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Summary: Recent evidence demonstrates that novel protein-coding genes can arise de novo from 

intergenic loci. This evolutionary innovation is thought to be facilitated by the pervasive 

translation of intergenic transcripts, which exposes a reservoir of variable polypeptides to natural 

selection. Do intergenic translation events yield polypeptides with useful biochemical capacities? 

The answer to this question remains controversial. Here, we systematically characterized how de 

novo emerging coding sequences impact fitness. In budding yeast, overexpression of these 

sequences was enriched in beneficial effects, while their disruption was generally inconsequential. 

We found that beneficial emerging sequences have a strong tendency to encode putative 

transmembrane proteins, which appears to stem from a cryptic propensity for transmembrane 

signals throughout thymine-rich intergenic regions of the genome. These findings suggest that 

novel genes with useful biochemical capacities, such as transmembrane domains, tend to evolve 

de novo within intergenic loci that already harbored a blueprint for these capacities. 
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The molecular mechanisms and dynamics of de novo gene birth are poorly understood1. It is 

particularly unclear how non-genic sequences could spontaneously encode proteins with specific 

and useful biochemical capacities. To resolve this paradox, it has been proposed that pervasive 

translation of non-genic transcripts can expose genetic variation, in the form of novel polypeptides, 

to natural selection, thereby purging toxic sequences and providing adaptive potential to the 5 

organism2,3. The genomic sequences encoding these novel polypeptides have been called “proto-

genes”, to denote that they correspond to a distinct class of genetic elements that are intermediates 

between non-genic sequences and established genes3. In agreement, several studies reported that 

de novo emerging coding sequences tend to display lengths, transcript architectures, transcription 

levels, strength of purifying selection, sequence compositions, structural features and integration 10 

in cellular networks that are intermediate between those observed in non-genic sequences and 

those observed in established genes3-8. Furthermore, pervasive translation of non-genic sequences 

has been observed repeatedly by ribosome profiling and proteo-genomics3,9-12, and studies have 

shown that random sequence libraries harbor bioactive effects13-17. Nonetheless, whether and how 

native proto-genes carry adaptive potential remains unknown.  15 

We sought to formalize the predictions of adaptive proto-gene evolution. We define 

adaptive potential as the capacity to increase fitness by means of evolutionary change. While any 

sequence may in theory carry adaptive potential, changes in established genes are typically 

constrained by preexisting selected effects – the specific physiological processes mediated by the 

gene products that lead to their evolutionary conservation18. In contrast, emerging proto-genes are 20 

expected to mostly lack such selected effects, leaving them more readily accessible to adaptive 

change and innovation2,3. We reasoned that the initial adaptive potential would give way, as proto-

genes mature and the adaptive changes engender novel selected effects, in turn reducing the 
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possibility of future change. This reasoning is akin to Sartre’s “existence precedes essence” 

dictum19, and predicts that proto-genes are enriched in adaptive potential and depleted in selected 

effects relative to established genes (Fig. 1A).  

 

Fig. 1. The adaptive potential prediction: theory and empirical testing.  5 

A. Theoretical model. The evolution from non-genic sequences to proto-genes to genes is represented as in ref3; 
the transition from non-genic sequences to proto-genes is mediated by the act of translation; the transition from 
proto-genes to genes occurs along a continuum (left). Proto-genes are predicted to provide adaptive potential to 
the organism by exposing natural variation to selection, while being depleted in selected effects (right).  

B. Operational classification of emerging and established ORFs. We confront the theoretical model by 10 
systematically assessing how emerging ORFs impact fitness in budding yeast. Emerging ORFs are young (no 
detectable homologues outside of the sensu stricto genus and no conserved syntenic homologue in S. kudryiavzevii 
and S. bayanus) and do not display strong evidence that they encode a useful protein product under intraspecific 
purifying selection (Methods). Empirical testing of the theoretical prediction (A) involves experimentally 
measuring the fitness of deletion and overexpression alleles for both classes of ORFs. The numbers of emerging 15 
and established ORFs subjected to each analysis are indicated. 
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In what follows, we confronted these theoretical predictions with systematic measurements 

of how disruption and overexpression of open reading frames (ORFs) impact fitness in budding 

yeast as a function of the evolutionary emergence status of the ORFs. We classified annotated S. 

cerevisiae ORFs into emerging ORFs and established ORFs (Fig. 1B; Data S1). The established 

ORFs group contained ancestral ORFs with high interspecific conservation levels, as well as 5 

evolutionarily young ORFs that encode useful proteins under intraspecific purifying selection. The 

emerging ORFs group contained evolutionarily young ORFs whose recent evolution was 

determined by phylostratigraphy and syntenic alignments, and which lacked strong evidence of 

encoding a useful protein product (Methods). As expected, emerging ORFs tend to be short and 

weakly transcribed relative to established ORFs (Mann-Whitney U test P<2.2x10-16 in both cases). 10 

Most emerging ORFs (>95%) are annotated as Dubious or Uncharacterized by domain experts 

(Methods), as it is currently unclear whether they correspond to spurious non-genic ORFs or to 

young genes whose physiological implications remain to be discovered.    

Selected effects 

We compared estimated fitness costs of disrupting emerging and established ORFs. To this aim, 15 

we first examined fitness estimates generated from a large collection of systematic deletion and 

hypomorphic alleles20. After removing ORFs with overlapping genomic locations, we obtained 

fitness estimates for 239 emerging and 4,410 established ORFs (Fig. 1B). Fitness estimates were 

markedly higher when comparing deletions of emerging ORFs to deletions of established ORFs 

(Mann-Whitney U test P=1.5x10-17). For example, only 8% of emerging ORFs were associated 20 

with even a small fitness cost (n=19; fitness estimate<0.9), relative to 29% of established ORFs 

(n=1,290; Fisher’s exact test P<3.6 x10-15) (Fig. 2A). The low fitness cost of disrupting emerging 

ORFs in laboratory conditions was consistent with their low native expression level (Fisher’s exact 
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test P = 0.09), and more pronounced than expected compared to established ORFs of matched 

length distribution (Fisher’s exact test P = 3.6x10-15) (Extended Data Fig. 1A).  

To investigate how the disruption of emerging ORFs impacts fitness in natural conditions, 

we analyzed intraspecific sequence variation across 1,011 S. cerevisiae isolates21. Counting the 

number of isolates in which the ORF structures (defined as start, stop and frame without 5 

considering sequence similarity) were intact in each group, we found ORF structures to be 

markedly more variable across isolates for emerging than established ORFs (Fig. 2B), including 

established ORFs with matched length and expression level distributions (Fisher’s exact test P < 

2.1x10-15 in both cases) (Extended Data Fig. 1B). For example, while 80% of established ORFs 

were intact in more than 90% of isolates, indicating that they are fixed within the species, this was 10 

only the case for 41% of emerging ORFs. Furthermore, estimates of within-species nucleotide 

diversity were markedly higher for emerging than established ORFs (Mann-Whitney U test 

P=6.4x10-46) (Fig. 2C). Altogether, our results confirmed that disrupting emerging ORFs is 

generally inconsequential for survival in both laboratory and natural settings, as expected for loci 

that lack evidence of encoding a useful protein product. These findings argue against the notion 15 

that emerging ORFs might correspond primarily to young established genes whose physiological 

implications remain to be discovered. 
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Fig. 2. Disruption of emerging ORFs is generally inconsequential for fitness  

A. Deletion of emerging ORFs incurs lesser fitness costs than deletion of established ORFs. Empirical 
cumulative distribution function for emerging (blue) and established (black) ORFs; fitness of deletion strains in 
rich media (YPD) at 30ºC as estimated by ref20, averaged over multiple alleles per ORF when applicable. 5 
Vertical red line illustrates the fraction of ORFs of each group with fitness less than 0.9. 

B. ORF structures are more variable for emerging than established ORFs across 1,011 S. cerevisiae isolates. 
Empirical cumulative distribution function for emerging (blue) and established (black) ORFs; ORF structure 
defined as intact in a pairwise alignment if the positions of the start codon and stop codons are maintained, the 
frame is maintained, and intermediate stop codons are absent. Vertical red line illustrates the fraction of ORFs 10 
of each group found intact in less than 90% of isolates. 

C. Emerging ORFs display higher nucleotide diversity than established ORFs across S. cerevisiae isolates. 
Density distributions for emerging (blue) and established (black) ORFs; nucleotide diversity estimated over 
multiple alignments lacking unknown base calls exclusively. Vertical dashed lines represent group means. 

 15 

Adaptive potential  

Across kingdoms, one type of evolutionary change that typically accompanies de novo gene birth 

is an increase in expression level22. It follows that, according to our prediction (Fig. 1A), increasing 

the expression level of emerging ORFs should increase the organism’s fitness more frequently 

than when the same perturbation is imposed on established ORFs (whose expression levels have 20 

presumably been optimized by natural selection). Alternatively, if emerging ORFs mostly 

correspond to spurious non-genic ORFs with no role in de novo gene birth, increasing their 

expression level should generally be neutral or toxic, and not provide fitness benefits. Systematic 

overexpression screens have been shown to recapitulate the outcomes laboratory evolution 
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experiments23. We thus developed a dedicated overexpression screening strategy to identify ORFs 

that increased relative fitness upon increased expression, whereby colony sizes of individual 

overexpression strains were compared with those of hundreds of replicates of a reference strain 

with the same genetic background on ultra-high-density arrays (Fig. 3A; Methods).  

 5 

Fig. 3. Testing the adaptive potential prediction by estimating relative fitness upon 

overexpression. 
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A. Strategy to screen for relative fitness effects of overexpression strains. Yeast strains overexpressing emerging 
and established ORFs, and reference strains, are arrayed at ultra-high-density on plates containing agar media. 
Fitness is estimated from the distributions of colony sizes of technical replicates. Number of colonies are rounded 
to the nearest hundred. See Methods. 

B. Fraction of emerging (blue) and established (white) ORFs displaying increased, decreased and unchanged 5 
fitness effects relative to the reference. Environmental condition was SC-URA+GAL+G418 media (Table S1). 
Error bars represent standard error of the proportion. 

C. Emerging ORFs are 4.5 times more likely to increase relative fitness when overexpressed than established 
ORFs, and 3.1 times less likely to decrease relative fitness.  Odds ratios derived from the data shown in panel B. 
Vertical error bars represent 95% confidence intervals. Horizontal dashed line indicates odds ratio of 1. All odds 10 
ratios are significantly different from 1 (P<0.00002).  

D. Emerging ORFs are consistently more likely to increase fitness and less likely to decrease fitness than 
established ORFs when overexpressed in five different environments. “N”: poor (-), complete (+) or rich (++) 
supplementation of amino-acids; C: complete (+) or rich (++) supplementation of carbon sources (Table S1). 
Odds ratios represent the likelihood of emerging ORFs to increase or decrease relative fitness compared to 15 
established ORFs. Vertical error bars represent 95% confidence intervals. Horizontal dashed lines indicate odds 
ratio of 1. All odds ratios are significantly different from 1 (P<0.00002). 

