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Transcriptomic and proteomic effects of gene deletion
are not evolutionarily conserved

Yang Li and Jianzhi Zhang
Department of Ecology and Evolutionary Biology, University of Michigan, Ann Arbor, Michigan 48109, USA

Although the textbook definition of gene function is the effect for which the gene was selected and/or by which it is main-

tained, gene function is commonly inferred from the phenotypic effects of deleting the gene. Because some of the deletion

effects are byproducts of other effects, they may not reflect the gene’s selected-effect function. To evaluate the degree to

which the phenotypic effects of gene deletion inform gene function, we compare the transcriptomic and proteomic effects

of systematic gene deletions in budding yeast (Saccharomyces cerevisiae) with those effects in fission yeast (Schizosaccharomyces
pombe). Despite evidence for functional conservation of orthologous genes, their deletions result in no more sharing of tran-

scriptomic or proteomic effects than that from deleting nonorthologous genes. Because the wild-type mRNA and protein

levels of orthologous genes are significantly correlated between the two yeasts and because transcriptomic effects of delet-

ing the same gene strongly overlap between studies in the same S. cerevisiae strain by different laboratories, our observation

cannot be explained by rapid evolution or large measurement error of gene expression. Analysis of transcriptomic and pro-

teomic effects of gene deletions in multiple S. cerevisiae strains by the same laboratory reveals a high sensitivity of these effects

to the genetic background, explaining why these effects are not evolutionarily conserved. Together, our results suggest that

most transcriptomic and proteomic effects of gene deletion do not inform selected-effect function. This finding has impor-

tant implications for assessing and/or understanding gene function, pleiotropy, and biological complexity.

[Supplemental material is available for this article.]

The current gold standard of inferring the function of a gene re-
quiresmeasuring the phenotypic effect of deleting the gene ormu-
tating the gene in such a way that its function is completely
abolished (Alberts et al. 2002). For an essential gene, one may low-
er its expression or activity to a nonzero level instead of deleting it.
The function of the gene is then inferred to be preventing the oc-
currence of the mutant phenotype from the wild-type phenotype.
For example, if deleting a mouse gene causes deafness, the gene is
said to prevent deafness or to function in hearing. Although phe-
notypes at the organismal level are traditionally the focus in infer-
ring gene function (Liao et al. 2010), recent years have seen a surge
in the analysis of cellular and molecular phenotypes (Camp et al.
2019) such as the mRNA and protein concentrations of all genes
in a genome, thanks to the rapid progress in high-throughput mo-
lecular phenotyping of mutants such as Perturb-seq and variants
(Adamson et al. 2016; Dixit et al. 2016; Jaitin et al. 2016;
Datlinger et al. 2017). It is commonly thought that studying the
molecular phenotypic effects of gene deletion helps understand
the molecular basis of gene function (Camp et al. 2019).

Does the phenotypic effect of deleting a gene faithfully in-
form the function of the gene? According to the definition of
the “proper biological function” or “selected-effect function,”
the function of a gene is the effect for which the gene was selected
and/or by which it is maintained (Doolittle et al. 2014; Graur et al.
2016). Hence, it is possible that some phenotypic effects of gene
deletion are byproducts of other effects (He 2016) and there-
fore do not reflect the selected-effect function of the gene.
Specifically, cell physiology is often grossly disturbed upon gene
deletion; as a result, many phenotypic responses may occur that

have nothing to do with what the deleted gene normally does in
the wild type. Consider, for example (He 2016), gene A whose
product, protein A, binds to protein B, which induces downstream
phenotypic effects that are referred to as set I. Let us assume that
because of the tight binding between A and B, B is unavailable
for binding to protein C. Upon the deletion of A, B becomes avail-
able for binding to C, which induces a different set of downstream
phenotypic effects, referred to as set II. It is possible that the func-
tion of A is simply to bind to B to induce I and that the prevention
of the B–C binding that induces II is a byproduct of the A–B bind-
ing rather than another function of A. Under the above scenario,
although deleting A causes the loss of I and gain of II, only the in-
duction of I, but not the prevention of II, should be considered A’s
function, because A is likely subject to natural selection for induc-
ing I but not for preventing II (regardless of whether II has a fitness
effect). Therefore, under the assumption thatA’s function is evolu-
tionarily conserved and when the effects of deleting A are exam-
ined in multiple species, the loss of I but not the gain of II is
expected to be conserved (He 2016). Indeed, deleting the transcrip-
tion factor geneHAP4 in the budding yeast Saccharomyces cerevisiae
(Sce) results inmRNA expression changes of 65 genes concentrated
in related Gene Ontology (GO) terms as well as those of 130 genes
distributed rather randomly across diverse biological processes; the
former expression changes upon HAP4 deletion tend to be evolu-
tionarily conserved in related species, whereas the latter tend not
to be conserved (Liu et al. 2020). These and other observations sup-
port the hypothesis that many phenotypic effects of deleting
HAP4 do not inform the function of HAP4 (Liu et al. 2020). It is,
however, unknownwhetherHAP4 is representative of yeast genes.

To address the above question, we compare the transcrip-
tomic and proteomic effects of systematic gene deletions in Sce
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with those effects in the fission yeast Schizosaccharomyces pombe
(Spo). Although Sce (Duina et al. 2014) and Spo (Vyas et al. 2021)
were separated from each other ∼500 mya (Kumar et al. 2017),
they are both unicellular, free-living fungi belonging to the phy-
lum Ascomycota. Although gene essentiality can vary across
strains and species (Liao and Zhang 2008; Dowell et al. 2010;
Koo et al. 2017; Rousset et al. 2021; Chen et al. 2022), systematic
gene deletions showed that 83% of orthologous genes between
the two fungi share gene essentiality (Kim et al. 2010). In fact, in
47% of cases examined, Sce cells lacking an essential gene could
be rescued by the expression of its human ortholog (Kachroo
et al. 2015), indicating that about one-half of orthologous genes
more or less share their functions even between human and Sce,
which diverged from each other ∼1300 mya (Kumar et al. 2017)
and belong to different kingdoms. It is thus safe to assume that
the functions of orthologous genes are largely conserved between
Sce and Spo (Gabaldón and Koonin 2013). Hence, the transcrip-
tomic and proteomic effects of deleting a Sce gene and those of de-
leting its Spo ortholog are expected to be similar if most of such
effects reflect gene functions.

Results

Transcriptomic and proteomic effects of gene deletion

are not conserved

Using publicly available transcriptomic and proteomic data of
wild-type and (nonessential) gene deletion strains (Supplemental
Table S1), we systematically compared the effects of gene deletion
between Sce and Spo. The transcriptomic data were, respectively,
generated by microarray and RNA-seq in Sce (Kemmeren et al.
2014) and Spo (Öztürk et al. 2022) and were available from dele-
tions of 41 one-to-one orthologous genes (Fig. 1, top left). These
data included estimated mRNA concentrations of 4142 ortholo-
gous genes of the two species (Fig. 1, top right) The proteomic

data were generated by mass spectrometry in Sce (Messner et al.
2023) and Spo (Öztürk et al. 2022) and were available from dele-
tions of 2242 one-to-one orthologous genes in the two yeasts
(Fig. 1, bottom left). These data contained estimated protein con-
centrations of 1478 orthologous genes of the two species (Fig. 1,
bottom right). In the following, only the set of 4142 orthologs
and the set of 1478 orthologs were considered in the analyses of
transcriptomic and proteomic effects, respectively.

