal in our study sourced from a single sample9. 93 
This, ultimately, allows for more scientific discovery without additional animal costs and gives a 94 
more complete picture of the expression of each individual sample. The described method allows 95 
for the examination of the regulators of gene expression as well as allowing for completion of 96 
correlative studies comparing both mRNA and non-coding RNA expression using a single whole 97 
blood sample. Our study used this protocol to examine the changes in gene expression and 98 
possible epigenetic regulators in virally infected 9-week old male commercial pigs. 99 
 100 
PROTOCOL: 101 
 102 
Animal protocols were approved by the National Animal Disease Center (USDA-NADC-ARS) 103 
Animal Care and Use Committee. 104 
 105 
1. Collection of Swine Blood Samples 106 
 107 
1.1 Collect blood samples into RNA tubes. Collect ~2.5 mL or more if larger collection tubes are 108 
available. 109 
 110 
2. Processing of Swine Blood Samples 111 
 112 
2.1 Centrifuge the blood tubes at 5020 x g for 10 min at room temperature (15-25⁰ C). If 113 
processing frozen samples incubate tube at room temperature for a minimum of 2 h prior to 114 
centrifugation. 115 
 116 
2.2 Remove supernatant and add 8 mL RNase-free water to the pellet. Close and vortex the pellet 117 
until it is visibly dissolved. Centrifuge sample tubes at 5020 x g for 10 min at room temperature 118 
to recover the pellet. Discard all supernatant and preserve the pellet. 119 
 120 
3. Organic Extraction for Total RNA and Small RNA (miRNA Isolation Kit) 121 
 122 
3.1 Begin total RNA extraction by pipetting 300 µL of lysis binding buffer to the pellet from the 123 
step 2.2. 124 
 125 
3.2 Vortex and transfer the mixture to a new labelled 1.5 mL centrifuge tube. Add 30 µL 126 
homogenate additive from kit. Vortex the tube and place on the ice for 10 min. 127 
 128 
3.3 Remove the tube and add 300 µL of the Acid-Phenol: Chloroform reagent from the kit. Vortex 129 
the tube to mix. Centrifuge at 10,000 x g for 5 min at room temperature. 130 
 131 
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3.4 Carefully remove aqueous phase (300-350 µL) to a fresh tube. Note the volume for the next 132 
step. 133 
 134 
4. Total RNA Isolation Procedure 135 
 136 
4.1 Based on the amount of aqueous recovery (300-350 µL) add 1.25x volume of 100% (~375 µL) 137 
ethanol to aqueous phase. Mix the sample using a pipette. 138 
 139 
4.2 Set-up new collection tubes containing a filter cartridge for each sample. Pipette ~ 675 µL of 140 
the lysate/ethanol mixture onto the filter cartridge.  141 
Note: Do not add > 700 µL to filter cartridge at one time. For larger volumes apply in succession. 142 
 143 
4.3 Centrifuge briefly (~15-20 s) at 10,000 x g to pass liquid through the filter. Do not spin harder 144 
than this. 145 
 146 
4.4 Discard the flow through and repeat the centrifugation with the remaining lysate/ethanol 147 
mixture until it has all been applied. Retain the same filter cartridge and collection tube for the 148 
next step. 149 
 150 
4.5 Add 700 µL Wash Solution 1 from kit to filter cartridge and centrifuge briefly (~10 s) to pull 151 
through the filter. Discard the flow through and retain the same filter cartridge and collection 152 
tube. 153 
 154 
4.6 Add 500 µL Wash Solution 2/3. Centrifuge to draw the liquid through the filter cartidge. 155 
Discard the flow through. Repeat wash step. 156 
 157 
4.7 In the same tube, spin the filter cartridge an additional 60 s to remove any residual liquid 158 
from filter. Transfer the filter cartridge to a fresh collection tube. 159 
 160 
4.8 Add 100 µL of pre-heated (95 °C) nuclease-free water to the center of the filter cartridge. Spin 161 
for approximately 20-30 s at the tabletop centrifuge max speed.  162 
Note: RNA is contained in the eluate and can now be further processed or stored at -20 °C or 163 
below. Enrichment for small RNAs was not performed. 164 
 165 