E. Proportion of ORFs displaying increased fitness relative to the reference in at least one of five different 
environments. Blue: emerging ORFs; White with solid contour line: established ORFs; White with dashed contour 
line: established ORFs sampled with replacement according to the distribution of ORFs lengths and native RNA 20 
expression levels of emerging ORFs. While sampling shorter or less expressed established ORFs did marginally 
increase the proportion found adaptive, none of these factors was sufficient to explain the high proportion of 
emerging ORFs found adaptive. Error bars represent standard error of the proportion. 

 

We deployed our screening strategy in a plasmid-based overexpression collection24 25 

containing 285 emerging ORFs and 4,362 established ORFs (Fig. 1B), having verified that the 

presence of an overexpression plasmid did not lead to a detectable growth defect relative to a 

plasmid-free strain (Extended Data Fig. 2; Methods). Strains overexpressing 14 emerging and 

49 established ORFs displayed increased relative fitness in complete media, representing 4.9% 

and 1.1% of the total number of emerging and established ORFs tested, respectively (Fig. 3B). 30 

Overall, overexpressing most ORFs did not significantly change colony sizes relative to the 

reference strain. Nevertheless, overexpression of emerging ORFs was 4.5 times more likely to 

increase relative fitness, and 3.1 times less likely to decrease relative fitness, than overexpression 

of established ORFs (Fig. 3C). The tendency of emerging ORFs to increase fitness when 

overexpressed was also observed in the context of a pooled competition in the same media (Mann-35 
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Whitney U test P=5.5x10-32) (Extended Data Fig. 3A). Emerging ORFs with increased relative 

fitness displayed effect sizes ranging from 7.9% to 19% (Extended Data Fig. 3B), which is 

remarkable since adaptive mutations resulting in a 10% fitness increase are estimated to reach 5% 

of the population in ~200 generations and fix in ~500 generations23. One of the beneficial emerging 

ORFs identified by our experiments was MDF1 (YCL058C), one of the best-studied examples of 5 

adaptive de novo origination25,26. 

Expanding our screening strategy to five environments of varying nitrogen and carbon 

composition (Table S1; Data S3), we found that strains overexpressing emerging ORFs were 

consistently 3- to 6-fold more likely to increase relative fitness and 3- to 4-fold less likely to 

decrease relative fitness, compared to strains overexpressing established ORFs, across all 10 

environments tested (Fig. 3D). Notably, while overexpression of only 2.9% of established ORFs 

increased relative fitness in at least one environment (n=126), this was the case for 9.8% of 

emerging ORFs (n=28) (Fig. 3E, Extended Data Fig. 4). Sixty percent (17/28) of these adaptive 

emerging ORFs provided fitness benefits across two or more environmental conditions (empirical 

P-value <10-5; Extended Data Fig. 4). The strong over-representation of adaptive effects in 15 

emerging ORFs relative to established ORFs (Fisher’s exact test P = 1.2x10-7; Odds ratio: 3.7) 

could not be explained by their short length or low native expression levels (Fig. 3E).  

The 28 adaptive emerging ORFs we identified as increasing relative fitness when 

overexpressed did not seem any more required for survival than other emerging ORFs (P>0.05 

when comparing fitness cost of deletion, ORF intactness and nucleotide diversity across isolates). 20 

Furthermore, these ORFs were never found to be toxic in any of the conditions we tested, in 

contrast with established ORFs which can be toxic in one environment even when adaptive in 

another. It is thus unlikely that these adaptive emerging ORFs have already evolved useful 
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physiological roles, in line with the adaptive proto-gene evolution prediction (Fig. 1A). Overall, 

our experiments show that expression of dispensable emerging ORFs can provide fitness benefits 

across multiple environments, and thus facilitate de novo gene birth.  

Beneficial biochemical capacities 

Although we predicted the adaptive potential of emerging ORFs, the molecular mechanisms that 5 

may mediate such beneficial effects remain mysterious. It has been suggested that high levels of 

intrinsic structural disorder may be associated with adaptive fitness effects27 based on the 

observation that young de novo genes are highly disordered in many species27-30. However, in S. 

cerevisiae, recently-evolved ORFs are predicted to be less disordered than conserved ones3,7,29,31 

and increasing the expression of disordered proteins causes deleterious promiscuous interactions32. 10 

The 28 adaptive emerging ORFs identified in our screens did not exhibit high intrinsic disorder 

(Fig. 4A). In fact, their translated products were predicted to be significantly less disordered that 

neutral and deleterious emerging ORFs (Mann-Whitney U test P=0.03 and P=0.02, respectively). 

Our data thus indicates that disorder is unlikely to be a beneficial biochemical capacity that 

promotes de novo gene birth in S. cerevisiae, although it may be in other lineages with more 15 

complex regulatory systems33.  

In S. cerevisiae, young ORFs display high GC content7 and TM propensity, the latter 

presumably mediated by a sequence composition biased towards hydrophobic and aromatic 

residues3,8,34. We investigated whether these properties may promote beneficial fitness effects in 

S. cerevisiae, after verifying that adaptive, neutral and deleterious emerging ORFs presented 20 

indistinguishable ORF length distribution (Mann-Whitney U tests P>0.3 for all comparisons). GC 

content was slightly lower in adaptive than neutral emerging ORFs (Fig. 4B). Adaptive emerging 

ORFs however displayed strikingly high TM propensity as measured by both average TM residue 
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content and fraction of ORFs with full TM domains according to two prediction algorithms (Figs. 

4C-F). Though remarkably pronounced and robust in emerging ORFs, the association between 

TM propensity and fitness benefits was absent in established ORFs (Extended Data Figs. 5-6). 

Thus, our data suggests that emerging ORFs containing TM domains promote fitness in budding 

yeast.    5 

 

Fig. 4: TM propensity is associated with beneficial fitness effects in emerging ORFs  

A. No association between high disorder and beneficial fitness effects. The average fraction of ORF length 
predicted to encode disordered residue in adaptive, neutral and deleterious emerging ORFs is shown. Adaptive 
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emerging ORFs are less disordered that neutral and deleterious emerging ORFs (Mann-Whitney U test P=0.03 
and P=0.02, respectively). Error bars: s.e.m. 
B. No strong association between GC content and fitness. Adaptive emerging ORFs have a slightly lower GC 
content than neutral ones (Mann-Whitney U test P = 0.04). Error bars = s.e.m. 
C-F. Strong association between high TM propensity and beneficial fitness effects. The average fraction of 5 
ORF length predicted to encode TM residues (C-D) and the fraction of ORFs predicted to contain at least one 
full TM domain (E-F) according to TMHMM (C, E) and Phobius (D, F) in adaptive, neutral and deleterious 
emerging ORFs are shown. TM propensity is significantly greater in adaptive than neutral emerging ORFs in all 
cases (C-D: Mann-Whitney U tests P<0.0025; E-F: Fisher’s exact tests P<0.025). Error bars: s.e.m. (C-D) and 
standard error of the proportion (E-F).  10 

 

Cryptic origins of transmembrane domains 

These putative adaptive TM domains may have evolved progressively throughout the ORF 

emergence process (ORF-first) or may result from intergenic sequence biases present in the 

genome prior to ORFs emergence (TM-first). To distinguish between these scenarios, we 15 

compared the TM propensities of established and emerging ORFs with those of artificial ORFs 

corresponding to the hypothetical translation products of intergenic sequences predicted after 

removing intervening stop codons (iORFs; Methods). TM propensities were lowest in established 

ORFs, intermediate in emerging ORFs and highest in iORFs (Fig. 5A). This result, consistent with 

a previous study34, held when established ORFs and iORFs were sampled to match the length 20 

distribution of emerging ORFs (Extended Data Fig 7). Scrambled control sequences, retaining 

the same length and nucleotide composition as the real genomic sequences, displayed surprisingly 

high TM propensities (Figs. 5A). Altogether, these observations supported the TM-first scenario.  

Previous analyses encompassing multiple species have shown that GC content negatively 

correlates with expected TM propensity29 and that the TM domains of established membrane 25 

proteins consist of stretches of hydrophobic and aromatic residues encoded by thymine-rich 

codons35. We thus hypothesized that the high thymine content of yeast intergenic sequences 

(Extended Data Fig. 6) may facilitate the emergence of novel polypeptides containing TM 
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domains with adaptive potential. In agreement with this hypothesis, a strong influence of thymine 

content on TM propensity was observed regardless of ORF type, ORF length, or whether the 

sequences were real or scrambled (Fig. 5B, Extended Data Fig. 7). Established ORFs displayed 

non-random TM propensities, while emerging ORFs and iORFs appeared enriched in TM domains 

relative to their thymine content (Figs. 5A-B, Extended Data Fig. 7). We also estimated the TM 5 

propensity of small unannotated ORFs that pervasively occur throughout the genome (sORFs). 

TM propensity in sORFs was also largely driven by their thymine content, and markedly increased 

when they occupied a larger portion of the intergenic region from which they were extracted (Figs. 

5B-C). Altogether, these results showed that the yeast genome harbors a pervasive TM propensity, 

facilitated by a high thymine content, and further magnified by additional intergenic sequence 10 

signals which possibly reflect a form of preadaptation to the birth of novel proteins36 or other 

constraints. This discovery converges with our finding that overexpressing emerging ORFs with 

TM domains tends to increase relative fitness (Fig. 4). Together, these two findings suggest that 

proto-genes with adaptive biochemical capacities, such as TM domains, are most likely to emerge 

when the blueprint for these capacities existed in the genome before the acquisition of translation 15 

capacities (Fig. 5D). 
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Figure 5. Pervasive transmembrane propensity throughout the genome.  

A. Propensity of ORFs to form TM domains. Scrambled sequences maintain the same length and nucleotide 
composition as the real genomic sequences. Intervening stop codons are removed from iORFs and scrambled 
sequences. sORFs occur pervasively in the genome. Error bars: standard error of the proportion.  5 
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B. Thymine content influences TM propensity. From left to right: established ORFs, emerging ORFs, iORFs, 
sORFs. Top panel: Bar graph represents the fraction of ORFs that encode a putative TM domain, binned by 
thymine content (bin size = 0.1) and compared between real (pink) and scrambled (brown) sequences. Error 
bars represent standard error of the proportion. Overlaid density plots represent the distribution of all 
sequences per category. Bottom panel: scatterplot showing the fraction of sequence length predicted to be 5 
TM residues as a function of thymine content. Only ORFs predicted to encode a putative TM domain are 
included in the bottom panel. Individual real (pink) and scrambled (brown) sequences are shown in the 
scatterplot with transparency; points of higher intensity indicate that sequences sampled multiple times. 
Linear fits with 95% confidence intervals are shown.  

C. Additional intergenic sequence signals increase the probability that sORFs contain TM domains. Only sORFs 10 
between 25 and 75 codons that are fully contained within intergenes were included in this analysis. Blue 
rectangles on horizontal black lines illustrate how sORFs of a given length can occupy a small (left) or large 
(right) fraction of intergenic sequence length. Horizontal dashed lines represent the fraction of emerging 
ORFs (light blue) and iORFs (dark blue) between 25 and 75 codons predicted to contain putative TM 
domains. Error bars represent standard error of the proportion. 15 

D. A new model for adaptive proto-gene evolution. Our data suggests that intergenic thymine content influences 
the TM propensity of novel translated products, which in turn influences their adaptive potential. 

