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Eukaryotic genomes are pervasively translated, but the properties of translated sequences outside of canon-
ical genes are poorly understood. A new study in Cell Systems reveals a large translatome that is not under
significant evolutionary constraint but is still an active part of diverse cellular systems.
showed a deleterious fitness effect when
Canonical genes are sections of DNA that

are known to be translated into proteins

and are typically well conserved between

species. We are learning, however, that

proteins can be produced from se-

quences outside of known genes. For

both eukaryotic and prokaryotic ge-

nomes,most of the genome is transcribed

under at least some environmental condi-

tions, a phenomenon termed ‘‘pervasive

transcription.’’1 Growing evidence across

taxa shows that open reading frames

(ORFs) within these ‘‘non-canonical’’ tran-

scripts are also translated.1–3

New protein-coding genes have arisen

at many points over evolutionary history.1

If these are genuinely novel, they must

ultimately derive from non-coding se-

quences, and young genes should show

some evidence of the processes involved

in the transition. The discovery of many

non-canonical translated ORFs, hypothe-

sized to serve as ‘‘raw materials’’ for

new genes,1 brings together research

themes in molecular and cellular biology

with issues fundamental for evolutionary

biology. Key questions raised include the

biophysical properties of the proteins pro-

duced and whether the new ORFs should

be classified as real genes, ‘‘noise,’’ or

something else.

A paper in this issue of Cell Systems4

sheds light on these questions in the

budding yeast Saccharomyces cerevi-

siae. Large-scale analyses of translation

and selection are combined with experi-

mental tests of knockout phenotypes for

individual ORFs. Integrating analyses of

translation and selection allows detection

of translated ORFs and classifying them

into two groups: ‘‘conserved,’’ which are

nearly all already annotated, and ‘‘evolu-

tionarily transient.’’ Some of these from

each category partially or fully overlap
known protein-coding genes, leading to

multiple categories of ORFs (Figure 1A).

Translation is ascertained using data

pooled from 412 ribosome profiling (ribo-

seq) experiments analyzed with a new

approach termed ‘‘iRibo.’’ Specifically,

Wacholder et al. decide whether an ORF

is translated or not using a binomial test

for triplet periodicity in the riboseq data,

with the p value threshold chosen using

shuffled controls to obtain an estimated

false discovery rate of 5%. This has the

benefit of being a simple and clear

approach that should minimize false

positives if triplet periodicity is not an

artifact of factors other than genuine

translation. They discover a remarkable

nearly 19,000 additional translated ORFs

located either in between known genes

or overlapping partially or fully in anti-

sense to them (ORFs overlapping known

genes on the same strand are excluded).

These�19,000 ORFs are then the subject

of subsequent analyses.

What, then, is the status of these non-

canonical, non-conserved, yet translated

ORFs; are they functional genes that

emerged recently, or are they merely the

byproducts of stochastic translation, a

kind of cellular noise? Wacholder et al.

argue that a large part of the translatome

cannot be categorized as either but re-

quires a third concept. Their argument

proceeds in two steps. First, by scanning

these sequences for signs of purifying se-

lection—a tell-tale indicator of function-

ality—they report that the vast majority

of these elements are not under selection

either within the genus or the species. As

such, they are not likely to be retained in

the genome as standard functional genes

or their precursors but instead constitute

a ‘‘transient’’ subset of the translatome.

Second, by leveraging expression, ge-
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netic interaction, and fitness data, the au-

thors show that a substantial fraction of

these elements display a specific pheno-

type, suggesting they are more than inert

consequences of stochastic translation.

So, it is argued that these elements are

neither genes nor noise, but rather consti-

tute a third category of genomic elements

(Figure 1B).

Could protein products formed merely

as a consequence of cellular noise, like

stochasticity in translation, have pheno-

typic consequences? In this connection,

Sean Eddy5 asks us to imagine the conse-

quences of introducing a completely novel

or random genome into a cell. It seems

likely that not only would the stochastic

nature of transcription lead to large parts

of the genome being expressed, but their

products would also have a measurable

physiological impact following knockout.

More recently, Weisman6 introduced the

concept of a ‘‘freeloader function’’ in the

cell, in which the deeply interconnected

cell interactome offers an environment

where each component can potentially

be affected merely through binding with

something else, even through weak, non-

specific interactions. Indeed, such inter-

actions are likely to be common even

among non-genic sequences, and it is

not surprising that products of stochastic

translation might participate in such pro-

cesses. The precise distinction between

noise and function within the cell is, there-

fore, hard to draw.