5. Globin Reduction (based on a protocol optimized for porcine whole blood samples)14,15 166 
 167 
Note: Globin reduction is performed so that libraries are not overpopulated with reads mapping 168 
to globin genes, which would lower the number of reads available to map to other genes of 169 
greater interest14,15. 170 
 171 
5.1 Hybridization with globin reduction oligos 172 
 173 
5.1.1 Denature the RNA (6 µg RNA sample in maximum 7 µL volume) by pipetting the extracted 174 
sample into a 0.2 ml thin-walled nuclease-free reaction tube and placing in a thermal cycler at 70 175 
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°C for 2 min. It is key to ice tubes immediately after the first denature step for optimal RNA 176 
quality. No DNAse treatment is needed. 177 
 178 
5.1.2 While tubes cool prepare a 400 µL 10X globin reduction oligo mix: 100 µL each of two HBA 179 
oligos (5’-GATCTCCGAGGCTCCAGCTTAACGGT-3’, and 5’-TCAACGATCAGGAGGTCAGGGTGCAA-3’) 180 
at 30 µM, two HBB oligos (5’- AGGGGAACTTAGTGGTACTTGTGGGC-3’, and 5’- 181 
GGTTCAGAGGAAAAAGGGCTCCTCCT-3’) at 120 µM per reaction, yielding a final concentration of 182 
7.5 µM HBA oligos and 30 µM HBB oligos. Prepare 10X oligo hybridization buffer: 100 mM Tris-183 
HCL, pH 7.6; 200 mM KCl. 184 
 185 
5.1.3 Prepare the hybridization mix: 6 µg RNA sample (maximum 7 µL volume), 2 µL of the 400 186 
µL 10X globin reduction oligo mix (final concentration 2X), 1 µL 10X oligo hybridization buffer 187 
(final concentration 1X). Add nuclease-free water to a final volume of 10 µL. 188 
 189 
5.1.4 Set thermocycler at 70°C for 5 min. Cool immediately to 4 °C and proceed to RNase H 190 
digestion. 191 
 192 
5.2 RNase H digestion 193 
 194 
5.2.1 Dilute 10X RNase H (10 U/ µL) to 1X RNase H with 1X RNase H buffer.  195 
Note: The RNase buffer comes at 10X and will need to be diluted with 1X RNase H buffer to 1X 196 
prior to use. 197 
 198 
5.2.2 Prepare RNase H reaction mix by combining: 2 µL 10X RNase buffer, 1 µL RNase inhibitor In 199 
2 µL 1X RNase H, 5 µL nuclease-free water to a total volume 10 µL. 200 
 201 
5.2.3 Mix thoroughly the Globin Reduction hybridization samples with 10 µL of the RNase H 202 
reaction mix and digest at 37°C for 10 min. Cool to 4°C.  203 
 204 
5.2.4 Stop digestion by addition of 1.0 µL 0.5 M EDTA to each sample and proceed immediately 205 
to the cleanup step.  206 
 207 
5.3 RNase H-Treated Total RNA Cleanup.  208 
 209 
5.3.1 Purify the RNase H treated RNA using a silica-membrane-based elution purification cleanup 210 
kit according to manufacturer’s instructions. Premix buffers: For the mild washing buffer, add 44 211 
ml of 100% ethanol. 212 
 213 
5.3.2 Do not transfer the sample to a new tube. Add 80 µL of RNase-free water and 350 µL lysis 214 
buffer. Add 250 µL of 100% ethanol to the diluted RNA and mix well by pipetting. 215 
Note: Do not centrifuge. Proceed immediately to step 5.3.3. 216 
 217 
5.3.3 Now transfer the 700 µL sample to an elution filter cartridge placed in a 2 ml collection tube 218 
to collect the flow through. Centrifuge for 15 s at ≥ 8,000 x g. Discard the flow-through. 219 
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 220 
5.3.4 Repeat this by placing the elution filter cartridge into a new 2 ml collection tube. Add 500 221 
µL of the mild washing buffer to the filter cartridge and centrifuge for 15 s at ≥ 8,000 x g in order 222 
to wash the filter cartridge membrane. Discard the flow-through. Reuse the collection tube in 223 
step 5.3.5. 224 
 225 
5.3.5 Now using the same sample tube, add another 500 µL of 80% ethanol to the filter cartridge. 226 
This time centrifuge the tube for 2 min at ≥ 8,000 x g. Collect the elution spin column for the next 227 
step and discard both the flow-through and collection tube. 228 
 229 
5.3.7 Put the elution filter cartridge from the last step into a new 2 ml collection tube. Leave the 230 
lid open on filter cartridge, and centrifuge at full speed for 5 min to dry the spin column 231 
