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Abstract 32 

The mitochondrial genome (mt-DNA) functional repertoire has recently been enriched in 33 

mammals by the identification of functional small open reading frames (sORFs) embedded in 34 

ribosomal DNAs. Through comparative genomic analyses the presence of putatively 35 

functional sORFs was investigated in birds. Alignment of available avian mt-DNA sequences 36 

revealed highly conserved regions containing four putative sORFs that presented low 37 

insertion/deletion polymorphism rate (<0.1%) and preserved in frame start/stop codons in 38 

>80% of species. Detected sORFs included avian homologs of human Humanin and Short-39 

Humanin-Like-Peptide 6 and two new sORFs not yet described in mammals. The amino-acid 40 

sequences of the four putative encoded peptides were strongly conserved among birds, with 41 

amino-acid p-distances (5.6 to 25.4%) similar to those calculated for typical avian mt-DNA-42 

encoded proteins (14.8%). Conservation resulted from either drastic conservation of the 43 

nucleotide sequence or negative selection pressure. These data extend to birds the 44 

possibility that mitochondrial rDNA may encode small bioactive peptides. 45 

 46 
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1. Introduction 56 

Mitochondria are cell organelles mainly involved in the production of ATP required to 57 

sustain biological exergonic processes (1). ATP synthesis mostly occurs within the oxidative 58 

phosphorylation (OXPHOS) system that is composed of five protein complexes combining 59 

subunits encoded by nuclear (nuc-DNA) and mitochondrial (mt-DNA) genomes (2-3). In 60 

animals, mt-DNA usually contains 37 genes that encode 22 tRNAs, 2 rRNAs (12S & 16S) 61 

and 13 mitochondrial protein-coding genes (mt-PCGs) that complement the subunits 62 

encoded by nuc-DNA to constitute the OXPHOS system (4). 63 

This traditional mt-DNA description has been questioned in the last decade with the 64 

description in various distantly related multicellular organisms of highly conserved small open 65 

reading frames (sORFs), scattered within mt-DNA and showing characteristics suggesting 66 

encoding function (5). In human mt-DNA, eight sORFs have already been identified as 67 

effectively encoding small peptides and called Humanin (Hn) (6-7), MOTS-c (8) or SHLP1-6 68 

(9). These peptides encoded by sORFs of different sizes (45-90 pb) embedded on both 69 

strands of the 12S (MOTS-c) or 16S (Hn, SHLP1-6) rDNAs are obtained after mitochondrial 70 

or cytosolic translation (10). Translated products are detected in the bloodstream and exert a 71 

large spectrum of biological actions including anti-apoptotic and metabolic effects (11). 72 

Owing to the large number of identified peptides and their biological roles, a novel concept of 73 

mitochondria-derived peptide-signalling is slowly emerging in recent years (10, 12). To date 74 

studies focused on human and rodent laboratory models, suggesting that this concept may 75 

be extended at least to the class of mammals. However the existence of a dual encoding role 76 

(rRNA and small peptides) for mitochondrial rDNAs has rarely been explored in other classes 77 

of animals. Only one study, using data mining approaches, reported that the humanin gene 78 

was conserved in 10 bird species while it was pseudogenized in many vertebrates (13). The 79 

common presence of the humanin gene in primates, some rodents and birds (13) warrants 80 

investigating more deeply the putative presence of mt-DNA-encoded peptides in birds. 81 
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Here, we propose an original in silico blind approach to test the peptide-encoding 82 

potential of 12S and 16S rDNAs in the highly diversified class of birds through the detection 83 

of sORFs. Birds together with mammals exhibit endothermy that requires a tachymetabolism 84 

that might necessitate preserving metabolically active signals. Functional sORFs should a 85 

priori be found in highly conserved regions of 12S/16S rDNAs and should also fulfil 86 

characteristics of functional coding regions such as reading frame maintenance and amino-87 

acid sequence conservation. Our bioinformatics analysis therefore included stringent filters 88 

(14) to avoid the detection of false-positive sORFs. 89 

 90 

2. Material and Methods 91 

 92 

2.1. Collection of mt-DNA sequences and alignment 93 

All available (at the time of the study) complete avian mt-DNA sequences (RefSeq) 94 

were extracted from GenBank (552 species). Sampled species represented all avian orders 95 

in various proportions (42% Passeriformes, 11% Galliformes, 5% Anseriformes, 5% 96 

Pelecaniformes, 5% Gruiformes, 5% Psittaciformes, 5% Charadriiformes, 3% 97 

Collumbiformes, 3% Apodiformes, and 0.2-2% each for all other orders). Collected 98 

sequences of avian mt-DNA were aligned using MUSCLE (15) through MEGA07 software 99 

