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ABSTRACT

Background: Genes are continually formed and lost as a genome evolves. However,
new genes may tend to appear during specific evolutionary epochs rather than others,
or disappear together in a more recent organismal clade. Methods to identify gene
origination might simply use the last common ancestor to contain an ortholog as the
putative gene origination point, or use a heuristic threshold that allows for a certain
amount of missing orthologs in the cohort of species examined. Here, to avoid such
issues, an alternative approach based on the clustering of phylogenetic profiles is
applied, and the results are examined for any evidence of epochal trends in gene
origination, and associated trends in specific sequence traits or functional
associations.

Methods: A phylogenetic profile is simply an array indicating the presence or
absence of a gene in a list of species. These profiles were compared and clustered to
discern patterns in gene occurrences across >800 fungal species, centering the
analysis on the budding yeast Saccharomyces cerevisiae.

Results: Clear epochs of gene origination were observed linked to the last common
ancestors of Saccharomycetaceae and Saccharomycetes, and also to Fungi and earlier
ancestors. These trends are independent of the proteome and genome-assembly
quality of the underlying data. Clusters of phylogenetic profiles demonstrated some
significant functional associations, such as to cellular spore formation and
chromosome segregation in genes originating in Saccharomycetaceae. The
phylogenetic profile clustering analysis enabled detection of parameter-independent
trends in intrinsic disorder, prion-like composition and gene uniqueness as a
function of epochal gene age. For example: new proteins with prion-like domains
have arisen at a similar rate for most of fungal evolution centred on S. cerevisiae; the
most proteins with mild intrinsic disorder have appeared during the early
Saccharomycetaceae epoch rather than more recently, and very recently formed genes
are the least likely to be single-copy (i.e., ‘unique’ yeast proteins).

Conclusions: For individual proteins, the profile cluster data generated here are
useful for investigating experimental hypotheses, since they provide evidence for
functional linkages that have yet to be discerned.

Subjects Bioinformatics, Computational Biology, Evolutionary Studies
Keywords Gene origins, Phylogenetic profiles, Clustering, Intrinsic disorder, Prion-like, Protein
function
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INTRODUCTION

New genes arise continually during evolution. Such genes can then be deeply conserved or
lost sporadically. Concerted appearance of new genes may occur in defined phylostrata,
i.e., at nodes in the tree of life. Efforts to probe such strata have been dubbed
phylostratigraphy (Domazet-Loso, Brajkovic & Tautz, 2007).

Phylostrata are typically assigned based on the most divergent species containing an
ortholog (Carvunis et al., 2012; Montanes et al., 2023; Roginski et al., 2024; Vakirlis et al.,
2024). Some studies augment this with synteny information for closely-related species, e.g.,
within the Saccharomyces genus (Vakirlis et al., 2024). Barrera-Redondo et al. (2023)
analyzed the number of taxonomic levels extending to the most divergent ortholog and
allowed an absence of ortholog detection for up to 70% of these levels. Thus, estimated
origination time of genes can be reliant on initial taxonomic filters with variable or
arbitrary thresholds.

Here, to address the problem of defining phylostrata, with the yeast Saccharomyces
cerevisiae as an example, a data-driven approach based on the concept of phylogenetic
profiles is applied to yield an alternative perspective (Pellegrini, 2012; Pellegrini et al.,
1999). Patterns of gene origination can be discerned by analyzing phylogenetic profiles
which are arrays indicating the presence or absence of corresponding orthologs across
interrogated proteomes. For genes originating in the same epochs and experiencing similar
clade-specific patterns of gene loss, such profiles should be similar enough to cluster
together, and also robust to sporadic errors in ortholog detection that deform a
phylogenetic profile at one or a handful of positions. Because of large-scale genome
sequencing efforts, we now have a resource of several hundred fungal proteomes from
high-quality genome assemblies (Grigoriev et al., 2014; Hittinger et al., 2015). Thus,
clustering of such lengthy phylogenetic profiles may be informative about gene origination
trends for the yeast S. cerevisiae and indicate how the signal for such trends might or might
not be obscured by proteome quality, which is a direct consequence of genome assembly
quality and annotation quality. Lower-quality genome assemblies may have missing or
fragmentary genes. Thus, they may yield errors in ortholog assignment. Indeed, the
presence or absence of highly-conserved ortholog families in a proteome is a standard
criterion for inferring sufficient genome assembly quality, such as in the BUSCO tool
(Manni et al., 2021). Here, because clusters can be assessed using varying thresholds for
cluster coherence, we have surveyed for parameter-independent trends in sequence
features such as intrinsic disorder, prion-like composition and gene uniqueness (i.e., lack
of paralogs). Furthermore, significant functional associations for profile clusters have been
searched for and discerned.

