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ABSTRACT 27 

Small RNA (sRNA) sequencing has been critical for our understanding of many 28 

cellular processes, including gene regulation. Nonetheless, the varying biochemical 29 

properties of sRNA, such as 5´ nucleotide modifications, makes many sRNA 30 

subspecies incompatible with common protocols for sRNA sequencing. Here we 31 

describe 5XP-seq that outlines a novel strategy that solves this problem. By tagging 32 

5´P sRNA during library preparation, 5XP-seq combines an open approach that 33 

includes all types of 5’-terminal modifications (5´X), with a selective approach for 5-34 

phosphorylated sRNA (5´P). We show that 5XP-seq not only enriches 35 

phosphorylated miRNA and piRNA but successfully discriminates these sRNA from 36 

all other sRNA species. We further demonstrate the importance of this strategy by 37 

successful inter-species validation of sRNAs that would have otherwise failed, 38 

including human to insect translation of several tRNA (tRFs) and rRNA (rRFs) 39 

fragments. By combining 5´ insensitive library strategies with 5´ sensitive tagging, we 40 

have solved an intrinsic bias in modern sRNA sequencing that will help us reveal the 41 

true complexity and the evolutionary significance of the sRNA world. 42 

 43 

BACKGROUND 44 

High-throughput RNA-sequencing techniques have revolutionized our understanding 45 

of various small noncoding RNA (sRNA) species, typically with an arbitrarily defined 46 

length of less than 200 nucleotides. Numerous studies have provided insight into the 47 

indispensable functions of sRNAs in regulating cellular processes, such as cell 48 

development, differentiation and proliferation under physiologically normal and 49 

pathological conditions [1, 2]. In addition to well-characterized micro (miRNA), small 50 

interfering (siRNA) and PIWI-interacting RNAs (piRNA)[3, 4], new sRNA species 51 

deriving from transfer (tRNA), ribosomal (rRNA) [5], small nucleolar (snoRNA), vault 52 

(V RNA) and Y RNA [6] exists in many cell types including the transcriptionally 53 

dormant sperm [7]. These fragments are not just by-products of pervasive 54 

transcription or random RNA degradation but are precisely engineered to exert 55 

specialized regulatory functions. For example, specific fragments generated from 56 

tRNAs (tsRNA) have been implicated in translational control and cell growth [8]. The 57 

regulatory repertoire of sRNA in general, and tsRNA specifically, is expanded by the 58 

addition of small molecular modifications including methylations and 59 
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pseudouridylation. Such modifications effect RNA stability, three-dimensional 60 

structure, cellular location and interactions with proteins [9-11]. 61 

 62 

A major limitation when exploring the sRNA world is the biased enrichment of 63 

different sRNA species introduced during library preparation that are caused by 64 

diverse chemical modifications at the 5´- and 3´- ends of RNA. Hydroxyl (OH) or 65 

phosphate (P) groups can be found either in the 3´- or 5´-end depending on the 66 

processing pathway, while a 2’,3´-cyclic phosphate (cP) group is only present on the 67 

3´-end [12]. In addition, sRNAs can have multiple types of 5´-caps such as mGpppC, 68 

7mGpppG, GpppG, GpppA, and 7mGpppA in human cells [13] or NAD+ [14] and 3′-69 

dephospho-CoA, succinyl-dephospho-CoA and acetyl-dephospho-CoA in bacteria 70 

[15]. 71 

 72 

Most high-throughput sequencing methods require the ligation of sequencing-73 

compatible adapters first to a hydroxyl-group at the 3´-end (3´-OH) and then to a 74 

phosphate group at the 5´-end (5´-P) of the sRNA molecule. These chemical 75 

reactions therefore select for sRNA containing these very specific terminal 76 

modifications, that are subsequently PCR amplified and finally detected during 77 

sequencing.  78 

 79 

Here, we describe 5´XP sRNA-seq, a novel sequencing method with a unique 80 

tagging system that allows the detection of both sRNA with a 5´-P (typically miRNA 81 

and piRNA) and sRNA with alternative 5´ terminal groups. We show that this method 82 

increases specificity towards miRNA and piRNA when compared to a commonly 83 

used strategy, while simultaneously allowing for additional fragments to be detected 84 

in the same library. Overall, we show that 5´XP sRNA-seq is an adequate strategy for 85 

tackling critical biases commonly prevalent in standard next generation sRNA library 86 

preparations. 87 

 88 

RESULTS 89 

5´P, 5´X and 5´XP sRNA-seq employ distinct library preparation strategies  90 

5´-P and 3´-OH dependent ligations amplify some sRNA species, including piRNA 91 

and miRNA, but will exclude functional sRNA species without a 5´-P. We refer to this 92 
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ligation strategy as 5´-P dependent sRNA-seq (from here on: 5P-seq). This should 93 

not be mistaken for 5´-P dependent methods recently developed for long RNA 94 

sequencing [16-18]. It has been shown that the 5´P-ligation is sensitive to secondary 95 

structures of the RNA, which further restricts capturing a broad range of sRNA 96 

species (for review see [19]). To include highly structured RNA species without 5´-P 97 

ends, strategies have been developed in which the 5´ adapter is not ligated to the 98 

RNA but is added later to the cDNA [20, 21]. We here refer to such methods as 5´ 99 

inclusive sRNA-seq (5X-seq). Building on these two approaches we developed 5´XP 100 

sRNA-seq (5XP-seq). In this method, the first adapter is ligated to the 3´ end and a 101 

11-nt long oligo is ligated to the 5´ end of sRNA, which allows efficient tagging of 102 

RNAs with 5´-P. Then, after reverse transcription of the RNA ligation product, a 103 

sequencing-compatible adapter is ligated to the corresponding 3´ end of all cDNA 104 