(16). 100 

2.2. Identification of highly conserved rDNA regions 101 

Highly conserved rDNA regions were identified by comparing region conservation to 102 

the average conservation of the rDNA alignment. Conservation (C) corresponds to the 103 

proportion of invariable sites (C=1-(S/L)), where S is the number of variable sites and L is the 104 

net number of analysed positions. Conservation threshold was fixed to keep the rDNA 105 

regions that are conserved at least 10% more than the rest of the rDNA gene (rDNA region 106 
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(C) > entire rDNA (C) + 0.1). The window width of rDNA region was determined as the 107 

minimum width that allowed a region to be significantly conserved at α=0.05 (under the 108 

hypergeometric distribution). To select only highly conserved regions, we kept detected 109 

regions with α<10-6. Calculations (17) were made using DNAsp v5.10.01 (18). 110 

2.3. sORFs detection 111 

sORFs were detected by submitting the consensus sequences (threshold 25%, 112 

considering gaps) of highly conserved regions to the NCBI bioinformatics tool ORFFinder. 113 

Both heavy and light mt-DNA strands were screened and potential translation was addressed 114 

using mitochondrial or standard genetic codes. To avoid the detection of an excessive 115 

number of potential interesting sequences, the minimal length of detected sORFs was set at 116 

45 nucleotides (https://www.ncbi.nlm.nih.gov/orffinder/). 117 

2.4. Peptide-encoding features and sORF selection process.  118 

A multiallelic estimation of the level of insertion/deletion (InDel) polymorphism 119 

(considering all insertion/deletion events) was made for the concatenate of the thirteen mt-120 

PCGs (in the order: ATP6/8, COX1/2/3, CytB, ND1/2/3/4/4L/5/6), for the two 12S and 16S 121 

rDNAs and for all highly conserved sORFs detected. This step was defined to select sORFs 122 

with a level of InDel polymorphism close to or lower than that measured for all mt-PCGs with 123 

the assumption that coding sequences should have low InDel polymorphism to maintain 124 

reading frame and conserve the translated a-a sequence. We then verified, for each of the 125 

552 species studied, the effective presence of in frame (compared with initially detected 126 

consensus sORF) start codons (“ATG” for standard genetic code; “ATG” or “ATA” for 127 

mitochondrial genetic code) and stop codons (“TAA”, “TAG” or “TGA” for standard genetic 128 

code; “TAA”, “TAG”, “AGA” or “AGG” for mitochondrial genetic code). This enabled us to 129 

estimate a percentage of sORF preservation that corresponds to the proportion of species 130 

with a given putative encoding sORFs ≥45 nucleotides flanked by in frame start/stop codons. 131 

A high degree of preservation is expected for functional and biologically relevant peptide 132 
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encoding sORFs. A stringent threshold of ≥80% of preservation among species led to select 133 

only a limited number of sORFs that were compared with human homologous mt-DNA 134 

regions. Comparison was performed by aligning avian 16S consensus rDNA with human 16S 135 

rDNA reference sequence (Homo sapiens mitochondrion complete genome, NCBI Reference 136 

Sequence NC_012920.1, Position: 1671:3229). We also estimated for each of the remaining 137 

selected sORFs the non-synonymous substitution rate (number of non-synonymous 138 

substitutions / non-synonymous sites, Ka), the synonymous substitution rate (number of 139 

synonymous substitutions / synonymous sites, Ks) (19-25) and both nucleotide and amino-140 

acid p-distances. Values were compared with those calculated for avian mt-PCGs. All 141 

calculations were made through MEGA07 (16) and DNAsp v5.10.01 (18).  142 

2.5. RT-PCR analysis of sORF expression.  143 

sORF functionality was assessed by the detection of targeted transcripts using 144 

reverse transcription-polymerase chain reaction (RT-PCR). Total RNA was extracted with 145 

Trizol from either pectoralis muscle sample obtained from a 6-wk old Muscovy duckling 146 

(Cairina moschata). After digestion of RNA extracts with DNase I (Thermo Fisher Scientific), 147 

mRNA were purified using a Dynabeads® mRNA purification kit (Thermo Fisher Scientific) 148 

and quantified using a Qubit™ Fluorometer (Thermo Fisher Scientific). Reverse transcription 149 

(RT) of 1 µg RNA was performed using polyT as primer and 200 U MMLV-RT (InVitrogen) 150 

according to the manufacturer protocol. PCR was then performed in a total volume of 20 µL 151 

using platinium Taq polymerase (Invitrogen) and a Hybaid thermocycler (Thermo Fisher 152 

Scientific). After an initial denaturation at 94°C for 3 minutes, 30 cycles of denaturation at 153 

94°C for 45 s, annealing at 55°C for 30 s and extension at 72°C for 60 s were used. A final 154 

extension was performed at 72°C for 10 min. Forward and reverse primers were designed 155 

from muscovy duck 16S rDNA sequence (GenBank Accession: NC_010965.1) and were: av-156 

Hn 5’- CCT AAC CGT GCA AAG GTA GC-3’ and 5’- AGT TCC ACA GGG TCT TCT CG -3’ 157 

(product size 155 bp); av-scO2 5’- ATA GAA ACC GAC CTG GAT TG -3’ and 5’- GTT TAC 158 

GAC CTC GAT GTT GG -3’ (product size 127 bp). Actin was used as a positive control for 159 
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mRNA extracted from muscle 5’-GAC GAG GCC CAG AGC AAG AGA-3’ and 5’-GGG TGT 160 