membrane and prevent ethanol carry over. Discard the flow-through and collection tube.  232 
Note: To avoid damage angle the lids to point in a direction opposite to that of the rotor. 233 
 234 
5.3.8. Take the dried filter cartridge and place into a new 1.5 ml collection tube. Add 14 μL RNase-235 
free water to filter cartridge membrane making sure to add the RNase-free water directly to the 236 
center. Centrifuge for 60 s at full speed to elute the RNA. 237 
 238 
5.4 Assess quality of globin-reduced RNA samples (step 6).  Proceed to mRNA sample preparation 239 
(step 7) and small RNA library preparation (step 8)16,17 . 240 
Note: Globin-reduced RNA samples can now be stored at -20 °C, however storage at -80 °C is 241 
recommended for long-term preservation. 242 
 243 
6. Assessment of RNA 244 
 245 
6.1 Quantify RNA concentration using a spectrophotometer. Examine the wavelength ratio of 246 
260 and 280 nm. Ratios of ~2 or greater are considered pure for RNA and lower values indicate 247 
some contamination. The instrument uses this ratio to determine RNA concentration as ng/µL. 248 
 249 
6.2 Assess RNA quality by using 1 µL (100 ng) of sample on an appropriate chip. Final product 250 
should be a RIN of ~2 or higher and a peak at ~280 nt for mRNA single read libraries; small RNA 251 
libraries peaks at 143 correspond to miRNAs. 252 
 253 
7. Stranded Total RNA Sample Preparation for the mRNA and long ncRNA libraries.16 254 
 255 
Note: Bring elution buffer and rRNA removal beads to room temperature. Pre-label 0.2ml thin-256 
walled PCR tubes (plates may also be used). Protocol steps based on manufacturer’s 257 
instructions16. 258 
 259 
7.1.1 Start with 4 µL of globin-reduced RNA. Add: 6 µL of nuclease-free water, 5 µL rRNA binding 260 
buffer, 5 µL rRNA removal mix per tube (1st tube). Pipette to mix and re-cap. Place in thermocycler 261 
with 100°C heated-lid for 5 min at 68°C. Remove and leave at room temperature for 60 s.  262 
 263 
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7.1.2 Resuspend rRNA removal beads by vortex; add 35 µL of beads to new (2nd) PCR tube and 264 
pipette sample from the 1st tubes onto beads in the 2nd tubes. Incubate 2nd PCR tube at room 265 
temperature for 3 min. Place on the magnetic stand for 7 min. 266 
Note: Mix each sample thoroughly by pipetting for optimal rRNA depletion. Raising/lowering 267 
tube in the stand may help expedite separation process. 268 
 269 
7.1.4 Transfer the supernatant from the 2nd PCR tube to matching 3rd PCR tube and place on to 270 
the magnetic stand for a minimum of 60 s. Repeat the transfer into a new PCR tube only if the 271 
beads are not moved to the tube sides.  272 
 273 
7.1.5 Mix Sample Purification beads by vortex; add 99 µL to each 3rd PCR tube. Allow to sit at 274 
room temperature for 15 min. Place on magnetic stand for 5 mins. Ensure beads moves to sides. 275 
Pipette to discard the supernatant. 276 
 277 
7.1.6 Keep 3rd tube set on magnetic stand. Add 200 µL of 70% ethanol whilst being careful not to 278 
jostle the beads. Allow to sit for at least 30 s and pipette to discard the supernatant. Repeat step. 279 
 280 
7.1.7 Allow sample to dry at room temperature for 15 min on the magnetic stand. Centrifuge the 281 
kit elution buffer for 5 s at 600 x g. Remove tube and add 11 µL of elution buffer mixing 282 
thoroughly. Incubate for 2 min on the bench then at least 5 min on the magnetic stand at room 283 
temperature. 284 
 285 
7.1.8 Transfer 8.5 µL of supernatant from the 3rd to a new (4th) PCR tube. Add 8.5 µL of 286 
Elute/Prime/Fragment High mix from the kit. Mix well. Cap and place in a thermocycler with pre-287 
heated lid for 8 min at 94 °C, hold at 4 °C. Remove and centrifuge briefly.  288 
 289 
7.2 Synthesize First Strand cDNA 290 
 291 
7.2.1 Allow first strand synthesis mix from kit to come to room temperature and centrifuge at 292 
600 × g for 5 s. Transfer 50 µL of reverse transcriptase into the first strand synthesis mix. reverse 293 