METHODS

Proteome data

The UniProt fungal reference proteomes (totalling >800) were downloaded from www.
uniprot.org in January 2024 (File S1). The Saccharomyces cerevisiae proteome used as the
focus of this analysis is strain 288c (UniProt proteome identifier UP000000625).
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Proteome quality

BUSCO (Benchmarking Universal Single-Copy Ortholog) and CPD (Complete Proteome
Detector) scores were used to assess proteome quality (Manni et al., 2021; The UniProt
Consortium, 2023). BUSCO is a tool to judge the completeness of a genome assembly (and
consequently of an annotated proteome), by checking for the presence of deeply-
conserved, single-copy genes across an organismal clade (Manni et al., 2021). CPD is a
filter used by the UniProt database to statistically assess the completeness and quality of a
proteome by comparing it to a group of closely-related species, and classifying proteomes
as Standard, Close to Standard or Outlier based their protein count relative to what is
expected within a specific taxonomic clade (The UniProt Consortium, 2023). To assess
the effect of proteome quality on the results below, three different proteome lists are
drawn up. Proteomes are included in the ‘HQZ2’ list if their BUSCO C score is 297%, or
their CPD score is Standard or Close to Standard (High Value). They are included in the
‘HQY list if that have BUSCO C score =95%, or CPD Standard or Close to Standard or
Outlier (High Value) (File S1). Any other proteomes are labelled ‘all’ (for the set of all the
proteomes).

Orthologs

Sets of orthologs to each yeast (UP000000625) protein were calculated as described
previously (Su ¢» Harrison, 2020), using the bi-directional best hits method and a BLASTP
e-value threshold of 1e-03 (Altschul et al., 1997).

Profile calculation

For each set of orthologs, an evolutionary profile is calculated which is a series of

1s and Os, with a ‘1’ representing presence of an ortholog in a proteome and a ‘0’ for
absence. The proteome order in the profiles is: Saccharomyces (genus), then other
Saccharomycetaceae (family), then other Saccharomycetes (class), then other

Ascomycota (phylum), then other Fungi (kingdom). Within these five ranges, the ordering
is arbitrary.

Profile clustering, multiple profile alignment & consensus derivation
The distance between any two profiles is simply the number of mismatches (i.e., 1 aligning
to 0, or vice versa). This is denoted PM (from Profile Mismatches). Sometimes this is
calculated as a proportion (i.e., divided by profile length). Profiles are clustered to identify
proteins that have similar patterns of origination and clade-specific loss. These clusters are
derived using the neighbour-joining algorithm, as implemented in PHYLIP (https://
phylipweb.github.io/phylip/), (Saitou ¢ Nei, 1987). For each cluster, a multiple profile
alignment is derived. This is analogous to the concept of multiple sequence alignments,
with one profile for each S. cerevisiae protein. For each multiple profile alignment, a
consensus profile is calculated, wherein the dominant character 1 or 0 is selected for each
position. Then, the consensus agreement (abbreviated CA) is the average PM of each profile
in the cluster when compared to the consensus profile.
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Evolutionary epochs and random profiles

Ideal profiles were derived for the evolutionary epochs: S. cerevisiae, Saccharomycetaceae,
WGD, Saccharomycetes, Ascomycota, and Fungi. The label WGD refers to the organisms
that have the whole-genome duplication that occurred during Sacccharomycetes evolution
(Wolfe & Shields, 1997). These ideal profiles contain 1s for every species within the clade in
question, and Os for every other species. Consensus distance (CD) is the PM value between
a cluster consensus sequence and any of these ideal profiles.