TGA AGG TCT CAA ACA-3’ (product size 225 bp). A positive control of mt-DNA transcription 161 

was also used: av-Cox1 5’-AAC TAG GCC AAC CAG GGA CT-3’ and 5’-AGA TGA GGC 162 

GAG CAG TAG GA-3’ (product size 230 bp). The amplified products were separated 163 

according to their size on 2% agarose gel stained with ethidium bromide and images were 164 

acquired with a Kodak Digital Science™ DC120 Camera.  165 

 166 

3. Results and Discussion 167 

 168 

3.1. Identification of highly conserved regions & detection of avian sORFs 169 

The conservation pattern of avian rDNAs was assessed by calculating nucleotide 170 

divergences for all positions without insertion/deletion event along the 12S and 16S rDNAs. 171 

As shown in Fig.1, the average nucleotide divergence among birds of a 45 nucleotides 172 

sliding window was heterogeneously distributed along 12S and 16S rDNAs. In both 12S 173 

(Fig.1A) and 16S rDNAs (Fig.1B), divergence was heterogeneously distributed with regions 174 

of relatively high divergence (>15%) and others with very low divergence (<5%), suggesting 175 

that some regions are more functionally constrained among bird species. Heterogeneous 176 

conservation along 12S/16S rDNA with strongly conserved positions has already been 177 

described in several prokaryotic and eukaryotic taxa (27, 28), but present data are the first to 178 

focus specifically on birds.  179 

Heterogeneous conservation of rDNA sequence is not surprising as evolution of rDNA 180 

depends on the secondary structure of encoded rRNA, with fast- and slow-evolving positions 181 

in loop-encoding and stem-encoding regions respectively (29). Specific peptide-encoding 182 

sORF in slow-evolving regions could constitute an additional constraint considerably 183 

affecting the conservation of some specific portions of rDNA. Accordingly, our analysis on 184 

bird sequences revealed three hotspots of remarkably small divergences in either 12S (2.1 ± 185 
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0.9% at Pos. 508 (window 485-529)) or 16S rDNA (1.4 ± 1.0% at Pos. 840 (window 819-863) 186 

or 0.08 ± 0.03% Pos. 1303, (window 1282-1326)) (Fig.1). Assuming that important peptide 187 

encoding rDNA regions should be strongly conserved during bird evolution, we looked for 188 

highly significantly (p<10-6) conserved regions in 12S/16S rDNAs. Calculations (see 189 

Methods) led to identify 5 significantly (p<0.05) conserved regions and 3 of them, located 190 

either in 12S or 16S rDNAs, were highly significantly (p<10-6) conserved among bird species 191 

and logically contained the three hotspots of drastic conservation (Fig.1). 192 

Using the avian consensus sequences of the identified highly conserved regions, 193 

sORFs were then detected with ORFFinder. We searched for potential coding sequences 194 

≥15 a-a (≥45 nucleotides) with reference to vertebrate mitochondrial genetic code and/or 195 

standard genetic code, according to the features noticed in mammals for the peptide-196 

encoding sORFs already identified (5, 6-9, 14). This strategy enabled us to detect 17 sORFs 197 

embedded in either 12S (5 sORFs, Fig.1A) (Table S1) or 16S (12 sORFs, Fig.1B) (Table 198 

S2). sORFs were numbered according to their position in the sequences, 1 to 5 in 12S and 6 199 

to 17 in 16S and labelled as being detected by referring to either mitochondrial genetic code 200 

(e.g. 1m/2m...) or standard genetic code (e.g. 1s/7s...). Two sORFs were detected by 201 

referring to both mitochondrial and standard genetic codes (1m/1s/10m/10s) and were each 202 

considered as distinct sORFs (mitochondrial vs cytosolic forms) for the following analyses, 203 

because of genetic code-dependent variations in i) sORF length related to differences in 204 

sORF initiation and stop codons positions and ii) in the composition of translated a-a 205 

sequences. 206 

3.2. Low level of InDel polymorphism in avian sORFs?  207 

The mere fact of detecting sORFs in conserved regions does not mean that they are 208 

functional and specifically conserved during evolution (30, 31), especially since avian rDNA 209 

sequences contain a high percentage of GC both in 12S (49.5%) and 16S (45.1%) that 210 

would likely favour the random presence of sORFs in non-coding sequences. However, a 211 

direct consequence of the existence of functional peptide encoding regions is a weak level of 212 
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insertion / deletion (InDel) events to maintain reading frame and thus to conserve the 213 

translated a-a sequence. This feature can be verified for avian mt-DNA genes by measuring 214 

the InDel polymorphism rate (InDel Pi) for rDNAs and for the concatenate of all mt-PCGs. 215 

The InDel Pi (/100 sites) was more than 20 times lower for mt-PCGs (0.16%) than that 216 

measured for 12S (3.68%) or 16S (4.6%) rDNAs (Fig.2).   217 

Within the detected conserved sORFs, nine sORFs presented InDel Pi in the same 218 

order of magnitude (ranging from 0.96 to 3.55%) as those measured for the entire 12S or 219 

16S rDNAs suggesting the absence of specific pressure during evolution to maintain the 220 

reading frame by comparison with the rDNA gene in which they are included. By contrast, 221 

seven sORFs (2m, 9m, 10ms, 11s, 15m, 16s, 17m) presented very low InDel Pi (ranging from 222 