(Fig 1, Supplementary Fig. 1). Through this approach sRNA with 5´-P and 5´-X can 105 

be sequenced in the same library and then bioinformatically discerned based on the 106 

presence or absence of the 5´ oligonucleotide tag. 107 

 108 

5P and 5X sRNA-seq generate libraries with substantially different sRNA 109 

content 110 

To better understand how 5P and 5X sRNA-seq vary in their enrichment for different 111 

RNA species, we first compared libraries generated using a popular commercial 5P-112 

seq kit (NEBNext Multiplex Small RNA Library prep kit for Illumina; New England 113 

Biolabs) and an adaptation of published 5X-seq protocols [20-23]. For comparative 114 

reasons, we modified the 5X-seq protocol to work with the reverse transcriptase of 115 

the 5P-seq kit. We extracted total RNA from a pool of 50 Drosophila embryos, 0.5-2.5 116 

hours old, which was used as input for all sequencing library preparations. Each 117 

preparation used only 30 ng of total RNA that equals to one third of the RNA 118 

extracted from one single drosophila embryo, rendering the protocols highly efficient. 119 

We adopted sequence-based counting of the reads, for which statistical units are 120 

based on counts per sequence and not counts per feature (see methods for details). 121 

An annotated count table normalized against total library sizes as counts per million 122 

(cpm) are presented in Supplementary Table 1. Raw data is available at Sequence 123 

Read Archive under the accession number PRJNA658107. 124 

 125 
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Library stats for the 5P- and 5X-type libraries using single end sequencing for 75 126 

cycles are found in Table 1. Data from 5P-seq libraries were in accordance with our 127 

previous observations using this kit. To better validate the 5X-seq protocol, we 128 

generated a second batch of 5X-seq using independent embryos (Batch B).  129 

Focusing on intermediately-to-strongly expressed sRNA (>10 cpm), 5P-seq resulted 130 

in more alignments against miRNA and piRNA, and less alignments against rRNA 131 

and tRNA, when compared to 5X-seq (Fig 2). This result was similar for both 132 

cumulative counts (Fig 2A) and relative fold changes (Fig 2B), indicating a general 133 

trend across most sRNA. This difference is expected since miRNA and piRNA are 134 

commonly 5´ phosphorylated and should be preferably enriched by 5P-seq, while 135 

tRNA and rRNA show more diversity in the 5´-end and should preferably be caught 136 

by 5X-seq. When not allowing mismatches in the annotation 5X-seq annotated better 137 

to the references than 5P-seq (light grey Fig 2A-B). The advantage for applying 138 

sequence-based counting is that mismatches in the alignments between sequenced 139 

reads and small RNA reference sequences only affect the annotation without 140 

changing the raw count table, which is often the case for feature-based counting. 141 

Allowing up to 3 mismatches when annotating sequences against small RNA 142 

references removed nearly all sequences with no annotation in 5P-seq (light grey Fig 143 

2C-D). Since libraries were generated from the same RNA pool, this indicates that 144 

5P-seq may have suffered from misreading during cDNA-synthesis possibly by 145 

interference from RNA-modifications. Removing sequences mapping to rRNAs, 146 

however, also removed this difference (Supplementary Fig 2). 147 

 148 

While the majority of sRNA identified by 5X-seq were also present in 5P-seq libraries, 149 

some sRNAs were completely absent in one or the other library, which resulted in a 150 

more than 20-fold change (Fig 2B and 2D; Supplementary Table 1). This indicates 151 

substantial differences in the composition of sRNA species identified by the two 152 

different library strategies. Therefore, studies that have applied only 5P-based sRNA-153 

seq strategies may have misinterpreted the proportions of small RNA present in their 154 

samples. 155 

 156 

5XP sRNA-seq distinguishes piRNA and miRNA  157 

To preserve sequence diversity given the observed biases described above, in 158 

parallel to the 5P and 5X-seq libraries, we generated 5XP-seq libraries using the 159 
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same two pools of RNA from Drosophila embryos (Batch A and B). Table 1 160 

summarizes the general properties of 5XP-seq after being sorted into the two sub-161 

libraries, either containing (5P-tag) and not containing (5X-notag) the 5´ oligo tag. In 162 

theory, 5P-tag and 5X-notag of 5XP-seq would correspond to the 5P-seq and 5X-seq 163 

libraries, respectively. 164 

  165 

Similar to the difference observed between 5P- and 5X-seq, 5XP-seq had more 166 

specificity towards miRNA and piRNA in the 5P-tag sub-libraries, than in the 5X-167 

notag sub-libraries (Table 1). In fact, sRNA diversity was highly similar between 5X-168 

notag sub-libraries and regular 5X libraries prepared without tagging 5´-P (Table 1). 169 

In support, expression levels of 5X-seq and 5X-notag cohered strongly, both by 170 

correlation and unsupervised clustering (Fig 3A). 171 

 172 

In contrast, we determined higher specificity (~ 2-fold) of miRNA and piRNA species 173 

in 5P-tag sub-libraries when compared to regular 5P-seq libraries (Table 1). This 174 

indicates that ligating a short oligonucleotide tag at the 5´-terminal—as performed in 175 

5XP-seq—captures 5´-P sRNAs more efficiently when compared to the long 5´ 176 

adapter ligation used in regular 5P-seq. Nonetheless, the 5P-tag sub-libraries only 177 

contributed with 10% to 20% of the total library sizes in 5XP-seq (Table 1) and 178 

correlated poorly with regular 5P-seq (Fig 3A). This led to two possible explanations. 179 

First, 5´-P sRNA may constitute a smaller proportion of the total sRNA population. 180 