To check that trends are not biased by comparisons to the ideal profiles described above,
PM values between observed profiles and two randomly generated profiles were examined.
The first such profile was generated by consulting a sequence of pseudo-random numbers,
with a 0.25 chance of 1 (0.75 chance of 0), and with these chance thresholds transposed for
the second random profile.

Removing cluster redundancy and profile assignment to closest
epochs

CD values to the ideal profiles were used to weed the profile clusters down, removing
redundancy. Clusters were sorted on increasing CD to each ideal profile, and for the same
CD, on decreasing cluster size. The sorted list of clusters was then scanned, and relative to
any cluster higher in the list, any clusters further down the list that had any membership
overlap with it were de-selected and subsequently ignored. The selected clusters were then
re-examined and given a final assignment to which of the ideal profiles they were most
similar. To only consider significant CD values, thresholds of CD were calculated for a
Bonferroni-corrected P-value threshold of 8.5e—06 (=0.05/5989) from simulated
populations of random profiles with the same overall proportions of 1s and 0s observed in
the actual data, and any clusters with CD values below these thresholds were discarded.
These thresholds were calculated for different quality data sets (HQI, HQ2, all) and ideal
profiles, and ranged from 0.35 to 0.44.

Profile clusters can thus be assigned to the evolutionary epoch that they are closest to.
However, higher consensus agreement (CA) and lower consensus distance (CD)
thresholds can be used to produce more strict assignments to each of the six epochs.
Specifically, the following sets of values were assessed: [0.99, 0.98, 0.95, 0.9, 0.8] for CA,
and [0, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2] for CD. Also, trends in assignment to each epoch
can be analyzed for the independence of results from the parameters CA and CD.

Quality level agreement

To check for variance in the assignment of proteins to different evolutionary epochs, the
agreement in assignment to the ideal profiles between the three different quality levels
(HQI, HQ2, all) was calculated. This is simply the proportion of proteins in a cluster whose
profiles are assigned significantly to the same closest ideal profile. This is termed quality
level agreement (QLA). This was used as a measure of assignment confidence to the ideal
profiles for each epoch.
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‘Unique’ yeast proteins

If any yeast proteins had no matches in BLASTP searches of the yeast proteome against
itself (with e-value thresholds of 1e-02, 1e—03 or 1e—04), they were labelled as potential
‘unique’ yeast proteins (UYPs) (Altschul et al., 1997).

Prion-like proteins

Prions are proteins that can propagate a protein state (usually a conformation) to other
copies of the same protein. Several of these have been documented in S. cerevisiae linked to
domains that are mostly rich in glutamine and asparagine residues (An, Fitzpatrick ¢
Harrison, 2016). Such prion-like sequence composition was assessed using the program
PLAAC (Lancaster et al., 2014), with two thresholds >0.0 and >15.0 for the PRD score, and
failing that, for the LLR score (these are two scores output by the program).

Intrinsically-disordered proteins

Intrinsic disorder occurs when a whole protein or a protein region remains unfolded
during at least part of its functioning. Intrinsic disorder was assigned with IUPRED3
(Erdos, Pajkos & Dosztanyi, 2021). Proteins were classified as >50% disordered, or >20%
disordered over the whole length of their sequences.

Gene Ontology (GO)

The Gene Ontology is a database of assignments of functional terms for known genes/
proteins (The Gene Ontology Consortium et al., 2023). Significant GO term enrichments
for profile clusters were examined, relative to the GO term assignments for the whole
S. cerevisiae proteome. These were calculated using hypergeometric probability with a
Bonferroni correction for the number of GO terms examined.

