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Abstract 65 

Gene gains and losses are a major driver of genome evolution; their precise 66 
characterization can provide insights into the origin and diversification of major 67 
lineages. Here, we examined gene family evolution of 1,154 genomes from nearly all 68 
known species in the medically and technologically important yeast subphylum 69 
Saccharomycotina. We found that yeast gene family and genome evolution are 70 
distinct from plants, animals, and filamentous ascomycetes and are characterized by 71 
small genome sizes and smaller gene numbers but larger gene family sizes. Faster-72 
evolving lineages (FELs) in yeasts experienced significantly higher rates of gene 73 
losses—commensurate with a narrowing of metabolic niche breadth—but higher 74 
speciation rates than their slower-evolving sister lineages (SELs). Gene families 75 
most often lost are those involved in mRNA splicing, carbohydrate metabolism, and 76 
cell division and are likely associated with intron loss, metabolic breadth, and non-77 
canonical cell cycle processes. Our results highlight the significant role of gene 78 
family contractions in the evolution of yeast metabolism, genome function, and 79 
speciation, and suggest that gene family evolutionary trajectories have differed 80 
markedly across major eukaryotic lineages. 81 

Introduction 82 

Gene duplications and losses are one of the major drivers of genome evolution and 83 
the source of major evolutionary innovations. For example, the evolutionary 84 
transition to vascular plants, originating from the common ancestor of Viridiplantae, 85 
was characterized by significant gene family expansion events, reflecting 86 
adaptations to life in terrestrial environments1. Similarly, the evolution of animals was 87 
marked by the accumulation of genes essential for multicellularity2. In contrast, the 88 
ancestors of fungi primarily experienced a reduction in most functional gene 89 
categories, with early fungal evolution featuring both the loss of ancient protist gene 90 
families and the expansion of novel fungal gene families3. These distinct evolutionary 91 
trajectories underscore the diversity and adaptive strategies of eukaryotes. 92 

The Saccharomycotina subphylum (phylum Ascomycota, Kingdom Fungi) 93 
encompasses a diverse array of ~1,200 species, including the well-known baker’s 94 
yeast Saccharomyces cerevisiae, the opportunistic pathogen Candida albicans, and 95 
the industrial producer of oleochemicals Yarrowia lipolytica4,5. Species in the 96 
subphylum, which began diversifying approximately 400 million years ago, showcase 97 
remarkable ecological, genomic, and metabolic diversity6–11. From fermenting sugars 98 
to metabolizing urea and xenobiotic compounds, yeasts have evolved diverse 99 
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metabolic pathways that allow them to thrive in environments as varied as fruit skins, 100 
deep-sea vents, arctic ice, and desert sands11–16. Genome-wide protein sequence 101 
divergence levels within the yeast subphylum are on par with those observed within 102 
the plant and animal kingdoms17. However, gene family evolution in the yeast 103 
subphylum remains largely unexplored. This limitation has been primarily due to a 104 
concentration of research on a limited subset of species and the lack of 105 
comprehensive genomic data across the whole subphylum18–20. Moreover, 106 
evolutionary analyses of a wide range of yeast species would facilitate better 107 
understanding of the specific genes and genetic mechanisms enabling them to thrive 108 
in various ecological niches. 109 

Here, we leveraged the recent availability of 1,154 draft genomes from 1,051 yeast 110 
species, covering 95% of known species within the Saccharomycotina subphylum, to 111 
investigate the relationship between gene family evolution and yeast diversity. 112 
Comparative analysis with three other major eukaryotic lineages—plants, animals, 113 
and filamentous ascomycetes—reveals that yeasts have smaller weighted average 114 
gene family sizes due to fewer gene counts. However, at similar gene counts, such 115 
as when comparing the yeast Dipodascus armillariae with 9,561 genes and the 116 
green alga Micromonas pusilla with 10,238 genes, yeasts exhibit larger weighted 117 
average gene family sizes (1.68 vs. 1.35 genes / gene family, respectively). Within 118 
three specific yeast taxonomic orders, we identified marked weighted average gene 119 
family size differences among distinct lineages that enabled us to categorize them 120 
into two distinct groups: faster-evolving lineages (FELs) characterized by faster rates 121 
of protein sequence evolution, higher numbers of gene family reductions and losses, 122 
and higher speciation rates; and slower-evolving lineages (SELs) that exhibited the 123 
converse pattern. The affected gene families are predominantly involved in key 124 
processes such as mRNA splicing, cell division, and metabolism. These changes, 125 
including the loss of introns and reduced diversity in carbon source utilization, 126 
suggest that dynamic gene family alterations, especially contractions, may have 127 
been key in shaping the evolutionary trajectory of yeast genomic and phenotypic 128 
diversity. Our findings underscore the significant impact of gene family dynamics on 129 
yeast evolution, revealing that contractions in gene families have resulted in fewer 130 
gene counts than filamentous ascomycetes, animals, and plants. Yet, yeasts have 131 
maintained higher weighted average gene family sizes than animals and filamentous 132 
ascomycetes. This finding provides both broad and fine-scale resolution of the tempo 133 
and mode of yeast evolutionary diversification. 134 
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Results 135 

Gene Family Diversity is Correlated with Total Gene Content in 136 

Eukaryotes 137 

We sampled 1,154 yeast genomes, 761 filamentous ascomycetous (from subphylum 138 
Pezizomycotina) genomes, 83 animal (Kingdom Metazoa) genomes, and 1,178 plant 139 
(Kingdom Viridiplantae, Phylum Glaucophyta, and Phylum Rhodophyta) genomes 140 
and transcriptomes from previous studies1,11,21,22, representing every major lineage 141 
across these four groups (Table S1). Using OrthoFinder, we identified 62,643 142 
orthologous groups of genes (hereafter referred to as gene families) in yeasts, 143 
137,783 in Pezizomycotina, 65,811 in animals, and 52,956 in plants. To filter out 144 
species-specific or rare gene families, we excluded all gene families that were 145 
present in 10% or fewer of the taxa in each major lineage (the threshold of 10% was 146 
based on the density plot of gene family average coverage; Figure S1). This filtering 147 
resulted in the identification of 5,551 gene families in yeasts (that collectively contain 148 
89.88% of the genes assigned to orthogroups by OrthoFinder), 9,473 in 149 
Pezizomycotina (~87.09%), 11,076 in animals (~76.68%), and 8,231 in plants 150 
(~96.41%). 151 

Examination of weighted average gene family sizes, calculated using the reciprocal 152 
of maximum observed gene family size as the weight to account for differences in 153 
gene family size, revealed distinct features of gene family content for each group. 154 
Specifically, yeasts and filamentous ascomycetes typically had smaller weighted 155 
average gene family sizes than animals and plants (Figure 1a). However, when 156 
comparing organisms with equivalent numbers of protein-coding genes, yeasts 157 
displayed similar weighted average sizes to plants and larger sizes than filamentous 158 
ascomycetes and animals (Figure 1b). 159 

Moreover, we found a strong positive correlation between the phylogenetic 160 
independent contrasts (PICs) of weighted average gene family size and the number 161 
of protein-coding genes (gene number). This correlation was particularly pronounced 162 
in plants (rho = 0.97), yeasts (rho = 0.82), and filamentous ascomycetes (rho = 0.88), 163 
but weaker in animals (rho = 0.62), with all P-values less than 0.01 (Figure 1c and 164 
Table S2). The correlation between PICs of weighted average gene family size and 165 
genome size was weaker (Table S2). Our PIC regression showed yeasts had a 166 
steeper slope than plants, animals or filamentous ascomycetes (Figure 1c). This 167 
indicates that yeasts tend to have larger gene family sizes as their gene number 168 
increases (Figure 1b). This result suggests that yeasts tend to exhibit larger gene 169 
family sizes / gene number compared to animals and filamentous ascomycetes and 170 
are on par with plants, corroborating the contributions of gene duplications to yeast 171 
phenotypic diversity23–25. 172 
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Reduced Gene Family Content is Associated with Rapid 173 