Secondly, 5XP-seq may suffer from inefficient ligation of the 5´ oligo tag. In support 181 

of the former, a saturation analysis showed that the 5P-tag sub-libraries were equally 182 

saturated to the other libraries. Thus, irrespective of library-type, increasing the 183 

sequencing depths would result in little gain in identifying new sRNA specimens from 184 

the sRNA population targeted by each method (Supplementary Fig 3). 185 

 186 

To further test the hypothesis that the 5P-tag sub-library of 5XP-seq targets a smaller 187 

and possibly more specific population of 5´-P sRNAs, we characterized each library 188 

type in more details. Size distribution of different sRNA species confirmed a sharp 189 

peak at 22 nt in 5P-tag sub-libraries, while the other library strategies showed more 190 

diversity (Fig 3B). The peak at 22nt is the typical size of miRNA. However, we 191 

detected that that many sequences of 22nt also mapped to rRNAs. Therefore, we 192 

extracted miRNA and piRNA that are known 5´-P subspecies for further comparison. 193 
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Both the 5P-tag sub-libraries and regular 5P libraries where enriched with a sharp 194 

22-23 nt miRNA peak, and a broader 22-29 nt piRNA peak (left panel Fig 3C). 195 

However, the 5P-tag sub-libraries of 5XP-seq had fewer non-canonical piRNA 196 

fragments that were shorter than 21 nt and showed a higher proportion of canonical 197 

piRNA with uridine bias at their first nucleotide (middle panel Fig 3C; [24]). 198 

Interestingly, the first nucleotide uridine bias was also observed in miRNA (right 199 

panel Fig 3C), which could indicate a new subspecies of miRNA in early drosophila 200 

embryos.  201 

 202 

A combination of a lower proportion of unannotated small RNA (light grey in Fig 3B 203 

and 2A), as well as a smaller target population of sRNA (Supplementary Fig 3) and 204 

more canonical piRNA profiles (Fig 3C), altogether indicated that the 5P-tag sub-205 

library of 5XP-seq enriches for 5´-P RNA better than regular 5P-seq. The low 206 

correlation in the expression profiles observed between these two strategies (Fig 3A) 207 

was also rescued (Fig 3D) after noise from less studied subspecies of sRNA was 208 

reduced by analyzing miRNAs only, which represent the most well-characterized 5´-P 209 

sRNA species. 210 

 211 

Library strategies are defined by opposite terminal enrichments of small rRNA 212 

Loss of peak integrity of rRNA subunits is often used as an indicator of RNA 213 

degradation in studies of long RNA, often referred to as the RNA integrity number 214 

(RIN). While a similar measurement is lacking for sRNA, all our libraries showed very 215 

sharp peaks indicating specifically processed rRNA with high sRNA integrity (Fig 4A-216 

B). 217 

 218 

The 5P-tag sub-libraries in 5XP-seq were dominated by a peak centered at 22 nt (Fig 219 

3B), which primarily contained an rRNA fragment (rRF) originating from the 5´-end of 220 

18S rRNA subunit (Fig 4A). While this rRF is not classified as a miRNA in mirBase, 221 

recent findings in Zebrafish show that it may interact with Argonaute proteins in a 222 

miRNA-like matter [5, 25]. Low detection of this rRF in regular 5P-seq (Fig 4B) would 223 

have been overlooked in other studies. Nonetheless, unlike 5X-type libraries that 224 

showed very similar rRF profiles, 5P-type libraries were at first dissimilar (Fig 4A-B). 225 

A more detailed view on the rRNA subunits revealed, however, that most peaks were 226 

present in both the 5P-tag and regular 5P libraries but varied in detection level (Fig 227 
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4C-E). Together this indicates that the 5´ RNA ligation strategy—by either using long 228 

or short oligos/adapters—severely affects the enrichment of specific rRF, which could 229 

make cross-study validation challenging. 230 

    231 

We also noticed a 5´ bias in 5P-type and a 3´ bias in 5X-type libraries (Fig 4A-B), and 232 

therefore classified each fragment by their 5´ start or 3´ end of a mature rRNA 233 

subunit. This confirmed that rRFs generated from the 5´ terminals were enriched in 234 

5P-seq, while rRFs deriving from the 3´ terminals were enriched in 5X-seq (Fig 4F). 235 

Importantly, 5XP-seq contained rRFs originating from both the 5´ and 3´ terminal but 236 

kept them separated in the 5P-tag and 5X-notag sub-libraries, respectively. These 237 

differences indicate that 5P-type libraries lose sRNA primarily at the 3´ end, possibly 238 

as a consequence of interference with RNA-modifications during reverse 239 

transcription. Interestingly, 5´ rRF bias has recently been reported in humans using 240 

an independent 5P-seq kit {Nätt, 2020 #2760;Hua, 2019 #2565}. 241 

 242 

Coverage of small tRNA fragments strongly depends on library preparation 243 

strategy. 244 

Like rRFs, tRNA derived sRNA (tRFs) can also originate from the 5´ or 3´ terminal. In 245 

addition, internal (i´) fragments, which neither start nor end in the terminals of full-246 

length tRNA have been described [26, 27]. We used these classifications as an 247 

independent confirmation of the differences in 5´ and 3´ affinities between the 5P- 248 

and 5X-type libraries that we observed in sRNA derived from rRNA. As expected, 5P-249 

seq had a clear 5´ preference, while 5X-seq progressively increased towards the 3´ 250 

terminal (Fig 5A). Similar to the rRFs, 5XP-seq contained tRFs originating from both 251 

the 5´ and 3´ terminal and successfully separated them into the two sub-libraries. 252 

 253 

In addition to 5´, i´ and 3´ stratification, we classified each tRF according to the 254 

isodecoder of the mature tRNA in order to better understand the possible biases in 255 

the tRF coverage introduced by different library strategies. This enables an overview 256 

of tRF subtypes, such as tRNA derived stress-induced small RNA (tiRNA) that are 257 

generated by angiogenin dependent anticodon cleavage of specific isodecoders 258 

resulting in tRNA halves [28], as well as the recently discovered nuclear internal T-259 

loop tRFs (nitRNA) [7]. As expected, 5X-notag sub-libraries generated primarily i´ 260 

and 3´ fragments that was strongly replicated by regular 5X-seq, but poorly replicated 261 
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by 5P-seq (Fig 5B). Again, while the most covered tRFs in the 5P-tag sub-libraries of 262 