 

An emerging ORF with adaptive potential caught in the process of fixation 

To further investigate this hypothesis, we sought to retrace the evolutionary history of a specific 20 

locus to determine whether an ORF-first or TM-first scenario was most likely. We focused on 

YBR196C-A, one of the 28 adaptive emerging ORFs identified on our screens that was predicted 

to contain a TM domain and whose ORF structure appears relatively stabilized within S. cerevisiae 

(intact ORF in 95% isolates; one of six annotated ORFs in the genome with these characteristics). 

Extensive sequence similarity searches across a broad phylogenetic range (Methods) failed to 25 

identify sequences similar to YBR196C-A in species beyond the Saccharomyces genus, consistent 

with a recent origin. Aligning syntenic sequences across six Saccharomyces species revealed that 

ORFs of varying lengths in different reading frames were present in some, but not all, species of 

the clade, with highly variable primary sequences (Extended Data Fig. 8). Ancestral 

reconstruction along the clade (Methods; Fig. 6C) showed that no potential ORF longer than 30 30 

codons was present in the Saccharomyces ancestor, in any reading frame (Extended Data Fig. 8), 

confirming the de novo origination of YBR196C-A.  
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The initial ORF that became YBR196C-A (YBR_IO) likely originated at the common ancestor 

of S. kudriavzevii, S. mikatae, S. paradoxus and S. cerevisiae and already encoded putative TM 

domains. In fact, the ancestral intergenic sequence at the base of the clade already contained a suite 

of codons that would have had the capacity to encode TM domains, had it not been interrupted by 

stop codons (Fig. 6C). This TM propensity persisted in most extant sequences despite substantial 5 

primary sequence changes. Consistent with our previous analyses (Fig. 5), YBR196C-A is 

extremely T-rich (48%, 99th percentile of all annotated ORFs) and so are its extant relatives and 

reconstructed ancestors. The inferred evolutionary history of the YBR196C-A locus was therefore 

largely consistent with a TM-first scenario. 
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Fig. 6. YBR196C-A, a TM emerging ORF with adaptive potential.  

A. YBR196C-A emerged in an ancestral non-genic sequence with high cryptic TM propensity. Results of 
ancestral reconstruction software are summarized along the Saccharomyces genus phylogenetic tree. Branch 
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lengths are not meaningful. Theoretical translations of extant and reconstructed sequences are shown, with 
ORF boundaries indicated by a green M and a red *. ORF-less ancestors displayed were chosen for 
illustration purposes. Except for the intergenic ancestor, the translation of the sequence that aligns to the start 
codon of YBR196C-A is shown, in the relevant frame, and until the first stop codon is reached.  

B. Ybr196c-a colocalizes at the ER with Scs2p. Chromosomally integrated Scs2-mCherry and plasmid-borne 5 
Ybr196c-a-EGFP localization was assessed using confocal microscopy.  

C. Ybr196c-a colocalizes at the ER, but not at the Golgi, with Sec13p. Chromosomally integrated Sec13-RFP 
and plasmid-borne Ybr196c-a-EGFP localization was assessed using confocal microscopy.  

D-F. Predicted 3D structures for the translation products of YBR_IO (D), YBR_SP (E), YBR196C-A (F). Model 1 
predictions by Robetta are shown. YBR_IO is predicted to encode an all-b strand protein. YBR_SP is predicted 10 
to encode a protein with multiple short a-helices (longest are 13 and 14 residues; between positions 18 and 
31, and 58 to 72, respectively). YBR196C-A is predicted to encode a protein with a long a-helix (20 residues; 
positions 9 to 29 between Pro and Arg). 

G. Ybr196c-a is predicted to stably integrate membranes. Molecular dynamics simulation shows that, after 
200ns, the peptide has kept the helix intact, with N and C terminal tails interacting with the surface of the 15 
lipid bilayer. 

 

Besides its predicted TM propensity, there is no published evidence that the protein encoded 

by YBR196C-A has the potential to integrate into cellular membranes. The predicted TM 

propensity could be an artifact arising from having applied existing TM prediction methods, which 20 

were trained on established membrane proteins. To test this, we visualized cells overexpressing 

YBR196C-A tagged with green fluorescent protein by confocal microscopy (Methods). The 

protein colocalized with two markers of the endoplasmic reticulum membrane: Scs2p and Sec13p 

(Figs. 6A-B, Extended Data Fig. 9). In a fraction of the cells, the protein also localized to puncta, 

where colocalization was observed with Scs2p, but not Sec13p (Extended Data Fig. 9). We did 25 

not observe localization at the cell periphery, nor colocalization with mitochondrial, peroxisomal 

or vacuolar markers (Extended Data Fig. 9). The protein encoded by another emerging ORF, 

YAR035C-A, was observed specifically in the mitochondrial membrane when we visualized it 

using the same methods (Extended Data Fig. 10). Therefore, the YBR196C-A locus has the 

potential to encode a protein that associates with a select subset of cellular membranes. 30 

YBR_IO displayed a strong TM propensity, but underwent major changes in primary sequence 

including frameshifts, truncations and elongation throughout Saccharomyces evolution (Fig. 6C). 
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Furthermore, examination of syntenic loci in five S. paradoxus isolates showed that the YBR196C-

A homologue in this species (YBR_SP) failed to display an equivalent level of intraspecific 

constraints as YBR196C-A in S. cerevisiae. An ORF was present in the syntenic loci of four out of 

five isolates but it displayed frameshift-induced variation in length and sequence, despite 

substantial conservation in the TM-containing N-terminal region of the alignment (Extended Data 5 

Fig. 8). Thus, our screening possibly “caught” YBR196C-A in the process of actively establishing 

itself in the S. cerevisiae genome, after going through substantial changes since YBR_IO first 

presented blueprints for TM domains to the action of natural selection.   

We further determined that adaptive mutations are actively shaping the molecular changes 

observed in the protein sequence, consistent with our model (Fig. 1). A positive selection test 10 

across the four Saccharomyces species containing ORFs yielded statistically significant results (P 

= 0.01, LRT: D = 8.9, df = 2) and identified three sites under positive selection. These results were 

robust to the choice of statistical model (Methods) and showed slightly increased significance 

when focusing on the TM region of the alignment (First 30 codons: P = 0.007, LRT: D = 10, df = 

2). Furthermore, a pairwise dN/dS (omega) calculated over the first 30 codons of the alignment 15 

between S. cerevisiae and S. paradoxus was significantly greater than 1 regardless of the model 

used (YN: 4.5, LWL85: 1.7, LPB93: 3.8, NG86: 1.9). 

To investigate the impact of this rapid sequence evolution at the protein level, we compared 

the predicted 3D structures of the putative proteins encoded by YBR_IO, YBR_SP and YBR196C-

A. All three shared a conserved predicted TM domain in the N-terminal region, but this domain 20 

contained a Gly in YBR_IO and YBR_SP that mutated to Ala in YBR196C-A (Extended Data Fig. 

8). A second, Phe-rich, low complexity TM domain was predicted for YBR_IO and YBR_SP in the 

C-terminal region of the alignment, again presenting Gly and Pro residues (Extended Data Fig. 
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8). Gly and Pro are known for their low helix propensity in solution37 and in a membrane 

environment38, and expectedly hindered the formation of a-helical structures in 3D models 

generated with the ab initio prediction server Robetta39. In fact, the models were almost all b 

strands rather than helices for YBR_IO (Fig. 6D). Models of YBR_SP displayed short, broken a-

helices relative to models of YBR196C-A, due to the extra Gly and Pro residues (Figs. 6E, F; 5 

Extended Data Fig. 8). The only structural models capable of spanning the membrane were those 

for YBR196C-A. Four out five models predicted by Robetta for Ybr196c-a yielded a robust TM 

helical structure spanning 20 residues flanked by Pro in N-terminal and a pair of charged Arg in 

C-terminal, and explicit solvent molecular dynamics simulations of these 3D structures in a 

membrane bilayer strongly supported that YBR196C-A has the potential to encode a single pass 10 

membrane spanning protein (Fig. 6G).  

Discussion 

Several theories predicted that emerging sequences must carry adaptive potential for de novo gene 

birth to be possible2,3,40. Our results validate this prediction and support an experiential model for 

de novo gene birth whereby a fraction of incipient proto-genes with adaptive potential can 15 

subsequently mature and, as adaptive changes engender novel selected effects, progressively 

establish themselves in genomes in a species-specific manner (Figs. 1, 6). This model, consistent 

with studies showing that de novo emerging sequences remain volatile for millions of years5,22,41-

44, emphasizes that the selective pressures acting on proto-genes are different from those acting on 

canonical protein-coding genes.  20 

Our work suggests that incipient proto-genes that expose cryptic TM domains through 

translation are more likely to carry adaptive potential than others, and thus more likely to contribute 

to evolutionary innovation through positive selection in S. cerevisiae (Figs. 4-6). This novel 
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mechanistic model may explain how sequences that were never translated previously can evolve 

into novel proteins with useful physiological capacities. Indeed, we show that a simple thymine 

bias in intergenic sequences suffices to generate a diverse reservoir of novel TM peptides (Fig. 5). 

The membrane environment might provide a natural niche for these novel peptides, shielding them 

from degradation by the proteasome, and allowing subsequent evolution of specific local 5 

interactions while reducing the potential for deleterious promiscuous interactions throughout the 

cytoplasm. Our examination of the YBR196C-A locus illustrates how a thymine-rich intergenic 

sequence with high TM propensity can, upon acquisition of translation signals, be molded by 

positive selection into a genuine TM ORF with adaptive potential that acquires selected effects as 

it matures over millions of years.   10 

 Our discovery that emerging ORFs containing TM domains tend to increase fitness when 

overexpressed (Fig. 4) is surprising given the elaborate systems controlling the insertion and 

folding of TM domains and preventing their aggregation45. No current model could have 

anticipated this and, to our knowledge, this is the first report of a biochemical protein feature being 

empirically associated with adaptive potential besides life-saving antifreeze glycoproteins in polar 15 

fishes46. How might expression of a TM proto-gene confer a growth advantage? This is an exciting 

unanswered question raised by our studies, for which one might consider several speculative 

models. Expression of TM proto-genes may cause a preconditioning stress, modestly inducing the 

unfolded protein response (UPR), heat-shock protein or other protein chaperone expression. This 

type of preconditioning stress has been shown across species to confer a benefit to subsequent 20 

exposure to stressors47-51. Novel TM domains might also beneficially associate with larger 

membrane proteins, such as transporters or signaling proteins52. Alternatively, insertion of proto-

gene TM domains could alter the biophysical properties of the lipid bilayer itself, slowing diffusion 
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of lipids within the bilayer, reducing diffusion of molecules across the membrane or altering 

membrane curvature through molecular crowding53-55. It is important to note that no single model 

may explain their adaptive effects universally. How the emerging TM proteins are addressed at the 

membrane by the cellular machinery, or why TM domains would become selected against with 

evolutionary time, is as of yet unclear.   5 

 A previous analysis of young de novo genes in 17 Saccharomycotina genomes found them 

to be consistently more TM rich than conserved genes34. Furthermore, among the rare de novo 

genes with characterized phenotypes, several are predicted to encode TM domains. These include 

Saturn, a de novo gene specific to the fruit fly Drosophila melanogaster essential for 

spermatogenesis and sperm function58, and TMRA, a vertebrate de novo gene specific to the 10 

songbird Zebra finch expressed in the part of the brain associated with vocal learning59. The human 

Papillomavirus type 16 E5α onco-gene, which encodes a TM protein localized at the Golgi 

apparatus, might also have emerged de novo56,57. The positive growth impact of de novo emerging 

TM sequences we observed in yeast might have oncogenic implications, since experiments showed 

that random TM sequences have the ability to transform mouse cells17. An abundance of cryptic 15 

TM domains in unannotated translated sequences was reported in Drosophila60 and in E. coli, 

where many novel TM proteins appear involved in stress response61,62. Mammalian micro peptides 

translated from lncRNAs and active in muscles also have TM domains, which can act as co-factors 

in complex molecular processes52,63,64. Thus, the implications of cryptic TM domains in de novo 

gene birth likely generalize beyond S. cerevisiae.  20 
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Methods 

 

Yeast strains used for screening. Barcoded haploid yeast overexpression strains in the BY4741 

background from the BarFLEX collection24 were used for screening purposes together with the 

reference strain with matched genetic background. The reference strain was created by growing a 5 

randomly selected BarFLEX strain on SC+GLU+G418+5FOA to chase the plasmid, then 

transforming the plasmid-less strains with the destination plasmid pBY011. 