Genome Sequence Evolution 174 

The weighted average gene family size across 12 yeast orders26 is 1.12 genes / 175 
gene family, with Alloascoideales having the highest size at 1.49 and 176 
Saccharomycodales having the lowest size at 0.82 (Figure 2a). The average gene 177 
number and genome size across all 12 orders is 5,908 genes and 13.17 Mb, 178 
respectively. Alloascoideales yeasts have the highest average gene numbers and 179 
genome sizes (8,732 genes and 24.15 Mb, respectively), whereas 180 
Saccharomycodales have the smallest ones (4,566 genes and 9.82 Mb, 181 
respectively).  182 

Saccharomycodales contains the FEL in the genus Hanseniaspora, which is known 183 
to have experienced significant lineage-specific gene losses, especially in genes 184 
involved in the cell cycle and DNA repair, which are correlated with significantly 185 
higher evolutionary rates27. Thus, we first examined the correlation between 186 
weighted average gene family size and evolutionary rate across the 12 orders and 187 
found that it was moderate (rho = -0.41, P < 0.01) (Figure S3a). We next tested 188 
whether weighted average gene family size and evolutionary rate varied within 189 
specific orders. We found lineage-specific variations in evolutionary rates for 190 
Dipodascales (P = 0.04), Saccharomycodales (P = 0.01), Trigonopsidales (P < 0.01), 191 
Pichiales (P < 0.01), and Serinales (P < 0.01) using the multimodality test (Table 192 
S3). However, only Dipodascales, Saccharomycodales, and Trigonopsidales showed 193 
lineage-specific variations in their weighted average gene family sizes (Figures 2b-j 194 
and S4). Examining the relationship between weighted average gene family size and 195 
evolutionary rate uncovered two distinct clusters within each order (Figures 2b-j and 196 
S5). These clusters corresponded to faster-evolving lineages (FELs), characterized 197 
by smaller weighted average gene family sizes and higher evolutionary rates, and 198 
slower-evolving lineages (SELs), which exhibited larger weighted average gene 199 
family sizes and slower evolutionary rates. Specifically, differences in weighted 200 
average gene family size included median values of genes / gene family of 1.01 for 201 
FEL vs. 1.10 for SEL in Trigonopsidales, 0.93 vs. 1.17 in Dipodascales, and 0.76 vs. 202 
0.95 in Saccharomycodales (all P < 0.01). For evolutionary rates, the average 203 
number of amino acid substitutions / site were 1.25 vs. 1.00 in Trigonopsidales FEL 204 
vs. SEL, 1.93 vs. 1.12 in Dipodascales FEL vs. SEL, and 2.75 vs. 1.89 in 205 
Saccharomycodales FEL vs. SEL (all P < 0.01). Notably, all three FELs formed 206 
clades that were distinct from or emerged within SELs on the yeast phylogeny 207 
(Figures 2b-d) and significantly differed in their speciation rates from SELs in two of 208 
the three lineages (DR statistic median of 0.03 vs. 0.02 in Dipodascales FEL vs. 209 
SEL, P < 0.01; 0.12 vs. 0.02 in Saccharomycodales FEL vs. SEL, P < 0.01; 0.01 vs. 210 
0.01 in Trigonopsidales FEL vs. SEL, P = 0.27) (Figure 3e). 211 

To identify gene families with significantly different sizes between FELs and SELs, 212 
we examined the fold change in average size (non-weighted) for each gene family 213 
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and for each pair. Following a previous study1, we categorized changes into loss 214 
events (fold change equal to 0 in FEL vs. SEL), contractions (fold change < 0.67 in 215 
FEL vs. SEL), expansions (fold change > 1.5 in FEL vs. SEL), and gains (fold 216 
change ~infinity in FEL vs. SEL). We found extensive and significant gene family 217 
losses and contractions in FELs (adjusted P ≤ 0.05) (Figures 2k-m). Specifically, the 218 
fractions of gene families that experienced significant contraction or loss in FELs 219 
were 10.40% (536/5,155) and 13.75% (709/5,155) in Dipodascales, 3.03% 220 
(123/4,056) and 15.04% (610/4,056) in Saccharomycodales, and 0.89% (42/4,727) 221 
and 2.54% (120/4,727) in Trigonopsidales. 222 

Rapidly Evolving Lineages Lost Genes Related to RNA 223 

Splicing, Cell Division, and Metabolism 224 

To determine the functions of gene families contracted or lost in FELs, we performed 225 
enrichment analyses using three annotation datasets—Gene Ontology (GO) terms, 226 
InterPro annotations, and Kyoto Encyclopedia of Genes and Genomes Ortholog 227 
(KO). Functional categories enriched among gene families significantly contracted or 228 
lost in FELs relative to SELs yielded numerous GO terms common across the three 229 
orders, including those associated with transcriptional functions, like RNA splicing 230 
and mRNA processing (Figure 3b). Additionally, the Dipodascales FEL experienced 231 
significant contractions in gene families related to carbohydrate metabolism. Our 232 
InterPro and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment 233 
analyses confirmed these findings (Table S4). 234 

In addition to comparing weighted average gene family size between FELs and 235 
SELs, we illustrated the differences among yeasts based on the presence (1) and 236 
absence (0) of gene families. To exclude outliers (species-specific and/or rare gene 237 
families), we set the threshold to 0.5 based on the bimodal distribution (Figure S1) 238 
and carried out all subsequent analyses. A more relaxed threshold of 0.1 gave rise to 239 
highly consistent PCA distribution and correlation results (Figures 3c and S6). 240 
Therefore, we discuss results from using the 0.5 threshold hereafter. 241 

Following the PCA, density-based clustering according to the yeasts’ position on the 242 
first two principal components (PC1 and PC2) indicated that the distributions of 243 
clusters (each corresponding to one or a few orders) generally follow the phylogeny 244 
of these orders (Figures 2a and 3c), suggesting that patterns of gene presence or 245 
absence largely reflect yeast evolutionary relationships. Moreover, consistent with 246 
our previous findings from the fold change analysis, FELs and SELs were separated 247 
into two distinct clusters in Dipodascales (FEL in cluster 6, SEL in cluster 2) and 248 
Saccharomycodales (FEL in cluster 7, SEL in cluster 3). The FEL and SEL from 249 
Trigonopsidales were not segregated into distinct groups but were spaced apart in 250 
cluster 2. Notably, all 3 of these orders showed significant differences in the PC1 251 
coordinates between FELs and SELs (P ≤ 0.05) (Figure S7). 252 
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To determine which gene families’ presences or absences contribute to the 253 
distribution variation among yeasts in the PCA scatter plot, we investigated the 254 
correlation between the presence or absence of yeast gene families and their 255 
coordinates on the principal components. We identified 610 gene families whose 256 
average presence and absence in yeasts were most strongly correlated with their 257 
PC1 coordinates (rho = -0.99, P < 0.01), explaining significant species variation 258 
along this axis (Figure 4c). The strong negative correlation indicates that an increase 259 
in PC1 coordinates correlates with losses in the 610 gene families, with 260 
Saccharomycodales, Saccharomycetales, and the FEL from Dipodascales 261 
experiencing more losses than other lineages (Figures 3c and S8). In contrast, there 262 
was no clear relationship for gene family presence or absence along PC2 (Figure 263 
S9). We employed the same enrichment analysis method used in the fold change 264 
analysis on these 610 gene families, revealing GO terms related to oxidoreductase 265 
activity; mitochondrial electron transport chain; and notably, cell division processes, 266 
such as the kinetochore, condensed chromosome, and DASH complex (Figure 3d). 267 
Our InterPro and KEGG analyses echoed these findings (Table S5). The enrichment 268 
results from both the fold change analysis and PCA analysis of gene 269 
presence/absence pattern (PCA analysis for short afterwards) highlighted GO terms 270 
associated with meiotic processes (adjusted P ≤ 0.05). These include meiotic 271 
chromosome segregation (GO:0045132), kinetochore (GO:0000776), and the 272 
attachment of meiotic spindle microtubules to kinetochore (GO:0051316). 273 