The original studies that generated these data provided the ad-
justed P-value that the mRNA (or protein) concentration of each
gene has changed in a gene deletion strain compared with that in
the wild type. However, because of methodological differences
and sample size differences between the Sce and Spo studies, the
number of genes with significant expression changes differed wide-
ly between the two yeasts,making the inter-specific comparison po-
tentially inappropriate (Supplemental Fig. S1). We thus performed
the following adjustment. LetNSce andNSpo be the numbers of genes
with significant expression changes upon a gene deletion in Sce and
Spo, respectively, in the original studies. We considered

����������

NSceNSpo
√

genes with the smallest adjusted P-values in each species to
be significant. After this normalization, the median fraction of
genes showing significantmRNA (or protein) concentration chang-
es upon a gene deletion is 10.4% (or 0.8%) in each species
(Supplemental Fig. S1). The drastically smaller fraction of genes
with protein level changes than that with mRNA level changes is
at least in part owing to the lower sensitivity of proteomic than tran-
scriptomic measurements (Ponomarenko et al. 2023).

Upon deleting a gene in Sce and its ortholog in Spo, we com-
puted the fraction of shared expressional effects between the two
species (Fortho) by dividing the number of genes whose expression
levels are significantly affected in both species by the number of
genes whose expression levels are significantly affected in Sce. In
theory, Fortho varies between 0% and 100%, with 0% indicating
no sharing and 100% indicating a complete overlap of the genes
whose expression levels are significantly influenced by the gene
deletion between the two yeasts.

From the transcriptomic data, we found Fortho to vary from
0% to 39.5% (median=11.1%) for the 41 orthologous gene dele-
tions in the two yeasts (Fig. 2A; Supplemental Table S2). That the
median Fortho is similar to the median fraction of genes (10.4%)
showing significant mRNA concentration changes upon a gene
deletion suggests thatmost of the sharing of transcriptomic effects
between deleting orthologous genes is by chance. To rigorously as-
sess the expectation under no evolutionary conservation of the
transcriptomic effects of gene deletion, we randomly paired the
41 Sce gene deletionswith the 41 Spo gene deletions and recomput-
ed the 41 shared fractions of genes with significant mRNA effects
between Sce and Spo; these fractions are referred to as Fnon-ortho.
Indeed, Fortho and Fnon-ortho (median=10.8%) are similar (P=
0.45, Mann–Whitney U test) (Fig. 2A), suggesting no evolutionary
conservation of the transcriptomic effects of gene deletion be-
tween the two yeasts.

We also examined the shared fraction of genes exhibiting sig-
nificant mRNA level changes between deletions of two unrelated
Sce genes (FSce) and that between deletions of two unrelated Spo
genes (FSpo). FSce (median=15.8%) and FSpo (median=21.2%) are
both significantly greater than Fnon-ortho (Fig. 2A), suggesting spe-
cies-specific transcriptomic effects of gene deletion such that delet-
ing two unrelated genes in the same species yielded more similar
effects than deleting two unrelated genes in different species.

Furthermore, FSce and FSpo both exceed Fortho, although the
difference between FSce and Fortho is not statistically significant
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Figure 1. Comparing transcriptomic and proteomic effects of gene de-
letions in the budding yeast Saccharomyces cerevisiae (Sce) with those in
the fission yeast Schizosaccharomyces pombe (Spo). On the left side, each
circle represents genes deleted in each species, whereas the intersection
represents orthologous genes deleted in both species. On the right side,
each circle represents genes with expressions measured in gene deletion
strains of each species, whereas the intersection represents orthologous
genes with expressions measured in the deletion strains of both species.
Gene numbers are indicated for overlapping and nonoverlapping areas
of various circles.
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(Fig. 2A), suggesting that deleting unrelated genes in the same spe-
cies yielded more similar effects than deleting orthologous genes
in different species. Given the lack of evolutionary conservation
and the presence of species specificity in transcriptomic effects
of gene deletion, the above observation is unsurprising.

The analysis of proteomic data yielded similar results (for ex-
amples, see Supplemental Fig. S2) as those of transcriptomic data,
although various F-values are substantially lower for proteomic
than transcriptomic effects of gene deletion. For instance, Fortho
(median=0) for the 2242 orthologous gene deletions in the two
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Figure 2. Transcriptomic and proteomic effects of gene deletions are not conserved between the two yeasts. (A,B) Fractions of shared transcriptomic (A)
or proteomic (B) effects between deletions of two genes of four types: orthologous genes in the two yeasts (n=41 pairs for transcriptomics and 2242 pairs
for proteomics), corresponding nonorthologous genes in the two yeasts, randomly paired genes in the orthologous group in Sce, and randomly paired
genes in the orthologous group in Spo. (C,D) Fractions of shared transcriptomic (C) or proteomic (D) effects between deletions of two genes of two types
in two subsets of data: orthologous genes with similar fitness effects of deletion in the two yeasts (n=17 pairs for transcriptomics and 1150 pairs for pro-
teomics) and corresponding nonorthologous genes; orthologous genes with dissimilar fitness effects of deletion in the two yeasts (n=12 pairs for tran-
scriptomics and 426 pairs for proteomics) and corresponding nonorthologous genes. Orthologous genes included in C and D must have information
of the fitness effect of deletion in both yeasts. (E,F) Fractions of shared enriched GO terms of transcriptomic (E) or proteomic (F) effects between deletions
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yeasts is not significantly different from Fnon-ortho (median=0)
(Fig. 2B; Supplemental Table S2). FSce (median=0) and FSpo (medi-
an =9.1%) are greater than both Fnon-ortho and Fortho, with three of
the four comparisons exhibiting significant differences (Fig. 2B).

To evaluate the robustness of the above results, we conducted
three analyses. First, we assumed that the number of genes with
significant transcriptomic (or proteomic) effects in Spo equals
that reported in Sce. Second, we assumed that the number of genes
with significant transcriptomic (or proteomic) effects in Sce equals
that reported in Spo. Third, we simply considered the significant
expression effects reported in the original studies without equaliz-
ing the numbers of significant cases between the two yeasts. In all
analyses, Fortho is not significantly different from Fnon-ortho in both
transcriptomic and proteomic analyses (Supplemental Fig. S3). Of
course, without the equalization, FSce and FSpo are not compar-
able with Fortho or Fnon-ortho. Furthermore, although our main
analysis (Fig. 2A,B) regarded an expression effect in Sce and
that in Spo as shared without considering the directions of these
effects (i.e., upregulation or downregulation), qualitatively similar
results were obtained even when expression effects in the two
species must be of the same direction to be considered shared
(Supplemental Fig. S4).