Overexpressed ORFs included in the screen analyses are listed in Source Data 1. All strains 

were kept in SC-URA+GLU+G418 glycerol stocks at -80°C in 384-well format until used for 

screening. Growth medium composition are detailed in Extended Data Table 1, strain genotypes 10 

in Extended Data Table 2 and plasmids in Extended Data Table 3. 

 

Yeast strains used for microscopy. Using the Gateway System® (Life Technologies, Carlsbad, 

CA), the emerging ORFs (YBR196C-A and YAR035C-A) were first cloned into donor vector 

pDNOR223 using BP recombination (Gateway BP Clonase II Enzyme Mix, Life Technologies) 15 

and then transferred to destination vector pAG426GAL-ccdB-EGFP by LR recombination 

(Gateway LR Clonase II Enzyme Mix, Life Technologies). The expression vectors were then used 

to transform multiple strains carrying organelle markers that were chromosomally-tagged with 

fluorescent proteins, using the LiAc/PEG/ssDNA protocol65 and selected on media lacking uracil. 

See Extended Data Tables 2 and 3 for detailed information about the plasmids and strains used. 20 

 

Classification of S. cerevisiae ORFs. Annotated ORFs were assigned to the established group or 

the emerging group based on their interspecific conservation levels (young, old) and protein-
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coding signatures. Genome annotations for 6,310 S. cerevisiae ORFs from the Saccharomyces 

Genome Database (SGD)66 were used keeping a consistent version with ref3. Protein-coding 

signatures were derived from 3 lines of evidence as in ref3: signatures of translation in ribosome 

profiling data sets; signatures of intra-species purifying selection estimated from 8 S. cerevisiae 

strains; ORF length longer than expected by random mutations (300nt). ORFs were categorized as 5 

young when they 1) had no homologues detectable by phylostratigraphy beyond the 

Saccharomyces clade (conservation level £4) as in3 and 2) had no syntenic homologue with more 

than 50% sequence similarity in S. kudriavzevii or S. bayanus (see Synteny analysis below). All 

young ORFs that displayed less than 3 of the protein-coding signatures were assigned to the 

emerging ORFs group. All other ORFs (old ORFs and young ORFs with strong protein-coding 10 

signatures) were assigned to the established ORFs group.  

We also defined artificial intergenic ORFs (iORFs) and genomic small ORFs (sORFs) as 

follows. iORFs were generated as in ref7: first, non-annotated genomic regions were extracted 

using bedtools subtract 67 and the annotation GFF file downloaded from SGD. Then, stop codons 

in the +1 reading frame were removed, and the sequences in that frame were translated and used 15 

to calculate the various properties. sORFs include all non-annotated ORFs that showed no signs 

of translation from ref3, that were longer than 75nt, and did not entirely overlap annotated ORFs 

in any strand (n=18,503).   

 

Synteny analysis. We identified syntenic blocks for young ORFs across four Saccharomyces 20 

species by using the downstream and upstream genes of the young ORFs as anchors The orthologs 

of the anchor genes were downloaded from ref68. In cases where a continuous syntenic block could 

not be constructed between two anchor genes, it was constructed by aligning the ±1kb region 
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surrounding the anchor gene with the largest number of orthologs (identified by ref69; downloaded 

from SGD). Multiple alignment of the syntenic blocks were generated using MUSCLE70 using the 

default parameters of the msa R package71. 

       For each syntenic block, we identified all non-S. cerevisiae ORFs that overlapped with the S. 

cerevisiae young ORFs within the ORF±200bp region of the alignment. The overlapping region 5 

of the ORFs were extracted from the alignment, translated, and re-aligned pairwise. Similarity 

between ORFs was calculated by taking the ratio of the number of identical amino acids over the 

overlapping portion of the alignment divided by the length of S. cerevisiae ORF. All young S. 

cerevisiae ORFs with similarity higher than 50% with ORFs in S. bayanus, and S. kudriavzevii 

were excluded from the list of emerging ORFs and considered established instead. 10 

 

Annotation status of emerging ORFs. At least 95% of emerging ORFs are annotated as dubious 

or uncharacterized according to both the 2011 S. cerevisiae genome annotation (consistent with3) 

and the current one (R64-2-1). Both annotations were downloaded from SGD. 

 15 

Primary sequence analyses. Estimates for intrinsic disorder were lifted from3. GC content was 

calculated using a Python script. Percentage of residues in transmembrane domains and number 

of transmembrane domains were predicted using the online servers of TMHMM72 and Phobius73 

(Source Data 1) and secondary structure for extant and reconstructed YBR196C-A homologues 

was predicted using psiPred74 (Extended Data Fig. 8).   20 

  

Genome-wide overexpression screening on ultra-high-density colony arrays. Using a Singer 

ROTOR robotic plate handler (Singer Instrument Co. Ltd), overexpression and reference strains 

where transferred from glycerol archives to agar plates and then robotically combined into 1536-
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density agar plates (SC-URA+GLU+G418; in Extended Data Table 1). Cells on these plates were 

then transferred with the same robot at the same density to SC-URA+GAL+G418 where they were 

incubated for a day. This process was repeated once, following which the cells were robotically 

transferred to 6144-density agar plates in the screening conditions (in Extended Data Table 1). 

Throughout this transfer process, five 1536-density source plates were copied 4 times, yielding on 5 

average 4 technical replicates per overexpression strain and 3,072 replicates for the reference strain 

per screening condition. Specifically, 768 replicates of the reference strain were arrayed on one 

out of the five 1536-density plates in an alternating pattern with a replicate of the reference strain 

in every other row/column. Only four 1536-density source plates can be transferred to a single 

6144-density plate, therefore 4 out of the five 6144-density plates contained 768 replicates of the 10 

reference strain. The alternating pattern of the reference strain from the 1536-density plate was 

carried over to the 6144-density plate. As a result, the reference strain was systematically spread 

throughout the plate, appearing every 4 columns/rows, and each colony replicate of the same 

overexpression strain was always surrounded by different neighbors. This experimental set up was 

designed to mitigate neighbor effects, for instance a fast-growing colony negatively impacting the 15 

growth of its neighbors. 

 

Quantification of colony sizes. Colony size was estimated at the time point when the reference 

strain had reached saturation, which varied depending on the screening condition (Source Data 

3). Digital images of the plates were acquired in 8-bit JPEG with a SLR camera (18Mpixel Rebel 20 

T3i, Canon USA Inc., Melville/NY) with an 18-55 mm zoom lens. A white diffusor box with 

bilateral illumination and an overhead mount for the camera in a dark room were used. The 

workflow we used for colony size quantification was similar to75: (a) each plate was imaged 3 
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times to control for technical variability in image acquisition, (b) each image was cropped to the 

plate, (c) a colony grid at expected density was overlaid on the plate image, (d) each image was 

binarized by thresholding the ratio between background pixel intensity vs. colony pixel intensity, 

(e) the number of pixels at each position on the grid was counted, (f) empty positions on the grid 

were temporarily removed to avoid affecting the spatial normalization in the next steps, (g) the 5 

number of pixels at each position on the grid were averaged across all 3 images, (h) spatial 

normalization and border normalization were applied to remove local, nutrient-based growth 

effects as in76, (i) grid values were normalized  by the mode of pixel counts per plate to allow 

comparison of values across plates, (j) empty positions on the grid were added back, (k) outer 

rows/columns were excluded from downstream analysis (depth of 5 for 6144-density plates) 10 

because, even after applying the spatial and border normalization algorithms, reduced border 

artifacts could still be detected. Normalized colony size was then defined as the average of the 

normalized number of pixels per grid point corresponding to technical replicates of each 

overexpression strain.  

 15 

Identification of overexpression strains with increased and decreased relative fitness. For 

every screen, we binned all screened ORFs in 3 categories (increased fitness, decreased fitness and 

unchanged) according to their relative fitness compared to the reference strain. The P-values of a 

non-parametric Mann-Whitney U test comparing the distributions of technical replicates of each 

overexpression strain with that of the reference strain were corrected for multiple hypothesis 20 

testing using Q-value estimations as defined in77. ORFs where categorized as having increased or 

decreased relative fitness effect when overexpressed when the Q-value was lower than 0.01 and 
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the normalized colony size was higher than 95%, or lower than 5%, of the technical replicates 

reference, respectively. All other ORFs were classified as unchanged.  

The results of the five screens presented in Fig. 3 are reported in Source Data 3. These results 

were integrated as follows: ORFs that increased fitness when overexpressed in at least 1/5 

conditions were labelled “adaptive”; ORFs that decreased fitness in at least 1/5 conditions and 5 

never increased it in any of the 5 conditions were labelled deleterious; all other tested ORFs were 

labelled neutral.      

      

Simulated ORFs for transmembrane propensity analyses. Scrambling of nucleotide sequences 

was performed with a custom Python script, as follows: nucleotide positions of the sequence were 10 

randomized and whenever an in-frame stop codon was formed from the randomization, its 3 

positions were randomized again until they did not form a stop codon. Sequences analyzed in Fig. 

5 and Extended Data Figs. 6-7 were at least 25 codons long. 