Gene Family Losses Suggest Non-canonical Spliceosomes, 274 

Metabolic Pathways, and DASH Complexes within the FEL of 275 

Dipodascales 276 

To explore which gene families and pathways—within the enriched functional 277 
categories—experienced contraction or loss in FELs, we mapped gene families 278 
enriched in the fold change analysis and PCA analysis to the KEGG database and 279 
Saccharomyces Genome Database (SGD)28, using the S. cerevisiae genome as a 280 
reference. Given that the FEL in Dipodascales exhibited the most significant 281 
contractions and losses of gene families compared to Saccharomycodales and 282 
Trigonopsidales, and the enrichment of RNA splicing, the DASH complex and 283 
metabolic process in fold change or PCA analyses, our study concentrated on 284 
Dipodascales. In terms of functions, we focused on the pre-mRNA splicing pathway, 285 
metabolic pathways, and the DASH complex. 286 

The pre-mRNA splicing pathway primarily removes introns from pre-mRNA and joins 287 
exons, forming mature mRNA for protein synthesis29. In this pathway, 14% of the 288 
genes (12/85) exhibited contractions or losses. While LSM8 and PRP43 significantly 289 
contracted in the Dipodascales FEL, other gene families experienced extensive 290 
losses (Figure 4a and b). These include PRP40, CWC21, SNU23, and CWC23, 291 
which are associated with the assembly of the spliceosomal subunits U1, U2, U4, 292 
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U5, and U629. Almost all species in the Dipodascales FEL have lost genes related to 293 
the Prp19 complex, which is crucial for promoting the assembly and activation of the 294 
spliceosome, as well as stabilizing its structure30. These losses could ultimately lead 295 
to abnormalities in splicing mechanisms. Notably, we found that there was significant 296 
intron loss in the Dipodascales FEL both in the total number of introns (TNI) and the 297 
average number of introns per gene (ANI) within species, with a stark reduction from 298 
a median TNI of 2,815 per SEL species to 466 per FEL species (P < 0.01) and a 299 
decrease in ANI from 1.44 to 1.31 (P < 0.01) (Figures S10b and c). Similar pattern of 300 
significant intron loss was observed in Trigonopsidales, with a median TNI of 6,287 301 
per SEL species vs. 789 per FEL species (P < 0.01) and a median ANI of 2.05 per 302 
SEL species vs. 1.31 per FEL species (P < 0.01) (Figures S10b and c). In 303 
Saccharomycodales, the pattern was more subtle, with a median TNI of 528 per SEL 304 
species vs. 252 per FEL species (P = 0.01) and a median ANI of 1.22 per SEL 305 
species vs. 1.20 per FEL species (P = 0.29) (Figures S10b and c). 306 

The DASH complex plays a crucial role in eukaryotic cell division, particularly in 307 
chromosome segregation during mitosis31. Strikingly, genes associated with the 308 
DASH complex were extensively lost in the Dipodascales FEL, such as ASK1, 309 
DAD3, DAD4, and DAD1, which are integral components of this complex (Figure 4c). 310 
DAM1, SPC19, and SPC34 were lost entirely in Dipodascales FEL species. The loss 311 
of DAM1, primarily involved in the stability of kinetochore microtubules, likely results 312 
in compromised microtubule stability32. Similarly, the absence of SPC19 and SPC34, 313 
critical for the attachment of the kinetochore to microtubules, potentially leading to 314 
defects in chromosome segregation33. 315 

Key metabolic pathways also exhibited considerable variation in gene family size in 316 
the Dipodascales FEL. More than half of these yeasts have lost GPH1 and SGA1 in 317 
the carbohydrate degradation pathway, which are responsible for encoding glycogen 318 
phosphorylase and sporulation-specific glucoamylase, respectively (Figures 4a and 319 
d). The loss of GPH1 and SGA1 genes likely affects Dipodascales FEL’s ability to 320 
utilize glycogen and amylopectin-like polysaccharides34,35. Furthermore, significant 321 
contractions were observed for MLS1, which encodes a key step in the glyoxylate 322 
shunt of the TCA cycle; PYC1, which encodes the enzyme that converts pyruvate to 323 
oxaloacetate where it can enter the TCA cycle or gluconeogenesis; PDC1, ADH1, 324 
and ALD5, which encode key steps in fermentation; and TKL1, which encodes two 325 
key reactions in the pentose phosphate pathway. We note that the present analyses 326 
reflect the known loss of the PDC1 and ADH1 genes in several members of the 327 
Wickerhamiella/Starmerella (W/S) clade of the Dipodascales FEL36, but many of 328 
them reacquired alcoholic fermentation through the horizontal transfer of bacterial 329 
genes encoding alcohol dehydrogenases and the cooption of paralogs encoding 330 
decarboxylases. Further, a single FEL clade of 4 Starmerella species has lost PCK1 331 
and FBP1, genes essential for gluconeogenesis, ICL1, which encodes an essential 332 
component of the glyoxylate shunt, GSY1, which encodes glycogen synthase, and 333 
GPH1 and GDB1, which encode the glycogen phosphorylase and glycogen 334 
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debranching enzymes required for degradation of glycogen. Complete loss of PCK1 335 
and FBP1 in a free-living yeast has previously been reported only in the 336 
Saccharomycodales27. 337 

For gene families that experienced significant contractions or losses in the pre-338 
mRNA splicing pathway, metabolic pathways, and the DASH complex in 339 
Dipodascales FEL, we observed consistent, but less pronounced, patterns in 340 
Saccharomycodales and Trigonopsidales FELs. Specifically, in the pre-mRNA 341 
splicing pathway, 50% (6/12) of genes displayed significant losses in fold change 342 
analysis in Saccharomycodales, while Trigonopsidales showed no significant 343 
changes in these genes (Table S6). All genes in Saccharomycodales had significant 344 
losses for the DASH complex, with only DAD1 and SPC19 similarly affected in 345 
Trigonopsidales (Table S6). No significant results were found in the metabolic 346 
pathways for genes lost in Dipodascales for either Saccharomycodales or 347 
Trigonopsidales. This outcome aligns with our enrichment results, where only a few 348 
GO terms related to these functions were enriched in Trigonopsidales, and 349 
metabolic-related functions were predominantly enriched in Dipodascales (Figure 3b 350 
and d). 351 

