Global view of metabolome changes between domesticated and wild yeasts

Background

Metabolism displays immense diversity across species. Traditionally, most of this diversity is
thought to stem from differences in the enzyme content and pathway structure between
species. However, many crucial aspects of metabolic diversity remain hidden.

We studied unicellular yeasts (Saccharomyces spp.), which are of great economic
importance in agriculture and industry and are ideal for integrative evolutionary studies. S.
cerevisiae is the most widely studied eukaryote in functional genomics, allowing us to
capitalize on previous large-scale works. As such, the genomes of several wild species and
hundreds of S. cerevisiae strains have been sequenced, including both wild and industrial
ones. During the association of S. cerevisiae with human activity, ethanoic fermentation has
been discovered several times, leading to multiple yeast domestication events. This resulted
extensive genomic and phenotypic changes. Despite the importance of yeast’s metabolic
properties, the influence of human activities on the evolution of metabolism is and its

genomic background unexplored.

Aims

In line with our original research plan we aimed to answer several questions regarding the

metabolome divergence and its connection to domestication:

i; Does the metabolome evolve by a constant rate or its rate of evolution could change on
evolutionary timescales?

ii; If there is a change in tempo of metabolome evolution in yeast, what is the genomic
driving force behind it?

iii; How did the mode of metabolome evolution and metabolite levels changes upon
adaptation to man-made environments in yeasts?

iv; What is the physiological importance of metabolite level changes in stress resistance?

v; What is the genomic and proteomic background of metabolome divergence?



vi; Can we generalize our findings on the tempo of metabolome evolution from unicellular

yeasts to multicellular species also?

Results

To answer these questions we followed the project proposal but we have expanded the
scope of our study at many points.

i; We examined strains from “1011 yeast” collection (Peter et al 2018). We probed the
metabolome of 15 S. cerevisiae populations and 8 other yeast spanning ~90 million years of
evolution with 70 isolates to get a higher resolution picture about the metabolome
evolution of Saccharomyces ssp..

ii; We did not only utilized already available genomic data, we also took advantage of a
newly available systematic protein abundance dataset covering ~1500 proteins from most
strains what we have examined.

iii; We aimed to generalize our findings on the metabolome evolution of yeasts to

multicellular species, such as to mammalian metabolome evolution.

Method developments and technical advancements made during the project period were as

follows:

- We developed metabolomics pipelines to make feasible a reliable interspecies
comparative metabolomics study. To overcome the potential biases in metabolite
concentrations resulted by growth rate and sampling OD dependencies of metabolite levels,
i; we cultivated our samples in 25°C to minimize the growth rate differences between
species, ii; we used optical density data for linear regression based normalization to remove
the OD-dependence of concentrations for each metabolites (Zampieri et al. 2018). For
amino acid concentration determination we implemented an internal standard based

absolute quantification.

- We optimized a rapid high throughput non-targeted metabolome fingerprinting

method to determine ~ 100 putatively identified metabolites. This method was utilized



during the project to provide metabolome profile data about the non-amino acid

metabolome.

-1 developed a comprehensive LC-MS based metabolomics pipeline, which provides
semi-quantitative data from 110+ metabolites with unambiguous identifications, and give
global picture about the metabolome and provide pathway activity data also. (In the
proposal this task was assigned to an analytical chemist but finally | was the one fulfilling the
method development. This task delayed the other elements of the project). We will apply
this method in a follow up project to find dysregulated pathways in domesticated lineages,
and locate more precisely in the metabolic network where the most important

domestication associated changes are. We will examine TCA cycle a detailed way.

We have applied this method to elucidate role of chloroplast ascorbate level in the
metabolic regulation of A. thaliana. We have found that ~50% of relatively quantified
metabolite levels are changed upon the perturbation of ascorbate metabolism in A.
thaliana. We have uncovered the dysregulation of arginine and lysine metabolism, and
hormone levels. These results suggest the metabolic regulatory role of ascorbate in plants. |
had fundamental contribution in this project therefore the paper will be submitted soon to

Plant physiology with my shared first authorship.

- Yeasts are forming aggregates under various stresses. We developed a stress
resistance assay which is utilizing a cell repellent well plate and plate reader with well scan
measurement mode with controllable scanning area size to provide representative optical
density data at every data points during the cultivation. This method allowed us to compare

growth rates of yeast strains with diverse stress behaviour under various stress conditions.