0.007 to 0.094%) that were even lower than that measured for the concatenate of avian mt-223 

PCGs (Fig.2). These extremely low InDel Pi are consistent with the maintenance of putative 224 

reading frames, as would be expected in peptide/protein-coding regions. Present data 225 

therefore suggest that the seven sORFs detected in the consensus avian 16S rDNA might 226 

encode peptides that impose functional constraints on sequences during evolution by 227 

comparison with the rest of the gene in which they are included.  228 

3.3. In frame sORF preservation among bird species? 229 

To provide additional arguments in favour of their putative peptide-encoding role, we 230 

focused on these seven detected sORFs and verified their effective presence in all 552 bird 231 

species. For each sORF in every species, we looked for the presence of both start and stop 232 

codons in frame with the initially detected consensus sORF and flanking a region of ≥45 233 

nucleotides. We then calculated the percentage of sORF preservation (Fig.3) that 234 

corresponds to the proportion of bird species meeting those criteria and kept sORFs 235 

preserved in more than 80% of studied bird species. This high level of preservation was 236 

chosen to keep sORFs with a significant biological role potentially imposing strong 237 

conservation with evolution.  238 
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As shown in Fig.3, estimations of sORF preservation varied among the seven selected 239 

sORFs indicating that neither the low nucleotide diversity (Fig.1) nor the low InDel 240 

polymorphism rate (Fig.2) of the sORFs in the consensus sequence would ensure their 241 

preservation in all bird species. For the last 12S sORF detected in the consensus sequence 242 

and that fulfilled previous filters (2m), only 41.3% of bird species preserved a ≥45 nucleotides 243 

sORF. Similarly, despite strong nucleotide sequence conservation, sORF 9m and 15m were 244 

preserved in 66.3% and 29.9% of birds, respectively. Only a limited number of sORFs were 245 

preserved in more than 80% of studied species and they were all found in 16S rDNA: 10m 246 

(82.1%), 10s (81.3%), 11s (91.3%), 16s (97.8%) and 17m (99.1%). Such high degree of 247 

preservation is indicative of functional constraints to maintain the sequence of specific 248 

sORFs in most bird species. The presence of sORFs with robust peptide-encoding features 249 

exclusively in avian 16S rDNA is consistent with the observations in mammals in which 250 

identified encoding sORFs were mostly found within 16S rDNA (n=7) (6, 7, 9) while only one 251 

encoding sORF was detected in 12S (8). 252 

3.4. Are avian sORFs potentially coding for orthologs of peptides already identified in 253 

humans? 254 

The consensus sequences of the four remaining avian 16S sORFs were aligned with 255 

human 16S rDNA sequence (NC_012920.1, Pos.1671:3229). Both avian consensus and 256 

human sORF homologous regions were translated into a-a sequences using appropriate 257 

genetic codes and compared (Table 1). Among the four remaining sORFs, we identified 258 

putative avian orthologs of humanin (sORF 10ms: av-Hn) and SHLP6 ((sORF 16s: av-SHLP6) 259 

that were encoded by the strand (+) of avian 16S rDNA. The deduced sequence of av-Hn 260 

consensus peptide (obtained after either mitochondrial or cytosolic translation) showed 58% 261 

identity (14 of the 24 a-a were identical) with the cytosolic form of human Hn. Present data 262 

confirm and extend the previous finding of a potentially functional humanin gene in ten bird 263 

species (13) by documenting the conservation of av-Hn in >80% of the 552 bird species in 264 

which mt-DNA sequence was available. There was an even greater degree of a-a 265 
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conservation through evolution for SHLP6 as the human and avian proteins showed 90% 266 

identity (18/20 identical a-a) (Table 1).  267 

The presence of conserved orthologs for humanin and SHLP6 in birds and mammals 268 

suggests that these peptides exhibit essential biological roles. In mammals, humanin was 269 

shown to reduce apoptosis (32, 33) and to favour cardioprotection (34), while the various 270 

SHLPs were shown to act as age‐dependent regulators of apoptosis, insulin sensitivity and 271 

inflammatory markers (9). The essential actions of these peptides as potent cell-survival and 272 

metabolic factors might contribute, at least in part, to the necessity to preserve their a-a 273 

composition and functional a-a motifs (Table 1) during evolution. It remains to be shown that 274 

these biological roles have been preserved in birds. 275 

The other two sORFs (11s, 17m) identified in our analysis were both putatively encoded 276 

by the strand (-) of avian 16S rDNA and did not match with any characterized human 277 

encoding sORFs. These new identified sORFs were called av-scO1 (11s) and av-scO2 (17m) 278 

for “avian strongly conserved sORFs 1 and 2”. The presence of putative encoding sORFs in 279 

the non-coding strand (-) of avian 16S rDNA is in agreement with the presence of sORFs 280 

encoding SHLPs (SHLP1 to 5) in the non-coding strand (-) of human 16S rDNA (9). 281 