RESULTS

Evidence for epochs of gene origination

Evolutionary profiles are a concise way to summarise the patterns of conservation of
orthologs, with presence/absence of orthologs in species represented in binary strings of 1s
and 0s. To discern any overall trends in gene origination during fungal evolution (relative
to the budding yeast S. cerevisiae), these profiles for every S. cerevisiae protein were all
compared to ideal profiles representing evolutionary epochs and the number of profile
mismatches (PM) was analyzed (Fig. 1). For example, the ideal profile for the
Saccharomycetaceae (Sa) epoch is a row of 1s for all the Sa species followed by a row of 0s
for the rest of the Fungi (1111...11110000...0000). In addition, all the profiles were
compared against two randomly-generated profiles (Fig. S1), to check whether these
results arise from comparing just to the ideal profiles. Regardless of which ideal or random
profile is compared against, and which level of proteome quality is considered, clear trends
in the timing of gene origination are observed. Obvious peaks emerge for gene origination
in Saccharomyces, or in the last common ancestor of Saccharomycetaceae, Saccharomycetes
or in Fungi (or before, since for Fungi they may originate earlier in eukaryotic evolution).
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Figure 1 Distributions of profile mismatches (PM) yield evidence for epochs of gene origination. (A) The distribution of PM for the profiles of
all yeast proteins vs the S. cerevisiae ideal profile for the HQI quality level. The data is split into UYPs (unique yeast proteins) and non-UYPs for the
le—03 BLASTP threshold of comparison of the yeast proteome against itself. Also plotted are the PM distributions for proteins labelled UYP for the
le-02 and le—04 thresholds. On the plot, the ‘ideal’ values for comparison of the other ideal profiles with the S. cerevisiae profile are highlighted.
(B) The distribution of PM for the profiles of all yeast proteins vs the Ascomycota ideal profile for the HQI quality level. The ‘ideal’ PM values are also
labelled here, but the labels are abbreviated as Sc (S. cerevisiae), Sa (Saccharomycetaceae), Se (Saccharomycetes), A (Ascomycota) and F (Fungi). (C) As
in (A), but for the all quality level. Only the total distribution is shown. The ‘ideal’ PM values are also pointed out here with the abbreviated labels.
(D) As in (A), but for the HQ2 quality level. A schematic of axis labels for parts (C) and (D) is to the left of this plot.

Full-size K&l DOT: 10.7717/peerj.19370/fig-1

There is no obvious peak for origination after the last common ancestor of Ascomycota
(Fig. 1).

Basic properties of profile clusters

Profiles were clustered as described in Methods. The cluster protein lists for the HQI
quality level that are the focus of this analysis are supplied in File S2, with the multiple
profile alignments for each cluster in File S3. Consensus agreement (CA), a measure of the
coherence of a profile cluster, is inversely correlated with the distance to the most similar
epoch ideal profile that matches significantly (called consensus distance (CD), P < 0.0001),
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Figure 2 Trends in consensus agreement (CA), consensus distance (CD) and quality level agreement
(QLA) for profile clusters. (A) CA vs CD for the HQI quality level for clusters of size 210. Pearson
correlation coefficients are labelled on the plot (P < 0.0001). The Spearman rank correlation coefficient
for this data set is Rg = —0.60 (P < 0.0001). (B) CA for the HQI quality level for clusters of size 210, vs their
QLA with the all set (blue points), and the HQ2 set (orange), for clusters of size >10. Pearson correlation
coefficients are labelled on the plot (P < 0.0001). The Spearman rank correlation coefficients for these
data sets are Rg > 0.49 (P < 0.0001). (C) CD for the HQI quality level for clusters of size 210, vs their QLA
with the all set (blue points), and the HQ2 set (orange), for clusters of size 210. Pearson correlation
coefficients are labelled on the plot (P < 0.002). Spearman correlation coefficients are significant for the
HQ2 data set only (P = 0.009); but become significant for HQI if the ~40% of points with QLA = 1 are
removed. Full-size K&] DOT: 10.7717/peerj.19370/fig-2

indicating that this cluster coherence is directly related to the occurrence of such epochs of
gene origination (Fig. 2A). For the all and HQ2 proteome quality levels, the Pearson R
values are also very significant (0.39 and 0.43 respectively; P < 0.0001), and for the three
sets, Spearman rank correlation coefficients have P < 0.0001. Profile clusters aggregate in
the upper left corner of the plot, with 84% of CA values 20.9 and 92% of CD values <0.1
(Fig. 2A). Quality level agreement (QLA) is the proportion of each cluster that is also
assigned to the same epoch at the other two quality levels; these confidence indicators are
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Table 1 Upper bounds for the genes assigned to various epochs, and for different proteome quality

thresholds.
Closest epoch Quality level Number of genes/proteins in assigned clusters
S. cerevisiae All 780
HQ1 813
HQ2 640
Saccharomycetaceae All 984
HQ1 979
HQ2 1,121
WGD All 102
HQ1 77
HQ2 114
Saccharomycetes All 645
HQI 529
HQ2 570
Ascomycota All 568
HQ1 680
HQ2 779
Fungi All 2,657
HQ1 2,772
HQ2 2,740

also strongly correlated with CA (P < 0.0001, Fig. 2B), but less so with CD, still significantly
by Pearson correlation (P < 0.002), but with the HQI1 data set becoming non-significant
according to Spearman rank correlation (Fig. 2C). More than three-quarters of QLA values
of either sort are >0.9.