transcriptase can be added to first strand synthesis at a ratio of 1:9. 294 
 295 
7.2.2 Pipette 8 µL of the combined reverse transcriptase / first strand synthesis mix into the 4th 296 
tube with sample. Cap and centrifuge 600 x g for 5 s. Place into thermocycler with pre-heated lid 297 
set at 100 °C. Run for: 10 min at 25 °C, 15 min at 42 °C, 15 min at 70 °C, then rest at 4 °C. Final 298 
volume is ~25 µL per well. Move immediately to next step. 299 
 300 
7.3 Synthesize Second Strand cDNA 301 
 302 
7.3.1 Bring End Repair Reagent (ERR) and Second Strand Mix (SSM) to room temperature, and 303 
centrifuge at 600 x g for 5 s. Mix ERR with resuspension buffer at 1:50 dilution.  Uncap 4th tube 304 
and add 5 µL of diluted ERR and 20 µL of SSM to each; Pipette to mix well. Final volume ~50 µL 305 
ds cDNA. 306 
 307 
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7.3.2 Cap and incubate in thermocycler for 1 hour at 16 °C. When the cycle is complete, remove 308 
caps and allow to come to room temperature on bench top. 309 
 310 
7.4 ds cDNA clean-up step 311 
 312 
7.4.1 Begin by mixing the Solid Phase Reversible Immobilization (SPRI) paramagnetic beads by 313 
vortex. Transfer 90 µL of the beads to the sample in the 4th tube (ds cDNA) and mix. Final volume 314 
is 140 µL. Allow tubes to sit at room temperature for 15 min. incubate on magnetic stand for ~5 315 
min. Remove ~135 µL of supernatant from each well. There should 5 µL left in each well. 316 
 317 
7.4.2 Leave the tube on the magnetic stand and wash by adding 200 µL of 80% ethanol. Allow to 318 
sit for 30 s then remove and discard supernatant. Repeat wash step. Leave tubes on the magnetic 319 
stand for 15 min to allow to dry. 320 
 321 
7.4.3 Centrifuge the resuspension buffer at 600 x g for 5 s after coming to room temperature. 322 
Remove tubes from stand. Transfer 17.5 µL of resuspension buffer to the tube and mix. Let tubes 323 
incubate on the bench top for 2 min then move to magnetic stand for 5 min. 324 
 325 
7.4.4 Pipette 15 µL supernatant containing the ds cDNA samples to new set of (5th) 0.2 ml thin-326 
walled tubes. Move to next step promptly or seal and store at -15°C to -25°C for no more than 7 327 
days. 328 
 329 
7.5 Adenylate 3' Ends.  330 
 331 
7.5.1 Pipette 2.5 µL of room temperature resuspension buffer into the sample tube then add 12.5 332 
µL thawed A-Tailing mix. Mix completely by pipetting. Note: No A-tailing control used. 333 
 334 
7.5.2 Cap and incubate in a thermocycler with 100 °C pre-heated lid. Run at 37 °C for 30 min, then 335 
at 70 °C for 5 min with heated lid. Allow the thermocycler to rest at 4 °C. 336 
 337 
7.6 Ligate index adaptors 338 
 339 
7.6.1 Bring the RNA Adaptor tubes and the Stop Ligation Buffer mix to room temperature. For 340 
each, centrifuge at 600 x g for 5 s. Leave ligation mix in freezer until ready for use. Sample pooling 341 
arrangement for indexing should be known. 342 
 343 
7.6.2 Add 2.5 µL of resuspension buffer and 2.5 µL of ligation mix to each sample tube. Now 344 
pipette in 2.5 µL of the proper RNA Adaptor into each sample tube. Adaptor selection should be 345 
performed by manufacturer’s instructions for the chosen kit. 346 
 347 
7.6.3 Recap and mix by centrifugation for 1 min at 280 x g. incubate in a thermal cycler for 10 min 348 
at 30 °C. Add 5 µl of Stop Ligation Buffer to sample to halt the reaction and mix well.  349 
 350 
7.6.4 Begin clean-up by mixing SPRI paramagnetic beads by vortex for 60 s. Transfer 42 µL of 351 



beads to each tube. Mix thoroughly then incubate for 15 min on bench top.  352 
 353 
7.6.5 Move tubes to magnetic stand and leave until liquid turns clear (~5 min). Once clear remove 354 
and discard 79.5 µL of supernatant. Leave tubes on the magnetic stand and wash by adding 200 355 
µL of 80% ethanol. Allow to sit for at least 30 s then remove and discard supernatant. Repeat 356 