In order to obtain a length distribution from a target population (e.g. established ORFs) 

similar to a template population (emerging ORFs), we performed sampling with replacement using 15 

a version of inverse transform sampling as follows. First, the template population’s distribution 

(the emerging ORF length distribution in our case) was calculated using bins of 25 codons, 

grouping those few of length between 300 and 650 codons. One thousand ORFs from the target 

populations were drawn with replacement according to this distribution. For sORFs specifically, 

all instances between 150 and 650 codons were grouped together as long sORFs are extremely 20 

rare. The data used to perform these analyses are shared in Data S4 and Data S5. 
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3D structure predictions for extant and reconstructed YBR196C-A homologues. Since these 

sequences showed no significant homology with known proteins, an ab initio prediction server, 

Robetta39, was used for 3D structure predictions. Translated sequences for YBR196C-A, YBR-SP 

and YBR_IO were used as an input for ab initio prediction. For each sequence, 4 out of 5 model 

structures showed high structural similarity with slight differences in the conformation of the N 5 

and C-terminal (Model 1 for each sequence is shown in Figs. 6D-F). Ybr196c-a with the predicted 

TM domain spanning the membrane and the C-terminal beyond R30R31 outside the membrane 

was further simulated using molecular dynamics (Fig. 6G).  

 

Molecular dynamics simulation protocol. Membrane simulation inputs were generated using 10 

CHARMM-GUI78,79. Molecular dynamics were run using CHARMM36m80 force field parameters 

at 303.23 K using Langevin dynamics. The cell box size varied semi-isotropically with a constant 

pressure of 1 bar using Monte Carlo barostat. Six-step CHARMM-GUI protocol for 225ps was 

used for equilibration. Particle Mesh Ewald (PME) was used for periodic boundary conditions 

(PBC) for evaluation of long-range electrostatic interactions, Lennard-Jones force-switching 15 

function used for van der Waals (VDW) and electrostatics calculations with nonbonded cutoff 12 

Å. Simulations were run with 2 fs time-step utilizing SHAKE algorithm to constraint hydrogen 

bonds. All simulations were run for 200 ns using Ambertools 1881 with Cuda and first 50ns were 

disregarded as equilibration time. DPPC82 was chosen for building the lipid bilayer as PC is highly 

abundant in yeast membranes83 and bilayer thickness of around 37 Å is consistent with that of the 20 

ER membrane84. TIP3P explicit water model, KCl with 0.15 M and default water thickness of 17.5 

Å were used. Length of X and Y was taken as 75 Å and DPPC ratio was used 10:10, resulting in 

approximately 83 lipid molecules on both leaflets of the membrane. Terminal group patching 
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applied to N and C terminals of the peptide. The initial position of the TM region of the peptide 

was oriented using aligned along the Z axis. The system built with replacement method and ions 

added with Ion Placing method of “distance”. Visual Molecular Dynamics85 and PyMol86 version 

1.8 were used for analysis and visualization of the trajectories. 

 5 

Intraspecific evolutionary analyses. The VCF file for 1011 S. cerevisiae isolates sequenced by21 

was downloaded from the 1002 Yeast Genome website (http://1002genomes.u-

strasbg.fr/files/1011Matrix.gvcf.gz). For each single-exon annotated ORF, nucleotide diversity 

and ORF intactness (defined as presence of start codon and stop codon in the same reading frame, 

with no intermediate stops) was derived from the VCF file based on all isolates that had calls for 10 

every position in the sequence using custom scripts.  

Genomes of five S. paradoxus isolates (CBS432, N44, UWOPS91917, UFRJ50816, YPS138) 

were acquired from87, selected to give a broad representation of S. paradoxus evolutionary 

diversity. The syntenic region of YBR196C-A was obtained by aligning the sequence between and 

including the neighboring genes YBR196C and YBR197C among all S. paradoxus strains and 15 

cerevisiae S288C using MUSCLE70.  

 

Interspecific evolutionary analyses of YBR196C-A. Similarity searches using the Ybr196c-a 

protein sequence as query were performed with TBLASTN against the Saccharomyces genomes 

and all fungal genomes downloaded from GENBANK, and with BLASTP against the NCBI nr 20 

database, using a relaxed E-value threshold of 0.001 88.  

To reconstruct the ancestral state of YBR196C-A, we first identified and extracted its 

orthologous regions in all other Saccharomyces species. We exploited SGD’s fungal alignment 
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resource to download ORF DNA + 1 kb up/downstream for guiding analyses. A multiple alignment 

of these sequences was generated using MAFFT89. A second, codon-aware alignment was 

generated with MACSE90. Using the MAFFT alignment, a phylogenetic tree was generated with 

PhyML91 with the following parameters “-d nt -m HKY85 -v e -o lr -c 4 -a e -b 0 -f e -u 

species_tree.nwk” where “species_tree.nwk” is the species topology. Ancestral reconstruction was 5 

performed with PRANK92 (on an alignment performed by PRANK, and not the one generated by 

MAFFT) using the above-mentioned tree as a guide and the parameters “-showanc -showevents –

F”. The ancestral sequences were extracted from the alignment output file of PRANK, and gaps 

were removed to obtain the nucleotide sequences, which were then translated into amino acid 

sequences.  10 

Pairwise dN/dS (omega) was calculated using yn00 from PAML93. Selection tests were 

performed using codeml from PAML. Specifically, the aforementioned codon-aware alignment 

(regenerated with only the 4 species Skud, Smik, Scer, Spar) and the corresponding PhyML guide 

tree were used together with the site model to perform the M1a – M2a (model=0, nsites=1 and 2) 

and M7 – M8 (model=0, nsites=7 and 8) Likelihood Ratio Tests of positive selection, as detailed 15 

in the PAML manual. The Bayes Empirical Bayes method at P>0.99 was used to identify sites 

under selection. 

 

Confocal microscopy. Cellular localization was determined using yeast transformed with C-

terminally, EGFP-tagged emerging ORFs (see in Extended Data Table 2) expressed from the 20 

GAL10pr and imaged using a Nikon (Tokyo) Eclipse Ti inverted swept-field confocal microscope 

(Prairie Instruments, Middleton, WI) equipped with an Apo100x (NA 1.49) objective. Pre-cultures 

were made in SC-URA+GLU+G418 and then transferred to SC-URA+GAL+G418 for 24h, prior 
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to imaging. Images were acquired using an electron-multiplying charge coupled device camera 

(iXon3; Andor, Belfast, United Kingdom) and Nikon NIS-Elements software was used to 

manipulate image acquisition parameters and post-acquisition processing was done using this same 

software, ImageJ (National Institutes of Health) and Photoshop (Adobe Systems Inc., San Jose, 

CA). An unsharp mask was applied in Photoshop to all images. Co-localization of EGFP-tagged 5 

emerging ORFs with subcellular membrane-bound organelles was assessed using mCherry-Scs2-

TM as an ER-localized marker (Table S2), Sec13-RFP as a ER-Golgi marker (Table S2), Pex3-

RFP as a peroxisomal marker (Table S2), MitoTrackerTM Red CMXRos (Thermo Fisher 

Scientific, Waltham, MA) mitochondrial superoxide indicator as a mitochondrial marker, and 

CellTracker Blue CMAC (7-amino-4-chloromethylcoumarin) dye (Life Technologies, Carlsbad, 10 

CA) as a vacuole lumen marker. Cells were incubated with 0.1 µM MitoTracker Red CMXRos for 

20 min or 100 µM of CMAC blue for 15 min for mitochondrial or vacuolar staining, respectively, 

prior to imaging94. To verify that the EGFP signal was generated by our plasmid construct, we also 

visualized the mCherry-Scs2-TM, Sec13-RFP and Pex3-RFP strains in SC+GAL+G418 after a 

pre-culture in SC+GLU+G418. 15 

Data and materials availability. Data is available in the main text, in the extended data figures 

and tables, and in source data files 1-5 on github: https://github.com/annerux/AdaptiveTMproto-

genes. Strains are available upon request.  

Code availability. Image processing and relative fitness estimations: 

https://github.com/bbhsu/protogene-analysis.  20 

Synteny analyses: https://github.com/oacar/synal.  Other analyses: 

https://github.com/annerux/AdaptiveTMproto-genes; Fisher’s and Mann-Whitney tests are two-

sided.  

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 29, 2019. ; https://doi.org/10.1101/621532doi: bioRxiv preprint 

https://doi.org/10.1101/621532
http://creativecommons.org/licenses/by/4.0/


 
 

34 
 

References 
 
1 McLysaght, A. & Hurst, L. D. Open questions in the study of de novo genes: what, how 

and why. Nat Rev Genet 17, 567-578, doi:10.1038/nrg.2016.78 (2016). 
2 Wilson, B. A. & Masel, J. Putatively noncoding transcripts show extensive association with 

ribosomes. Genome Biol Evol 3, 1245-1252, doi:evr099 (2011). 
3 Carvunis, A. R. et al. Proto-genes and de novo gene birth. Nature 487, 370-374, 

doi:10.1038/nature11184 (2012). 
4 Neme, R. & Tautz, D. Phylogenetic patterns of emergence of new genes support a model 

of frequent de novo evolution. BMC Genomics 14, 117, doi:10.1186/1471-2164-14-117 
(2013). 

5 Palmieri, N., Kosiol, C. & Schlotterer, C. The life cycle of Drosophila orphan genes. eLife 
3, e01311, doi:10.7554/eLife.01311 (2014). 

6 Li, Z. W. et al. On the Origin of De Novo Genes in Arabidopsis thaliana Populations. 
Genome Biology and Evolution 8, 2190-2202 (2016). 

7 Vakirlis, N. et al. A molecular portrait of de novo genes in yeasts. Mol Biol Evol, 
doi:10.1093/molbev/msx315 (2017). 

8 Abrusan, G. Integration of new genes into cellular networks, and their structural 
maturation. Genetics 195, 1407-1417, doi:10.1534/genetics.113.152256 (2013). 

9 Ruiz-Orera, J., Messeguer, X., Subirana, J. A. & Alba, M. M. Long non-coding RNAs as 
a source of new peptides. eLife 3, e03523, doi:10.7554/eLife.03523 (2014). 

10 Ji, Z., Song, R. S., Regev, A. & Struhl, K. Many lncRNAs, 5 ' UTRs, and pseudogenes are 
translated and some are likely to express functional proteins. eLife 4 (2015). 

11 Slavoff, S. A. et al. Peptidomic discovery of short open reading frame-encoded peptides in 
human cells. Nature Chemical Biology 9, 59-+ (2013). 

12 Ruiz-Orera, J., Verdaguer-Grau, P., Villanueva-Canas, J. L., Messeguer, X. & Alba, M. M. 
Translation of neutrally evolving peptides provides a basis for de novo gene evolution. 
Nature ecology & evolution, doi:10.1038/s41559-018-0506-6 (2018). 

13 Neme, R., Amador, C., Yildirim, B., McConnell, E. & Tautz, D. Random sequences are an 
abundant source of bioactive RNAs or peptides. Nature ecology & evolution 1, 0217, 
doi:10.1038/s41559-017-0127 (2017). 

14 Stepanov, V. G. & Fox, G. E. Stress-driven in vivo selection of a functional mini-gene 
from a randomized DNA library expressing combinatorial peptides in Escherichia coli. Mol 
Biol Evol 24, 1480-1491, doi:10.1093/molbev/msm067 (2007). 

15 Yona, A. H., Alm, E. J. & Gore, J. Random sequences rapidly evolve into de novo 
promoters. Nat Commun 9, 1530, doi:10.1038/s41467-018-04026-w (2018). 

16 Keefe, A. D. & Szostak, J. W. Functional proteins from a random-sequence library. Nature 
410, 715-718, doi:10.1038/35070613 (2001). 