Results 1; - Variability of amino acid levels during the evolution of Saccharomyces ssp.

With analysing the amino acid data, we can conclude that, there is substantial
diversity in metabolite levels of yeast lineages. Statistical analysis revealed that of the
same species, S. cerevisiae 17 out of 19 amino acids vary significantly; therefore the

observed differences are not restricted to few of the amino acids. (Figure 1)
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Figure 1: Heatmap showing amino acid levels of 27 yeast populations and species at 25 °C.
Values are average amino acid levels across strains that belong to the same population or
species. Metabolite intensities are OD calibrated and studentized for each metabolite.
Cladogram shows the branching pattern of the 27 yeast clades.

We next interrogated the temporal dynamics of metabolome divergence. We found
that metabolome evolution is not a constant in tempo, it could vary over time. We
identified two acceleration events in the metabolome evolution of Saccharomyces ssp. in
short evolutionary timescales: i; S. cerevisiae shows an accelerated metabolome evolution
compared to evolutionary rate between Saccharomyces ssp. ii) The more recent
acceleration of metabolome evolution is associated with the domestication of S. cerevisiae

(Figure 2).
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Figure 2: Metabolome divergence between lineage pairs of domesticated and wild S.
cerevisiae, and pairs of lineages of non-cerevisiae yeast species. Metabolome divergence is
calculated from the quantitative amino acid metabolome dataset and is adjusted for
phylogenetic distance.

We found that the above conclusions can be generalized to metabolites beyond
amino acids. For this we have utilized our recently developed rapid non-targeted

metabolomics platform (Figure 3.).
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Figure 3: Metabolome divergence between lineage pairs of domesticated and wild S.
cerevisiae and pairs of lineages of non-cerevisiae yeast species. Metabolome divergence is
calculated from the untargeted metabolome fingerprinting dataset and is adjusted for

phylogenetic distance.



Results 2; - Genome dynamics background of accelerated metabolome evolution

- First, we hypothesized that the acceleration of metabolome evolution in wild S.
cerevisiae is the result of accumulation of deleterious mutations in short phylogenetic
distances. Indeed, we observed a larger time adjusted metabolome divergence in case of
shorter phylogenetic time (Figure 4.). Therefore, we can conclude that in short phylogenetic
distances metabolome divergence is accelerating, independently from the examined

yeast’s its lifestyle.
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Figure 4: Time adjusted metabolome divergence plotted against the phylogenetic time
between lineage pairs of Saccharomyces ssp.. Metabolome divergence is calculated from the

OD adjusted amino acid metabolome dataset and it is adjusted for phylogenetic distance.

We have tested the possible importance of larger genomic changings on the
acceleration of metabolome evolution in domesticated S. cerevisiae lineages. We have
found a remarkable difference in gene count divergence (number of CNV-s and presence
absence differences normalized to evolutionary time) between wild and domesticated S.

cerevisiae population pairs (Figure 5).
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Figure 5: Time adjusted gene count divergence (Jacquard distance calculated from number
of CNV-s and presence absence differences normalized to evolutionary time) between pairs

of domesticated and wild S. cerevisiae lineages.

This suggests the primary importance of larger genomic changes in domestication
associated increasing of metabolome’s evolutionary rate.
Among the above mentioned genomic changes CNV-s seems to be more important factor of
metabolome evolution acceleration. This finding is in line with previous studies on genomic

background of phenotypic diversity in S. cerevisiae.

Results 3; Mode of metabolome evolution is S. cerevisiae

To test whether change in the rate of metabolome evolution is coupled with change
in the mode of evolution, metabolome divergence and phylogenetic distances were
correlated in our amino acid dataset In wild S. cerevisiae lineages show strong correlation
between metabolome divergence and phylogenetic distance (r = 0.76, p = 0.003,
phylogenetic Mantel test; Figure 6/A). However, domesticated S. cerevisiae lineages do not
show this correlation ((r = 0.1, p = 0.15, phylogenetic Mantel test; Fig. 6/B)). These results
suggest that metabolome divergence is strongly affected by genetic drift only in wild S.

cerevisiae, and in domesticated ones it is mostly dominated by adaptive evolution.
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Figure 6: Association between metabolome divergence and phylogenetic distance across
pairs of S. cerevisiae lineages. A) Correlation between metabolome divergence and
phylogenetic distance in wild S. cerevisiae lineages. B) Correlation between metabolome
divergence and phylogenetic distance in domesticated S. cerevisiae lineages. The blue line

and the grey area show the linear regression line and its confidence interval, respectively.