Table 1 lists upper bounds for numbers of genes assigned to a specific epoch of gene
origination. Notably, only ~100 genes are assigned as closest to the ‘whole genome
duplication” WGD epoch ideal profile. Only two clusters 210 were assigned as closest to
this WGD profile (these are included in the File S2 list).

Examples of profile clusters for each of the epochs S. cerevisiae, Saccharomycetaceae,
Saccharomycetes, Ascomycota and Fungi are illustrated (Fig. 3). Example (A) comprises a
set of >100 orthologs that is observed conserved in the Saccharomyces species cerevisiae
and kudriavzevii (File S3). The cluster in (B) is a set of 17 proteins that are conserved across
Saccharomycetaceae and Saccharomycodaceae, which is often identified as basal to
Saccharomycetaceae, thus implying an origin in their last common ancestor. The three
other examples demonstrate loss of genes in specific species, that are otherwise conserved
across a clade, for example a set of 27 genes is lost in Candida albicans (which is a human
infectious pathogen) but these are otherwise conserved across Saccharomycetes. Two
clusters were picked out that lack orthologs in the representative Pseudogymnoascus
species (a genus which includes a fatal bat pathogen (Isidoro-Ayza & Klein, 2024)), but are
otherwise conserved across Ascomycota or Fungi generally, with some sporadic loss in
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Figure 3 Examples of profile clusters for five different epochs of origination. They are (A) S. cerevisiae, (B) Saccharomycetaceae, (C) Sacchar-

omycetes, (D) Ascomycota, (E) Fungi. The cluster ID, CD value, CA value and cluster size are listed for each. The profiles are colour-coded yellow 1

(presence of an ortholog) or blue 0 (absence). The extent of various clade levels is labelled on each example, and notable species are pointed out.
Full-size K&l DOT: 10.7717/peerj.19370/fig-3

other species in the Ascomycota example in part (D). These lacks are unlikely to be due to
genome assembly quality, since the BUSCO C score is 99.2% for the Pseudogymnoascus
species. The last example is for a cluster of profiles conserved across Fungi, but lacking in
just Pseudogymnoascus, that is significantly linked to transcription initiation at RNA
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Figure 4 The proportions of prion-like proteins for different epochs of gene origination. (A) Each
point is the total population of S. cerevisiae proteins whose profiles are assigned to a specific evolutionary
epoch (from clusters of size 210 members). Size of population is plotted vs proportion that are prion-like
with PLAAC program score >0.0 and percentage of cases across orthologs 280%. Each point is for a value
of consensus agreement (CA) in the range 0.8-1.0 and consensus distance (CD) in the range 0.0-0.2, and
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Figure 4 (continued)

for the HQI, HQ2 and all data sets. The epochs of gene origination are colour-coded for each cluster that

has been assigned to that epoch according to the procedure described in Methods. As a ‘mid-range’

example, the data sets for CA > 0.95 and CD < 0.05 are encircled for each colour-coded ‘epoch’. (B) As in

(A), but for score 215.0 and percentage >80%. (C) As in (A), but for score 215.0 and percentage >290%.
Full-size Kal DOI: 10.7717/peerj.19370/fig-4

polymerase II promoter (GO:0006367, P = 9e—06) and also otherwise the cytoplasm
compartment (GO:0005737, P = 7e—06) (The other examples have no significant
enrichments or depletions of GO terms).