17 Chacon, K. M. et al. De novo selection of oncogenes. Proc Natl Acad Sci U S A 111, E6-
E14, doi:10.1073/pnas.1315298111 (2014). 

18 Laubichler, M. D., Stadler, P. F., Prohaska, S. J. & Nowick, K. The relativity of biological 
function. Theory Biosci 134, 143-147 (2015). 

19 Sartre, J.-P. L'existentialisme est un humanisme.  (Nagel, 1946). 
20 Costanzo, M. et al. A global genetic interaction network maps a wiring diagram of cellular 

function. Science 353, doi:10.1126/science.aaf1420 (2016). 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 29, 2019. ; https://doi.org/10.1101/621532doi: bioRxiv preprint 

https://doi.org/10.1101/621532
http://creativecommons.org/licenses/by/4.0/


 
 

35 
 

21 Peter, J. et al. Genome evolution across 1,011 Saccharomyces cerevisiae isolates. Nature 
556, 339-344, doi:10.1038/s41586-018-0030-5 (2018). 

22 Tautz, D. & Domazet-Loso, T. The evolutionary origin of orphan genes. Nat Rev Genet 
12, 692-702, doi:nrg3053 (2011). 

23 Payen, C. et al. High-Throughput Identification of Adaptive Mutations in Experimentally 
Evolved Yeast Populations. Plos Genetics 12 (2016). 

24 Douglas, A. C. et al. Functional analysis with a barcoder yeast gene overexpression system. 
G3 (Bethesda) 2, 1279-1289, doi:10.1534/g3.112.003400 (2012). 

25 Li, D. et al. A de novo originated gene depresses budding yeast mating pathway and is 
repressed by the protein encoded by its antisense strand. Cell Res 20, 408-420, 
doi:cr201031 (2010). 

26 Li, D., Yan, Z., Lu, L., Jiang, H. & Wang, W. Pleiotropy of the de novo-originated gene 
MDF1. Scientific reports 4, 7280, doi:10.1038/srep07280 (2014). 

27 Wilson, B. A., Foy, S. G., Neme, R. & Masel, J. Young Genes are Highly Disordered as 
Predicted by the Preadaptation Hypothesis of De Novo Gene Birth. Nature ecology & 
evolution 1, 0146-0146, doi:10.1038/s41559-017-0146 (2017). 

28 Mukherjee, S., Panda, A. & Ghosh, T. C. Elucidating evolutionary features and functional 
implications of orphan genes in Leishmania major. Infect Genet Evol 32, 330-337, 
doi:10.1016/j.meegid.2015.03.031 (2015). 

29 Basile, W., Sachenkova, O., Light, S. & Elofsson, A. High GC content causes orphan 
proteins to be intrinsically disordered. PLoS Comput Biol 13, e1005375, 
doi:10.1371/journal.pcbi.1005375 (2017). 

30 Bitard-Feildel, T., Heberlein, M., Bornberg-Bauer, E. & Callebaut, I. Detection of orphan 
domains in Drosophila using "hydrophobic cluster analysis". Biochimie 119, 244-253, 
doi:10.1016/j.biochi.2015.02.019 (2015). 

31 Ekman, D. & Elofsson, A. Identifying and quantifying orphan protein sequences in fungi. 
J Mol Biol 396, 396-405, doi:S0022-2836(09)01447-8 (2010). 

32 Vavouri, T., Semple, J. I., Garcia-Verdugo, R. & Lehner, B. Intrinsic protein disorder and 
interaction promiscuity are widely associated with dosage sensitivity. Cell 138, 198-208, 
doi:10.1016/j.cell.2009.04.029 (2009). 

33 Liu, J., Faeder, J. R. & Camacho, C. J. Toward a quantitative theory of intrinsically 
disordered proteins and their function. Proc Natl Acad Sci U S A 106, 19819-19823, 
doi:10.1073/pnas.0907710106 (2009). 

34 Vakirlis, N. Evolution of gene repertoires and new genes in yeasts Ph.D. thesis, Paris 6, 
(2016). 

35 Prilusky, J. & Bibi, E. Studying membrane proteins through the eyes of the genetic code 
revealed a strong uracil bias in their coding mRNAs. Proc Natl Acad Sci U S A 106, 6662-
6666, doi:10.1073/pnas.0902029106 (2009). 

36 Masel, J. Cryptic genetic variation is enriched for potential adaptations. Genetics 172, 
1985-1991, doi:10.1534/genetics.105.051649 (2006). 

37 Blaber, M., Zhang, X. J. & Matthews, B. W. Structural basis of amino acid alpha helix 
propensity. Science 260, 1637-1640 (1993). 

38 Li, S. C. & Deber, C. M. A measure of helical propensity for amino acids in membrane 
environments. Nat Struct Biol 1, 558 (1994). 

39 Kim, D. E., Chivian, D. & Baker, D. Protein structure prediction and analysis using the 
Robetta server. Nucleic Acids Res 32, W526-531, doi:10.1093/nar/gkh468 (2004). 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 29, 2019. ; https://doi.org/10.1101/621532doi: bioRxiv preprint 

https://doi.org/10.1101/621532
http://creativecommons.org/licenses/by/4.0/


 
 

36 
 

40 McLysaght, A. & Guerzoni, D. New genes from non-coding sequence: the role of de novo 
protein-coding genes in eukaryotic evolutionary innovation. Phil Trans R Soc B 370, 
20140332, doi:10.1098/rstb.2014.0332 (2015). 

41 Wissler, L., Gadau, J., Simola, D. F., Helmkampf, M. & Bornberg-Bauer, E. Mechanisms 
and dynamics of orphan gene emergence in insect genomes. Genome Biol Evol 5, 439-455, 
doi:10.1093/gbe/evt009 (2013). 

42 Zhao, L., Saelao, P., Jones, C. D. & Begun, D. J. Origin and Spread of de Novo Genes in 
Drosophila melanogaster Populations. Science 343, 769-772, 
doi:10.1126/science.1248286 (2014). 

43 Neme, R. & Tautz, D. Fast turnover of genome transcription across evolutionary time 
exposes entire non-coding DNA to de novo gene emergence. eLife 5, e09977, 
doi:10.7554/eLife.09977 (2016). 

44 Schmitz, J. F., Ullrich, K. K. & Bornberg-Bauer, E. Incipient de novo genes can evolve 
from frozen accidents that escaped rapid transcript turnover. Nature ecology & evolution 
2, 1626-1632 (2018). 

45 Houck, S. A. & Cyr, D. M. Mechanisms for quality control of misfolded transmembrane 
proteins. Biochim Biophys Acta 1818, 1108-1114, doi:10.1016/j.bbamem.2011.11.007 
(2012). 

46 Zhuang, X., Yang, C., Murphy, K. R. & Cheng, C. C. Molecular mechanism and history 
of non-sense to sense evolution of antifreeze glycoprotein gene in northern gadids. Proc 
Natl Acad Sci U S A, doi:10.1073/pnas.1817138116 (2019). 

47 Gerner, E. W. & Schneider, M. J. Induced thermal resistance in HeLa cells. Nature 256, 
500-502 (1975). 

48 Sanchez, Y. & Lindquist, S. L. HSP104 required for induced thermotolerance. Science 248, 
1112-1115 (1990). 

49 Lindquist, S. & Kim, G. Heat-shock protein 104 expression is sufficient for 
thermotolerance in yeast. Proc Natl Acad Sci U S A 93, 5301-5306 (1996). 

50 Thibault, G., Ismail, N. & Ng, D. T. The unfolded protein response supports cellular 
robustness as a broad-spectrum compensatory pathway. Proc Natl Acad Sci U S A 108, 
20597-20602, doi:10.1073/pnas.1117184109 (2011). 

51 Wu, H., Ng, B. S. & Thibault, G. Endoplasmic reticulum stress response in yeast and 
humans. Biosci Rep 34, doi:10.1042/BSR20140058 (2014). 

52 Khitun, A., Ness, T. J. & Slavoff, S. A. Small open reading frames and cellular stress 
responses. Mol Omics, doi:10.1039/c8mo00283e (2019). 

53 Guigas, G. & Weiss, M. Effects of protein crowding on membrane systems. Biochim 
Biophys Acta 1858, 2441-2450, doi:10.1016/j.bbamem.2015.12.021 (2016). 

54 Stachowiak, J. C., Hayden, C. C. & Sasaki, D. Y. Steric confinement of proteins on lipid 
membranes can drive curvature and tubulation. Proc Natl Acad Sci U S A 107, 7781-7786, 
doi:10.1073/pnas.0913306107 (2010). 

55 Schuck, S., Prinz, W. A., Thorn, K. S., Voss, C. & Walter, P. Membrane expansion 
alleviates endoplasmic reticulum stress independently of the unfolded protein response. J 
Cell Biol 187, 525-536, doi:10.1083/jcb.200907074 (2009). 

56 Félez-Sánchez, M., Willemsen, A. & Bravo, I. Genome plasticity in Papillomaviruses and 
de novo emergence of E5 oncogenes. bioRxiv, 337477, doi:10.1101/337477 (2018). 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 29, 2019. ; https://doi.org/10.1101/621532doi: bioRxiv preprint 

https://doi.org/10.1101/621532
http://creativecommons.org/licenses/by/4.0/


 
 

37 
 

57 Conrad, M., Bubb, V. J. & Schlegel, R. The human papillomavirus type 6 and 16 E5 
proteins are membrane-associated proteins which associate with the 16-kilodalton pore-
forming protein. J Virol 67, 6170-6178 (1993). 

58 Gubala, A. M. et al. The Goddard and Saturn Genes Are Essential for Drosophila Male 
Fertility and May Have Arisen De Novo. Mol Biol Evol 34, 1066-1082, 
doi:10.1093/molbev/msx057 (2017). 

59 Wirthlin, M., Lovell, P. V., Jarvis, E. D. & Mello, C. V. Comparative genomics reveals 
molecular features unique to the songbird lineage. Bmc Genomics 15 (2014). 

60 Aspden, J. L. et al. Extensive translation of small Open Reading Frames revealed by Poly-
Ribo-Seq. eLife 3, e03528, doi:10.7554/eLife.03528 (2014). 

61 Hemm, M. R., Paul, B. J., Schneider, T. D., Storz, G. & Rudd, K. E. Small membrane 
proteins found by comparative genomics and ribosome binding site models. Mol Microbiol 
70, 1487-1501, doi:10.1111/j.1365-2958.2008.06495.x (2008). 

62 Hemm, M. R. et al. Small stress response proteins in Escherichia coli: proteins missed by 
classical proteomic studies. J Bacteriol 192, 46-58, doi:10.1128/JB.00872-09 (2010). 

63 Anderson, D. M. et al. A micropeptide encoded by a putative long noncoding RNA 
regulates muscle performance. Cell 160, 595-606, doi:10.1016/j.cell.2015.01.009 (2015). 

64 Nelson, B. R. et al. A peptide encoded by a transcript annotated as long noncoding RNA 
enhances SERCA activity in muscle. Science 351, 271-275, doi:10.1126/science.aad4076 
(2016). 