A minority of orthologous genes are essential in Sce but non-
essential in Spo or vice versa (Kim et al. 2010). This group of genes
was excluded from the above analyses because the transcriptomic
and proteomic data were collected from strains lacking only non-
essential genes. However, even for nonessential genes, their fitness
effects upon deletion could differ substantially between the two
yeasts (Qian and Zhang 2014). To evaluate if our observation of
a lack of evolutionary conservation of transcriptomic and proteo-
mic effects of gene deletion is caused by such genes, we focused on
a subset of nonessential genes whose fitness effects of deletion in
the two yeasts differ by no more than 0.1 (referred to as orthologs
with similar fitness effects). The subset of nonessential genes
whose fitness effects of deletion in the two yeasts differ by more
than 0.1 are referred to as orthologs with dissimilar fitness effects.
We found no significant difference in Fortho between the two sub-
sets of orthologous genes in transcriptomic (Fig. 2C) and proteo-
mic effects (Fig. 2D). Furthermore, in both the transcriptomic
(Fig. 2C) and proteomic (Fig. 2D) analyses, we found no significant
difference between Fortho and Fnon-ortho for each subset.

As mentioned, althoughmost of the transcriptomic effects of
deleting HAP4 are not evolutionarily conserved, a subset of the ef-
fects in enriched GO terms appears to be conserved (Liu et al.
2020). To evaluate the generality of this finding, for each ortholo-
gous gene pair, we, respectively, identified the enriched GO terms
of the transcriptomic effects in Sce and Spo using an adjusted P=
0.20 as the cutoff. We then computed the fraction of enriched
GO terms shared between the two yeasts. For comparison, we com-
puted the corresponding fraction for nonorthologs between the
two yeasts. We found no significant difference between the ortho-
logs and nonorthologs in the fraction of shared enrichedGO terms
(Fig. 2E). Similar results were obtained when the GO analysis was
based on proteomic effects (Fig. 2F). For comparison, we also
computed the fraction of enriched GO terms shared between dele-
tions of unrelated genes in Sce or in Spo (Fig. 2E,F). We varied the
cutoff in the GO enrichment analysis to an adjusted P-value of
0.05 or 0.50, but the results were not qualitatively different
(Supplemental Fig. S5).

To probe the types of genes showing relatively high Fortho, we
focused on the proteomic data because they include a 55-fold larg-
er number of orthologous gene deletions than that in the tran-

scriptomic data. Specifically, we conducted a GO analysis of the
top 10% of genes in Fortho against the bottom 90% of genes. The
top 10% of genes tend to be associated with catalytic activity, hy-
drolase activity, and UDP-forming activity (Supplemental Fig. S6;
Supplemental Table S2).

The scarcity of shared transcriptomic effects of orthologous

gene deletions cannot be fully explained by experimental

noise or stereotypical response

A potential cause of the apparent lack of conservation of transcrip-
tomic and proteomic effects of gene deletion between the two
yeasts is transcriptome and proteomemeasurement errors, because
these errors could cause under- or misidentification of genes with
significant mRNA or protein effects upon gene deletion (i.e., false-
negative or false-positive errors), which would lower Fortho. In par-
ticular, for both transcriptomics and proteomics, the Sce and Spo
data were generated in different laboratories and thereby might
contain laboratory-specific biases. Therefore, it would be ideal to
perform a control analysis by comparing two laboratories’ data
of the transcriptomic (or proteomic) effects of deleting the same
gene of the same species. Below, we describe such a comparison
of the transcriptomic effects of 119 gene deletions in the same
Sce genetic background reported by different laboratories (Hu
et al. 2007; Kemmeren et al. 2014). We found that the fraction
of transcriptomic effects of deleting the same Sce gene shared be-
tween the two studies (median=53.5%) is significantly greater
than that of deleting different genes between the two studies (me-
dian=5.9%), as well as that between deleting two different genes
in each study (Fig. 3A). Although deleting the same gene in the
two studies did not yield exactly the same detected transcriptomic
effects, indicative of the presence of technical noise, the fraction of
shared effects (Fig. 3A) is substantially greater than that between
orthologous gene deletions in the two yeasts (Fig. 2A). Our analysis
of enriched GO terms further supports this conclusion (Fig. 3B;
Supplemental Fig. S7). Note that Reimand et al. (2010) reanalyzed
Hu et al.’s data and detected substantially more transcriptomic ef-
fects than reported by the original authors. Our use of Reimand
et al.’s results instead of Hu et al.’s results did not qualitatively alter
our conclusion.

However, when juxtaposed with our main analysis (Fig. 2A),
the above control (Fig. 3A) has a difference. Specifically, although
the main analysis compared two studies that, respectively, used
microarray and RNA-seq to detect transcriptomic effects of gene
deletion, the control compared two studies that each employed
the microarray technology. Although RNA-seq is superior to the
microarray for comparing expression levels of different genes
(Xiong et al. 2010), the two technologies are both reliable and
commonly used for comparing the expression levels of the same
gene between samples, which is what is needed for detecting tran-
scriptomic effects of gene deletion. Notwithstanding, we further
verified our control by examining four Sce gene deletion strains
in Figure 3A that had also been transcriptomically profiled by
RNA-seq (Liu et al. 2020).We first compared the transcriptomic ef-
fects of these four Sce gene deletions respectively assessed by two
laboratories both using microarray (Fig. 3C; Hu et al. 2007;
Kemmeren et al. 2014), and then compared these effects assessed
by two laboratories respectively using microarray (Kemmeren
et al. 2014) and RNA-seq (Fig. 3D; Liu et al. 2020). These two com-
parisons yielded highly similar results: The fraction of shared tran-
scriptomic effects between two studies ismuch greater for the same
gene than for different genes, regardless of whether the two studies
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used the same transcriptomic method. The observation in Figure
3D that the transcriptomic effects of the same gene deletion over-
lap by ∼50% even when the data were generated by different tech-
nologies in different laboratories suggests that the low Fortho of
∼10% in Figure 2A is not owing to the use of different technologies
but the use of different species. In other words, the lack of evolu-
tionary conservation in transcriptomic effects of gene deletion
cannot be explained by transcriptomemeasurement errors/biases.

A prior analysis of Sce gene deletions identified stereotypical
transcriptomic effects that do not reflect the specific function of
the gene deleted but the fitness effect of the deletion (O’Duibhir
et al. 2014), meaning that Fortho in Figure 2, A and B, might have
been underestimated for orthologous gene deletions with dissim-
ilar fitness effects in the two yeasts. Nevertheless, our analysis of
the subset of orthologous gene deletionswith similar fitness effects
in the two yeasts still found Fortho to be similar to Fnon-ortho (Fig. 2C,
D). Furthermore, even after the removal of the stereotypical effects
previously identified (i.e., genes with stereotypical transcriptomic
changes and their Spo orthologs) (Kovács et al. 2021), Fortho is not
significantly different from Fnon-ortho (Supplemental Fig. S8).
Together, these results indicate that the observation of a lack of

conservation of transcriptomic/proteo-
mic effects of gene deletion is not ex-
plainable by stereotypical effects of
gene deletions.