5XP-seq showed similarities to regular 5P-seq, we found more variability on the 263 

isodecoder level (Fig 5C). In highly abundant isodecoders, there were also an 264 

enrichment of sRNA species derived from the 5´ end of tRNAs but this was less 265 

pronounced in less abundant isodecoders. 266 

 267 

In line with the rRNA analysis, more in-depth analysis of a selection of tRNA 268 

isodecoders showed that most tRFs were detected by each method but detection 269 

levels varied greatly across methods. For example, the 5P-tag sub-library was 270 

superior in detecting both the 5´and 3´ halves generated by angiogenin-mediated 271 

cleavage of AspGUC, which generates a known tiRNA (Fig 5D). In another confirmed 272 

tiRNA originating from GlyGCC, the 5´-half was detected in both 5P-tag and regular 273 

5P libraries (Fig 5E). At the 3´-end a short fragment generated by T-loop cleavage 274 

were detected in the 5P-tag, 5X-notag and regular 5X libraries but to a much lesser 275 

degree in regular 5P libraries (Fig 5E). LysCUU has previously been shown to 276 

generate many different tRFs [7, 29]. This was confirmed by 5X-notag, regular 5X 277 

and regular 5P, but to a lesser degree in 5P-tag libraries (Fig 5F). Interestingly, 278 

primarily 5X-notag and regular 5X libraries detected a weakly expressed long T-loop 279 

internal tRFs comparable to the nitRNA that was recently detected in human sperm 280 

[7]. Similarly, 5X-notag and regular 5X, but not 5P-tag and regular 5P, detected a 281 

short nitRNA in ArgCCU generated by cleavage in the T- and anticodon- loops that 282 

was almost identical to the one previously reported in human sperm [7]. 283 

 284 

Together these findings show that the choice between 5P-sensitive and 5P-285 

insensitive methods are critical when studying tRFs using sequencing. Thus, using a 286 

method that conserves the diversity of both phosphorylated and non-phosphorylated 287 

sRNA—like 5XP sRNA-seq—is highly desirable.     288 

 289 

DISCUSSION 290 

Here we presented a novel method—5XP sRNA-seq—that sequences sRNA with 291 

and without 5´ phosphorylation (5´-P) using the same library. Our protocol was 292 

optimized for low starting material which makes it attractive for use with precious 293 

samples. By ligating a short 5´-P oligonucleotide tag, we demonstrated that 5´-P 294 

sRNAs can be separated from other sRNAs in the downstream analysis. We reported 295 
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multiple examples in which a one-sided approach would have had severe 296 

consequences for the interpretation and cross-validation of sRNA experiments. We 297 

also provided evidence that ligating a short oligonucleotide tag enhances the 298 

recovery of 5´-P sRNAs, such as piRNA and miRNA. 299 

 300 

It has become increasingly clear that the 5´ terminal of RNA is subject to diverse 301 

modifications. As this is the start site for transcription, it means that if the first 302 

molecule is a nucleotide, it will initially have a triphosphate. If transcribed by RNA 303 

polymerase II, to become for example mRNA, a cap consisting of modified guanine 304 

(G) nucleotide is first added to the initial nucleotide during transcription. Primary 305 

piRNAs are also transcribed by RNA polymerase II and receive a similar cap. These 306 

5´ caps regulate the stability and determine the downstream fate of the transcript. 307 

The process of generating sRNAs from longer precursors by nuclease digestion will 308 

result in either -P or -OH terminals, depending on the nuclease. Intriguingly, it was 309 

recently shown that sRNAs are capped as well, indicating that not all caps are added 310 

during transcription but rather after the cleavage to shorter transcripts [13, 30]. In 311 

addition to the guanine-based caps, recent discoveries show that the sRNA may 312 

have other types of 5´-caps. 313 

 314 

First reported in bacteria, and suggested to be an alternative to the eukaryotic m7G 315 

cap, 5´ NAD caps have now been demonstrated in several species including humans 316 

(see review: [31]). Interestingly, NAD+, as well as NADH and dpCoA, can be 317 

incorporated into RNA during transcription initiation, thus serving as non-canonical 318 

initiating nucleotides [32]. In human cells, the amount of RNA with 5´-NAD caps 319 

change in response to shifting cellular NAD concentrations [33], while data from 320 

Arabidopsis shows enrichment of NAD-caps for transcripts involved in redox 321 

responses [31]. These two findings, together with the fact that NAD+/NADH is one of 322 

the most important intracellular redox pairs, suggests that NAD-capping of RNA may 323 

regulate gene expression as a function of the cell’s redox state. Moreover, members 324 

of the NUDIX hydrolase superfamily have been shown to remove not only 5´-NAD, 325 

but also 5´-FAD and 5´-CoA, indicating that metabolite-containing 5´ caps might be a 326 

more widespread phenomenon than previously thought [34]. Whether NAD or other 327 

metabolic 5´-caps are used to regulate sRNA, however, is yet to be discovered. 328 