Interestingly, despite a global overlap with av-Hn (pos. 886-960, strand (+)) and thus a same 282 

substitution rate in their common nucleotide area (pos. 913-960), no homologous sORF was 283 

identified in human for av-scO1. The translated human a-a sequence would result in a a-a 284 

sequence with only 24% identity (4/17 a-a identical) with the avian putative peptide. For av-285 

scO2, the potential human peptide despite being shorter would show 94% identity with the 286 

avian form (16/17 a-a identical). These observations suggest that av-scO1 appears to be 287 

specific to bird species while av-scO2 would be a more ubiquitous sORF highly conserved at 288 

least in endothermic vertebrates. The experimental confirmation that these sORFs are 289 

functional and encode for biologically active peptides now remains to be appropriately 290 

verified. To provide additional arguments concerning the potential encoding function of 291 

detected sORFs we analysed the nucleotide composition around the start codon to detect 292 
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potential Kozak sequence (GCC(G/A)CCAUGG) that represent translation initiation signals 293 

(TIS) facilitating the recognition of AUG codon by ribosomal subunits (35). No strong robust 294 

Kozak-like sequences could be found in the detected sORFs. When focusing on the two 295 

main sites (3(G/A) and +4G) associated with high translation efficiency in mammals (36), we 296 

only noted the presence of +4G for av-Hn and av-scO2. Nevertheless, the absence of 297 

characteristic TIS does not mean that selected sORFs could not encode peptides on account 298 

of the fact that only 40% of mammalian mRNAs present highly efficient TIS and 10% of them 299 

do not present the characteristic nucleotides -3(G/A) and +4G (37). 300 

Since our large scale blind analysis successfully identified putative avian orthologs of 301 

peptides already identified in mammals, it gave some confidence to tackle the 302 

characterization of the peptides encoded by the new sORFs. To strengthen our analyses, we 303 

harnessed available bird transcriptomic data (NCBI GEO DataSets) to determine whether the 304 

putative sORF are transcribed. Most interestingly, we found sequences corresponding to the 305 

four selected sORFs in mRNA libraries obtained from several tissues of Gallus gallus (38) or 306 

Anser cygnoides (39) including heart, breast muscle or adipose tissue. Note that mRNA 307 

libraries were prepared for sequencing using TruSeq stranded mRNA sample preparation 308 

guide or the Ribo-ZeroTM kit to remove rRNA. Although the possibility that transcripts 309 

containing the sORFs encoded by the strand(+) could be related to traces of 16S rRNA not 310 

removed by mRNA purification cannot be fully excluded, the finding of transcripts encoded by 311 

the stand(-) such as av-scO1 and 2 is not expected unless they relate to specific 312 

transcriptions of these regions (9). To further strengthen our in silico findings we performed 313 

preliminary investigations of potential transcription using RT-PCR detection of one sORF of 314 

each strand (av-Hn and av-scO1). As shown in Fig.4, RT-PCR amplicons of expected size 315 

could be found using purified mRNAs extracted from duck pectoralis muscle. When RT was 316 

omitted, no amplicon was detected showing the specific amplification of poly-adenylated 317 

transcripts. Although these preliminary observations are promising signatures of sORF 318 

functionality, the presence of translated peptides now requires to be investigated.  319 
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3.5. Negative selection pressure for avian sORFs?  320 

The amino acid composition conservation of a peptide / protein coding gene among 321 

species is known to result from a strong global nucleotide conservation, but also from an 322 

increase of the inconsequential rate of synonymous (syn.) substitutions (number of syn. 323 

substitution / number of syn. sites, Ks) at the expense of non-syn. substitutions rate (number 324 

of non-syn. substitution / number of non-syn. sites, Ka). Thus, negative selection pressure 325 

(Ka/Ks ratio <1) highlighted when comparing nucleotide sequence of different species is 326 

generally the consequence of the presence of common peptide / protein coding region, which 327 

requires to conserve the amino acid composition during evolution (40).  To assess the type of 328 

selection pressure underwent by the four selected 16S sORFs within bird species, both Ka 329 

and Ks were estimated for each pairwise comparison of species and compared with that 330 

underwent by the 13 mt-PCGs. Ka values were plotted as a function of Ks values for each 331 

sORF and for the concatenate of avian mt-PCGs. With 552 bird species to compare, this 332 

represented 152 352 pairwise comparisons per plot. To simplify the representation, only the 333 

regression lines of each plot were drawn (Fig.5) and their respective slope (Ka/Ks) and 334 

regression coefficient (R2) were given. Results indicated that except for av-scO2 that 335 

appeared to be under neutral selection (Ka/Ks slope = 0.94), av-scO1 (Ka/Ks slope = 0.32) 336 

and the putative orthologs of humanin (Ka/Ks slope = 0.25 (mt.) / 0.22 (std.)) and SHLP6 337 

(Ka/Ks slope = 0.36) were all under a strong negative selection pressure during bird 338 

evolution. Such negative selection pressure is indicative of the need to conserve the amino 339 

acid composition of the putative encoded peptides.  340 

As shown in Fig.5, the concatenate of proteins encoded by avian mt-PCGs appeared 341 

under an even higher (Ka/Ks slope = 0.10) negative selection than the selected avian sORFs 342 

suggesting that the conservation of mt-proteins among bird species would be accordingly 343 

higher. To verify this point, we calculated the amino acid conservation (p-distances) among 344 

birds for the peptides/proteins encoded by the four sORFs and mt-PCGs. As shown in Fig. 345 