Transcriptomic/proteomic effects

of gene deletion are sensitive to the

genetic background

Another potential cause of the apparent
lack of evolutionary conservation of tran-
scriptomic and proteomic effects of gene
deletion is that most transcriptomic and
proteomic effects of deleting a gene do
not inform the function of the gene, a hy-
pothesis mentioned in the Introduction.
Consistent with this hypothesis is the re-
port that transcriptomic and proteomic
effects of metabolic gene deletions in Sce
are highly sensitive to the genetic back-
ground (Alam et al. 2016). Specifically,
Alam et al. (2016)measured the transcrip-
tomic and proteomic effects of deleting
HIS3 in the eight genetic backgrounds in
which zero to all of LEU2, URA3, and
MET17 (also knownasMET15) are absent.
Note that whenever a metabolic gene
(e.g., LEU2) is absent in the genome, the
corresponding nutrient (e.g., leucine) is
supplied to the medium such that the ab-
sence of the gene is not lethal (Alam et al.
2016). We found that the shared fraction
of transcriptomic effects of HIS3 deletion
between two genetic backgrounds varies
from 12% to 46.8% (median=25.5%)
(Fig. 4A; Supplemental Table S3).
Similarly, the shared fraction of proteo-
mic effects of HIS3 deletion between two
genetic backgrounds varies from 0% to
34.8%, with a median of 15.0% (Fig. 4B;
Supplemental Table S3). That is, deleting

the same gene in different genetic backgrounds causes largely non-
overlapping transcriptomic/proteomic effects, even though these
backgrounds differ by no more than the presence/absence of three
genes whose metabolic functions are compensated by the additives
in the media. Furthermore, the fraction of transcriptomic/proteo-
mic effects shared does not decrease significantly with the dissimi-
larity in genetic background (P>0.30 and P>0.078 for each
comparison between all dots of one color with those of another col-
or in each of the first four bars; Mann–Whitney U test) (Fig. 4A,B,
respectively), suggesting the possibility that even a slight difference
in genetic background drastically lowers the fraction of transcrip-
tomic/proteomic effects shared. For comparison, we computed
the fraction of transcriptomic/proteomic effects shared between de-
leting two different genes such as HIS3 and LEU2 in the same wild-
typebackground. Regarding transcriptomic effects, this fraction var-
ies from 12.9% to 35.6% for different gene pairs, with a median of
29.3% (Fig. 4A). Regarding proteomic effects, this fraction varies
from 0% to 28.3%,with amedian of 8.7% (Fig. 4B). Thus, the differ-
ence in transcriptomic/proteomic effects of gene deletion between
different genetic backgrounds is as large as that between deleting
different genes from the same genetic background. Because the
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Figure 3. Comparison of the transcriptomic effects of budding yeast gene deletions detected in differ-
ent studies. (A) Fraction of shared transcriptomic effects of Sce gene deletions between two microarray-
based studies: Kemmeren et al. (2014) and Hu et al. (2007). (B) Fraction of shared enriched GO terms of
transcriptomic effects between the above two studies. (C) Fraction of shared transcriptomic effects of
four gene deletions (HAP2, HAP3, HAP4, and HAP5) between two microarray-based studies (Hu et al.
2007; Kemmeren et al. 2014). (D) Fraction of shared transcriptomic effects of the same four gene dele-
tions between a microarray study (Kemmeren et al. 2014) and an RNA-seq study (Liu et al. 2020). (C,D)
Each dot represents one comparison. In each panel, the lower and upper edges of a box represent the first
(qu1) and third (qu3) quartiles, respectively; the horizontal line inside the box indicates themedian (md);
and thewhiskers extend to themost extreme values inside inner fences; md±1.5(qu3−qu1). P-values are
based on Mann–Whitney U tests.
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genetic backgrounds of Sce and Spo differ by orders of magnitude
more than three genes, it is unsurprising that the transcriptomic
and proteomic effects of gene deletion are not conserved between
the two yeasts.

It is plausible that the transcriptomic effects of gene deletion
shared across multiple genetic backgrounds reflect the true biolog-
ical function of the gene. We thus compared the shared fraction
of transcriptomic effects of deleting the same metabolic gene
(e.g., HIS3) in four different genetic backgrounds (e.g., wild type,
ΔLEU2, ΔURA3, and ΔMET15) with a negative control, which is
the fraction of effects shared among the deletions of the four differ-
ent metabolic genes (HIS3, LEU2, URA3, and MET15) in the same
wild-type background (Fig. 4C). For HIS3 (2.5%), URA3 (5.5%),
and MET15 (9.9%), the shared fraction of transcriptomic effects
of gene deletion is similar to the negative control (3.7%), suggest-
ing the possibility that few if any of the shared transcriptomic

effects reflect the functions of these
genes. In contrast, the shared fraction
of transcriptomic effects of deleting
LEU2 (37.2%) is greater than the negative
control by an order of magnitude, sug-
gesting that the sizable fraction of the
shared transcriptomic effects reflects the
true function of LEU2. Similar inferences
can bemade based on the analysis of pro-
teomic effects (Fig. 4D).

Discussion

Althoughmultiple lines of evidence sup-
port that functions of orthologous genes
are generally conserved between bud-
ding yeast and fission yeast, we observed
no evolutionary conservation in the
transcriptomic and proteomic effects
of gene deletion between these spe-
cies. A similar conclusion can be drawn
even for the enriched GO terms of the
transcriptomic/proteomic effects. Fur-
ther analysis excluded poor transcrip-
tomic measurements and stereotypical
effects of gene deletion as main causes
of this apparent lack of conservation.
Rather, our results are consistent with
the hypothesis that most transcrip-
tomic/proteomic effects of gene deletion
do not reflect selected-effect function
and thereby are not evolutionarily con-
served. At least in theory, gene regulation
can evolve rapidly even when gene func-
tion is conserved. Because changes in
transcriptomic/proteomic effects should
largely reflect changes in gene regulation,
rapid changes in transcriptomic/proteo-
mic effects in evolution are not incom-
patible with the conservation of gene
function. In other words, our finding
is not surprising mechanistically. The
nonfunctional transcriptomic/proteomic
effects are presumably idiosyncratic,
depending on the presence/absence of
countless other compounds and interac-

tions in the cell. In theory, even a small change in the genetic back-
ground could alter these compounds and interactions, triggering a
different set of transcriptomic/proteomic effects of gene deletion.
Thus, the finding that transcriptomic/proteomic effects of gene
deletion are highly sensitive to the genetic background supports
our conclusion that most transcriptomic/proteomic effects of
gene deletion are nonfunctional. Our finding and interpretation
are further supported by the recent report that the transcriptomic
effectsofdeleting transcription factor genesare largelynonoverlap-
ping between two Sce strains (Liu et al. 2024).