Significant gene ontology associations for profile clusters

There is a total of 45 significant Gene Ontology (GO) functional term associations for
profile clusters, most of which (26/45) are associated with gene origination in Fungi or
earlier (Table S1). The most significant of these 26 is for a large cluster of 183 genes that
have conserved absences in some non-Ascomycota species, linked to amino acid
biosynthetic process (term identifier GO:0008652). A suite of significant associations for a
large Saccharomycetaceae-linked cluster are linked to meiosis and cellular spore formation
(terms GO:0051321, GO:0030435, GO:0007049, GO:0051301, GO:0007059). Cluster 3,958
comprising 10 genes and is labelled as most similar to the S. cerevisiae ideal profile, but has
a low CD (0.88) and high CA (0.10), and demonstrates sporadic conservation across
several diverse Fungi, and linkage to genes with functional roles in aerobic respiration
(Table S1).

Trends in intrinsically-disordered proteins, prion-like proteins and
‘unique’ yeast proteins

Proteins can be assigned to a certain evolutionary epoch, depending on the corresponding
assignment of their profile clusters. We can vary this assignment using different CA and
CD threshold levels, varying these in the range 0.8 < CA < 1.0, and 0.2 > CD > 0.0 (as
described in Methods). In doing so, we can check for parameter independence of trends in
the total population of proteins assigned to each epoch. Here, we are interested in the
emergence of novel intrinsically-disordered or prion-like proteins for such populations.
Also, we can discern in which eras ‘unique’ yeast proteins have emerged and subsequently
become conserved.

Figure 4 shows a largely parameter-independent trend in the emergence of proteins with
conserved prion-like status. In this figure, the different panels are for different criteria for
assigning prion-like proteins across an ortholog set, e.g., in Fig. 4A, the orthologs in a
cluster must have a domain with a score >0.0 from the prion-like-domain finder program
PLAAGC, and these prion-like domains must occur across 280% of the orthologs of a
cluster. In each panel, every point represents the total population of proteins assigned to
each evolutionary epoch. For prion-like proteins with high PLAAC prion composition
scores (215.0), it is clear that new prion-like proteins tend to emerge at a similar rate
regardless of evolutionary epoch (~2-5% of new proteins), except for very recent new
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proteins (clustered at the Saccharomyces genus level), where the rate increases to ~10%.
Similarly, new proteins that are intrinsically disordered over >50% of their sequences tend

to arise more recently, particularly in the Saccharomyces genus (Figs. 5A and 5B).

However, with a lower threshold (=20% of sequences being intrinsically disordered), such
proteins originating in Saccharomycetaceae become proportionally the most numerous,
indicating a complex relationship between intrinsic disorder and the epoch of new gene
origination (Figs. 5A and 5B). ‘Unique’ yeast proteins (UYPs) were defined in Methods. A
clear trend in the emergence of new UYPs is observed, with notably fewer of these
occurring particularly toward the Saccharomyces epoch, and those emerging in the
Saccharomycetaceae era standing out as proportionally most enriched (Figs. 5C and 5D).
This is also evident in the distributions of profile mismatches analyzed in Fig. 1, where this
UYP data has been separated out.
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DISCUSSION

Clustering of phylogenetic profiles offers an avenue to observe epochs in gene origination
during evolution, without the application of arbitrary thresholds relating to the estimated
gene origination point. Using this technique, we observed evidence for emergence of many
new yeast genes in clear epochs, near the last common ancestor (LCA) of Saccharomycetes,
Saccharomycetaceae, Saccharomyces genus and in Fungi and before, which form several
clusters of phylogenetic profiles. Some of these have obvious functional associations, such
as to cellular spore formation in the early evolution of Saccharomycetaceae, cellular spores
being a survival state that can withstand heat and desiccation. Since the trends were also
found when comparing to randomly-generated profiles, they are unlikely to be due to
comparing against ‘ideal’ profiles for each of the epochs. The epochal trends are also
confirmed when the individual profiles are clustered and their profile consensi evaluated.

One drawback of the profile clustering procedure is that for larger clusters it does not
provide a clear estimation of the origination time of a set of genes during evolution. Also,
any method based on standard sequence alignment will not sufficiently capture the
evolution of proteins that have higher mutation rates over the whole of their sequences, but
this is a general problem for any evolutionary analysis of such proteins using standard
sequence alignment. For example, one type of protein that is difficult to align are proteins
that are substantially intrinsically-disordered, however these are actually very rare (only
~4% of S. cerevisiae proteins have intrinsic disorder over greater than two thirds of their
sequences). The existence of such proteins does not change the overall results with regards
to specific peaks that correspond to distinct evolutionarily meaningful epochs during the
ancestry of S. cerevisiae. A more complex alternative explanation for these peaks would be
that large populations of older fast-evolving proteins are becoming slow evolving (and thus
detectable through sequence alignment) at specific milestones back towards ancient fungal
ancestry.