To reinforce the importance of adaptive evolution in shaping the metabolome of
domesticated S. cerevisiae we have applied phylogenetic comparative methods
(phylogenetic ANOVA) to find metabolite levels associated with domestication. We found 5
domestication associated metabolite level changes in the amino acid dataset, namely;

isoleucine, leucine, histidine, arginine, asparagine. (Figure 7)
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Figure 7: Domesticated lifestyle-associated metabolite level changes plotted from OD
adjusted and scaled metabolite concentrations. Significances were calculated with

phylogenetic ANOVA to consider the phylogenetic relationship between populations

With analysing the non-targeted metabolomics data, we found 19 putatively
annotated metabolic traits (corresponding to 30 metabolites), which levels are associated
with domestication at population level. These metabolites belong to various pathways
including TCA cycle and amino acid metabolism. This implies altered TCA cycle in
domesticated lineages. TCA cycle activity is linked to respiration as it fuels the electrons to
it. Therefore —the previously described - domestication associated altered respiration seems

to be important factor of shaping metabolite levels.

In the follow up of this project, we will more precisely asses the domestication
associated metabolite level changes of TCA cycle and connected pathways. We will apply
our recently developed LC-MS based metabolomics pipeline and this will allow us to

uncover how central carbon metabolism is changed upon domestication.



Results 4; Physiological importance of domestication associated metabolite levels

To find the role of (domestication associated) metabolite levels, systematic
exploration of links between metabolite levels and stress resistance was performed. With
utilizing our recently developed stress resistance assay we found 12 significant positive
strong correlations in the presence of 6 industrially or environmentally relevant stressors
among 11 stressors tested. The strongest connections were associated with domestication,
namely i; Asparagine - tartaric acid (wine must component), ii; NaCl and LiCl (salt and osmo-

stress) - leucine and isoleucine, iii; ethanol - arginine.

To find casual stress resistance - metabolite level connections, we tested the strongest
correlations but only the previously known arginine level - ethanol tolerance was verified.
Generally we can tell that the metabolite level stress resistance correlations are
widespread, but causal connections seem to be rare. Therefore it is unlikely that the
adaptation to man-made environment-specific stressors directly drive the metabolite level

evolution thought causal metabolite level — stress resistance connections.

Results 5; Multiomic background of metabolome evolution in domesticated S. cerevisiae
lineages

- Finally we have aimed to uncover the genomic and proteomic basis of metabolome
evolution domesticated lineages. Changes in gene presence/absence and copy numbers
have been rampant during yeast evolution (Yue et al. 2017). However the effect of this
phenomenon to molecular phenotypes and the importance in domestication haven’t been
examined yet. To find the genomic and proteomic basis of metabolome evolution we
utilized two datasets; i) gene count and gene presence absence differences for S. cerevisiae
strains (Peter et. al. 2018), and a protein abundance dataset covering ~1500 proteins
(unpublished data from Markus Ralser and his colleagues). These datasets were used to
correlate metabolome distance with gene count distance and proteome distance specifically

for domesticated S. cerevisiae lineages.
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Figure. 8: Association between metabolome distances and A) proteome distance across pairs
of domesticated S. cerevisiae lineages. (Spearman’s rho = 0.11, p = 0.62) B) Gene count
distance across pairs of domesticated S. cerevisiae lineages (Spearman’s rho = 0.54, p =
0.011). Red line and the green area show the linear regression line and its confidence

interval, respectively.

We found no association between proteome distance and metabolome distance
(Figure 8/A) therefore protein level changes in general don’t explain metabolome evolution
in domesticated S. cerevisiae. However we found a remarkable correlation between gene
count distance (copy number variation + gene presence absence) and metabolome distance
(Figure 8/B). This supports that previously presented finding (Figure 5) that the evolution of
metabolome in domesticated S. cerevisiae strains was mainly shaped by gene losses and

CNV-s.