 329 
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These recent findings demonstrate the urge to develop new sequencing methods 330 

that not only include 5´ modifications other than phosphate, but also correctly identify 331 

each modification in downstream analyses. By using RNA ligases with specificity 332 

toward different 5´ terminals together with unique oligonucleotide tags, 5´XP sRNA-333 

seq is a first step towards a more holistic sequencing approach. By tagging 5´-P in 334 

this way, our data suggest that 5´-P sRNAs constitute only 10-20% of the total pool of 335 

sRNA in drosophila embryos. Therefore, up to 90% of sRNA species may have 336 

previously escaped our attention since most commercial kits are based on 5´-P 337 

dependent adapter ligation. Using 5´XP sRNA-seq on RNA from Drosophila 338 

embryos, we discovered several new sRNA species without 5´-P, including cross-339 

species validation of a zebrafish 5´-rRF from the 18S rRNA subunit [25], and nitRNA 340 

derived from internal tRNA T-loop cleavage, previously described only in human 341 

sperm [7]. 342 

 343 

CONCLUSION 344 

By combining 5´ insensitive library strategies with 5´ sensitive tagging, we have 345 

demonstrated an innovative strategy for solving an intrinsic bias in modern sRNA 346 

sequencing. Our results represent an important step towards a new generation in 347 

sRNA sequencing that can explore the complete world of sRNAs in single low-input 348 

experiments. Future technologies will be aimed at further expanding the number of 349 

specific terminal RNA modifications that can be identified by genome-wide 350 

sequencing approaches. We anticipate discovering a rich repertoire of functional 351 

RNA modifications that will greatly expand our understanding of how genomes are 352 

regulated. 353 

  354 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 28, 2020. ; https://doi.org/10.1101/2020.08.21.261412doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.21.261412
http://creativecommons.org/licenses/by-nc/4.0/


  
 

 355 

Methods 356 

 357 

Experimental Methods 358 

Reagents and Oligos 359 

Many of the reagents used in 5XP-seq are included in the NEBNext Multiplex Small 360 

RNA Library prep kit for Illumina (New England Biolabs), and are referred to as ‘NEB-361 

kit’ below. Since we used lower input (30 ng) than the recommended 100 ng total 362 

RNA, we diluted the 3´SR Adapter, 5´SR Adapter, and SR RT Primer 1:2 in nuclease 363 

free H2O. The SR Primer and all Index Primers used for amplification, were used in 364 

original concentrations. 365 

 366 

Custom oligos not included in the NEB-kit were all HPLC-purified: 367 

5P-tag RNA oligo (long: 5´-UGGCAACGAUC-3´; short: 5´-UGGGAUC-3´; both 3.75 368 

µM).  369 

 370 

R1R DNA Adapter (5´ Phos-GAT CGT CGG ACT GTA GAA CTC TGA ACG TGT 371 

AG-SpcC3 3´; 100 µM). Adenylation of R1R was done using 5´ DNA Adenylation kit 372 

(New England Biolabs) according to manufacturer’s instructions and cleaned with 373 

Oligo Clean & Concentrator (Zymo Research) as described here [23]. Oligos was 374 

eluted and diluted with nuclease-free water to 10 µM.  375 

 376 

Illumina multiplex PCR primer (5´ -AAT GAT ACG GCG ACC ACC GAG ATC TAC 377 

ACG TTC AGA GTT CTA CAG TCC GAC GAT C- 3´; 10 µM) 378 

 379 

Since Drosophila melanogaster expresses large amounts of 2S rRNA in the same 380 

size as many sRNA, we blocked this transcript by adding anti-sense oligos at the 5´ 381 

RNA ligation (First), and at the cDNA ligation steps (Second). For species with less 382 

2S rRNA, these blocking oligos can be exchanged for nuclease-free H2O or custom 383 

oligos targeting other transcripts that may occupy a large amount of the sequencing 384 

capacity. 385 

      386 
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First 2SrRNA block oligo (5´-TAC AAC CCT CAA CCA TAT GTA GTC CAA GCA-387 

SpcC3 3´; 10 µM) [35]. 388 

   389 

Second LNA 2SrRNA block oligo (5´- TGC-TTG-GAC-TAC-ATA-TGG-TTG-AGG-390 

GTT-GTA-SpcC3 3´; 10 µM, where bold letter indicate LNA incorporation). 391 

 392 

RNA Extraction from Drosophila Embryos 393 

RNA was isolated from Drosophila melanogaster (W1118) embryos 0.5-2.5h of age. 394 

Embryos were decorionated in pools of 50 embryos using sodium hypochlorite 3.5% 395 

(RECTAPUR) and washed extensively with RNase free H2O. RNA was isolated 396 

using the miRNeasy Micro kit (Qiagen) according to manufacturer’s instructions. In 397 

brief, 500 µl Qiazol (Qiagen) was added to the embryos and homogenized for 2 min 398 

at 40 Hz using a Tissue Lyser LT (Qiagen) and 5 mm stainless steel beads (Qiagen). 399 

Phase separation was done by mixing 100 µl of Chloroform followed by centrifugation 400 

at 12000xg for 15 min in 4oC. RNA was then collected by columns, washed and 401 

eluted in 14 µl nuclease free H2O. RNA integrity was confirmed by Bioanalyzer 402 

(Agilent) and concentrations were determined by Nanodrop (ThermoFisher).  403 

 404 

5´XP sRNA-seq Library Preparation 405 

A side-by-side comparison of the workflows of the different methods used in this 406 

study is available in Supplementary Fig 1. 407 

 408 

The 5´XP sRNA-seq method includes the following steps:  409 

i. Ligation of 3´ RNA adapter 18.5 h Proceed immediately (over-night) 410 

ii. Ligation of 5´ RNA tag  2.5 h Proceed immediately 411 

iii. cDNA synthesis  2.5 h Pause point 412 

iv. Ligation of 5´ cDNA adapter 3.0 h Pause point 413 

v. Barcoding & Amplification 1.5 h Pause point 414 

vi. Size selection  >12 h Pause point (over-night) 415 

vii. Pooling barcoded samples  3 h Pause point 416 

 417 

In detail, the 3´ adapter was first ligated using 0.5 µl of 3´SR Adapter for Illumina 418 

(NEB-kit) added to 30 ng of input RNA diluted in 3.0 µl nuclease free H2O. Samples 419 

were heated to 70°C for 2 min and immediately cooled on ice. A mix of 5 µl 3´Ligation 420 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 28, 2020. ; https://doi.org/10.1101/2020.08.21.261412doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.21.261412
http://creativecommons.org/licenses/by-nc/4.0/