The profile cluster quality indicators (consensus distance, consensus agreement, and
quality-level agreements) are significantly correlated indicating that a strong signal for
concerted appearance of new genes near the LCA of key epochs is detectable regardless of
the quality threshold applied to the proteome data. The implication is that there is a payoff
between more data (which might still be correct) vs a greater chance of it being incorrect
due to bad genome assembly.

Very few large profile clusters (=10 members) were assignable as closest to the whole
genome duplication WGD ideal profile (just two cases). It is possible that the lack of
detection of such clusters is linked to variation in mutation rates. Previous analysis has
indicated that when both ohnologs are conserved after the whole genome duplication
event, one of them has very likely undergone a rapid mutation process subsequently (Kellis,
Birren ¢ Lander, 2004), which may confound detection of their concerted appearance.
Profile clusters assigned to the Ascomycota LCA are in general more diffuse (having lower
consensus agreement values, and higher consensus distance values), indicating more
complex patterns of gene origination and loss, that might be resolved as more Ascomycota
genomes continue to be sequenced and assembled.
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It was previously discovered that there was a burst of formation of prion-like domains in
Saccharomycetes proteomes, due primarily to the formation of tracts of poly-asparagine
(An, Fitzpatrick ¢ Harrison, 2016). Here however, we observed that the proportion of
complete ‘new’ prion-like proteins does not differ much between the Ascomycota,
Saccharomycetes or Saccharomycetaceae evolutionary levels (typically ~5%), and is in fact
greatest (~10-12%) for very recently birthed genes. This implies that the new prion-like
domains noted previously are mostly emerging in existing proteins through the new
mutational biases that emerged in Saccharomycetes (An, Fitzpatrick ¢» Harrison, 2016).

Highly-disordered new proteins (=50% of their sequences) are a greater proportion of
the new protein population, the more recently that they were formed. However, proteins
that are at least moderately disordered (=20%) are most numerous amongst new proteins
that arose near the Saccharomycetaceae (Sa) LCA, and also a high proportion of these Sa
new proteins (~60-80%) are ‘unique’ proteins with no alignable homologs within the yeast
proteome. These trends may be linked to the specific functional enrichments observed
(i.e., meiosis, chromosome segregation, cellular spore formation). Previous analyses with
rather less proteome data (19 fungal proteomes) derived somewhat different results, and
showed a peak in overall intrinsic disorder in new protein (or ‘orphan’ protein)
populations at the Saccharomycetes level of origination (Ekman ¢ Elofsson, 2010). The
apparent ‘uniqueness’ of some of these proteins may simply also be due to rapid evolution
in intrinsically-disordered proteins (Ekman ¢ Elofsson, 2010); however such rapid
evolution would also be expected to make such disordered proteins most numerous in
proteins that arose in or close to the Saccharomyces genus. Surveys of other kingdoms
indicate that such large-scale evolutionary trends in intrinsic disorder content may be
clade-specific, with, for example, intrinsically-disordered plant protein domains showing
an opposite correlation with their evolutionary age (James et al., 2021). Increased intrinsic
disorder content may also be linked to the acquisition of greater cell-type diversity, as
observed for centrosomal proteins across animals, with S. cerevisiae as a unicellular
outgroup (Nido et al., 2012). Also, here, we have noted that it is important to treat
sequences that have different levels of annotated intrinsic disorder differently, as they can
have markedly various behaviour.

CONCLUSIONS

It was shown that there is sufficient information in phylogenetic profiles to mine for gene
origination trends. Significant functional associations and trends in prion-like
composition, intrinsic disorder and gene ‘uniqueness’ were discovered. Phylogenetic
profile clusters generated here (particularly those with very high values of cluster
consensus agreement) might be useful for investigating experimental hypotheses, since
they provide evidence for functional linkages that have yet to be discerned.
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