65 Dunham, M. J., Dunham, M. J., Gartenberg, M. R. & Brown, G. W. Methods in yeast 
genetics and genomics : a Cold Spring Harbor Laboratory course manual / Maitreya J. 
Dunham, University of Washington, Marc R. Gartenberg, Robert Wood Johnson Medical 
School, Rutgers, The State University of New Jersey, Grant W. Brown, University of 
Toronto. 2015 edition / edn,  (Cold Spring Harbor Laboratory Press, 2015). 

66 Cherry, J. M. et al. SGD: Saccharomyces Genome Database. Nucleic Acids Res 26, 73-79 
(1998). 

67 Quinlan, A. R. BEDTools: The Swiss-Army Tool for Genome Feature Analysis. Curr 
Protoc Bioinformatics 47, 11 12 11-34, doi:10.1002/0471250953.bi1112s47 (2014). 

68 Scannell, D. R. et al. The Awesome Power of Yeast Evolutionary Genetics: New Genome 
Sequences and Strain Resources for the Saccharomyces sensu stricto Genus. G3 (Bethesda) 
1, 11-25, doi:10.1534/g3.111.000273 (2011). 

69 Kellis, M., Patterson, N., Endrizzi, M., Birren, B. & Lander, E. S. Sequencing and 
comparison of yeast species to identify genes and regulatory elements. Nature 423, 241-
254, doi:10.1038/nature01644 (2003). 

70 Edgar, R. C. MUSCLE: multiple sequence alignment with high accuracy and high 
throughput. Nucleic Acids Res 32, 1792-1797, doi:10.1093/nar/gkh340 (2004). 

71 Bodenhofer, U., Bonatesta, E., Horejs-Kainrath, C. & Hochreiter, S. msa: an R package for 
multiple sequence alignment. Bioinformatics 31, 3997-3999, 
doi:10.1093/bioinformatics/btv494 (2015). 

72 Krogh, A., Larsson, B., von Heijne, G. & Sonnhammer, E. L. Predicting transmembrane 
protein topology with a hidden Markov model: application to complete genomes. J Mol 
Biol 305, 567-580, doi:10.1006/jmbi.2000.4315 (2001). 

73 Kall, L., Krogh, A. & Sonnhammer, E. L. Advantages of combined transmembrane 
topology and signal peptide prediction--the Phobius web server. Nucleic Acids Res 35, 
W429-432, doi:10.1093/nar/gkm256 (2007). 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 29, 2019. ; https://doi.org/10.1101/621532doi: bioRxiv preprint 

https://doi.org/10.1101/621532
http://creativecommons.org/licenses/by/4.0/


 
 

38 
 

74 Buchan, D. W., Minneci, F., Nugent, T. C., Bryson, K. & Jones, D. T. Scalable web 
services for the PSIPRED Protein Analysis Workbench. Nucleic Acids Res 41, W349-357, 
doi:10.1093/nar/gkt381 (2013). 

75 Bean, G. J., Jaeger, P. A., Bahr, S. & Ideker, T. Development of ultra-high-density 
screening tools for microbial "omics". PLoS One 9, e85177, 
doi:10.1371/journal.pone.0085177 (2014). 

76 Baryshnikova, A. et al. Quantitative analysis of fitness and genetic interactions in yeast on 
a genome scale. Nature methods 7, 1017-1024 (2010). 

77 Storey, J. D. A direct approach to false discovery rates. J Roy Stat Soc B 64, 479-498 
(2002). 

78 Brooks, B. R. et al. CHARMM: the biomolecular simulation program. J Comput Chem 30, 
1545-1614, doi:10.1002/jcc.21287 (2009). 

79 Jo, S., Lim, J. B., Klauda, J. B. & Im, W. CHARMM-GUI Membrane Builder for mixed 
bilayers and its application to yeast membranes. Biophys J 97, 50-58, 
doi:10.1016/j.bpj.2009.04.013 (2009). 

80 Huang, J. et al. CHARMM36m: an improved force field for folded and intrinsically 
disordered proteins. Nat Methods 14, 71-73, doi:10.1038/nmeth.4067 (2017). 

81 Case, D.A. et al. AMBER 2018, University of California, San Francisco (2018). 
82 Tierney, K. J., Block, D. E. & Longo, M. L. Elasticity and phase behavior of DPPC 

membrane modulated by cholesterol, ergosterol, and ethanol. Biophys J 89, 2481-2493, 
doi:10.1529/biophysj.104.057943 (2005). 

83 Renne, M. F. & de Kroon, A. The role of phospholipid molecular species in determining 
the physical properties of yeast membranes. FEBS Lett 592, 1330-1345, doi:10.1002/1873-
3468.12944 (2018). 

84 West, M., Zurek, N., Hoenger, A. & Voeltz, G. K. A 3D analysis of yeast ER structure 
reveals how ER domains are organized by membrane curvature. J Cell Biol 193, 333-346, 
doi:10.1083/jcb.201011039 (2011). 

85 Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular dynamics. J Mol Graph 
14, 33-38, 27-38 (1996). 

86 Schrödinger, LLC. The PyMOL Molecular Graphics System, Version 1.8. (2015). 
87 Yue, J. X. et al. Contrasting evolutionary genome dynamics between domesticated and 

wild yeasts. Nature Genetics 49, 913-+ (2017). 
88 Altschul, S. F. et al. Gapped BLAST and PSI-BLAST: a new generation of protein 

database search programs. Nucleic Acids Res 25, 3389-3402, doi:gka562 [pii] (1997). 
89 Katoh, K. & Standley, D. M. MAFFT multiple sequence alignment software version 7: 

improvements in performance and usability. Mol Biol Evol 30, 772-780, 
doi:10.1093/molbev/mst010 (2013). 

90 Ranwez, V., Harispe, S., Delsuc, F. & Douzery, E. J. MACSE: Multiple Alignment of 
Coding SEquences accounting for frameshifts and stop codons. PLoS One 6, e22594, 
doi:10.1371/journal.pone.0022594 (2011). 

91 Guindon, S., Delsuc, F., Dufayard, J. F. & Gascuel, O. Estimating maximum likelihood 
phylogenies with PhyML. Methods Mol Biol 537, 113-137, doi:10.1007/978-1-59745-251-
9_6 (2009). 

92 Loytynoja, A. & Goldman, N. webPRANK: a phylogeny-aware multiple sequence aligner 
with interactive alignment browser. BMC Bioinformatics 11, 579, doi:10.1186/1471-2105-
11-579 (2010). 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 29, 2019. ; https://doi.org/10.1101/621532doi: bioRxiv preprint 

https://doi.org/10.1101/621532
http://creativecommons.org/licenses/by/4.0/


 
 

39 
 

93 Yang, Z. PAML: a program package for phylogenetic analysis by maximum likelihood. 
Comput Appl Biosci 13, 555-556 (1997). 

94 O'Donnell, A. F. et al. 2-Deoxyglucose impairs Saccharomyces cerevisiae growth by 
stimulating Snf1-regulated and alpha-arrestin-mediated trafficking of hexose transporters 
1 and 3. Mol Cell Biol 35, 939-955, doi:10.1128/MCB.01183-14 (2015). 

95 Winston, F., Dollard, C. & Ricupero-Hovasse, S. L. Construction of a set of convenient 
Saccharomyces cerevisiae strains that are isogenic to S288C. Yeast 11, 53-55, 
doi:10.1002/yea.320110107 (1995). 

96 Huh, W. K. et al. Global analysis of protein localization in budding yeast. Nature 425, 686-
691, doi:10.1038/nature02026 (2003). 

97 Rual, J. F. et al. Human ORFeome version 1.1: a platform for reverse proteomics. Genome 
Res 14, 2128-2135, doi:14/10b/2128  (2004). 

98 Alberti, S., Gitler, A. D. & Lindquist, S. A suite of Gateway cloning vectors for high-
throughput genetic analysis in Saccharomyces cerevisiae. Yeast 24, 913-919, 
doi:10.1002/yea.1502 (2007). 

99 Zhou, C. et al. Organelle-based aggregation and retention of damaged proteins in 
asymmetrically dividing cells. Cell 159, 530-542, doi:10.1016/j.cell.2014.09.026 (2014). 

 

 

 
  

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 29, 2019. ; https://doi.org/10.1101/621532doi: bioRxiv preprint 

https://doi.org/10.1101/621532
http://creativecommons.org/licenses/by/4.0/


 
 

40 
 

Acknowledgments. The authors are grateful: to Dr. Brenda Andrews for sharing the BarFLEX 

collection of overexpression strains; to Kate Licon and Dr. Shelly Trigg for technical help in 

handling mutant collection storage; to Dr. Philip Jaeger for help generating the reference strain 

used in the screens, and to UCSD undergraduates Cameron Hines, Nicholas Regent and Manuel 

Michaca who helped perform screens; to Drs. Graeme Sullivan and Jeffrey Brodsky for 

discussions; and to Drs. Gilles Fisher, Christian Landry, Benoit Charloteaux and Zoltan Oltvai for 

reviewing the manuscript prior to submission. This work was supported by: funds provided by the 

Searle Scholars Program to A-RC; the National Institute of General Medical Sciences of the 

National Institutes of Health grants R00GM108865 (awarded to A-RC), P41GM103504 (awarded 

to TI), 5R01GM097084 (awarded to CJC) and F32GM129929 (awarded to BVO); the National 

Institute of Environmental Health Sciences of the National Institutes of Health grant 

R01ES014811 (awarded to TI); the National Science Foundation MCB CAREER grant 1902859 

(awarded to AFO); funding from the European Research Council under the European Union’s 

Seventh Framework Programme (FP7/2007–2013)/European Research Council grant agreement 

309834 (awarded to AM).  

Author contributions. Conceptualization: A-RC, TI, NV; Methodology: A-RC, BH, TI, AFO, 

NV, AW, OA, CJC; Investigation: A-RC, NV, BH, OA, BVO, AW, JI, NCC, KM-E, AFO; 

Writing-Original Draft: A-RC, NV; Writing-Review and Editing: A-RC, NV, BVO, TI, AFO, BH, 

AW, AM, NCC, KM-E, JI, OA, CJC; Supervision: A-RC, TI, AFO, AM, CJC.  

Author Information. Authors declare no competing interests. Correspondence and requests for 

materials should be addressed to anc201@pitt.edu, tideker@ucsd.edu, allyod@pitt.edu 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 29, 2019. ; https://doi.org/10.1101/621532doi: bioRxiv preprint 

https://doi.org/10.1101/621532
http://creativecommons.org/licenses/by/4.0/


 

 
 

41 

 
 

 
Extended Data Fig. 1. Comparing the fitness impact of loss of emerging ORFs and loss of 
established ORFs with matched expression levels and length distributions.  
 
Established ORFs with length and expression level distributions matched to those of emerging ORFs were randomly 
sampled with replacement among the set of all established ORFs (Methods).  

A. Fraction of ORFs for which experimental deletion leads to colonies with fitness <0.9, as in Fig. 2A 
B. Fraction of ORFs with fixed ORF structure in 90% of S. cerevisiae isolates analyzed in Fig. 2B    
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Extended Data Fig. 2. No detectable growth defect in the neutral reference strain.  