Although, these findings don’t exclude that possibility of specific protein level changes
being important in shaping the levels of domestication associated metabolites. To find
phylogenetic correlation (coevolution) between amino acid levels and protein levels, we
performed phylogenetic least square analysis in all the examined S. cerevisiae lineages. 113
significant (pgls p < 0.05 after false discovery rate correction) associations were found.
Among them we found 61 protein metabolite pairs which both the metabolite and the
protein showed association with domestication. This highlights that, in domesticated

lineages, one fraction of proteome seems to evolve in parallel with metabolome.



Among these ELP2 (Subunit of elongator complex) and AIM29 (Putative protein of
unknown function) protein levels negatively correlate with arginine level (Figure. 8), and we
have found an analogous connection in the amino acid level dataset of yeast single gene KO
collection. In two single gene KO strains, — namely Aelp2 and Aaim29 - showing increased
intracellular arginine level. This partly validates our finding with on the phylogenetic

connection between ELP2 and AIM?29 protein levels and arginine level.
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Figure 9: Associations between Normalized Metabolite (Arginine) level and A) protein
abundance of AIM29 in S. cerevisiae lineages. B) Protein abundance of ELP2 in S. cerevisiae
lineages. The red line and the green area show the linear regression line and its confidence

interval, respectively. Dots were coloured according to the population lifestyles.

We next investigated the genomic basis of metabolome divergence by focusing on
gene content changes. To identify specific gene content variants underlying metabolome
divergence;

i; We performed a genome-wide association study. We have found putatively causative
connection between gene copy number variation of S-adenosyl methyltransferase (SAM3-4)
genes and leucine. Indeed, the copy number of sam3-4 is higher in domesticated strains.

ii; We compared the copy number of each gene between wild and domesticated strains. The
copy number variation of lithium transporter (enal;2;5) seems to be especially interesting
because domesticated strains show higher lithium resistance and lithium resistance is

strongly correlated (rho ~ 0.7) with intracellular leucine level. This is suggests that the



increased copy number of ena genes might increase intracellular leucine level as a side

effect.

We aim to validate these putative causative connections from genomic and proteomic
analysis experimentally. For this, we increased the copy number of sam3-4, enal, epl2,
aim?29 genes in a wild strains utilizing a low copy number plasmid vector. We will compare
the intracellular leucine and arginine levels of strains with normal and increased gene copy

numbers, with utilizing the recently developed LC-MS based metabolomics method.

Results 6; Outlook from Saccharomyces ssp. - Metabolome evolution variability in mammals

As it was shown in case of Saccharomyces ssp. we have found a non-uniform
evolutionary rate of metabolite levels. However it was unknown whether the observed
variation is something unique or variability is a general property of metabolome evolution
rate. To answer this question we focused on mammals according to the availability of a
comprehensive multi-species metabolomics dataset, which offers relative concentrations of
approx. 150 metabolites in 26 species (Ma et al., 2015). Evolutionary rates calculated on two
independent clades of the tree — rodents, rabbit and primates in one clade and the rest of
species, in the other clade — show a strong correlation. Thus, metabolites evolving slowly in
a particular clade also evolve slowly in the rest of mammals, therefore metabolite
concentrations evolve at roughly constant rates throughout the mammalian phylogeny

(Figure 9).
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Figure 9: Evolutionary rates calculated on two independent clades of the mammalian tree
are well correlated in liver (Pearson’s r = 0.67, p = 1.1e-18). Line depicts the fitted linear
regression. Phylogenetic tree on the left shows the two independent clades of mammals for
which evolutionary rates were inferred, with the names of the constituent taxonomical

orders.

Conclusion

During the project period we have accomplished all the scientific goals presented in
the project proposal. Moreover we have developed two metabolomics methods and
fundamentally improved one to answer our questions. These method developments and the
applied phylogenetic framework, were allow us to get a higher resolution picture about the
metabolome evolution of Saccharomyces ssp. These results have wider implications than
the description of metabolome evolution is Saccharomyces ssp. Here | will summarize these

findings and their importance:

Metabolites are building blocks, signals, fuels and energy transfer molecules of living
systems. Despite their importance understanding their changes during evolution lagged
behind genome and transcriptome evolution studies. Our research highlighted a previously
hidden diversity and evolutionary dynamics of metabolite levels in Saccharomyces ssp. In
shorter phylogenetic timescales the strength of purifying selection not sufficient to purge
out weakly deleterious genetic variants, which could increase the genetic diversity of
recently diverged lineages. Metabolite levels are thought to be under strict bioenergetics
control. However metabolite level’s rapid evolution and rapid change in their evolutionary

rate suggest the virtually negligible importance of bioenergetics control in short term



evolution. Moreover our results are suggesting that microbial metabolome might be

evolving under different constraints than for example mammalian one.