There are several caveats in our analyses that warrant discus-
sion. First, our comparison of the transcriptomic effects of gene
deletion between Sce and Spo (Fig. 2A) was based on only 41 orthol-
ogous gene deletions. Nevertheless, this small sample is compen-
sated by the large number of orthologous gene deletions (2242)
studied in proteomic comparisons (Fig. 2B). Furthermore, the
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Figure 4. Transcriptomic and proteomic effects of gene deletions in budding yeast are sensitive to the
genetic background. (A,B) Fractions of shared transcriptomic (A) or proteomic (B) effects of deleting
a gene in two genetic backgrounds or deleting two different genes in the same background.
Specifically, each of four focal genes (HIS3, LEU2, URA3, and MET15) is deleted in eight genetic back-
grounds that vary in the presence/absence of the other three genes. For example, the focal gene HIS3
is deleted in the eight strains lacking zero to three of LEU2, URA3, and MET15. Shown for comparison
are fractions of shared transcriptomic/proteomic effects of deleting two different genes in the wild-
type background. In the first four bars, each dot represents a comparison between two genetic back-
grounds, in which different colors indicate that the two genetic backgrounds differ by the presence/ab-
sence of one (red), two (yellow), or three (green) genes. In the last bar, each dot represents a comparison
between two gene deletions in the wild type. (C,D) Fractions of shared transcriptomic (C) or proteomic
(D) effects of deleting a gene between four genetic backgrounds (the wild type plus three genetic back-
grounds, each lacking one of the other three genes). Shown for comparison are fractions of shared tran-
scriptomic/proteomic effects of deleting the four different genes in the wild type. Error bars show
binomial sampling-based 95% confidence intervals. In all panels, the lower and upper edges of a box rep-
resent the first (qu1) and third (qu3) quartiles, respectively; the horizontal line inside the box indicates
the median (md); and the whiskers extend to the most extreme values inside inner fences; md±1.5
(qu3−qu1).
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similar trends revealed in Figure 2, A and B, suggest that the tran-
scriptomic results are reliable despite the relatively small number
of gene deletions examined.

Second, we were able to perform a control analysis to exclude
the possibility that transcriptomic measurement error causes our
main finding. Such a control was unavailable for our proteomic
analysis owing to the lack of suitable data. However, the similarity
between our transcriptome- and proteome-based results suggests
that our proteomic results are unlikely to be primarily caused by
poor data quality, but this inference should be verified in the
future.

Third, the phenotypic effects of deleting a gene can vary with
the environment in which the phenotype is measured. Although
the media used for collecting the transcriptomic and proteomic
data in Sce and Spo were not identical, they were similar (see
Methods). Evidence frommRNA and protein expression levels, fit-
ness effects of gene deletions, and a control experiment performed
in different media all suggests that the apparent lack of conserva-
tion of transcriptomic/proteomic effects of gene deletion cannot
be explained by the slight difference in the media used for pheno-
typing Sce and Spo (see Methods).

Fourth, the two yeast species compared here are separated by
hundreds of millions of years of independent evolution, and their
orthologous genes cannot all be functionally identical. Conse-
quently, some phenotypic effects of gene deletion are expected
to differ between the two yeasts even if all phenotypic effects gen-
uinely reflect gene function. This said, the virtually equal degrees
of sharing of transcriptomic/proteomic effects between deleting
orthologous genes and deleting nonorthologous genes in the
two yeasts are unexplainable if most of these effects reflect gene
function.

Our conclusion has multiple implications. First, it suggests
that surveying the transcriptomic/proteomic effects of gene dele-
tion yields many nonfunctional effects. Because high-throughput
approaches such as Perturb-seq and its variants almost exclusively
measure the transcriptomic effects of gene deletion or mutation
(Adamson et al. 2016; Dixit et al. 2016; Jaitin et al. 2016;
Datlinger et al. 2017), care should be taken in interpreting the re-
sults. That is, a transcriptomic/proteomic effect should not be au-
tomatically regarded as a function. Our results further imply that
transcriptomic/proteomic effects of gene deletion inmodel organ-
isms are frequently different from those in humans, which should
be verified in the future. Of course, we are not saying that tran-
scriptomic/proteomic effects informnothing about gene function.
For example, some genes encoding members of the same protein
complex or participating in the same biological pathway show
similar transcriptomic effects when deleted, whichmay genuinely
reflect these genes’ functions (Kemmeren et al. 2014).

Second, because of the unavailability of systematically mea-
sured nonmolecular phenotypic effects of gene deletion in multi-
ple species, we do not know whether our finding applies to
nonmolecular phenotypes such as morphological and physiologi-
cal traits observable at the organismal level. Previous empirical re-
sults (Ho et al. 2017) and theoretical considerations (Zhang 2018)
suggested the possibility that, when phenotypic traits are stratified
according to a hierarchy of biological organization, the proportion
of phenotypic evolutionary changes that are adaptive rises with
the phenotypic level considered (i.e., from molecular to organis-
mal). In other words, it is plausible that nonfunctional effects of
gene deletion are more common at the level of molecular traits
than at the level of organismal traits. This said, empirical studies
are necessary to verify this prediction.

Third, some important quantities in genetics aremeasured by
phenotypic effects of gene deletion or mutation. For example, the
pleiotropic level of a gene or mutation is commonly estimated by
the number or fraction of phenotypic traits influenced by gene
deletion or mutation (Zhang 2023). One wonders whether non-
functional phenotypic effects should be counted toward pleiotro-
py. If the answer is yes, one consequence is that the pleiotropy of a
gene or mutation would be highly sensitive to the genetic back-
ground and would not be evolutionarily conserved. Related to
the concept of pleiotropy is the notion that most traits are each in-
fluenced by many genes/mutations (Ho and Zhang 2014). In the
example provided in the Introduction, if the selective mainte-
nance of gene A is solely for its protein product to bind to B to in-
duce phenotype set I, should A be regarded as a gene underlying
phenotype set II (simply because II is affected when A is deleted)?
If the relationship between A and II is not functional, is not
selected, is not conserved, and is highly dependent on the genetic
background, would knowing this relationship help or hinder
our understanding of biology? Reasonable peoplemay have differ-
ent answers to these questions, but they are questions worth
pondering.

Fourth, one could extend the thread of thought from one
gene to all genes in a genome and ask whether our understanding
of biological complexity, which depends on the concepts of pleiot-
ropy and complex traits, has been misled by the numerous non-
functional effects of gene deletion that have been discovered (He
2016). Should we consider only functional effects when studying
biological complexity, and would biology be simpler if only func-
tional effects are considered?

Fifth, deleting the same gene in budding and fission yeasts
yields a smaller fraction of shared transcriptomic/proteomic ef-
fects than deleting different genes in the same yeast (Fig. 2A,B).
This unexpected result suggests that budding and fission yeasts
have evolved general, species-specific responses to gene deletion
as a result of their high evolutionary divergence. These general re-
sponses are likely relevant to the species of interest but not to the
gene of focus (O’Duibhir et al. 2014; Kovács et al. 2021). In other
words, they probably do not inform gene function.

Because functional effects are selected, they can presumably
be detected by examining the shared effects of orthologous gene
deletions in multiple species, under the assumption that the
gene function is conserved. The evolutionarily conserved effects
likely reflect selected-effect functions. One caveat of our study is
that we compared two distantly related species: budding and fis-
sion yeasts. If comparable data from additional, more closely relat-
ed species are available, we could quantify the evolutionary rate of
transcriptomic/proteomic effects of gene deletion and estimate the
fraction of transcriptomic/proteomic effects that are functional.
The results in Figure 4, C and D, although based on only four
genes, suggest the possibility that this rate is high and that the
functional fraction is small. These predictions, strongly supported
by the low overlap between two Sce strains in transcriptomic ef-
fects of transcription factor gene deletions (Liu et al. 2024), would
be important to verify in other taxa when relevant data become
available in the future.

Methods

Orthologous genes between Sce and Spo

Orthologous genes between Sce and Spo were downloaded on
October 19, 2023, from PomBase (Lock et al. 2018; https://www
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.pombase.org/data/orthologs/pombe-cerevisiae-orthologs-one-line-
per-gene.tsv). Only one-to-one orthologs were subsequently
considered.