5A, similar or greater conservations of a-a composition were unexpectedly found for the 346 
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translated peptide sequences of av-Hn (15.4 ± 4.8% (mt.); 16.9 ± 4.6% (std.)), av-SHLP6 347 

(6.6 ± 2.0%), av-scO1 (25.4 ± 4.9%) and av-scO2 (5.6 ± 2.0%) as compared with the 348 

concatenate of all mt-PCGs (14.8 ± 0.3%) (Fig.6A). Despite overall conservation of 349 

sequences, there were small substitutions in amino-acid composition that could affect the 350 

functionality of the encoded peptide depending on the region concerned. It is difficult at this 351 

stage to conclude about their impact on the functionality of the encoded peptides without 352 

molecular validation of peptide function at the amino-acid level. However, the conservation of 353 

the two putatively functional motifs found in av-Hn (“SEIDL”) or av-scO2 (“TDLD”) was 354 

analysed and compared with the global p-distance measured for the entire sORF. We found 355 

a remarkable conservation of the functional motif of av-scO2 TDLD (1.0 ± 0.2%) that 356 

underwent a stronger constraint than the entire av-scO2 sORF (5.6 ± 2.0%), suggesting a 357 

putative important role in the peptide functionality. By contrast, the av-Hn functional motif 358 

SEIDL was not more conserved (21.7 ± 0.17% (both mt. and std.)) than the entire sORF 359 

(15.4 ± 4.8% (mt.); 16.9 ± 4.6% (std.)). This was related to a strong positive selection 360 

underwent by the first a-a of the SEIDL motif (mean Ks: 3.7%; mean Ka: 25.6%), while the 361 

last four positions were less variable (10.7 ± 4.7%). Thorough analysis revealed the 362 

predominance of only two amino-acids at the first position (the fourteenth position when 363 

considering entire av-Hn peptide sequence) of the motif, with 291 species (53%) presenting 364 

a serine (Ser14) and 228 species (41%) presenting a glycine (Gly14) at this position. 365 

Interestingly, a Gly14-Hn variant was also characterized in mammals, and was shown to 366 

have a 1000-fold higher neuroprotective activity than the Ser14-Hn variant (41). The non-367 

synonymous mutations observed in birds at the 14th position of av-Hn might thus reflect an 368 

adaptation of av-Hn functionality in birds that encode a Gly14-Hn but additional experimental 369 

verifications of these aspects are needed. Another functional site described in the literature 370 

for Hn was the cysteine at the eighth position of the peptide (Cys8), observed in both avian 371 

consensus and human peptide sequences. The presence of a cysteine at this position was 372 

essential to the anti-apoptotic function of the peptide (42). This amino acid was found to be 373 

present in nearly all 552 bird species studied, except one (Turdus philomelos) that presented 374 
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a frameshift that modified the encoding amino-acid at this position. More investigations are 375 

needed to verify if this InDel event indeed occurred or if it is only the consequence of a 376 

sequencing error.   377 

Interestingly, the four putatively encoded peptides showed greater amino-acid 378 

conservation than those measured for known mt-PCGs in contrast with calculated Ka/Ks 379 

values (Fig.5). However, negative pressure intensity not only depends on the functional 380 

importance of the sequence of the encoded protein in studied species but also on the global 381 

substitution rate observed between nucleotide sequences (43-45). We therefore plotted 382 

Ka/Ks ratio as a function of nucleotide conservation for the known or putative coding 383 

sequences in birds (Fig.6B). There was a global negative relation between negative pressure 384 

intensity and the nucleotide substitution rate estimated by measuring the nucleotide p-385 

distance for each studied regions (Fig.6B). For similar nucleotide conservation, for instance 386 

with av-SHLP6 and av-scO2, Ka/Ks values could be very different. This might be due to the 387 

fact that an increase of the global substitution rate in protein coding regions will mainly affect 388 

synonymous sites to conserve a-a composition. Consequently, fast-evolving coding genes 389 

show higher Ks values and consequently lower Ka/Ks ratio than slow-evolving genes, 390 

regardless of the functional importance of the encoded a-a (43). Therefore, av-scO2, 391 

drastically conserved among bird species (nuc. p-distance= 2.0±0.9%) and resulting in a 392 

strong peptide conservation (5.6±2.0%), could be qualified as a slow-evolving coding gene 393 

as compared with the fast-evolving mt-PCGs (nuc. p-distance= 20.8±0.2%) showing higher 394 

protein divergence (14.8±0.3%). Thus, the apparent neutral selection observed for av-scO2 395 

(Ka/Ks= 0.94) in Fig.5 was the consequence of extremely low values of both Ka (mean Ka= 396 

3.2%) and Ks (mean Ks= 2.3%), as compared with the values calculated for the concatenate 397 

of all mt-PCGs (mean Ka= 8.3%; mean Ks= 55%). It was not related to the importance of av-398 

scO2 a-a composition. Altogether, present results indicate that the strong conservation of the 399 

deduced a-a sequence for the four selected 16S sORFs, that was similar to that calculated 400 
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for avian mt-PCGs, was the result of drastic nucleotide conservation (av-SHLP6 and av-401 

scO2) or strong negative selection pressure (av-Hn and av-scO1) during bird evolution.  402 