To investigate potential impacts on carbon source utilization in Dipodascales FEL, 352 
we analyzed the evolutionary trends of 18 major carbon sources11. We found a 353 
distinct tendency for FEL to lose growth traits associated with these carbon sources 354 
(Figure 3f). For instance, while SEL species retained the ability to utilize cellobiose, 355 
D-glucosamine, DL-lactate, and rhamnose, FEL species have lost these growth 356 
traits. Furthermore, we found that the rate of acquiring xylose, myo-inositol, and L-357 
arabinose growth traits in SEL species was equal to the rate of losing them. 358 
However, in FEL species, the loss rate surpassed the gain rate. Interestingly, both 359 
FEL and SEL species exhibited a greater tendency to acquire the glycerol growth 360 
trait, despite the TDH3 gene family, which is crucial for glycerol metabolism (as well 361 
as glycolysis and gluconeogenesis), has undergone significant contraction in FEL. 362 
This result suggests the possibility of other genes or pathways being augmented to 363 
compensate for the TDH3 contraction and enable glycerol metabolism37. These 364 
observations suggest that gene losses and contractions in Dipodascales FEL 365 
species have significantly altered their metabolic capacities. 366 

Some Functional Categories Undergo Waves of Gains and 367 

Losses 368 

Ancestral reconstructions of gene family content revealed waves of gains and 369 
losses, with a general trend of net gene loss from the Saccharomycotina common 370 
ancestor (SCA) to the most recent common ancestor (MRCA) of each order (tips in 371 
the Figure 5, hereafter only use order names instead). The exception was 372 
Dipodascales, which experienced a net gain of 543 genes. Certain nodes underwent 373 
notable changes in gene number; for instance, ancestral nodes such as <15>, 374 
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Lipomycetales, and Trigonopsidales lost over 1,000 genes each, whereas the 375 
Alloascoideales, Dipodascales, Phaffomycetales, Pichiales, Serinales, and 376 
Saccharomycetales ancestors gained over 1,000 genes each. 377 

Gene families within functional categories highlighted in previous analyses showed 378 
significant contractions and losses at ancestral yeast nodes. Specifically, gene 379 
families related to RNA splicing underwent substantial contractions at ancestral 380 
nodes <6>, <11>, <15>, Lipomycetales and Trigonopsidales, while expansions were 381 
observed at ancestral nodes Alaninales and Trigonopsidales (Figure 5 and Table 382 
S7a). Gene families involved in metabolism experienced frequent shifts, with 383 
contractions at ancestral nodes <4>, <8>, <14>, <16>, Ascoideales, Lipomycetales, 384 
Saccharomycetales, Saccharomycodales, Sporopachydermiales and 385 
Trigonopsidales (Figure 5 and Table S7a). Conversely, expansions were observed at 386 
ancestral nodes <4>, <16>, <18>, <20>, Alaninales, Alloascoideales, Lipomycetales, 387 
Serinales, and Trigonopsidales (Figure 5 and Table S7b). Gene families associated 388 
with transcription also exhibit a complex evolutionary history, showing contractions at 389 
ancestral nodes <14>, Ascoideales, Lipomycetales, Serinales, 390 
Sporopachydermiales, and Trigonopsidales, and expansions at ancestral nodes <4>, 391 
<16>, <18>, Alaninales, Alloascoideales, and Lipomycetales (Table S7b). 392 

To investigate the evolutionary trends of gene families that experienced significant 393 
contractions or expansions in CAFE analyses within each yeast order, we calculated 394 
the net change of these gene families (net gain or loss across all branches). In 395 
orders that include Alaninales (508/689), Pichiales (943/1,194) and Serinales 396 
(498/704), over 70% of gene families with net changes experienced contractions, 397 
while in Alloascoideales (507/762), 66% of the events were gene family expansions 398 
(Figure 5). The remaining orders exhibited a nearly balanced mix of gene family 399 
expansion and contraction events. Gene families with net expansions were enriched 400 
in plasma membrane and transmembrane transporter-related GO terms (Table S8b). 401 
Conversely, DNA polymerase activity was prevalent in some gene families 402 
undergoing contractions, except in Serinales and Trigonopsidales, which are 403 
enriched in ligase activity and DNA repair functions, respectively (Table S8a). 404 

To explore novel genes gained in the most recent common ancestor of each order, 405 
we selected orphan gene families (i.e., order-specific gene families) as determined 406 
by the coverage of each gene family across each order. Examination of orphan 407 
genes revealed variation among orders. Alloascoideales, Specifically and 408 
Sporopachydermiales orders each possessed over 180 orphan gene families, while 409 
other orders had fewer than 80 (Figure S11). The Dipodascales and Trigonopsidales 410 
orders each had only two orphan gene families, while Pichiales had one. Orphan 411 
genes were not enriched in specific functional categories. 412 
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Discussion 413 

Examination of gene family evolution of 1,154 genomes of nearly all known 414 
Saccharomycotina species elucidated, for the first time ever, the landscape of gene 415 
family evolution across a eukaryotic subphylum. Reductive evolution emerges as the 416 
main theme, marked by a transformation from a versatile SCA to descendants with 417 
more specialized lifestyle/metabolic capacity17 and smaller gene repertoires (Figure 418 
5). In extant species, most yeasts exhibited similar weighted average gene family 419 
sizes and evolutionary rates. However, significant differences were observed in FELs 420 
compared to their SEL relatives in several independent yeast orders. The gene 421 
family size differences between FELs and SELs, enriched in similar functional 422 
categories, suggest that the same evolutionary trajectory has occurred repeatedly 423 
and independently in multiple yeast orders, indicating a broader trend rather than 424 
isolated incidents. The FELs demonstrated notable contractions and losses in gene 425 
families, especially those related to RNA splicing and the DASH complex (Figure 3b 426 
and d). Alterations in the pre-mRNA splicing pathway could generate novel transcript 427 
variants, potentially allowing some yeasts to better respond to environmental 428 
changes29,38. Additionally, impairments in the DASH complex may cause genomic 429 
instability, which, although potentially harmful under stable conditions, might provide 430 
adaptive advantages in fluctuating environmental stresses by increasing genetic 431 
diversity31,39. 432 

These gene family contractions and losses in FELs may contribute to their higher 433 
evolutionary and speciation rates (Figures 2e-f and 3e) by enabling rapid genomic 434 
adaptations that optimize cellular processes crucial for survival and reproduction in 435 
diverse and challenging environments. For example, the FEL of Dipodascales is 436 
primarily found in the Arthropoda environment11, which is partially characterized by 437 
the production of various antifungal compounds and generally hostile conditions for 438 
many microorganisms40,41. This lineage also shows significant contractions in gene 439 
families related to metabolism and a general loss of growth traits, with a notable 440 
exception being the acquisition of glycerol utilization abilities (Figure 3b and f). This 441 
capability could be a key adaptation allowing them to thrive in specialized 442 
environments. Interestingly, a similar adaptation has been observed in 443 
endosymbionts like Buchnera aphidicola in aphids and Wigglesworthia glossinidia in 444 
flies, both of which effectively utilize glycerol42. The expansion of cytochrome P450 445 
and cytochrome c oxidase assembly protein subunit gene families in 446 
Saccharomycodales and Dipodascales FELs (Table S5) suggests enhanced 447 
detoxification and metabolism of xenobiotic compounds, supporting their adaptation 448 
to hostile environments43–45. CAFE analysis has shown that certain functional 449 
categories, such as RNA splicing, metabolism, and cytochrome P450, are affected at 450 
more ancestral nodes in the yeast phylogeny (Figure 5 and Tables S7a and b). This 451 
suggests that the similar evolutionary trajectory observed across multiple yeast 452 
orders may be influenced by reductive evolution throughout the evolutionary history 453 
of yeast. 454 
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Moreover, yeasts and filamentous ascomycetes typically have smaller weighted 455 
average gene family sizes than animals and plants (Figure 1a) due to the strong 456 
correlation between the PICs of the weighted average sizes and gene numbers 457 
among these four groups (Figure 1c). Several key whole genome duplication (WGD) 458 
events occurred at the base of the animal and plant phylogenies1,46,47. In contrast, 459 
only one such event is known to have occurred near the base of a yeast order, 460 
affecting a small portion of the yeast phylogeny7; however, numerous other instances 461 
of hybridization, which could potentially result in WGD, have been noted in 462 
Saccharomycotina yeasts48. Meanwhile, fungal genomes, particularly those of 463 
yeasts, have undergone streamlining throughout evolution49–51. Additionally, many 464 
ancestral branches of yeasts exhibited widespread net gene loss in the CAFE 465 
analysis (Figure 4). This streamlining may contribute to their lower gene counts and 466 
weighted average gene family sizes compared to plants and animals. However, 467 
when we control for gene number, we found that yeasts exhibit larger weighted 468 
average gene family sizes than both filamentous ascomycetes and animals and are 469 
on par with plants (Figure 1b). Larger gene family sizes may provide redundancy and 470 
adaptability in biological processes, potentially enhancing the metabolic and stress 471 
response capabilities of yeast species and allowing them to thrive across diverse 472 
environmental conditions52. 473 