Transcriptomic and proteomic effects of gene deletion

Transcriptomic effects of gene deletion in Sce were determined
from four replicates per mutant based on microarray expression
measures of cells cultured in synthetic complete (SC) medium
(Kemmeren et al. 2014). Proteomic effects of gene deletion in Sce
were estimated by mass spectrometry in four replicates of cells
grown in synthetic minimal (SM) medium (Messner et al. 2023).
Transcriptomic effects of gene deletion in Spo were determined
by RNA-seq using 388 wild-type replicates and one replicate per
mutant grown in yeast extract with supplement (YES) medium
(Öztürk et al. 2022). Proteomic effects of gene deletion in Spo
were determined by mass spectrometry using 461 wild-type repli-
cates and one replicate per mutant in YES medium (Öztürk et al.
2022). Although the media used in Sce and Spo experiments are
not identical, they are similar. Furthermore, mRNA (Supplemental
Fig. S9A) and protein (Supplemental Fig. S9B) expression levels are
significantly correlated between orthologous genes of the two
yeasts evenwhen they are cultured in differentmedia. Specifically,
in Supplemental Figure S9A, the RNA-seq data of Scewere generat-
ed in the rich medium YPD (Chou et al. 2017), similar to SC,
whereas those of Spowere fromYES (Öztürk et al. 2022). In Supple-
mental Figure S9B, the proteomic data of Sce (Messner et al. 2023)
and Spo (Öztürk et al. 2022) were from the studies mentioned
above. Additionally, growth assays of Sce gene deletion strains in
three media (SC, SM, and YPD) (Messner et al. 2023) revealed a
strong correlation between the relative growth rate of a strain in
one medium with that in another (pairwise r=0.70 between SC
and YPD, 0.74 between SM and YPD, and 0.88 between SC and
SM, respectively; P<2.2 ×10−16 in all cases). Additional control ex-
periments are described in the section Comparing the Effects of
Gene Deletion on Microarray-Based mRNA Levels between Two
Sce Studies.

Significant transcriptomic and proteomic effects

The original studies provided the P-value (upon corrections for
multiple testing) that the mRNA (or protein) concentration of a
gene differs between a gene deletion strain and the wild-type
strain. However, because of methodological differences and sam-
ple size differences between studies, the number of genes exhibit-
ing significant expression effects from gene deletion differed
between the two yeasts, making the inter-specific comparison po-
tentially inappropriate. We thus made the following adjustment.
Let NSce and NSpo be the numbers of genes with significant effects
in Sce and Spo in the original studies, respectively.We, respectively,
considered

����������

NSceNSpo
√

genes with the smallest P-values in each spe-
cies to be significant in subsequent analyses. For instance, if NSce=
40 andNSpo=10, we consider

����������

40× 10
√ = 20 genes with the small-

est P-values in Sce to be significant in Sce; we similarly consider the
20 genes with the smallest P-values in Spo to be significant in Spo.
When one, but not both, of NSce and NSpo equals zero, we treated
zero as one in applying the above formula. When both NSce and
NSpo equal zero, the number of significant effects is zero in both
species, and the fraction of effects shared between species is also
considered to be zero (only one orthologous gene pair belongs to
this category, and excluding this case does not alter our conclu-
sion). This adjustment was applied in all comparisons unless oth-
erwise noted. To assess the robustness of our results, we also,
respectively, considered NSce genes with the smallest P-values in
each species to be significant; respectively, considered NSpo genes

with the smallest P-values in each species to be significant; or, re-
spectively, considered NSce genes in Sce and NSpo genes in Spo
with the smallest P-values to be significant.

Fitness effects of gene deletions

For each orthologous gene pair between Sce and Spo, we computed
Δf= ∣fSce− fSpo∣, where fSce and fSpo are the fitness of the gene deletion
strain relative to that of the wild type in Sce (Costanzo et al. 2010)
and Spo (Han et al. 2010), respectively. These fitness valueswere ac-
quired from a previous study (Qian and Zhang 2014), which
showed that these fitness values of Sce and Spo gene deletion
strains are comparable. An orthologous gene pair is considered to
have similar fitness effects of gene deletion in the two yeasts
when Δf<0.1; otherwise, it is considered to have dissimilar fitness
effects.

GO analysis

For Supplemental Figure S6, we used GO Term Finder (Boyle
et al. 2004), a tool available in the Saccharomyces Genome
Database (Cherry et al. 1998; https://www.yeastgenome.org/
goTermFinder) to identify enriched GO terms in the set of genes
against other genes. This tool calculates the adjusted P-value
upon corrections for multiple comparisons to assess the statistical
significance of enrichment of a term.

GO term enrichment analysis

Biological process GO term enrichment was assessed using the
clusterProfiler R package (Yu et al. 2012). We applied three differ-
ent cutoffs (adjusted P-value=0.05, 0.20, and 0.50) to identify en-
riched GO terms for a set of transcriptomic or proteomic effects
and then compared enriched GO terms between orthologs or be-
tween nonorthologs.

Transcriptomic and proteomic effects of metabolic gene

deletions in different Sce genetic backgrounds

According to the original study (Alam et al. 2016), 16 yeast strains
were constructed with combinatorial auxotrophies in histidine
(his3Δ), leucine (leu2Δ), uracil (ura3Δ), and methionine (met15Δ)
biosynthesis pathways. Strains were cultured in SC medium sup-
plemented with nutrients corresponding to their auxotrophies.
In analyzing RNA-seq data, we excluded genes with very low
read counts (fewer than 50 total counts across all replicates, both
raw and normalized). A total of 5923 expressed genes were consid-
ered. Normalization and P-value calculation for differential gene
expression between strains were performed using DESeq2 (Love
et al. 2014) in R. P-values were adjusted using the Benjamini–
Hochbergmethod (Benjamini andHochberg 1995), and an adjust-
ed P<0.05 was used as the cutoff to call differentially expressed
mRNAs. Protein concentrations were provided in the original pro-
teomic study (Alam et al. 2016). Differential protein expression
analysis was then conducted using DESeq2 (Love et al. 2014),
and an adjusted P<0.05 was used as the threshold for identifying
significant protein concentration changes. Again, when compar-
ing two sets of transcriptomic/proteomic effects, if N1 and N2 are
the numbers of genes with significant effects in the two sets, we,
respectively, considered

�������

N1N2
√

genes with the smallest adjusted
P-values in each set to be significant in subsequent analyses.
When comparing four sets of transcriptomic/proteomic effects, if
N1,N2,N3, andN4 are the numbers of genes with significant effects
in the four sets, we, respectively, considered (N1N2N3N4)

0.25 genes
with the smallest adjusted P-values in each set to be significant in
subsequent analyses.
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Comparing the effects of gene deletion on microarray-based

mRNA levels between two Sce studies

To assess the reliability of usingmicroarrays to detect the effects of
gene deletion on mRNA levels, we compared the results of two in-
dependent studies that examined the transcriptomic effects of an
overlapping set of 119 Sce gene deletions in the same genetic back-
ground (Hu et al. 2007; Kemmeren et al. 2014). The strains were,
respectively, cultivated in SC (Kemmeren et al. 2014) and YPD
(Hu et al. 2007); YPD is equivalent to YES used for collecting the
Spo transcriptomic data (Öztürk et al. 2022). The original studies,
respectively, identified genes with significant changes of mRNA
levels. We then employed the method of normalization as shown
in Supplemental Figure S1 to identify geneswith significantmRNA
level changes before the comparison between the two studies. The
comparison between Figure 3, A and B, and Figure 2, A, C, and E,
suggests that the nonoverlap in the transcriptomic effects of
orthologous gene deletions between Sce and Spo cannot be ex-
plained by the slight difference in the media for culturing Sce
and Spo.