wash step. Leave on magnetic stand for additional ~15 min to allow for drying. Do not disrupt 357 
beads during wash steps. 358 
 359 
7.6.6 Add 52.5 µL of resuspension buffer to the sample tube and mix until the beads are 360 
completely re-suspended. Incubate for 2 min on bench top. Move sample tube back to magnetic 361 
stand until liquid is clear (~5 min).  362 
 363 
7.6.7 Leave on stand and gently pipette 50 µL of supernatant to new (6th) tubes. Add 50 µL of 364 
vortexed SPRI beads. Allow to incubate on bench top for 15 min. 365 
 366 
7.6.8 Move to magnetic stand and let plate stay until liquid turns clear (~5 min). Discard 95 µL of 367 
supernatant leaving 5 µL in each tube.  368 
 369 
7.6.9 Leave tubes on magnetic stand and wash by adding 200 µL of 80% ethanol. Allow tube to 370 
sit for 30 s then remove and discard supernatant. Repeat wash. Let tubes dry on magnetic stand 371 
for 15 min. 372 
 373 
7.6.10 Add in 22.5 µL of resuspension buffer and mix until beads are suspended. Incubate on 374 
bench for 2 min then move to magnetic stand until liquid turns clear (~5 min). Pipette 20 µL of 375 
sample into new PCR tubes (7th). 376 
 377 
7.7 Bring needed kit components to room temperature. Transfer 5 µL of PCR primer mix and 25 378 
µL of PCR master mix from kit to sample (7th PCR tube) containing indexed samples. Mix sample 379 
and cap tube. 380 
 381 
7.7.1 Place tubes into thermal cycler with pre-heated lid. Run program: 98 °C for 30 s, then 15 382 
cycles of 98 °C for 10 s, 60 °C for 30 s, 72 °C for 30 s, 72 °C for 5 min. Hold at 4 °C.  383 
 384 
7.8 Clean up samples by adding 50 µl of sufficiently mixed SPRI beads to sample tube and pipette 385 
to combine. Allow the reaction to incubate on the bench top for 15 min. 386 
 387 
7.8.1 Move the tube to a magnetic stand and incubate until liquid turns clear (~5 min). Discard 388 
95 µL of supernatant leaving 5 µL in each tube.  389 
 390 
7.8.2 Leave tube on magnetic stand and wash by adding 200 µL of 80% ethanol. Allow to sit for 391 
at least 30 s and then remove and discard the supernatant. Repeat this wash step. Leave on 392 
magnetic stand for 15 min to allow to dry. 393 
 394 
7.8.3 Add in 32.5 µL of resuspension buffer and mix until beads are completely re-suspended. 395 
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Incubate on bench for 2 min then move to magnetic stand until liquid turns clear (~5 min). Pipette 396 
30 µL of sample from each tube into a new PCR tube. 397 
 398 
7.8.4 Assess DNA quantity and quality by repeating steps 6.1 and 6.2 with the appropriate chip. 399 
Move on to pooling step (step 9). 400 
 401 
8. Small RNA Library Preparation for the sncRNAs.17  402 
 403 
Note: Protocol steps based on manufacturer’s instructions17. 404 
 405 
8.1 Start small RNA library prep with ~220 ng - ~1.1 µg/ µL of globin-reduced RNA samples (4 µL). 406 
 407 
8.2 Adaptor ligation 408 
 409 
8.2.1 Ligate the 3’-adaptor by mixing thoroughly 1 µL adaptor, 2 µL nuclease-free water, and 4 410 
µL of globin-reduced RNA sample. Incubate at 70 °C for 2 min and then immediately place on ice.  411 
 412 
8.2.2 Add 10 µL 2X ligation buffer, and 3 µL ligation enzyme mix, mix and incubate 16 °C for 18 h.  413 
Note: Increase sample incubation time to 18 hours at a lower temperature of 16°C is 414 
recommended for studies interested in methylated RNA species, such as piwi RNAs. The longer 415 
incubation time allows for greater ligation efficiency due to the class of modifications during the 416 
3’ adaptor ligation phase.  417 
 418 
8.2.3 Add 1 µL reverse transcription primer in 4.5 µL nuclease-free water to the ligation mixture 419 
to prevent adaptor-dimer formation of excess 3’ adaptor. 420 
 421 
8.2.4 Incubate in a preheated thermal cycler programmed for 5 min at 75 °C, 15 min at 37 °C, 15 422 
min at 25 °C, and hold at 4°C. 423 
 424 
8.2.5 Denature 1 µL of pre-diluted 5’-adaptor per sample in a thermal cycler at 70 °C for 2 min 425 
and then immediately place on ice.  426 
 427 