Mode of metabolome evolution not changed upon species formation of S. cerevisiae
and seems to be nearly neutral. In contrast to wild S. cerevisiae, the missing connection
between phylogenetic distance and metabolome divergence in domesticated S. cerevisiae
suggests the possible importance of adaptive evolution in shaping metabolite levels. This
finding is supported by the 5 amino acid levels and 19 other metabolic traits which are
domestication associated. Among the putatively identified domestication associated
metabolites 4 are involved in the TCA cycle, which imply altered TCA cycle in domesticated
lineages. TCA cycle activity is linked to respiration as it fuels the electrons to it. Therefore —
the previously described - domestication associated altered respiration seems to be

important factor of shaping metabolite levels.

Moreover domestication not only triggered a change in the mode, but increased
further the tempo of metabolome evolution also. This could be connected with the changed
lifestyle of S. cerevisiae. Natural isolates often face with starvation or exhaustion of
nutrients. To cope with these challenges they are forming spores and going through meiotic
recombination, which is a strong selection force against for example chromosomal
rearrangements. However domesticated strains are only seasonally or almost never meet
with nutrient limitation therefore they have altered or missing sexual cycle. This decreasing
the ability of domesticated S. cerevisiae to going through meiotic recombination, which
therefore could affect the subsistence of weakly deleterious mutations beside the niche
specific adaptive ones. These weakly deleterious mutations and their combinations could

increase the variability of metabolite levels lead to novel metabolic states.

We have analysed the association between metabolite level changes and genomic /
proteomic changes. We found that gene losses and copy number changes are more
important in shaping metabolite levels of domesticated yeasts. However two putative
protein level - domestication associated metabolite level connections were also identified.
Moreover two putative metabolite - CNV- associations were uncovered, which possibly
underlies one fraction of domestication associated metabolite level changes. ENA (P-type

ATP-ase sodium pump) have an importance is stress (sodium and lithium) resistance and



lithium stress resistance correlates with leucine level. As domesticated lineages are showing
higher sodium and lithium stress resistance and higher leucine level also, ENA could link

stress resistance evolution to domestication associated metabolome evolution is yeasts.

However our findings raise important questions on how universal the variability of
metabolome evolutionary rate or this is just a unique example. Our knowledge on the
genomic determinants of specific metabolite levels is still very limited and needed to be
expanded to modify industrially important metabolite levels and identify the physiological

importance of some metabolites.

Despite the successful scientific efforts, the above mentioned LC-MS metabolomics
method developments and Covid-19 pandemic together delayed the publications. However
our results will be published in 3 Q1-D1 journals soon. Two of them will be published with
my first authorship and one with my co-authorship. (Manuscripts are attached to report via

google drive and a Biorxiv links)
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Other projects | involved during the project period and | have utilized knowledge or

method developed in connection with the reported NKFIH project.

- Underground metabolism as a rich reservoir for pathway engineering: In this project | have
utilized my expertise | gained during in project period in understanding the variability of
metabolite networks.

- Stellaria media tea protects against diabetes-induced cardiac dysfunction in rats without
affecting glucose tolerance: In this project | have utilized my metabolomics experience
gained during the presented metabolomics method developments, especially is metabolite
identification.

- Bicarbonate Evokes Reciprocal Changes in Intracellular Cyclic di-GMP and Cyclic AMP
Levels in Pseudomonas aeruginosa: In this project | have utilized my experience gained
during the stress resistance assay in cultivation of microbes with diverse behaviour.

Cell-cell metabolite exchange creates a pro-survival metabolic environment that extends
lifespan -

In this project | have utilized my experience gained during the project period in cultivation of

diverse yeast strains in high throughput manner for metabolomics experiments.
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