  
 

Reaction Buffer 2x (NEB-kit) and 1.5 µl of 3´Ligation Enzyme Mix (NEB-kit) were 421 

added and incubated for 18 h at 16°C over-night. A 2S rRNA blocking oligo was 422 

added simultaneous to hybridization of the reverse transcription primer by adding a 423 

mix of 0.5 µl of First 2SrRNA block oligo, 0.5 µl of SR RT primer (NEB-kit) and 1.75 424 

µl of nuclease-free water to each sample followed by incubation at 90°C for 30 s, 425 

65°C for 5 min, 37°C for 15 min, and finally 25°C for 15 min. 5´-tagging was then 426 

performed by adding 0.5 µl 5P-tag RNA oligo (denatured at 70°C for 2 min), 0.5 µl 427 

5´Ligation Reaction Buffer (NEB-kit) and 1.25 µl of 5´Ligation Enzyme Mix (NEB-kit) 428 

followed by a 1 h incubation at 25°C. To synthesis cDNA, a mix of 4 µl First strand 429 

Synthesis Reaction Buffer (NEB-kit), 0.5 µl Murine RNase Inhibitor (NEB-kit) and 0.5 430 

µl ProtoScript II RT (NEB-kit) was added to each sample, and incubated first at 50°C 431 

for 1 h, and then at 70°C for 15 min. Enzymatic inactivation and hydrolysis of RNA 432 

was done by incubating samples at 95°C for 3 min with 17.5 µl nuclease-free water, 433 

10 µl 0.5M EDTA and 2.5 µl 5M NaOH. After room temperature equilibration pH was 434 

lowered by adding 1 µl 5M HCl. Samples were then cleaned using Oligo Clean & 435 

Concentrator kit (Zymo Research) according to manufacturer’s recommendation but 436 

with an extra wash in 250 µl DNA wash buffer (Zymo Research) and cDNA elution in 437 

11 µl of nuclease-free water. Ligation of pre-adenylated R1R adapter with 2S RNA 438 

blocking was done by adding 10 µl of cDNA, 2 µl 10x NEBuffer 1 (New England 439 

Biolabs), 2 µl 50 mM MnCl2, 2 µl Thermostable 5´App ligase (New England Biolabs), 440 

4 µl 10 µM pre-adenylated R1R Adapter, and 0.5 µl 10 µM Second LNA 2SrRNA 441 

block oligo, followed by 2 h incubation at 65°C. Ligated cDNA samples were cleaned 442 

and eluted in 24 µl Elution Buffer (Qiagen) using Oligo Clean & Concentrator (Zymo 443 

Research) according to manufacturer’s instructions. Clean samples were amplified 444 

by adding 25 µl 2x Phusion High-Fidelity PCR master mix (ThermoFisher), 1 µl 10 445 

µM Illumina Multiplex Primer, 1 µl 10 µM Illumina barcode (NEB-kit) to 23 µl of cDNA, 446 

and incubated in a thermocycle at 98°C for 5 s, followed by 15 cycles of 98°C for 5 s, 447 

60°C for 10 sec, 72°C for 30s, ending with 72°C for 1 min. Amplified libraries were 448 

cleaned using Agencourt AMPure XP (Beckman Coulter), and size selected for 130-449 

200 nt fragments on a pre-casted 6% polyacrylamide Novex TBE gel (Invitrogen). 450 

Gel extraction was done using Gel breaker tubes (IST Engineering Inc) in DNA Gel 451 

Elution Buffer (NEB-kit). Disintegrated gels were incubated at 37°C for 1h on a 452 

shaker, quickly frozen for 15 min at -80°C, followed by another incubation for 1 h. 453 

Remaining gel debris were removed by Spin-X 0.45 µm centrifuge tubes. The 454 
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libraries were precipitated overnight at -80°C by adding 1 µl of GlycoBlue (Invitrogen) 455 

as co-precipitant, 0.1 times the volume of Acetate 3M (pH 5.5), and three times the 456 

volume of 100% ethanol. Library concentrations were estimated using QuantiFluor 457 

ONE ds DNAsystem on a Quantus fluorometer (Promega). Pooled libraries were 458 

sequenced on NextSeq 500 with NextSeq 500/550 High Output Kit v2.5, 75 cycles 459 

(Illumina). 460 

 461 

5´P sRNA-seq Library Preparation 462 

Library preparation was done with NEBNext Multiplex Small RNA Library prep kit for 463 

Illumina (New England Biolabs) according to the manufactures instructions except for 464 

downscaling all samples to half volume and using 30 ng of input RNA (100 ng 465 

recommended) with an appropriate 1:2 dilution of all adapters. This corresponds to 466 

the 5XP-seq preparation as above, but with the following changes: 467 

 468 

In Step [ii.], 5´ RNA ligation was performed using 0.5 µl 5´ SR Adapater (NEB-kit) 469 

instead of the 5P RNA oligo. 470 

 471 

In Steps [iii-iv.], clean up of cDNA, ligation of the 5´ DNA adapter and the Second 472 

LNA 2SrRNA oligo block was not performed. The cDNA reaction mix was 473 

immediately amplified according to kit protocol.  474 

 475 

In Step [v.], 20 µl cDNA reaction mix was amplified by adding 25 µl of Long Amp Taq 476 

2x Master Mix (NEB-kit), 1.25 µl SR primer for Illumina (NEB-kit), 2.5 µl nuclease-free 477 

H2O, 1.25 µl 10 µM Illumina barcode (NEB-kit) and incubated, starting with 94°C for 478 