8.2.6 Add 1 µL denatured 5’-adaptor, 1 µL 10X 5’ ligation buffer   and 2.5 µL 5’ ligation enzyme. 428 
Mix and incubate 25 °C for 1 h. 429 
 430 
8.3 cDNA synthesis and amplification 431 
 432 
8.3.1 Mix thoroughly by pipetting 30 μL of 5′/3′-adapter-ligated RNA, 8 μL first-strand buffer, 1 433 
μL RNase inhibitor and 1 μl of reverse transcriptase. Incubate the mixture at 50 °C for 60 min. 434 
Proceed immediately to PCR amplification or heat inactivate the reaction at 70 °C for 15 min and 435 
store at -20 °C. 436 
 437 
8.3.2 PCR amplify the 40 μL Reverse Transcriptase reaction by adding 50 μL PCR master mix, 2.5 438 
μL of RNA PCR primer, add 2.5 μL of designated RNA PCR Primer Index to sample, and nuclease-439 
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free water to a total volume of 100 μL. Mix by pipetting. Run PCR in the thermal cycler using the 440 
following cycling conditions: initial denaturation at 94°C for 30 s; 11 cycles of 94°C for 15 s, 441 
annealing at 62 °C for 30 s, and extension at 70 °C for 15 s; followed by a final extension at 70 °C 442 
for 5 min; samples can be held at 4 °C in the cycler.  443 
Note: Indexes are added for purpose of sample pooling. 444 
 445 
8.4 Sample clean-up 446 
 447 
8.4.1 From the DNA cleanup kit add 500 μL binding buffer (5 M Gu-HCl, 30% isopropanol)  to the 448 
100 μL of PCR amplified sample to enable efficient binding to the spin-column membrane.  449 
Note: If the binding buffer has pH indicator included check that the color of the mixture is yellow.  450 
 451 
8.4.2 Pipette 600 μL mixture of sample and binding buffer into a filter cartridge inside a 2 mL 452 
collection tube, spin for 30-60 s at 17,900 x g in a tabletop centrifuge. Discard flow-through. 453 
 454 
8.4.3 Wash the filter cartridge into the same collection tube with 0.75 mL kit supplied wash buffer 455 
(10mM Tris-HCl pH 7.5, 80% ethanol) by spinning for 30-60 s at 17,900 x g in a tabletop centrifuge 456 
and discarding the flow –through. Spin the filter cartridge dry for an additional 60 s. 457 
 458 
8.4.4 Place the filter cartridge in a clean 1.5 mL collection tube. Add 30 μL elution buffer (10 mM 459 
Tris-HCl pH 8.5), let the column stand for 60 s, and then spin for 60 s at 17,900 x g in a tabletop 460 
centrifuge. 461 
 462 
8.5 Assess sample quality by repeating steps 6.1 and 6.2 with the appropriate DNA chip. Move to 463 
pooling step (step 9). 464 
 465 
9. Sample pooling for sequencing  466 
 467 
9.1 Pool barcoded and QC’ed samples by setting up and labeling new tubes (or a 96 well PCR 468 
plate) to contain either the mRNA or ncRNA samples. Transfer 13 µL of each barcoded 10nM 469 
library to corresponding tubes (or wells in the new plate) per manufacturer’s instructions16,17.  470 
Submit pooled samples for sequencing, be certain to choose similar read lengths if samples are 471 
to be run on the same chip. 472 
 473 
REPRESENTATIVE RESULTS:  474 
The representative samples in our study are the globin and ribo-depleted whole blood samples. 475 
The representative outcome of the protocol consists of a globin depleted library sample with an 476 
RNA integrity number (RIN) above 7 (Figure 1a) and 260/280 nm concentration ratios at or above 477 
2 (Figure 1b and 1c). Validation of the sample outcome was performed using spectrophotometer 478 
to give the final concentration of each library and chip-based electrophoresis to give RIN number 479 
along with a graph of peaks that show which molecules (mRNA or ncRNA) were captured based 480 
on insert size in the library sample prior to pooling and sequencing. For the current study focus 481 
was placed on the mRNA and small ncRNAs only. For the mRNA libraries the representative result 482 
is an electropherogram peak at ~280 bp (Figure 1d). For the small ncRNAs representative results 483 

Commented [A30]: Please use imperative tense. 

Commented [DSF31]: Response to Editor ques #20: 
Imperative tense inserted. 