Assessing the fitness effects of ORF

deletion is a reasonable starting point, as

it seems unlikely that deleting products

of cellular noise would be detrimental. Us-

ing an existing dataset of yeast gene inter-

actions,7 Wacholder et al. found that

nearly all the 84 transient ORFs tested
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Figure 1. Classifying the translatome
(A) Classes of open reading frame (ORF) in terms of their genomic location with respect to canonical ORFs,
i.e., annotated protein-coding genes. Non-canonical ORFs are shown in different shades of blue. uORF,
upstream ORF; dORF, downstream ORF. Both sense and antisense overlapping ORFs can overlap either
in full—embedded within the canonical ORF—or partially. Sense overlaps were excluded from the set of
translated ORFs used by Wacholder et al. due to limitations of ribosome profiling data.
(B) Translated ORFs were characterized according to whether they are evolutionarily conserved and/or
under purifying selection and whether they have evidence of phenotype.
The microscopy image is adapted from Wacholder et al.
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another gene, inferred to be its interacting

partner, was also deleted. The negative

fitness effect of a double knockout was

more pronounced than expected given

the independent effects of two single

knockouts. However, in Wacholder

et al.’s single gene deletion screen, only

a small fraction of highly translated genes

(8 out of 49 ORFs tested) showed a dele-

terious fitness effect. Taken together, this

suggests that the fitness effects of most

translated ORFs may only be visible
344 Cell Systems 14, May 17, 2023
when their interacting partner gene is

also deleted.

How do we explain, in evolutionary

terms, this portrait of the transient transla-

tome showing widespread phenotypic

effects without corresponding purifying

selection? Two options seem to be rele-

vant. First, selection might be acting on

these translation products in a somewhat

sequence-independent way. It has been

argued that newly emerged ORFs with

beneficial fitness effects are enriched in
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transmembrane domains.8 This suggests

that adaptive benefits of proteins may

often be mediated by ‘‘higher level’’ phys-

icochemical properties compatible with

substantial change in amino acid se-

quences. This pool of proteinsmay partic-

ipate in a wide range of cellular roles facil-

itated by properties such as the presence

of transmembrane domains. However,

this specific hypothesis might not apply

to other organisms, as de novo emerged

proteins in humans do not seem to display

similar domain-forming propensities.9

The second possibility, suggested by the

authors, is that the transient translatome

is a consequence of translation functions

unrelated to standard gene expression,

such as regulation of neighboring genes

or RNA decay. In this view, neither the

sequence nor the general physicochem-

ical properties of the translated products

are under selection. If this is accurate,

the fact that a large fraction of the transla-

tome still participates in gene interac-

tion networks would suggest that such

capacities are easily accessible to ex-

pressed sequences and can manifest

even without being shaped by selec-

tion—e.g., through weak, non-specific in-

teractions with various cellular compo-

nents. This, in turn, could either mean

that genomic regions ‘‘sampled’’ by trans-

lation are enriched in such phenotypically

relevant properties or that these proper-

ties are common among all possible se-

quences. Both of these factors could be

relevant in explaining subsets of the tran-

sient translatome.

To better understand the ‘‘functions’’

of the transient translatome, future

studies could explore the general pheno-

typic consequences of translation,10 for

example, by expressing sequences en-

coding random peptides in the cell, ideally

in different genomic contexts. A related

theme is to consider the regulation of the

transient translatome. Cellular roles of

protein products are determined not only

by their particular physico-chemical prop-

erties but likely also by the ORFs’ regula-

tory contexts. With the growing availabil-

ity of protein-structure models, the

biophysical properties of protein products

are increasingly accessible. Further anal-

ysis of selection will also be useful; for

instance, it might be expected that mem-

bers of the transient translatome may

be under positive rather than purifying

selection, and delving into evolutionary
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analyses further should be informative.

This raises questions for cellular biology

regarding the potential bioenergetic

and fitness burden on the cell due to pro-

ducing so many non-canonical protein

products.

In summary, Wacholder et al. show that

there are many unannotated ORFs that

are translated but are neither canonical

‘‘genes’’ under strong purifying selection

nor simply translational ‘‘noise’’ with no

interesting phenotypic impact. Some of

them may be newly emerging genes or

the consequences of non-genic transla-

tion with impacts on the cellular environ-

ment. In the latter view, these elements

serve as a large pool of raw materials for

the evolution of new genes, potentially

awaiting conservation through selection

when their phenotypic consequences

coincide with adaptive benefits for the

cell. Taken together, these results not

only highlight the underappreciated

complexity of the cellular environment

but also illuminate the process by which

new genes emerge from non-genic se-

quences in the genome.
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