3.6. Are there only four putatively encoding sORFs in avian 12S and 16S rDNA? 403 

Our cautious approach to detect sORFs verifying peptide-encoding features after 404 

applying stringent filters aimed at minimizing the risk of selecting false-positive sequences. 405 

The down side of this drastic selection is that some of the rejected sORFs, not fulfilling all 406 

criteria, could anyway encode peptides. Filtering on InDel polymorphism was relevant 407 

because it identified a distinct sORF population presenting very low InDel rates, in 408 

agreement with the need to maintain reading frames specific to peptide/protein encoding 409 

regions. Filtering on the presence of both start and stop codons in frame with initially 410 

detected consensus sequences should however be moderated. Indeed, the conservative 411 

vision which attributes to “AUG” (and “AUA” in mitochondria) the exclusive initiation of 412 

translation is debated (46). As an example, when regarding all the avian mt-PCGs collected 413 

for this study, we noticed a non-traditional initiation codon (other than “AUG” or “AUA”) in 414 

15.5% of bird sequences. In a similar way, the condition of in frame start codon is not verified 415 

for SHLP1 and SHLP3 in the 16S rDNA of Sprague Dawley rats (Table S3), while the 416 

peptides are detected in blood and SHLP3 exhibits biological effects (9). We therefore 417 

analyzed the selection pressure underwent by the three sORFs discarded due to their low 418 

percentage of “sORF preservation” (2m, 9m, 15m). Interestingly, we found similar Ka/Ks 419 

values to those found for the four selected sORFs that fulfilled all criteria, with a strong 420 

negative selection for 12S-sORF 2m (Ka/Ks slope: 0.30) and 16S-sORF 9m (Ka/Ks slope: 421 

0.15) allowing a good conservation of amino-acid composition (7.8 ± 4.7% and 8.5 ± 3.8%, 422 

respectively) (Table S1/S2). The 16S-sORF 15m underwent a less potent negative selection 423 

(Ka/Ks slope: 0.65), but the strong conservation of its nucleotide composition (7.9 ± 2.3%) 424 

enabled a good conservation of amino-acid composition (11.8 ± 4.6%) (Table S2), as was 425 

the case for av-SHLP6 and av-scO2. These 3 sORFs, even if they are not as robust 426 

candidates as the four sORFs selected by our stringent cut-off selection, might also encode 427 
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peptide in bird species. It follows that additional molecular and biological approaches are 428 

requested to overcome the limits of bioinformatics analysis (47) and draw up an exhaustive 429 

list of all the peptides effectively encoded by mitochondrial rDNAs. 430 

4. Conclusion 431 

A large scale comparative genomic analysis of available avian mt-DNA sequences 432 

(552 species) showed that in highly conserved regions of avian 16S rDNA, four sORFs 433 

exhibited peptide-encoding features comparable to those measured for all avian mt-PCGs, 434 

with a low InDel polymorphism rate (<0.1%), a high preservation of both start and stop 435 

codons (present in more than 80% of species) and a high conservation of a-a composition 436 

allowed by very low substitution rate and/or negative selection pressure on nucleotide 437 

sequences. Among the four selected sORFs, two were identified as encoding for the putative 438 

orthologs of human humanin and SHLP6 while the others were highly conserved at least 439 

among birds suggesting important biological roles for the putative encoded peptides. 440 

Altogether, these findings extend to birds the notion already characterised in human and 441 

rodents that sORFs embedded in mitochondrial rDNA may encode biologically active 442 

peptides.  443 
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 600 

Fig. 1. Nucleotide divergences along 12S (A) and 16s (B) avian rDNAs (552 avian species). 601 

Divergences were calculated for all positions without InDel events from the alignment of 12S 602 

or 16S rDNAs. Values are the mean divergences ± SEM of a 45 nucleotides sliding window. 603 

Highly conserved regions identified in 12S or 16S rDNA (p-value < 10-6) are represented by 604 

dark rectangles. Note that other regions were significantly conserved (p<0.05) (12S: 605 

positions 213-300; 16S: positions 51-155 and 223-317). The consensus sequences of highly 606 

conserved regions were used to detect highly conserved sORFs (≥ 45 nucleotides) in 12S 607 

(n=5) and 16S (n=11) rDNAs by referring to mitochondrial and/or standard genetic codes.   608 

 609 

 610 
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 613 

 614 

Fig. 2. InDel polymorphism rates (InDel Pi) of detected sORFs in 12S or 16S rDNAs referring 615 

to either mitochondrial (m) or standard (s) genetic code. InDel Pi values calculated for the 616 

entire 12S or 16S rDNAs and for the concatenate of the thirteen mt-PCGs are indicated by 617 

dotted lines. White bars represent sORFs with InDel Pi values close to those measured for 618 

the entire 12S (3.68%) or 16S (4.6%) rDNAs. Dark bars represent sORFs with InDel Pi 619 

values lower than that calculated for the concatenate of the 13 mt-PCGs (0.16%). Note that 620 

the y axis was broken and two scales are used for clarity.   621 
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 630 