State-of-the-art evolutionary genomic and phylogenomic studies now routinely report 474 
or analyze genomic data from hundreds to thousands of genomes1,11,21,53, ushering 475 
us in the “Thousand Genomes Era”. Analyzing gene families across thousands of 476 
genomes presents substantial challenges, including handling large datasets, 477 
accurately identifying and comparing complex genomic variations, and offering 478 
detailed functional annotations for a diverse range of genes. Traditional gene family 479 
analyses often concentrate on specific gene families, species, and gene family size 480 
evolution, leading to a gap in large-scale comparative analysis. 481 

In this study, we implemented a comprehensive approach to explore gene family 482 
size differences across and within yeast lineages. We leveraged calculations of 483 
weighted average gene family size, comparisons based on evolutionary rates, and 484 
statistical tests to uncover evolutionary relationships and significant changes in gene 485 
families. This approach categorized yeasts into groups for fold change statistical 486 
analyses, identifying gene family dynamics, such as expansions and contractions, 487 
and comparing these within different yeast lineages to understand evolutionary 488 
pressures and trajectories. Additionally, we analyzed gene family composition, 489 
correlating gene presence or absence with yeast species distribution and identifying 490 
key gene families contributing to observed patterns. To reconstruct the evolutionary 491 
history of gene families across over 1,000 genomes, we employed a two-step 492 
approach (first calculating ancestral states within each order and then between 493 
orders) for gene family size estimation in ancestral yeasts, enhancing this approach 494 
with a detailed pipeline for broad-scale analysis. Our findings highlight gene family 495 
dynamics, such as losses and contractions, and establish a comparative framework 496 
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for analyzing gene families at a large scale that can be readily applied to other major 497 
branches of the tree of life. 498 

Methods 499 

Data Collection and Collation 500 

For our study on gene family evolution within Saccharomycotina yeasts, we acquired 501 
a comprehensive dataset comprising 1,154 Saccharomycotina yeast genomes. In 502 
addition, 21 non-budding yeast species were sampled as outgroups based on 503 
current understanding of Ascomycota phylogeny. These genomes, along with their 504 
annotations and a species tree, were obtained from our previous study11. This 505 
dataset provides a robust foundation for examining the evolutionary dynamics of 506 
gene families in yeasts. To compare the tempo and mode of gene family evolution of 507 
yeasts to other major eukaryotic lineages, we expanded our dataset to include 761 508 
filamentous ascomycetes (Pezizomycotina) genomes21, 1,178 plant genomes and 509 
transcriptomes1, and 83 animal genomes22, including gene annotations for each. For 510 
all genomes, we kept the amino acid sequence translated from the longest protein 511 
coding sequence (CDS) from each gene. For plant transcriptomes, we adopted a 512 
protocol from1, using cd-hit version 4.8.154 with a 99% sequence identity threshold to 513 
minimize redundancy. NCBI taxonomy and source information of all genomes and 514 
transcriptomes included in this study are also provided in Table S1 and the Figshare 515 
repository. Saccharomycotina species names in the supplementary tables and the 516 
Figshare repository were the current species names at the time used in the recent 517 
study11. For synonymous names and recent taxonomic updates, we refer the reader 518 
to the online MycoBank database. 519 

Delineation of Gene Family and Functional Annotation 520 

To infer a comprehensive profile of gene families in budding yeasts, we delineated 521 
groups of orthologous genes (orthogroups, hereafter referred to as gene families) for 522 
the Saccharomycotina yeast dataset using OrthoFinder version 3.0, with default 523 
settings55. Following the approach of previous studies56–58, we used orthogroups 524 
from OrthoFinder as gene families. For consistency, we applied the same method to 525 
categorize gene families in Pezizomycotina, animal, and plant datasets. Due to the 526 
large number of genomes and transcriptomes in plants, we initially processed protein 527 
sequences from 30 representative genomes with the “-core” parameter to establish 528 
base orthogroups, and subsequently classified the protein sequences from an 529 
additional 1148 transcriptomes using the “-assign” parameter. 530 

To obtain functional information of yeast gene families, we annotated all yeast genes 531 
from three independent aspects, including InterPro protein domains, and Gene 532 
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) terms. 533 
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InterPro annotations were generated using InterProScan as part of a previous 534 
study11. GO annotations were generated using the eggNOG-mapper version 2.1.959 535 
with the search mode set to “mmseqs”. We initially compared KEGG annotations 536 
using the web-based GhostKOALA version 2.060 with the KofamKOALA based 537 
annotations used in the study11. Due to GhostKOALA providing annotations for a 538 
larger number of gene families, we ultimately chose to exclusively use GhostKOALA 539 
for our final KEGG annotations. 540 

Weighted Average Gene Family Size Analysis of Gene Family 541 

Evolution 542 

To assess the variations in gene family size among yeasts, Pezizomycotina, 543 
animals, and plants, we calculated the weighted average gene family size using a 544 
custom R script according to the following formula described in1. The weighted 545 
average gene family size reflects the overall size of gene families in a set of species, 546 
taking into account the relative size of each gene family. 547 

Taking yeasts as an example, in the formula, ‘n’ represents the total number of gene 548 
families in the dataset, ‘i’ stands for a specific gene family, and ‘weight’ is the 549 
reciprocal of the observed maximum copy number of the gene family among all 550 
yeast genomes. ‘Mean max’ is the average of the maximum copy numbers of these 551 
‘n’ gene families. 552 