30 s, followed by 15 cycles of 94°C for 15 sec, 62°C for 30 sec, 70°C for 15 sec, 479 

ending with 70°C for 2 min.  480 

 481 

5´X sRNA-seq Library Preparation 482 

5X-seq library preparation was identical to 5XP-seq library preparation, except for the 483 

following adjustments:  484 

 485 

In Steps [ii-iii.], 5´ RNA ligation of the 5P-tag RNA oligo and the First 2SrRNA block 486 

was not performed. The cDNA reaction mix was therefore compensated by adding 487 

0.5 µl 5´Ligation Reaction Buffer 10x (NEB-kit) and 1.75 µl nuclease-free H2O. 488 
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 489 

Computational Methods 490 

Quality Control and Pre-processing  491 

Raw fastq data files have been deposited in Sequence Read Archive under the 492 

accession number PRJNA658107. All libraries passed Illumina’s default quality 493 

control. Demultiplexed fastq files were downloaded from BaseSpace using 494 

BaseMount (Illumina) and lanes were merged for each sample. For all library-types 495 

the 3´ adapters were trimmed using Cutadapt 2.3 [36] with following input: -a 496 

AGATCGGAAGAGCACACGTCTGAACTCCAGTCACAT  --discard-untrimmed --497 

nextseq-trim=20 -O 5 -m 5.  This specifically trims nextseq type sequences between 498 

5-70 nt with at least 5 nt of the 3´ adapter present in the 3´ end and discarding all 499 

other sequences. For 5XP-seq libraries we reloaded the trimmed sequences into 500 

Cutadapt using the following input: -g TGGCAACGATC -m 5 --untrimmed-output. 501 

This saves sequences with or without the 5´-tag in separate fastq output files. All 502 

trimmed fastq files were quality filtered using fastq_quality_filter -q 20 -p 80 -v 503 

available in the FASTX Toolkit 0.0.14 (https://github.com/agordon/fastx_toolkit), 504 

which only retain sequences with PHRED score > 20 in more than 80% of 505 

nucleotides. The integrity of trimmed and quality filtered fastq files were further 506 

verified using FastQC 0.11.9 (https://github.com/s-andrews/FastQC). 507 

 508 

Sequence Counting, Filtering and Annotation 509 

Data was summarized over counts of unique sequences across all samples. Tools 510 

for such sequence-based approaches are available—such as Sports and MintMap 511 

[26, 37]—and may be contrasted against feature-based counting approaches, where 512 

sequences are counted over genomic features—such as the genomic coordinates of 513 

miRNA and piRNA. One benefit of unique sequence-based approaches is that the 514 

sequence of the original read is maintained during counting, which is often lost du 515 

initial mismatch allowance in feature-based approaches. Here we counted unique 516 

sequences in trimmed fastq files using customized scripts in R 3.4.4 [38]. For parallel 517 

and efficient large data processing, foreach 1.5.0 [39] and the data.table [40] 518 

packages were used.  Reading and processing fastq-files were done using the 519 

ShortRead package [41]. Prior to normalization, noise was reduced by only including 520 

sequences with at least 5 counts in 100% of samples within a given method (5P-seq, 521 

5X-seq, 5XP-seq etc). This dataset contained 330 971 unique small RNA sequences 522 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 28, 2020. ; https://doi.org/10.1101/2020.08.21.261412doi: bioRxiv preprint 

https://github.com/agordon/fastx_toolkit),
https://github.com/s-andrews/FastQC).
https://doi.org/10.1101/2020.08.21.261412
http://creativecommons.org/licenses/by-nc/4.0/


  
 

with mean total counts per sample of 8 993 458. Normalized counts in reads per 523 

million (rpm) were generated by dividing the individual sequence counts (reads) with 524 

the total sequence counts for each sample. For some analysis that targeted highly 525 

abundant sRNAs we further reduced the data by only including sequences with at 526 

least 10 rpm in 100% of the samples within a given method included in the analysis. 527 

Some critical values of the datasets are available in Table 1.   528 

 529 

Sequence annotation was performed by mapping unique sequences against small 530 

RNA sequence reference databases using bowtie 1.2.2 [42]. This was done in 531 

cycles, where each cycle allowed one additional mismatch, from 0 to 3 mismatches. 532 

A sequence was only destined for another bowtie annotation cycle if it failed to align 533 

to any of the databases in the previous cycle. Fasta reference sequence files were 534 

attained from the following databases: miRNA = miRbase and Ensembl, tRNA = 535 

GtRNAdb (nuclear) and Ensembl (mitochondrial), rRNA = Ensembl (both nuclear and 536 

mitochondrial), piRNA = pirBase, Other sncRNA = Ensembl. We used dm6 versions 537 

across all databases. To resolve multimapping issues when sequences matched 538 

multiple databases within the same mismatch category, we applied the following 539 

hierarchy miRNA > Mt_tRNA > tRNA > MT_rRNA > rRNA > piRNA > other sncRNA. 540 

A sequence mapped to miRNA with 1 mismatch and piRNA with 0 mismatch, would 541 

therefore annotate as piRNA, while if both had 0 mismatch it would annotate as 542 

miRNA.  543 

 544 

Statistical Methods and Visualization 545 

All statistical analysis was done in R 3.4.4 [38]. Data visualization was primarily done 546 

using the ggplot2 package in R [43] and finalized using Inkscape 0.92. For fitting the 547 

saturation plots we used non-linear least square regression with an asymptotic self-548 

starter (r functions: nls and SSasymp). For hierarchical clustering and correlation 549 

plots we used the corrplot package [44]. For tRNA/rRNA coverage we used custom 550 

scripts wrapped around the vmatchPattern function in the Biostrings package [45]. A 551 

version of this script has been published [7] and are available here: 552 

https://github.com/Danis102/Natt_et_al_2019_Human_Sperm_Rapid_Response_to_553 

Diet/blob/master/S1_Text.R. Reference sequences were obtained from GtRNAdb 554 

(tRNA) and Ensembl (rRNA). GtRNAdb ss-files were used to map tRNA loops.  555 

 556 
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Future scripts for 5´XP sRNA-seq will be posted here: https://github.com/Danis102/.  557 