Fig. 3. sORF preservation of seven selected sORFs in bird species. The percentage of 631 

preservation corresponds to the proportion of bird species presenting start and stop codons 632 

in frame with initially detected consensus sORFs and flanking a region of ≥45 nucleotides. 633 

Dark histograms represent the four sORFs preserved in more than 80% of bird species. Note 634 

that sORF 9ms is detected by using both mitochondrial and standard genetic codes.  635 

 636 
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 639 

 640 
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 643 

 644 

 645 

 646 

Fig. 4. RT-PCR analysis of the expression of av-Hn and av-scO2 in pectoralis muscle from a 647 

6-wk-old muscovy duckling. RT-PCR reactions were performed using mRNAs that were 648 

purified from total RNA extracted from muscle tissue with Dynabeads® mRNA purification kit 649 

after DNAse I digestion to remove traces of DNA and 30 cycles of PCR amplification were 650 

used. Expected sizes were 155 bp for av-Hn and 127 bp for av-scO2. As positive controls, 651 

avian actin (225 bp), encoded by a nuclear gene, and avian cytochrome c oxidase subunit 1 652 

(av-Cox1, 230 bp), encoded by a mitochondrial gene, were used. As negative controls, PCR 653 

amplifications of RNA not submitted to reverse transcription (RT(-)) were used with primers 654 

for av-Hn (a) or av-scO2 (b) and poly(dT) to verify that only polyadenylated transcripts were 655 

detected with RT-PCR. A 100 bp ladder (L) is shown. 656 

  657 
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 658 

 659 

Fig. 5. Relation between Ka and Ks for the selected avian sORFs and avian mitochondrial 660 

protein coding genes (mt-PCGs). Trend lines were drawn for each sORF and for the 661 

concatenate of avian mt-PCGs and their respective slope (Ka/Ks) and R squared (R2) values 662 

are indicated. These plots were obtained for each DNA region by calculating Ka and Ks 663 

values for pairwise comparisons among all studied bird species (552 bird species, 152 352 664 

pairwise comparisons per plot). The slope of trend lines is a good indicator of the selective 665 

pressure imposed on the nucleotide region, by indicating either positive (Ka>Ks), neutral 666 

(Ka=Ks) or negative selection (Ka<Ks).   667 

 668 
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             672 

Fig. 6. Conservation of a-a sequence for the proteins / peptides of interest (A) and relation 673 

between the rate of substitution and the negative selection intensity in birds. Proteins / 674 

peptides of interest were those potentially encoded by the selected sORFs and the 675 

concatenate of the known proteins encoded by mitochondrial protein-coding genes (mt-676 

PCGs). The p-distance among all 552 studied bird species was calculated by using either 677 

translated peptide (A) or nucleotide (B) sequences. Variances were estimated through 100 678 

bootstrap replications of each calculation. The relation between the rate of substitution and 679 

the negative selection intensity (B) was drawn by plotting Ka/Ks ratio as a function of 680 

nucleotide p-distance value for each region. The smaller the Ka/Ks ratio, the higher the 681 

relative intensity of negative selection.   682 
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 683 

Table 1  684 

Comparison of avian selected sORFs with potential human counterparts. 685 

sORF Position 
Gen. 
Code 

Strand Species a-a sequence Identification 

10ms 886-960 Mt/Std + 
Birds 

Human 

MAKRGLNCLLQVISEIDLPVQKQG* 

MAPRGFSCLLLLTSEIDLPVKRRA* 

av-Hn (avian orthologue of Humanin) 

Humanin (Hashimoto et al, 2001) 

16s 1238-1300 Std + 
Birds 

Human 

MLDQDILMVQPLLRVRLFND* 

MLDQDIPMVQPLLKVRLFND* 

av-SHLP6 (avian orthologue of SHLP6) 

SHLP6 (Cobb et al , 2016) 

11s 913-966 Std - 
Birds 

Human 

MCVFLLLYREINFTDYL* 

AVLCPPLHGQVNFTG*K* 

av-scO1 (avian strongly conserved ORF1) 

No homologous sORF  

17m 1274-1351 Mt - 
Birds 

Human 

METDLDCSGLNSDHVGLLIVEQTNP* 

METDLDYSGLNSDHVGL* 

av-scO2 (avian strongly conserved ORF2) 

Homologous sORF not yet identified 

 686 

Bird consensus sequences and their human (NC_012920.1, Pos.1671:3229) homologous regions were aligned by codons and translated into a-687 

a sequences using either mitochondrial and/or standard genetic (gen.) codes. Putative orthologs of human peptides were renamed accordingly. 688 

sORFs with no human counterpart so far were also renamed. The position of each sORF in consensus sequence and putative encoding strand 689 

are specified. Bold letters indicate conserved a-a in birds and human. Analysis of putative peptides with the PROSITE database 690 

(https://prosite.expasy.org/) led to identify functional domains in av-Hn and av-scO2 sequences such as putative casein kinase II 691 

phosphorylation sites (underlined bold italic letters) that are fully conserved between birds and human in either av-Hn or av-scO2.   692 
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