Comparing expressions of orthologous genes between Sce and Spo

We compared the mRNA concentrations of orthologous genes be-
tween Sce and Spo using RNA-seq data of wild-type Sce cells grown
in YPD (Chou et al. 2017) and those of wild-type Spo cells grown in
YES (Öztürk et al. 2022). We similarly compared the proteomic
data of wild-type Sce cells grown in SM (Messner et al. 2023) and
those of wild-type Spo cells grown in YES (Öztürk et al. 2022).
Gene expression levels were first loge-transformed and then stan-
dardized by subtracting the minimum observed value followed
by dividing by themaximumobserved value. The standardized ex-
pression levels are thus between zero and one.

Competing interest statement

The authors declare no competing interests.

Acknowledgments

We thank Chongwei Shi for technical assistance; the Ralser,
Holstege, Butter, and Du laboratories for kindly providing data
and answering our inquiries about their methods and data; and
D. Jiang, S. Song, M. Sun, and H. Xu for valuable discussions and
comments. We thank the three anonymous reviewers for their
constructive comments. This work was supported by the research
grant R35GM139484 from the U.S. National Institutes of Health
to J.Z.

Author contributions: J.Z. conceived the study. Y.L. and J.Z. de-
signed the study. Y.L. analyzed the data. Y.L. and J.Z. wrote the
paper.

References

Adamson B, Norman TM, Jost M, Cho MY, Nuñez JK, Chen Y, Villalta JE,
Gilbert LA, Horlbeck MA, Hein MY, et al. 2016. A multiplexed single-
cell CRISPR screening platform enables systematic dissection of the un-
folded protein response. Cell 167: 1867–1882.e21. doi:10.1016/j.cell
.2016.11.048

Alam MT, Zelezniak A, Mülleder M, Shliaha P, Schwarz R, Capuano F,
Vowinckel J, Radmaneshfar E, Krüger A, Calvani E, et al. 2016. The met-
abolic background is a global player in Saccharomyces gene expression
epistasis. Nat Microbiol 1: 15030. doi:10.1038/nmicrobiol.2015.30

Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. 2002. Molecular
biology of the cell. Garland Science, New York.

Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a prac-
tical and powerful approach to multiple testing. J R Stat Soc Ser B
Methodol 57: 289–300. doi:10.1111/j.2517-6161.1995.tb02031.x

Boyle EI, Weng S, Gollub J, Jin H, Botstein D, Cherry JM, Sherlock G. 2004.
GO:: TermFinder—open source software for accessing gene ontology in-
formation and finding significantly enriched gene ontology terms asso-
ciated with a list of genes. Bioinformatics 20: 3710–3715. doi:10.1093/
bioinformatics/bth456

Camp JG, Platt R, Treutlein B. 2019. Mapping human cell phenotypes to ge-
notypes with single-cell genomics. Science 365: 1401–1405. doi:10
.1126/science.aax6648

Chen P, Michel AH, Zhang J. 2022. Transposon insertional mutagenesis of
diverse yeast strains suggests coordinated gene essentiality polymor-
phisms. Nat Commun 13: 1490. doi:10.1038/s41467-022-29228-1

Cherry JM, Adler C, Ball C, Chervitz SA, Dwight SS, Hester ET, Jia Y, Juvik G,
Roe T, SchroederM. 1998. SGD: Saccharomyces genome database.Nucleic
Acids Res 26: 73–79. doi:10.1093/nar/26.1.73

Chou HJ, Donnard E, Gustafsson HT, Garber M, Rando OJ. 2017.
Transcriptome-wide analysis of roles for tRNA modifications in transla-
tional regulation. Mol Cell 68: 978–992.e4. doi:10.1016/j.molcel.2017
.11.002

Costanzo M, Baryshnikova A, Bellay J, Kim Y, Spear ED, Sevier CS, Ding H,
Koh JL, Toufighi K, Mostafavi S, et al. 2010. The genetic landscape of a
cell. Science 327: 425–431. doi:10.1126/science.1180823

Datlinger P, Rendeiro AF, Schmidl C, Krausgruber T, Traxler P, Klughammer
J, Schuster LC, Kuchler A, Alpar D, Bock C. 2017. Pooled CRISPR screen-
ing with single-cell transcriptome readout. Nat Methods 14: 297–301.
doi:10.1038/nmeth.4177

Dixit A, Parnas O, Li B, Chen J, Fulco CP, Jerby-Arnon L, Marjanovic ND,
Dionne D, Burks T, Raychowdhury R, et al. 2016. Perturb-seq: dissecting
molecular circuits with scalable single-cell RNA profiling of pooled ge-
netic screens. Cell 167: 1853–1866.e17. doi:10.1016/j.cell.2016.11.038

Doolittle WF, Brunet TD, Linquist S, Gregory TR. 2014. Distinguishing be-
tween “function” and “effect” in genome biology. Genome Biol Evol 6:
1234–1237. doi:10.1093/gbe/evu098

Dowell RD, Ryan O, Jansen A, Cheung D, Agarwala S, Danford T, Bernstein
DA, Rolfe PA, Heisler LE, Chin B, et al. 2010. Genotype to phenotype: a
complex problem. Science 328: 469. doi:10.1126/science.1189015

Duina AA, Miller ME, Keeney JB. 2014. Budding yeast for budding geneti-
cists: a primer on the Saccharomyces cerevisiae model system. Genetics
197: 33–48. doi:10.1534/genetics.114.163188

Gabaldón T, Koonin EV. 2013. Functional and evolutionary implications of
gene orthology. Nat Rev Genet 14: 360–366. doi:10.1038/nrg3456

Graur D, Sater AK, Cooper TF. 2016.Molecular and genome evolution. Sinauer
Associates, Sunderland, MA.