Commented [DSF32]: Response to Editor ques #21: 
Original line #s 520-522 removed. 

Commented [A33]: Please combine all the panels in one 
figure. Alternatively  

Commented [DSF34]: Response to Editor ques #22: All 
panels combined into 1 figure. 



consist of a range of peaks from ~100-400 bp (Figure 1e), with peaks at ~143 and ~153 bp 484 
correspond to miRNAs and piRNAs, respectively. Our sample results showed that our optimized 485 
technique resulted in libraries with RIN numbers that ranged from 6.5 (sub-optimal) to 9.2 (above 486 
optimal). This proved to be an improvement compared to other studies that used globin 487 
depletion methods and were only able to achieve RIN numbers at or near 6. The chip-based 488 
electrophoresis results also showed that from one single blood sample it is possible to achieve 489 
RNA molecule capture of peaks representing both mRNA and ncRNA (Figures 1d and 1e), and 490 
sample insert sizes that covered both small and large non-coding RNA molecules. These results 491 
are representative of the optimal RIN scores and insert sizes needed to ensure quality transcript 492 
reads can sequenced from the prepared libraries for nearly all NGS RNA-seq platforms. 493 
 494 
FIGURE LEGENDS:  495 
Figure 1: Representative results for mRNA and non-coding RNA expression libraries from single 496 
samples of porcine whole blood. (a) Electrophoresis file run summary representation of RIN 497 
numbers pre-globin reduction and post-globin reduction. Representative electropherograms 498 
(b) pre-globin reduction and (c) post-globin reduction of a single porcine whole blood sample. 499 
(d) Representative electropherograms of  globin and ribo-depleted whole blood mRNA library 500 
samples prior to pooling and sequencing. (e) Representative electropherograms of  globin 501 
depleted sncRNA whole blood libraries of the same samples featured in panel d prior to pooling 502 
and sequencing. 503 
 504 
 505 
DISCUSSION:  506 
The first critical step in the protocol that made it optimized included the added globin depletion 507 
steps, which made it possible to get quality reads from whole blood samples. One of the largest 508 
limitations on using whole blood in sequencing studies are the high numbers of reads in the 509 
sample that will map to globin molecules and reduce the reads that could map to other molecules 510 
of interest18. Therefore, in optimizing the protocol for our sample type, we needed to incorporate 511 
a globin depletion step to ensure the highest possible mRNA and non-coding RNA capture 512 
through sequencing. All of the samples were globin depleted to account for high levels of globin 513 
transcripts using porcine specific hemoglobin A and B (HBA and HBB) oligonucleotides based on 514 
the procedure from Choi et al., 201414.  Another critical step was the use of a ribo-depletion 515 
extraction kit which allowed for the ability remove unwanted RNA molecules from our samples 516 
while simultaneously retaining polyadenylated non-coding and viral RNA molecules of 517 
experimental interest within our libraries for sequencing19. Additionally, we were able to work 518 
with single samples to create both coding (mRNA) and non-coding (small and long) RNA libraries 519 
by removing the small RNA enrichment and size selection steps. By doing this, we were able to 520 
maximize the RNA aliquots for pooling and to guarantee we sent enough volume to allow for 521 
sequencing. Optimization of all of the manufacturer’s protocols were done to increase mRNA and 522 
non-coding RNA recovery for downstream library creation. We also optimized the non-coding 523 
RNA library preparation for the small non-coding RNA portion of our downstream analysis by 524 
adding additional time to the PCR incubation per the manufacturers’ instructions to increase the 525 
ligation efficiency of methylated RNAs and the likelihood of recovering piwi-RNAs. 526 
 527 