Our preliminary analysis revealed a large number of gene families with highly 553 
restricted taxon distribution, which may confound the calculation of weighted average 554 
gene family size. Therefore, we implemented a lineage-based coverage assessment 555 
method3 for gene families across different taxa to exclude species-specific gene 556 
families. Specifically, we focused on assessing the coverage of each gene family 557 
within these 4 distinct groups, using yeasts as an example. Coverage in this context 558 
refers to the proportion of species within each clade that possesses a particular gene 559 
family. Using yeasts as an example, for each gene family, we first calculated its 560 
coverage in each of the 12 yeast orders26, and then took the average value as the 561 
overall coverage of the gene family. Similar procedures were followed for 562 
Pezizomycotina (9 classes), animals (14 phyla), and plants (22 phyla). Gene families 563 
with low average coverage values are likely to be highly species-specific. Given a 564 
bimodal distribution in the density plots of average coverage for gene families, we 565 
established a threshold of 0.1 to identify species-specific gene families (Figure S1). 566 
Families with average coverage below this threshold were considered species-567 
specific for further analysis. This exclusion criterion was applied uniformly across the 568 
4 groups studied. 569 
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To robustly test the correlation between weighted average gene family sizes and 570 
gene counts while accounting for phylogenetic relationships, we first converted the 571 
data into phylogenetic independent contrasts (PICs) using the “pic” function from the 572 
R package ape version 5.7.1, based on the respective phylogenetic trees for yeasts, 573 
filamentous ascomycetes, animals, and plants. Phylogenetic trees were obtained 574 
from previous studies11,21,22 and pruned to include only the species we studied using 575 
gotree version 0.4.461. In the previous study1, the plant phylogenetic tree was 576 
constructed using ASTRAL, which is not optimized for accurate branch length 577 
estimation. Therefore, we retained the original tree topology and protein sequences 578 
from the previous study to reconstruct branch lengths using IQ-TREE version 2.2.362. 579 
We then conducted a Spearman correlation test between these transformed 580 
datasets using the cor.test function (method = spearman) from the R package stats 581 
version 4.3.2. This method was also applied to examine the correlation between 582 
PICs of weighted average gene family sizes and genome sizes. 583 

Classification of Faster-evolving and Slower-evolving Lineages 584 

To examine the variation in the weighted average gene family size within 12 orders, 585 
we utilized the R package diptest version 0.76.0 for conducting unimodality tests 586 
separately on the evolutionary rates (measured as the branch length from the tip to 587 
the Saccharomycotina common ancestor (SCA) on the phylogenetic tree) and the 588 
weighted average gene family sizes for each of the 12 orders. Additionally, we 589 
applied the same method to analyze the branch length from the tip to the most 590 
recent common ancestor of the order in focus, which yielded the same results. For 591 
orders exhibiting significant non-unimodal distributions in both evolutionary rates and 592 
weighted average gene family sizes, we applied density-based spatial clustering of 593 
applications with noise (DBSCAN) algorithm using the R package dbscan version 594 
1.1.12 to identify clusters based on evolutionary rates. Additionally, we mapped 595 
weighted average gene family sizes onto the phylogenetic tree to examine lineage-596 
specific variations. In orders displaying lineage-specific variations, the DBSCAN 597 
clusters with faster evolutionary rates were labeled as faster-evolving lineages 598 
(FELs), and those with slower rates were identified as slower-evolving lineages 599 
(SELs). 600 

Analysis of Gene Family Expansion and Contraction Between 601 

Faster and Slower Evolving Lineages 602 

To determine which gene families exhibited expansion or contraction in FELs 603 
compared to their SEL relatives, we performed a fold change analysis using a 604 
custom R script, based on the method developed in the previous study1. For a given 605 
yeast order with FEL and SEL lineages, we first calculated the average copy 606 
numbers (non-weighted) for each gene family within the FELs and SELs, 607 
respectively, then divided the average value of FELs by that of SELs. Additionally, 608 
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we performed the Kolmogorov-Smirnov (KS) test using the ks.test function from the 609 
R package stats version 4.3.2, coupled with the Bonferroni method for p-value 610 
adjustment, to ascertain the significance of these expansions or contractions. 611 
Consistent with the criteria established in prior research1, we reported those gene 612 
families that underwent significant changes (adjusted P ≤ 0.05), and a fold change 613 
exceeding 1.5 for expansions or less than 0.67 for contractions. A fold change of 0 614 
was interpreted as a loss of the gene family, while a fold change nearing positive 615 
infinity indicated the acquisition of a gene family. 616 

Principal Component Analysis of Gene Family Presence and 617 

Absence Pattern 618 

To compare the difference of gene family composition across yeasts, we conducted 619 
a Principal Component Analysis (PCA) based on the presence (1) or absence (0) 620 
data of gene families3. We first discerned conserved and species-specific gene 621 
families by setting average coverage threshold at 0.1 based on the density plot 622 
(Figure S1). Gene families with the average coverage equal to or exceeding 0.1 623 
were considered conserved, while those below the threshold were classified as 624 
species-specific. We employed PCA on both conserved and species-specific gene 625 
families using the R package stats version 4.3.2. Consequently, we performed 626 
density clustering to the PCA results using the dbscan function from the R package 627 
dbscan version 1.1.12, grouping species with similar distribution patterns into distinct 628 
clusters. We also conducted the same analysis using a more stringent threshold of 629 
0.5 in the PCA to exclude more noise from species-specific and/or rare gene 630 
families, which yielded consistent results. 631 

To identify key gene families driving the distribution of yeasts along the first or 632 
second principal components, we employed a custom R script for detailed analysis 633 
(Figure S12). Initially, we ranked gene families according to their contribution (from 634 
the rotation table in the PCA results using the R package stats) to each principal 635 
component (PC), both in ascending and descending order. To identify the optimal 636 
number of top-ranking gene families whose average presence values best correlate 637 
the coordinates of yeasts, we calculated the average presence values for the top 1, 638 
2, i, and up to top n gene families (where i is the specific number of gene families, 639 
and n is the total number of gene families). The average presence value for the top n 640 
gene families was determined by dividing the total presence of these n gene families 641 
in a species by n. Subsequently, we conducted a Spearman correlation test using 642 
the cor.test function (method = spearman) from the R package stats version 4.3.2. 643 
This test assessed the relationship between the average presence values of species 644 
in the top i gene families and their respective positions on the PC. The gene families 645 
with the highest absolute correlation values were selected. A positive correlation 646 
indicates that species with larger coordinates on the PC tend to have more gene 647 
copies in the top i gene families, while a negative correlation suggests that species 648 
with larger coordinates are likely to have fewer copies of these gene families. 649 
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Analysis of the Rates of Speciation and Carbon Source 650 

Utilization Trait Gain and Loss 651 

To investigate whether different carbon source utilization traits are more readily 652 
acquired or lost in the FELs or SELs, we used the analytical method and carbon 653 
source utilization data from previous studies11. Firstly, we pruned the species tree to 654 
only retain yeasts with available metabolic data, resulting in trees comprising 655 
exclusively Dipodascales FEL or SEL species. Subsequently, we employed 656 
BayesTraits version 4.0.0 and its reverse jump model63 to conduct two simulations 657 
for each carbon source. The first simulation set the loss rate of carbon source 658 
utilization traits equal to the acquisition rate (using the parameter “Res q01 q10”), 659 
while the second did not equate these rates (no specific parameter used). 660 
Additionally, each model underwent 10,100,000 iterations, using 200 stepping 661 
stones, with sampling every 1,000 iterations. The burn-in was set at 100,000 662 
iterations. We also employed the R package coda version 0.19.4 for visualization 663 
purposes to ensure model convergence. 664 