The reference strain was tested for growth defect by using the barcoded haploid yeast overexpression strain (Table 
S2) transformed with expression vector (pBY011) (“plasmid”) and the same strain without vector (“no plasmid”). The 
strains were grown in SC-URA+GAL+G418 (Table S1). A flat bottom 96-well plate was filled with replicates of 
diluted pre-cultures (125µl at OD600nm 0.08) and used to collect OD600nm points every 15 min for 48h using a plate 
reader (SpectraMax M2, Molecular Devices). For each strain, 5 biological replicates represented by 4 technical 
replicates each were included. Raw data was blank corrected to the respective media, path length corrected and 
normalized to time zero. 
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Extended Data Fig. 3: Overexpression of emerging ORFs can provide fitness benefits. 
 

A. Emerging ORFs display higher competitive fitness when overexpressed than established ORFs (Mann-
Whitney U test P = 5.5x10-32). Density distributions for emerging (blue) and established (black) ORFs 
competitive fitness measurements in complete media after 20 generations, as measured and quantified 
through barcode signal intensity by24. Vertical dashed lines represent group means. Note that this 
experimental design did not allow for direct comparison with the fitness of a reference strain. 

B. Distribution of the normalized sizes of individual replicate colonies for the reference strain (grey violin plot 
on the left) and for each emerging ORFs identified as statistically increasing fitness relative to the reference 
in complete media (see Fig. 3B). Red dashed line represents the median normalized colony size of the 
reference strain. Each of the 14 emerging ORFs represented here present distributions of normalized colony 
sizes that are incompatible with the null hypothesis according to which they could have been randomly 
picked from the reference distribution (and hence were detected by our pipeline as showing increased 
relative fitness). 
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Extended Data Fig. 4. Emerging ORFs can increase relative fitness across environments.  

A. Number of emerging ORFs detected as increasing relative fitness in 5 environmental conditions. See Table 
S1 for environment composition details.  

B. Most emerging ORFs found to increase relative fitness in at least one environment are also found to increase 
fitness in another environment. Of 28 adaptive emerging ORFs, 11 were detected in a single environment 
and 17 (60%) were found more than once. 

C. Expected fraction of emerging ORFs that would be found to increase relative fitness in more than one 
environment under a stochastic null model where ORFs are drawn randomly from the set of emerging ORFs 
never found deleterious in our experiments, to simulate the distribution of (A) (five draws with replacement 
of the same number of elements as the real data). 10,000 simulations were run and the observed proportion 
(B, 60%) was never observed.  
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Extended Data Fig. 5. No association between TM propensity and beneficial fitness effects in 
established ORFs.  

The same analyses presented in Fig. 4 were repeated on the group of established ORFs. None of the 4 measures of 
TM propensity (C-F) are statistically different between adaptive and neutral established ORFs. The association 
between high TM propensity and beneficial fitness effects is specific to emerging ORFs (Fig. 4). See also Extended 
Data Fig. 6. 
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Extended Data Fig. 6. Distribution of TM residue content.  

Two prediction methods are compared: Phobius (left column) and TMHMM (right column). Two ORF classes are 
compared: emerging (top row) and established (bottom row) ORF. In each case, the distribution (density plot) of TM 
residue content (fraction of amino acids predicted as TM over length of the ORF) is shown for ORFs classified as 
adaptive (gold), deleterious (purple) and neutral (gray). Vertical dashed lines correspond to the mean of the distribution 
of the respective color.   
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Extended Data Fig. 7. Analysis of TM propensity without sampling to control for length.  
 

A. Propensity of ORFs to form TM domains. Established ORFs, iORFs and sORFs have been sampled (n=1,000) 
with replacement to follow the length distribution of emerging ORFs. Error bars represent standard error of 
the proportion.  

B. Thymine content influences TM propensity. Top panel: Bar graph represents the fraction of sequences from 
(A) predicted to encode a putative TM domain, binned by thymine content (bin size = 0.1) and compared 
between real (pink) and scrambled (green) sequences. Error bars represent standard error of the proportion. 
Overlaid density plots represent the distribution of all sequences in each category. Bottom panel: scatterplot 
showing the fraction of sequence length predicted to be TM residues as a function of thymine content. Only 
sequences from (A) predicted to encode a TM domain are included in the bottom panel plots. Individual real 
(pink) and scrambled (brown) sequences are shown in the scatterplot with transparency; points of higher 
intensity indicate that sequences sampled multiple times. Linear fits with 95% confidence intervals are 
shown.  
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Extended Data Fig. 8. Extant and ancestral homologous regions to YBR196C-A. 
A. Alignment of homologous regions to YBR196C-A in Saccharomyces species. Start codons (green), stop 

codons (red), and ORFs (blue) are highlighted. Alignment was converted to Rich Text Format using BioEdit 
software (http://www.mbio.ncsu.edu/BioEdit/bioedit.html). 

B. ORFs present at the reconstructed ancestral sequence. Translation of ORFs (between a start and a stop codon) 
longer than 30 nucleotides is shown on the reconstructed ancestral sequence. ORFs identified using NCBI's 
ORFfinder (https://www.ncbi.nlm.nih.gov/orffinder/). 

C. Natural sequence variation in the S. paradoxus ortholog of YBR196C-A. Start codons (green), stop codons 
(red), and ORFs (blue) are highlighted. Alignment was converted to Rich Text Format using BioEdit software 
and subsequently colorized. The S. cerevisiae reference sequence is aligned with the syntenic sequence in 
five S. paradoxus isolates. 

D. Key sequence changes impair TM helices formation. Alignment between translations of YBR196C-A (S. 
cerevisiae), YBR_SP (S. paradoxus) and YBR_IO (reconstructed initial ORF) with TMHMM predictions 
highlighted in pink and PsiPred secondary structure predictions shown underneath (H; helix; E: extended 
strand; C: coil). Arrows indicate helix breaking residues. 
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Extended Data Fig. 9. Co-localization studies with Ybr196c-a-EGFP.  
 
From top to bottom, plasmid-borne Ybr196c-a-EGFP and CMAC blue (to mark vacuoles) are visualized with markers 
of the ER (Scs2p), ER-Golgi (Sec13p), mitochondria (mitotracker) and peroxisomes (Pex3p). Images were acquired 
using confocal microscopy and representative micrographs are shown. 
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Extended Data Fig. 10. Co-localization studies with Yar035c-a-EGFP.  
 
From top to bottom, plasmid-borne Yar035c-a-EGFP and CMAC blue (to mark vacuoles) are visualized with markers 
of the ER (Scs2p), ER-Golgi (Sec13p), mitochondria (mitotracker) and peroxisomes (Pex3p). Images were acquired 
using confocal microscopy and representative micrographs are shown. 
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Extended Data Table 1. Yeast growth conditions 
Screening 
condition 
(N/C) 

Complete name Composition 

N/A SC+GLU+G418+5FOA Synthetic complete + 2% Glucose + 
100µg/mL G418 + 0.01% 5-FOA 

N/A SC+GLU+G418 Synthetic complete + 2% Glucose + 
100µg/mL G418 

N/A SC+GAL+G418 Synthetic complete + 2% Galactose + 
100µg/mL G418 

N/A SC-URA+GLU+G418 Synthetic complete (-uracil) + 2% Glucose 
+ 100µg/mL G418 

+/+ SC-URA+GAL+G418 Synthetic complete (-uracil) + 2% 
Galactose + 100µg/mL G418 

+/++ SC-URA+GAL+RAF+G418 Synthetic complete (-uracil) + 2% 
Galactose + 1% Raffinose + 100µg/mL 
G418 

++/+ SC-URA+CASE+GAL+G418 Synthetic complete (-uracil) + casamino 
acids + 2% Galactose + 100µg/mL G418 

++/++ SC-URA+CASE+GAL+RAF+G418 Synthetic complete (-uracil) + casamino 
acids + 2% Galactose + 1% Raffinose + 
100µg/mL G418 

-/++ SD-URA+GAL+RAF+G418 Synthetic defined (+Histidine, Lysine, 
Leucine) + 2% Galactose + 1% Raffinose + 
100µg/mL G418 

SC (Synthetic complete) and SD (Synthetic defined) media are composed by 0.175% Yeast Nitrogen Base without 
amino acids and without ammonium sulfate and supplemented with 0.1% L-Glutamic Acid and 0.2% dropout amino 
acids. The dropout mixes were made with 10g of Leucine, 3g of Adenine, 0.2g of para-aminobenzoic acid and 2g of 
the remaining amino acids for each dropout mix.    5 
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Extended Data Table 2. Genotypes of yeast strains used in this study.  
Strain Genotype Source 

BY4741  MATα his3D1, leu2D0, met15D0, ura3D0 Winston et 
al.95 

BarFLEX 
collection 

MATα can1D::STE2pr –S.p.HIS5, lup1D::STE3pr-LEU2, 
his3D1, leu2D0, ura3D0, met15D0 ho::KanMX, pGAL-ORF-
URA3 

Douglas et 
al.24 

ARC0000 
(Reference 
Strain) 

MATα can1D::STE2pr –S.p.HIS5, lup1D::STE3pr-LEU2, 
his3D1, leu2D0, ura3D0, met15D0 ho::KanMX, pBY011 

This study 

 ARC0011 
 

MATα can1D::STE2pr –S.p.HIS5, lup1D::STE3pr-LEU2, 
his3D1, leu2D0, ura3D0, met15D0 ho::KANMX  
Trp1::P-GPDmCherry-Scs2TM-NatMX 

This study 

SEC13-RFP 
 

MATα his3D1 leu2D0 lys2D0 ura3D0 SEC13::RFP kanMX4 Huh et al.96 

PEX3-RFP 
 

MATα his3D1 leu2D0 lys2D0 ura3D0 PEX3::RFP kanMX4 Huh et al.96 
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Extended Data Table 3. Plasmids used in this study. 
Plasmid Description Source 
pBY011 Yeast Gateway expression vector 

with ARS1, CEN4, Gal1-10 
promoter (URA3) 

Dana-Farber/Harvard Cancer 
Center 

pDONR223 Yeast Gateway donor vector Rual et al.97 
pDONR223-YBR196C-A Entry Clone created by BP 

recombinase between the donor 
vector pDONR223 and the ORF 
YBR196C-A 

This study 

pDONR223-YAR035C-A Entry Clone created by BP 
recombinase between the donor 
vector pDONR223 and the ORF 
YAR035C-A 

This study 

pAG426GAL-ccdB-EGFP  Yeast Gateway expression vector 
with 2µ, Gal1 promoter, EGFP 
(URA3) 

Alberti et al.98 

pAG426GAL-YBR196C-A-EGFP Expression vector created by LR 
recombination between the 
destination vector pAG426GAL-
ccdB-EGFP and Entry Clone 
pDONR223-YBR196C-A 

This study 

pAG426GAL-YAR035C-A-EGFP Expression vector created by LR 
recombination between the 
destination vector pAG426GAL-
ccdB-EGFP and Entry Clone 
pDONR223-YAR035C-A 

This study 

pSM3149 p404 TRP P-GPDmCherry-
Scs2TM-NatMX 

Zhou et al.99 
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