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The limitations of the optimized protocol are rooted in the lack of specificity that also makes it 528 
ideal for multiple analyses from a single sample. By removing the enrichment and size selection 529 
portions of the non-coding RNA library preparation, we are limiting novel small RNA discovery20  530 
to balance it against acquiring both small and long non-coding RNA molecules. Hence, the 531 
optimized protocol gives a good overview of the types of non-coding expression but, requires 532 
extra processing during the analytical stage of mapping to gain more specific information on the 533 
classes and sizes of non-coding RNA expression captured in the sample. Another limitation to the 534 
method is due to the incorporation of the globin depletion steps, which will lower the overall RIN 535 
numbers. We were able to troubleshoot this by first examining the RIN numbers before and after 536 
globin depletion to understand how large of a reduction in RNA integrity we would experience. 537 
This yielded results that showed we could experience a drop of ~1-2 points. To account for this 538 
drop we further optimized the globin depletion protocol to 6 µg of sample instead of the 539 
recommended 10 µg. This helped to improve our RIN numbers, as well as, conserve sample. 540 
Additionally, we also used thin-walled microamp reaction tubes and iced the tubes immediately 541 
after the first denaturing step. This allowed us to quench the reaction quicker, allowing for 542 
improved RIN numbers on the globin depleted samples. 543 
 544 
The modified protocol used in this study had several advantages over the base library preparation 545 
methods used in other studies where only mRNA or non-coding RNA are studied separately. The 546 
changes we made for optimization allowed for efficient use of whole blood as our sample type. 547 
This is advantageous to future studies because whole blood as a sample type has less steps for 548 
collection and processing than the leukocyte portion of blood. Additionally, whole blood also has 549 
the added advantages of allowing researchers to examine systemic responses and can be 550 
repeatedly collected from the animal. However, there is a caveat to the use of whole blood 551 
samples in that the amount of blood you are able to collect is dependent on the age and size of 552 
the organism in question. Smaller amounts of blood will lead to lower RNA yields, however the 553 
method presented here will allow dual library creation from at least 2.5ml of whole blood. This 554 
allowed for us to use one sample to investigate both mRNA and non-coding expression and 555 
correlate both to an individual at a snapshot in time, effectively allowing us to collect more 556 
information than traditional library preparation methods. Also, by performing the ribo-depletion 557 
we made it possible to reduce transcripts that could deplete sequencing reads, while still 558 
retaining the non-coding and viral transcripts that can be lost during traditional library creation 559 
to study mRNA. In this way our optimized protocol triples the amount of information that can be 560 
gained from a single sample. Other significant changes we made to the method to facilitate the 561 
capture of more RNA species information were: changing the type of PCR plate to quickly stop 562 
the reaction, which improved RNA purity yield; a longer thermocycler incubation to increase 563 
ligation for possible recovery of methylated RNAs; and not employing a size selection gel, to allow 564 
for all detectable ncRNAs to identified regardless of length. For the downstream analysis this 565 
allowed for the capture of multiple non-coding RNAs between 18nt-200nt in length. 566 
 567 
By employing this optimized method, our group was able to put forward a protocol that can be 568 
applied to whole blood transcriptomic analyses and allow for mRNA and non-coding RNA from a 569 
single sample. 570 
 571 
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