To select the appropriate model for determining whether the loss rate of carbon 665 
source utilization traits should be equal to or different from the acquisition rate, we 666 
calculated Log Bayes Factors according to the BayesTraits manual 667 
(https://www.evolution.reading.ac.uk/BayesTraitsV4.1.1/BayesTraitsV4.1.1.html). 668 
Log Bayes Factors is utilized to compare the relative evidence between two 669 
statistical models. When the Log Bayes Factor is less than 2, we opt for the relatively 670 
simpler model (where the acquisition rate is equal to the loss rate). Conversely, 671 
when it is 2 or higher, we select the more complex model (where the acquisition rate 672 
is not equal to the loss rate). Subsequently, based on the selected model, we count 673 
the number of instances where the carbon source utilization trait’s acquisition rate is 674 
either greater than or less than its loss rate. If the instances of the acquisition rate 675 
being higher than the loss rate significantly outnumber those where it is lower, we 676 
conclude that the lineage tends to acquire that particular carbon source utilization 677 
trait. On the other hand, if there are more instances of the acquisition rate being 678 
lower than the loss rate, the lineage is considered more inclined to lose that trait. If 679 
the simpler model is chosen based on the Log Bayes Factor, we infer that the 680 
lineage is neither inclined to lose nor to acquire the carbon source utilization trait. 681 

To investigate the connections among gene family expansions and contractions, the 682 
acquisition and loss of carbon traits, and the diversification of species, we estimated 683 
speciation rates from the DR statistic64,65 calculated using the inverse equal splits 684 
method66 using a recently published time-calibrated phylogeny11. 685 
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Investigation of Metabolic Pathways, the Spliceosome 686 

Pathway, and the DASH Complex 687 

To investigate how gene loss might affect crucial biological processes in the FEL of 688 
Dipodascales, we used S. cerevisiae as a reference to map gene names to its pre-689 
mRNA splicing pathway, metabolic pathways, and the DASH complex. We first 690 
identified gene families that exhibited significant contraction or loss in the fold 691 
change analysis and those that were representative in contributing to the principal 692 
component, using the representative genes from S. cerevisiae. If an S. cerevisiae 693 
gene was assigned to a gene family according to OrthoFinder results, we named the 694 
gene family using the S. cerevisiae gene name. Otherwise, the gene family remained 695 
unnamed due to the uncertainty of its classification. Subsequently, we used these 696 
gene family names for pathway mapping. Specifically, we used the search function 697 
on the KEGG website (https://www.genome.jp/pathway/sce03040) for the pre-mRNA 698 
splicing pathway, the Highlight Gene(s) feature on the Saccharomyces Genome 699 
Database (SGD)28 biochemical pathways site 700 
(https://pathway.yeastgenome.org/overviewsWeb/celOv.shtml) for metabolic 701 
pathways, and the previous study31 for DASH complex. 702 

To verify the absence of genes indicated in our gene copy numbers heatmap (Figure 703 
4a), we carried out independent orthology delineation using InParanoid version 4.267 704 
and sequence search using Basic Local Alignment Search Tool (BLAST) version 705 
2.15.0+68. This was to ensure accuracy and address potential misassignments by 706 
OrthoFinder or errors in genome annotations. With InParanoid, we compared the 707 
protein-coding genes from all species in our heatmap against those of S. cerevisiae 708 
to identify orthologous genes, confirming that species depicted as lacking certain 709 
genes genuinely did not have those orthologs. We also used blastp (e-value 710 
threshold of 1e-5) to compare species, which are shown as missing gene families in 711 
the heatmap, with a reference species that contained all genes in our heatmap. For 712 
addressing potential annotation inaccuracies, we performed genome-protein 713 
comparisons using tblastn (also with an e-value of 1e-5). 714 

CAFE Analysis of Gene Copy Number Evolution 715 

To estimate gene family expansion and contraction events, we utilized computational 716 
analysis of gene family evolution using (CAFE) version 5.069. Due to the 717 
computational limitation of CAFE in processing the complete analysis of 1,154 718 
genomes, we first employed separate analyses for each of the 12 orders. For these 719 
analyses, the input time tree was pruned to include only species from the order 720 
under study. The input gene families needed to meet any of the three criteria: 1) 721 
presence in the MRCA of studied order, as determined by maximum parsimony; 2) 722 
presence in the studied order and at least one of the remaining 11 orders; and 3) 723 
presence in both the studied order and the outgroup. Gene families not meeting 724 
those three criteria are specific to the order under study, and thus are irrelevant for 725 
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the CAFE analysis of 12 order MRCAs. The estimated gene contents of each yeast 726 
order were then analyzed by CAFE to reconstruct gene family copy numbers at the 727 
SCA. The input time tree was pruned to only include the MRCAs of each of the 12 728 
yeast orders. 729 

We experimented with different numbers of gamma categories (k ∈ [2, 10]) using the 730 
“-k” parameter and selected the k value with the highest likelihood. To determine the 731 
alpha (the evolutionary rate of genes within gene families over time) and lambda (the 732 
rate of increase or decrease of gene families over time) values, we ran 10 iterations 733 
with the determined k value and chose the alpha and lambda values that yielded the 734 
maximum likelihood. 735 

To confirm the reliability of our CAFE analysis on the full dataset of 1,154 species, 736 
we used the same methods on subsampled datasets of 200 species and 50 species. 737 
The 200 and 50 species datasets were subsampled based on genome completeness 738 
from BUSCO results, ensuring that at least one species from each order was 739 
included. 740 

To ensure robust reconstruction of ancestral node gene contents, we only displayed 741 
gene families that met any of the following criteria: 1) present in the SCA, as 742 
determined by maximum parsimony; and 2) present in only a specific order and the 743 
MRCA of that order. 744 

Orphan Gene Families 745 

We defined orphan gene families as those specific to a particular order and 746 
exhibiting a high species coverage within that order. Specifically, an orphan gene 747 
family is characterized by being present in at least 98%26 of the species within a 748 
given order. This means that to qualify as an orphan, a gene family must be found in 749 
98% or more of the species within the order under consideration. Additionally, these 750 
gene families must be completely absent in all other remaining orders. 751 

Functional Enrichment Analysis 752 

We conducted functional enrichment analyses of gene families across fold change, 753 
PCA, and CAFE analyses. For the fold change analysis, the background set for 754 
enrichment consisted of the union of gene families present in all yeast species within 755 
the studied order. In PCA, particularly for the top 610 gene families linked with PC1, 756 
the background was composed of all gene families involved in the PCA. For the 757 
CAFE analysis, the background for enrichment was the set of gene families included 758 
in the gene family copy number table used as input. Our enrichment analyses drew 759 
upon various annotations, including GO annotations, KEGG annotations, and 760 
InterPro annotations. The correspondence description tables for GO terms and KOs 761 
and InterPro entries were downloaded from the GO (https://geneontology.org/), 762 
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KEGG (https://www.genome.jp/kegg/) and InterPro (https://www.ebi.ac.uk/interpro/) 763 
websites, respectively, on November 23, 2023. 764 

All enrichment analyses were conducted using the R package clusterProfiler version 765 
4.6.070 with default parameters, selecting only results with P ≤ 0.05. To translate GO 766 
terms into more generalized and concise GO slims in fold change enrichment 767 
analysis, we employed GOATOOLS version 1.2.371. For this process, we utilized the 768 
go-basic.obo and goslim_yeast.obo files, which were retrieved from the Gene 769 
Ontology website on December 13, 2023. 770 

Data Visualization 771 

We utilized the R package ggtree version 3.8.072 to visualize phylogenetic trees and 772 
associated CAFE data, and ggplot2 version 3.4.3 for other graphs. Images 773 
representing taxa were hand-drawn, sourced from PhyloPic 774 
(https://www.phylopic.org/), and customized in terms of color using rphylopic version 775 
1.3.0. 776 