Han TX, Xu XY, Zhang MJ, Peng X, Du LL. 2010. Global fitness profiling of
fission yeast deletion strains by barcode sequencing. Genome Biol 11:
R60. doi:10.1186/gb-2010-11-6-r60

He X. 2016. The biology complicated by genetic analysis. Mol Biol Evol 33:
2177–2181. doi:10.1093/molbev/msw111

Ho WC, Zhang J. 2014. The genotype–phenotype map of yeast complex
traits: basic parameters and the role of natural selection. Mol Biol Evol
31: 1568–1580. doi:10.1093/molbev/msu131

Ho W-C, Ohya Y, Zhang J. 2017. Testing the neutral hypothesis of pheno-
typic evolution. Proc Natl Acad Sci 114: 12219–12224. doi:10.1073/
pnas.1710351114

Hu Z, Killion PJ, Iyer VR. 2007. Genetic reconstruction of a functional tran-
scriptional regulatory network. Nat Genet 39: 683–687. doi:10.1038/
ng2012

Jaitin DA, Weiner A, Yofe I, Lara-Astiaso D, Keren-Shaul H, David E, Salame
TM, Tanay A, vanOudenaarden A, Amit I. 2016. Dissecting immune cir-
cuits by linking CRISPR-pooled screens with single-cell RNA-seq. Cell
167: 1883–1896.e15. doi:10.1016/j.cell.2016.11.039

Kachroo AH, Laurent JM, Yellman CM, Meyer AG, Wilke CO, Marcotte EM.
2015. Systematic humanization of yeast genes reveals conserved func-
tions and genetic modularity. Science 348: 921–925. doi:10.1126/sci
ence.aaa0769

Kemmeren P, Sameith K, Van De Pasch LA, Benschop JJ, Lenstra TL,
Margaritis T, Duibhir O, Apweiler E, van Wageningen E, Ko S, et al.
2014. Large-scale genetic perturbations reveal regulatory networks and
an abundance of gene-specific repressors. Cell 157: 740–752. doi:10
.1016/j.cell.2014.02.054

Kim D-U, Hayles J, Kim D, Wood V, Park H-O, Won M, Yoo H-S, Duhig T,
NamM, Palmer G, et al. 2010. Analysis of a genome-wide set of gene de-
letions in the fission yeast Schizosaccharomyces pombe.Nat Biotechnol 28:
617–623. doi:10.1038/nbt.1628

Koo BM, Kritikos G, Farelli JD, Todor H, Tong K, Kimsey H, Wapinski I,
Galardini M, Cabal A, Peters JM, et al. 2017. Construction and analysis
of two genome-scale deletion libraries for Bacillus subtilis. Cell Syst 4:
291–305.e7. doi:10.1016/j.cels.2016.12.013

Kovács K, Farkas Z, Bajic ́D, Kalapis D, Daraba A, Almási K, Kintses B, Bódi Z,
Notebaart RA, Poyatos JF, et al. 2021. Suboptimal global transcriptional
response increases the harmful effects of loss-of-function mutations.
Mol Biol Evol 38: 1137–1150. doi:10.1093/molbev/msaa280

Li and Zhang

520 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on May 4, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280008.124/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com


Kumar S, Stecher G, Suleski M, Hedges SB. 2017. TimeTree: a resource for
timelines, timetrees, and divergence times. Mol Biol Evol 34: 1812–
1819. doi:10.1093/molbev/msx116

Liao BY, Zhang J. 2008. Null mutations in human and mouse orthologs fre-
quently result in different phenotypes. Proc Natl Acad Sci 105: 6987–
6992. doi:10.1073/pnas.0800387105

Liao BY,WengMP, Zhang J. 2010. Contrasting genetic paths tomorpholog-
ical and physiological evolution. Proc Natl Acad Sci 107: 7353–7358.
doi:10.1073/pnas.0910339107

Liu L, Liu M, Zhang D, Deng S, Chen P, Yang J, Xie Y, He X. 2020.
Decoupling gene functions from knockout effects by evolutionary anal-
yses. Nat Sci Rev 7: 1169–1180. doi:10.1093/nsr/nwaa079

Liu L, Liu Y, Min L, Zhou Z, He X, Xie Y, Cao W, Deng S, Lin X, He X, et al.
2024.Most pleiotropic effects of gene knockouts are evolutionarily tran-
sient in yeasts. Mol Biol Evol 41: msae189. doi:10.1093/molbev/
msae189

Lock A, Rutherford K, Harris MA, Wood V. 2018. PomBase: the scientific re-
source for fission yeast.Methods Mol Biol 1757: 49–68. doi:10.1007/978-
1-4939-7737-6_4

Love MI, Huber W, Anders S. 2014. Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol 15: 550.
doi:10.1186/s13059-014-0550-8

Messner CB, Demichev V, Muenzner J, Aulakh SK, Barthel N, Röhl A,
Herrera-Domínguez L, Egger A-S, Kamrad S, Hou J, et al. 2023. The pro-
teomic landscape of genome-wide genetic perturbations. Cell 186:
2018–2034.e21. doi:10.1016/j.cell.2023.03.026

O’Duibhir E, Lijnzaad P, Benschop JJ, Lenstra TL, van Leenen D, Groot
Koerkamp MJ, Margaritis T, Brok MO, Kemmeren P, Holstege FC.
2014. Cell cycle population effects in perturbation studies. Mol Syst
Biol 10: 732. doi:10.15252/msb.20145172

Öztürk M, Freiwald A, Cartano J, Schmitt R, Dejung M, Luck K, Al-Sady B,
Braun S, Levin M, Butter F. 2022. Proteome effects of genome-wide sin-
gle gene perturbations. Nat Commun 13: 6153. doi:10.1038/s41467-
022-33814-8

Ponomarenko EA, Krasnov GS, Kiseleva OI, Kryukova PA, Arzumanian
VA, Dolgalev GV, Ilgisonis EV, Lisitsa AV, Poverennaya EV. 2023.
Workability of mRNA sequencing for predicting protein abundance.
Genes (Basel) 14: 2065. doi:10.3390/genes14112065

Qian W, Zhang J. 2014. Genomic evidence for adaptation by gene duplica-
tion. Genome Res 24: 1356–1362. doi:10.1101/gr.172098.114

Reimand J, Vaquerizas JM, Todd AE, Vilo J, Luscombe NM. 2010.
Comprehensive reanalysis of transcription factor knockout expression
data in Saccharomyces cerevisiae reveals many new targets. Nucleic Acids
Res 38: 4768–4777. doi:10.1093/nar/gkq232

Rousset F, Cabezas-Caballero J, Piastra-Facon F, Fernández-Rodríguez J,
Clermont O, Denamur E, Rocha EPC, Bikard D. 2021. The impact of ge-
netic diversity on gene essentiality within the Escherichia coli species.
Nat Microbiol 6: 301–312. doi:10.1038/s41564-020-00839-y

Vyas A, Freitas AV, Ralston ZA, Tang Z. 2021. Fission yeast Schizosaccharomy-
ces pombe: a unicellular “micromammal”model organism. Curr Protoc 1:
e151. doi:10.1002/cpz1.151

Xiong Y, ChenX, Chen Z,WangX, Shi S,WangX, Zhang J, HeX. 2010. RNA
sequencing shows no dosage compensation of the active X-chromo-
some. Nat Genet 42: 1043–1047. doi:10.1038/ng.711

YuG,Wang L-G, Han Y, HeQ-Y. 2012. clusterProfiler: an R package for com-
paring biological themes among gene clusters. OMICS 16: 284–287.
doi:10.1089/omi.2011.0118

Zhang J. 2018. Neutral theory and phenotypic evolution. Mol Biol Evol 35:
1327–1331. doi:10.1093/molbev/msy065

Zhang J. 2023. Patterns and evolutionary consequences of pleiotropy. Annu
Rev Ecol Evol Syst 54: 1–19. doi:10.1146/annurev-ecolsys-022323-
083451

Received September 7, 2024; accepted in revised form February 7, 2025.

Gene function versus effect of gene deletion

Genome Research 521
www.genome.org

 Cold Spring Harbor Laboratory Press on May 4, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com