 558 
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Figures: 714 

 715 
 716 
Fig 1. The principle steps of 5′XP sRNA-seq. Small RNA sequencing using 5′XP 717 
sRNA-seq generates two sub-libraries, either sensitive (5P-tag) or insensitive (5X-718 
notag) to a phosphate (P) in the 5′-terminal of the original RNA. This is done by tagging 719 
RNA fragments with 5′-P using a sequence specific oligo that identifies the 5′-P in the 720 
downstream bioinformatic analysis.   721 
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 722 
Fig 2. 5X-seq catches different small RNAs compared to 5P-seq. In order to 723 
generate a sequencing method more inclusive of RNAs with 5′ modifications we 724 
compared two adapter ligation strategies: 5P-seq adds the 5′ adapter on RNA and is 725 
dependent on 5′ phosphorylation, and 5X-seq adds the 5′ adapter, to the 726 
corresponding 3′ side of cDNA and is therefore independent of 5′ RNA 727 
phosphorylation. Stacked bars showing the sRNA composition of 5P and 5X libraries, 728 
allowing for (A) no mismatches and (C) 3 mismatches in the annotation against sRNA 729 
reference sequences. Batch A and B indicates samples isolated from the two 730 
independent pools of RNA. Violin plots with log2 fold differences between 5X and 5P 731 
per unique sequence when (B) 0 mismatches and (D) 3 mismatches are allowed. Pie 732 
charts show percent up and down regulated sequences. Only unique sequences that 733 
passed 10 CPM in all samples of a method (either 5P or 5X) was included.  734 
mt=mitochondrial. CPM = counts per million reads.  735 
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 736 

Fig 3. 5XP-seq replicates 5X-seq and identifies 5′ phosphorylated sRNA species. 737 
5XP-seq distinguishes sRNA with (5P-tag) and without (5X-notag) 5′-terminal 738 
phosphorylation which characterize canonical miRNA and piRNA. (A) Correlation plot 739 
ordered by unsupervised hierarchical clustering showing three separate clusters, 740 
where all 5X-type libraries (5X-seq; 5X-notag sub-libraries of 5XP-seq) generates 741 
similar sequencing libraries, while 5P-seq and the 5P-tag sub-libraries of 5XP-seq 742 
forms two separate clades. (B) Histograms showing the mean expression of biotypes 743 
across different fragment sizes. (C) Size distributions of known miRNA and piRNA (left 744 
panels) show that the 5P-tag sub-libraries of 5XP-seq generates a cleaner canonical 745 
piRNA peak in the expected size range, with a typical Uridine (U) bias on the 1st 746 
nucleotide (middle panels), than 5P-seq. Size distribution and 1st nucleotide bias of 747 
miRNA are more similar between libraries (right panel). (D) Correlation plot ordered by 748 
hierarchical clustering of only annotated miRNA confirms that 5P-seq and 5P-tag sub-749 
libraries enrich the same miRNA. Analysis was performed on sRNA that reached 10 750 
CPM in all replicates of a method. Yellow and green boxes in the correlation plots 751 
shows libraries generated from two separate pools of RNA from drosophila embryos. 752 
CPM = counts per million reads. 753 
  754 
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 755 
Fig 4. 5P-type libraries enrich 5´ rRNA fragments while 5X-type libraries enrich 756 
3´ fragments. Graphs shows 5´ and 3´ stratification in sRNA derived from rRNA (rRF). 757 
(A-B) Coverage plots of rRFs across an example pre-rRNA sequence (45S; green) 758 
located on the repetitive rDNA loci (chrUn_CP007120v1), annotated with mature rRNA 759 
subunits 18S (light brown), 5.8 (light blue),  2S (light red) and 28S (light turquoise). (A) 760 
Shows mean CPM coverage of 5XP-seq libraries separated by 5P-tag (left panel) and 761 
5X-notag (right panel) sub-libraries. (B) Instead shows 5P-seq and 5X-seq control 762 
libraries. (C-E) Zoomed-in coverage plots of the 18S, 5.8S and 28S subunits. For 5P-763 
type libraries, roman numbers indicate major peaks present in both regular 5P-seq 764 
libraries and the 5P-tag sub-libraries of 5XP-seq.  (F) Bars show 5´-rRF enrichment in 765 
5P-type libraries (upper panel) and 3´-rRF enrichment in 5X-type libraries (lower 766 
panel). CPM = counts per million reads. 767 
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 768 
Fig 5. tRNA isodecoder analysis reveals the sRNA complexity generated by 769 
different library preparation strategies. Graphs show tRNA derived sRNA (tRFs) 770 
grouped by their classification into 5´, i' and 3´ sub-species, and tRNA isodecoder 771 
family. (A) Bars show 5´-tRF enrichment in 5P-type libraries and 3´-tRF enrichment in 772 
5X-type libraries. (B) Top 15 expressed isodecoders in 5X-notag and their 773 
corresponding expression levels (black-grey-white bars) and 5´/i´/3´ ratios (blue/light 774 
blue stacked bars) in regular 5X-seq and 5P-seq libraries. (C) Same as (B), but the top 775 
expressed isodecoders in 5P-tag sub-libraries. (D-G) Show tRF coverage plots of a 776 
selection of isodecoders, separated by 5´, i' and 3´ tRF classification (left, middle and 777 
right panels, respectively). (D) AspGCU, illustrating anticodon-loop cleavage with both 778 
5´ and 3´ halves. (E) GlyGCC, illustrating a 5´ half tRF cleaved in the anticodon-loop 779 
and a short 3´ tRF cleaved in the T-loop. (F) LysCUU, illustrating many 5´- and 3´-tRFs, 780 
but also an i'-tRF resulting from D- and T-loop cleavage. (G) ArgCCU showing a i'-tRF 781 
cleaved between the anticodon- and T-loops. CPM = counts per million reads. 782 
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