Data and Code Availability 777 

The reference phylogeny of yeasts, along with genome and annotation data for 778 
yeasts, Pezizomycotina, animals, and plants, are accessible from previous studies 779 
described above. Additionally, NCBI taxonomy and source details for this study can 780 
be found in Table S1. We have deposited all new functional annotations, analyses, 781 
and codes in the Figshare repository. 782 
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Figure 1: Narrow range of weighted average gene family sizes among yeasts 999 
versus broader diversity in animals and plants. 1000 

a. The weighted average size of gene families across yeasts (from subphylum 1001 
Saccharomycotina), filamentous ascomycetes (subphylum Pezizomycotina), animals 1002 
(Kingdom Metazoa), and plants (Kingdom Viridiplantae, Phylum Glaucophyta, and 1003 
Phylum Rhodophyta). Species-specific gene families were excluded by applying a 1004 
0.1 threshold based on the density plot for gene family average coverages (Figure 1005 
S1). Representative species for yeasts and animals were identified based on 1006 
previous studies17; representatives for plants were chosen from species with 1007 
available genome data; for filamentous ascomycetes, one representative per class 1008 
was selected. The estimated divergence times are approximately 438.4 million years 1009 
for yeasts, 407.7 million years for filamentous ascomycetes, 725 million years for 1010 
animals, and 900 million years for plants, derived from previous studies17,21,73,74. 1011 
Images representing taxa were manually created and sourced from Phylopic 1012 
(https://www.phylopic.org/). 1013 

b. Correlation plot between the weighted average gene family size and the total 1014 
number of protein-coding genes across yeasts, filamentous ascomycetes, animals, 1015 
and plants. 1016 

c. Correlation plot between the PICs of weighted average gene family size and the 1017 
total number of protein-coding genes across yeasts, filamentous ascomycetes, 1018 
animals, and plants. Correlations were determined through the Spearman test using 1019 
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the R package stats version 4.3.2. Specifically, the correlation coefficient (rho) for 1020 
yeasts was 0.82, for filamentous ascomycetes was 0.88, for animals was 0.62, and 1021 
for plants was 0.97, all statistically significant with P < 0.01. The slope (m) is 1022 
calculated using linear regression based on the PICs of weighted average gene 1023 
family size and the total number of protein-coding genes across these four groups. 1024 
The PIC-related codes and data are available at the Figshare repository. 1025 
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Figure 2: Notable variations in weighted average gene family sizes within 1050 
specific yeast orders. 1051 

a. The phylogeny of 1,154 yeasts, derived from a previous study11. Colors indicate 1052 
the taxonomic classification of species within the Saccharomycotina order. The 1053 
weighted average gene family sizes (X) and genome numbers (N) for each order are 1054 
displayed beneath the respective order names. A gray solid line at 1.12 represents 1055 
the weighted average gene family size for all yeasts. 1056 

b-d. The orders Trigonopsidales, Dipodascales, and Saccharomycodales are 1057 
highlighted due to their notable differences in evolutionary rates and weighted 1058 
average gene family sizes. 1059 

e-j. Differences in evolutionary rates / weighted average gene family sizes within 1060 
specific orders. Each dot represents a yeast in the corresponding phylogeny and is 1061 
arranged according to its placement on the phylogenetic tree. 1062 
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Figure 3: Faster-evolving lineages (FELs) within three orders experienced 1067 
significantly more gene family contractions and losses. 1068 

a. Significantly different gene family dynamics (loss, contraction, expansion, and 1069 
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gain) in FELs relative to SELs within Dipodascales, Saccharomycodales, and 1070 
Trigonopsidales. A gene family loss is indicated by a fold change value of 0, 1071 
meaning the gene family in FEL has no copies, while a fold change equal to positive 1072 
infinity signifies gain. Values greater than 1.5 indicate expansion, and values less 1073 
than 0.67 signify contraction. The Kolmogorov–Smirnov test was employed to 1074 
assess these differences; P ≤ 0.05. 1075 

b. GO enrichment analysis of significant contractions or losses in gene families. All 1076 
enriched GO terms were simplified into GO slim terms. 1077 

c. PCA analysis utilizing presence and absence data for 4,262 gene families with an 1078 
average coverage of 0.5 or greater. The DBSCAN plot employs PC1 and PC2 1079 
coordinates for density-based clustering, with colors distinguishing the various 1080 
clusters. In the PCA plot, points enclosed by lines indicate distinct clusters, 1081 
corresponding to the color coding applied in the DBSCAN plot. 1082 

d. The GO enrichment analysis of the top 610 gene families from PC1. 1083 

e. Speciation rate comparison between FEL and SEL within Trigonopsidales, 1084 
Dipodascales, and Saccharomycodales with the Wilcoxon signed-rank test. 1085 

f. The evolutionary history of 17 carbon traits in FEL and SEL of Dipodascales. The 1086 
dark color indicates the number of yeasts capable of utilizing the carbon source. 1087 
Three different evolutionary models are shown: trait gain (red), trait loss (blue), and 1088 
equal rates of trait gain and loss (gray). Estimated evolutionary models were not 1089 
derived for glucose in both FEL and SEL, and for cellobiose, D-glucosamine, DL-1090 
lactate, and rhamnose in SEL, due to the uniform ability or inability of all yeasts 1091 
within the group to utilize these carbon sources. 1092 
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Figure 4: Dipodascales’ FEL experienced the loss of key genes involved in the 1104 
pre-mRNA splicing pathway, metabolic pathways, and the DASH complex. 1105 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 6, 2024. ; https://doi.org/10.1101/2024.06.05.597512doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.05.597512
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

a. A detailed picture of gene copy numbers in Dipodascales among metabolic 1106 
pathways (10 gene families), the pre-mRNA splicing pathway (12 gene families), and 1107 
the DASH complex (7 gene families). Column colors indicate SEL (yellow) and FEL 1108 
(green). The estimated gene family names, identified using S. cerevisiae as a 1109 
reference, are listed to the right of the columns. 1110 

b. The pre-mRNA splicing pathway. Gene family names are marked at specific steps 1111 
encoded in the pathway that experienced contractions or losses in the FEL. 1112 

c. Genes encoding the DASH complex. 1113 

d. Carbon metabolism pathways containing widespread gene loss or contraction in 1114 
the Dipodascales FEL. Pathway names and reactions are indicated in corresponding 1115 
colors. Steps encoded by genes experiencing contraction or loss are represented by 1116 
dashed lines labeled with the gene name (gene family contractions – short dashes, 1117 
gene family losses - long dashes). Pathways are abridged to show steps relevant to 1118 
reported losses and contractions and not all intermediate metabolites are shown. 1119 
Black arrows indicate where glycerol (gained in FEL) and xylose & arabinose (lost in 1120 
FEL) feed into central carbon metabolism. 1121 
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Figure 5: Yeasts have undergone a complex evolutionary history of gene 1138 
families. 1139 

The branches following the MRCA of each order have been collapsed to simplify the 1140 
tree structure. Gene counts are marked on each node, with the corresponding node 1141 
label positioned to its right. Gene gains are highlighted in red, while losses are 1142 
depicted in blue along each branch. Additionally, branches are annotated with key 1143 
terms from enriched GO terms (P ≤ 0.05); here, red signifies gene family expansion, 1144 
and blue denotes contraction. A bar plot to the right of the tree quantifies the net 1145 
changes in gene families within the phylogeny after the MRCA of each order. The y-1146 
axis, labeled “count”, reflects the number of gene families that underwent net 1147 
changes—categorized into expansion, contraction, or no change. Expansion of a 1148 
gene family is defined by a sum of net changes in copy number across all branches 1149 
of an order being greater than 0, while contraction is defined by a sum less than 0, 1150 
and no change is defined as a net change equal to 0. 1151 
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